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PREFACE

In response to USAFETAC Interbranch Tasking (IBT) #90082901 (from ECS), DNO created an
algorithm (DNSMOOTH) for smoothing upper-air soundings. The ECS tasking was in response
to a support assistance request (SAR) from the HQ Air Weather Service Directorate of Special
Projects (AWS/XTJ). The SAR asked ECS to determine the accuracy of a smoothed upper-air
profile as a function of resolution of the smoothed profile. DNO project analyst was Capt
Gregory J. Reding.

In its IBT, ECS asked DNO to develop a computer algorithm for smoothing a series of
temperature, pressure, and density values from upper-air soundings. In its SAR, AWS/XTJ
asked that the software be capable of smoothing to a resolution specified by the user prior to
program execution so that any given sounding could be smoothed to one of several bandwidths
(see 3.3, this report, for a discussion of bandwidth). The AWS-requested feature was
incorporated in the software design.
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1. INTRODUCTION.

1.1 DNSMOOTH Explained. The DNSMOOTH program was designed to produce filtered,
or smoothed, profiles of upper-air temperature, pressure, and density values for a given period of
record (POR). DNSMOOTH uses an "overlapping mean” technique (Panofsky and Brier, 1968).
Smoothed values of temperature, pressure, and density are computed from weighted means of the
respective variables in the input sounding. Weighted means are computed for data centered on
each value in the series. Weighting values decrease exponentially as the distance from this
central value increases.

1.2 Input Sounding Interpolation Required. This smoothing method requires that input
soundings be interpolated to regularly spaced intervals in the vertical. If irregularly spaced data
is smoothed, a non-hydrostatic atmosphere results, despite the fact that individual sequences of
temperature, pressure, and density values are correctly smoothed mathematically.

1.3 Unwanted Noise. Because the "overlapping mean" filtering method has the potential to
introduce unwanted noise into the smoothed data, sample soundings (from Wallops Island, VA,
and White Sands Missile Range, NM) and their smoothed profiles were subjected to spectral
analysis. No unwanted periodicities (noise) were found.




2. DATA

2.1 Test Site Data. Although USAFETAC/ECS intended to eventually to use DNSMOOTH
on a number of unspecified sites in the U.S. and USSR, they identified two test sites in the U.S;
these were:

Block Station
Site Number Latitude Longitude Elevation
Wallops Island, VA 724Q20 37°51°N 75°29°W 3 meters
White Sands
Missile Range, NM 722690 32°23°N 106°29° W 1,244 meters

2.2 Sounding Files. Upper-air data from 1978 to 1988 was used from each of these stations.
Pre-1978 soundings were not used because they included too much missing data.
USAFETAC/ECA read the data from tape using ECAUARDR, the standard program for
retrieving upper-air data. The sounding files consist of:

Block Station Number (6-digit)

Year (2-digit; (e.g., 78)

Month (2-digit numeric; e..:g., 01)

Day (2-digit numeric; e.g., 12)

Hour (2-digit numeric; e.g., 23)

Station elevation (whole meters)

Height of a data level (whole meters)

Temperature at a data level (degrees Celsius)

Pressure at a data level (millibars)

Density at a data level (grams per cubic meter)




3. METHODOLOGY

3.1 Overlapping Mean Smoothing Method. Smoothing, a form of statistical filter,
produces a data series from which fluctuations or irregularities have been removed or reduced.
Statistical filters usually consist of a series of normalized weights (fractional values) that are
multiplied by the series value and summed to obtain the filtered variable (see Equation 1). In this
application, a weighted, normalized mean is computed for each new level in the series. Since
data from several levels of the input are used to compute each new level of filtered data, there is
considerable overlap in input values (Panofsky and Brier, 1968). For this reason, the scheme is
referred to as an "cverlapping mean" method. Weighted, normalized means are computed with
this equation:

I (wi * ny)
my = dee—— (n
Z (w)
where
m, = value of the weighted mean.
w; = value of the weighting factor at a particular level.
n; = value of the variable at a particular level.

3.2 The Weighting Function. In a weighted average, data points in a series are weighted
according to their distance from the central point. The weight is calculated as a function of the
distance between levels of the input observation and the output point. The developed function is:

d 2
where

d = the distance an observation in the series is away from the central value.

B = the bandwidth used in the smoothing, or the window of influence over which the
weighted mean is calculated. Also known as "resolution.”

w = the value of the weight at a distance (d) from the central value. In equation 1, w, is
the value of w for a particular pair of points (input and smoothed).

¢ = the base of the natural logarithm (2.78128...). It is raised to the given power.




The value of the weights equal 1.00 at the central point and decrease smoothly and symmetrically
outward; the closer a value is to the central point, the more influence over the weighted average
it has.

3.3 The Concept of Bandwidth. ‘This overlapping mean filter erases small scale
irregularities from a series of data. In this case, vertical traces of temperature, pressure, and
density are smoothed. The filter’s bandwidth determines the scale of fluctuations removed from
the base signal by controlling the number of data points included in the calculation of the
weighted averages. Since a small bandwidth uses only a few close points, small-scale features
are the only ones averaged out. Conversely, a larger bandwidth allows points farther away from
the central value to influence the weighted average, and larger-scale features are smoothed. The
bandwidth is also known as the "resolution” of the filter--the smaller the resolution, the smaller
the scale of features that can be smoothed. In this algorithm, data within one-half a bandwidth
above and below the central point is included in the weighted average. but users can select any
bandwidth they need.




‘ 4. PROGRAM FEATURES

4.1 Language. DNSMOOTH was written in SAS®, a language with several advantages over
FORTRAN, including these:

*USAFETAC-developed SAS software can read files of upper-air soundings on disk
quickly. It can create SAS permanent data sets that are easier to manipulate than regular
partitioned data sets required for FORTRAN.

*USAFETAC/ELS performs further analysis on the smoothed soundings; these analyses
are made easier when soundings are processed and output to SAS data sets rather than to
another format that would require additiona! user programming.

*SAS contains several canned procedures that are particularly useful in calculating
weighted averages and production of spectral analyses. The SAS MEANS procedure
allows rapid computations of sum¢ of data for identical vaiues of year, month, day, hour,
and level in the vertical. The SAS SPECTRA procedure performs spectral analysis of a
data series without having to develop and code such a routine. As noted in 1.3, spectral
analysis was used to quahity control the smoothed data and to ensure that filtering did not
introduce unwanted periodicities, or "noise."”

‘ Note: SAS is a registercd trademark of SAS Institute, Inc.
4.2 Preparations.

4.2.1 Interpolated Input Soundings. Before smoothing can begin, soundings must be interpolated
to regularly spaced intervals in the vertical. It was shown empirically that when soundings
containing unevenly spaced data (for instance, a sounding data set that contained only mandatory
and/or significant data levels) were smoothed with this program. the atmosphere described by the
smoothed profiles of temperature, pressure, and density was hydrostatically inconsistent even
though the traces of individual variables were correctly smoothed mathematically. This was
because of the way the smoothing algorithm handles large gaps in a series of data. For example,
there might be a situation in which, for a given bandwidth, the same group of data points are used
to compute the weighted averages for several adjacent levels of the smoothed output
sounding--see the example soundings in Figures | and 2. In both cases, the input data was the
same, but it was used to compute the averaged values of temperature for several adjacent levels
in the vertical. Only the weights for cach level differed slightly. Several irregularities can result
from this situation. In Figure 1, the resultant temperature of -11.69° C at the 500-meter level was
incorrectly biased toward the cold when compared to input data from about the same height (only
-10° C at at 545 meters). The opposite occurs in Figure 2 at the 700-meter level--the smoothed
temperature of -12.15° C is biased toward the warm compared to -15° C at 745 meters in the

‘ source sounding.




RAW SOUNDING
Height (m) Temperature (°C)
097 +06
200 *
300 *
400 *
545 -10
690 -11
745 -15
800 *
900 *
1,000 *
1,127 -40)

SMOOTHED PROFILE
Helght (m) Temperature (°C)
100 +6.00
200 +3.33
300 -4.13
40 ~10.32
500 -11.69
600 -11.82
700 -12.15
800 -12.45
9(X) -21.00
1,000 -30.31
1,100 -40).00

Figure 1. An example of 600-meter bandwidth used to smooth raw data with gaps in the
series, for the 500-meter level. Note that the same values of temperature were used to compute
a weighted average of temperature for the 500-meter level as were used for several adjacent
levels. While correct mathematically, this produces a profile that, when combined similarly
smoothed pressure and density profiles, describes a non-hydrostatic atmosphere. An asterisk (*)
represents missing data.

SMOOTHED PROFILE

Helght (m)
100
200
300
400
500
600

RAW SOUNDING
Helght (m) Temperature (°C)
097 +0)6
200 *
300 *
400 * ]
545 -10
690 -11
745 -15
800 *
900 *
1,000 *
1,127 -4()

700
800
900
1,000
1,100

Temperature (°C)
+6.00
+5.33
-4.13
-10.33
-11.69
-11.82
-12.15
-12.45
-21.00
-30.31
-40.00

Figure 2. An example of 600-meter bandwidth used to smooth raw data with gaps in the
series, for the 700-meter level. Note that the same input values of temperature used to compute
the weighted average of temperature at S{) meters were also used for 7(X) meters.




In the extreme case, a single data point in the raw data sounding may be used to compute values
for several adjacent levels in the smoothed profile, resulting in identical values at each level. The
result is incorrect, and particularly unsatisfactory when it occurs in traces of pressure and density.
USAFETAC/ECA automatically produced upper-air data in an interpolated format by running its
ECAUARDR program, the code that reads upper-air data from tape and writes it to disk.

4.2.2 User-Supplied Variables. Before running DNSMOOTH, several variables in the associated
job control language (JCL) must be set. These variables, listed below, select the upper-air site
for which soundings aie to be smoothed, the bandwidth of the smoothing, the lowest and highest
levels of the filtered profiles, and the interval between levels.

*ZSTART  Lowest level of the smoothed output profiles, entered in meters.

*ZSTOP Highest level of the smoothed output profiles, entered in meters.

*INTRVL Interval between levels in the smoothed output profiles, entered in meters.

*BWIDTH Bandwidth used in the smoothing process, entered in meters.

*BLKSTA  Block Station Number of the upper-air site of interest. Files of upper-air

data for this project were stored on disk and identified by block station number. This
variable allows selection from one of several upper-air sites’ data files for processing.




. 5. TESTING AND VERIFICATION.

Smoothed output profiles were tested to ensure that (i) the smoothed profiles were
hydrostatically consistent, and (2) extraneous fluctuations had not been introduced into the output
profile by the smoothing process.

5.1 Test for Hydrostatic Atmosphere. In order to verify that an atmosphere described by
the smoothed traces of temperature, pressure, and density is hydrostatic, values of temperature
and pressure at the top and bottom of two 1,000-meter layers of a smoothed profile were entered
into the hypsometric « juation (Byers, 1974), an integration of the hydrostatic equation:

R=*T,

-7 = 2 [{n(p1) —=in(p2)] A3)
where
z, =  height of the top of the layer (geopotential meters)
z, = height of the botton: of the layer (geopotential meters)
‘ R = gas constant for dry air (Joules kg' K™)
;'v = mean virtual temperature (K) of the layer
£ = acceleration due to gravity (m %)
p, =  pressure at the bottom of tne layer (mb)
p, =  pressure at the top of the layer (mb)

It was assumed that the soundings were essentially dry, and that the mean virtual temperature of
the layer was approximately equal to the layer’s mean temperature:

23— 2= -R;T In(%i) 4)

where

T=  mean temperature (K) of the layer




Using equation 4, 1200Z soundings for 12 January 1978 at White Sands Missile Range, NM, and
Wallops Island, VA, were tested. Temperature and pressure were taken from the bottoms and
tops of 1,000-meter layers with bases at 4,000 and 10,000 meters. Two profiles from each site
were checked; one that had been smoothed with a 2,000)-meter bandwidth, the other with a
4,000-meter bandwidth. This test was intended to show if a change in bandwidth affected the
hydrostatic assumption of the output profiles. Since the layer between these levels was 1,000
meters thick, temperature and pressure at the bottom and top of the layers were entered into the
hypsometric equation and the computed layer depth compared to 1,000 meters. The percent error
of the layer depth from 1,000 meters was as a measure of how close the atmosphere was to
hydrostatic. Figures 3 and 4 show the results of these calculations.

WALLOPS ISLAND
calculated
layer % error
height (m) temperature (°C) pressure (mb) thickness (m) from 1,000 m
4,000 -8.96 622.64
996.78 0.32
5,000 -15.23 546.52
10,000 -54.25 267.62
998.08 0.19
11,000 -57.78 228.74
WHITE SANDS
calculated
layer % error
height (m) temperature (°C) pressure (mb) thickness (m) from 1,000 m
4,000 -14.16 615.80
998.48 0.15
5,000 -20.97 538.89
10,000 -49.23 262.49
999.32 0.07
11.000 -51.82 225.18

Figure 3. Percent error from hydrostatic atmosphere for smoothed
profiles, Wallops Island and White Sands, smoothing bandwidth 2,000
meters.




WALLOPS ISLAND calculated
layer % error
height (m) temperature (°C) pressure (mb) thickness (m) from 1,000 m
4,000 -8.96 622.64
995.56 0.44
5,000 -15.23 546.52
10,000 -54.25 267.62
995.10 0.49
11,000 -57.78 228.74
WHITE SANDS calculated
layer % error
helight (m) temperature (°C) pressure (mb)  thickness (m) from 1,000 m
4,000 -13.81 619.68
995.26 0.47
5,000 -20.82 542.59
10,000 -48.23 265.02
996.61 0.34
11,000 -51.59 227.54

Figure 4. Percent error from hydrostatic atmosphere for smoothed
profiles, Wallops Island and White Sands, smoothing bandwidth 4,000
melers.

Although increasing the bandwidth raised the percent error slightly, it was still less than 0.5
percent. Since the errors in all these cases were guite low, we concluded that the profiles
smoothed by DNSMOOTH satisfied the hydrostatic equation, provided that soundings
interpolated to regularly-spaced intervals were used as input.

5.2 Spectral Analysis. Smoothing methods have the potential for inducing unwanted
structures into the smoothed data--features that were not inherent to the original data series but
that can be detected using spectral analysis of the smoothed data. Spectral analysis shows the
contributions of oscillations with various frequencies to the variance of the time series itself
(Panofsky and Brier, 1968). If any periodic feature were introduced into the smoothed data, it
would show up in a spectral analysis as a peak in the "energy” spectrum of the smoothed data
that was absent in the original spectrum. SAS’s SPECTRA procedure was used for spectral
analysis of smoothed profiles to look for any unwanted periodicities that would point to a flaw in
the smoothing procedure. Figure 5 is a plot of the energy spectrum analysis from a temperature
sounding interpolated to 1,000-meter intervais from Wallops Island. Figures 5 and 6 show the
spectra for the resulting profiles smoothed with bandwidths of 2,000 and 5,000 meters.
respectively.

10




A
A A A A A A A A A A A

VPEO®T =p W@ IOT "TO"~a0VS
L]

6000 02027 04054 06081 08107 1.0134 12161 14188 16215 18242 20268 22295 24322 26349 28378 30N
(Frequency from 0 to pl)

Figure 5. Frequenc, spectrum plot of the components comprising a temperature sounding
from data interpolated to 1,000-meter intervals, Wallops Island VA, 24 January 1978, 1200Z.
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Figure 6. Frequency spectrum plot of the companents comprising a temperature profile
smoothed with a 2,000-meter bandwidth, Wallops Island VA, 24 January 1978, 1200Z.
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Figure 7. Frequency spectrum plot of the components comprising a temperature profile
smoothed with a 5,000-meter bandwidth, Wallops Island VA, 24 January 1978, 1200Z.
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When comparing interpolated and smoothed soundings’ spectra, it was apparent that no energy
peaks developed as a result of the filtering. In the smoothed soundings, a distinct decrease in
amplitude and spreading out of the major peak (related to the primary frequency of the
temperature profile from the surface through the stratosphere--Figure 6, frequency = (0.2027), is
seen as the smoothing bandwidth increases from 2,000 to 5,000 meters. This is to be expected as
the curve is averaged over a greater vertical extent and larger scale fluctuations are washed out.
For this sounding, it is evident that the smoothing process did not introduce undesirable
oscillations in the energy spectra. Spectral analyses performed on a series of pressure and
density values from Wallops Island, and of temperature, pressure, and density values from White
Sands, showed simila: performance. It was concluded that the smoothing program operates
correctly without introducing incidental oscillations into the smoothed profiles.

12




6. PROGRAM PERFORMANCE NOTES

6.1 Missing Data at Top and Bottom of Smoothed Profiles. If any level of a profile is
closer than one-halt a bandwidth from the bottom or top of the input sounding, the smoothed
values of temperature, pressure, and density for that level are deliberately set to "missing” in the
code. If this is not done, there would be a bias because a full bandwidth of data was not used in
computating weighted averages for that level.

6.2 Use of Interpolated Soundiriys as Input. If a smoothed profile that satisfies the
hydrostatic equation is required, the input soundings must first be interpolated to regularly
spaced intervals in the vertical. [If non-interpolated. or "raw” data is used in the smoothing
routine, resulting profiles might describe an "impossible” atmosphere.

6.3 Limits on Bandwidlh Size. To avoid a trivial sclution, the bandwidth should never be
less than twice the interval between levels in the input soundings. If the bandwidth is less than or
equal to the interval between levels, no smoothing will occur, and the smoothed output profile
will be identical (o the input.

6.4 Limits on Sizes of input and Output Data Sets.

6.4.1 Input Data Set. When deciding on the sounding interpolation interval, the amount of data
used must be considered. A data set interpolated from a standard USAFETAC 10-year POR,
depending on the interval chosen, may include hundreds of thousands of records. When coupled
with intemal SAS processes that generate even larger temporary data sets, the system internal
memory allocated for SAS processes may be exceeded, and the program will not run.

6.4.2 Output Data Set. Caution should also be used in selecting the dimensions of the output
profiles; that is, the tops and hottoms of the profiles and the intervals between levels. A 10-year
output data set designed with a maximum height of 30,000 meters and 250-meter separation
between levels will generate an internal SAS work data set of over 2 million records. This will
exceed available internal memory. and the program will not run. For 10 years of upper-air data,
USAFETAC recommends an interval of not less than 500 meters between layers for an output
profile 30,000 meters in height.




7. CONCLUSIONS

DNSMOOTH will smooth (or filter) an entire POR of upper-air soundings to a user-specified
resolution. The user also controls site selection, the height of the top and bottom of the smoothed
profiles, the interval between levels, and the bandwidth used to filter the input soundings. If
sounding data that is interpolated to regularly spaced intervals in the vertical is input to
DNSMOQTH, the resulting smoothed profiles are hydrostatically consistent. On the other hand,
raw, uninterpolated soundings result in smoothed profiles that describe a non-hydrostatic
atmosphere. The smoothing method chosen, one of overlapping weighted means, does not
introduce undesirable features into the smoothed profile, as proved by spectral analysis. Users
must use caution in selecting the POR of input data and the interval to which it is interpolated, as
well as the final dimensions of the output smoothed profiles, in order to avoid producing working
data sets too large for SAS to process on USAFETAC’s IBM mainframe computer.

14




BIBLIOGRAPHY
Byers, Horace R., General Meteorology, McGraw-Hill, New York, 1974.

Panofsky, Hans A., and G. W. Brier, Some Applications of Statistics to Meteorology,
Pennsylvania State University Press, University Park, 1968.

15

14




B
BLKSTA
BWIDTH
d

DNO
DNSMOOTH
e

ECA
ECAUARDR
ECS

g

INTRVL

JCL

ABBREVIATIONS, ACRONYMS, AND SYMBOLS

Bandwidth (used in equation 2)

Block Station Number, a user-controlled variable

Bandwidth, a user-controlled variable

Vertical distance between a particular data value and the central value, used to
compute a weighted mean in equation 2

Operations Applications Development Section, USAFETAC

Software created by DNO to smooth upper air soundings

Base of the natural logarithm

Systems Support Section, USAFETAC

Upper-Air Reader program. Written by ECA to read upper-air data from tape
and create a file on disk

Special Projects Section, USAFETAC

Acceleration due to gravity.

Interval between levels in the smoothed output profiles, a user-controlled
variable

Job Control Language. Instructions to the operating system governing
execution of a computer program and describing its input and output
Software routine within the SAS language that computes various statistics
Value of a weighted mean

Value of a variable at a particular level, used to calculate a weighted mean in
equation 1

Period of Record. Chronological content of a collection of data

Pressure at the bottom of a layer of the atmosphere

Pressure at the top of a layer of the atmosphere

Gas constant for dry air

Statistical Analysis System. Fourth-generation computer language used at
USAFETAC

Software routine within the SAS language that performs spectral analysis
Mean temperature of a layer of the atmosphere

Mean virtual temperature of a layer of the atmosphere

Value of a weighting factor determined by equation 2

Value of a weighting factor at a particular level

Directorate of Special Projects, Headquarters AWS

Lowest level of the smoothed output profile, a user-controlled variable
Highest level of the smoothed output profile, a user-controlled variable
Bottom of a layer of the atmosphere

Top of a layer of the atmosphere
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