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SUBSYNOPTIC SCALE DYNAMICS AS REVEALED BY USE OF FILTERED SURFACE DATA
Charles A. Doswell III

A band-pass filtering technique, -based on an exponential weight
function interpolation method, is presented. Both spatial and temporal
filtering are simultaneously accomplished and the center of the band can
be positioned within the spectral domain to satisfy user needs. The .
filter is applied to conventional surface meteorological observations
for eight severe thunderstorm days in Oklahoma. Surface subsynoptic
systems are shown to be well correlated with severe weather events.

Combining results of the filtering with available numerical studies
permits a scale analysis for subsynoptic systems. Three fundamental
findings about these systems are developed: first, the data support the
hypothesis that the circulations derive their .energy from baroclinic
sources; second, anisentropic processes of eddy mixing and latent heat
release are apparently vital to the subsynoptic flow; and third, evidence
supports the existence of a balance between pressure forces and momentum
transport via vertical circulations. Those findings are in basic agree-
ment with previous medium-scale dynamical theory and experiment, but the
lack of information about vertical structure precludes a definitive
description of subsynoptic circulations.

1. INTRODUCTION

Observation and analysis of a phenomenon are the first steps in the
development of most meteorological concepts. Unlike modern physics, where
theory frequently precedes observation!, meteorological concepts have typically
developed after a long series of observations followed by the abstraction of
the relevant physical concept. Recent meteorological theory consistently
emphasizes the concept of a phenomenon's scale (e.g., Palmén and Newton, 1969)
in an effort to separate meaning from "noise". Unfortunately, there is no
general agreement on definition of those scales. Meteorological phenomena
generally operate over a range of values for the scaling parameters. As a
result, a particular phenomenon may occur in that part of the range overlapped
by another and when scale limits are set arbitrarily in this overlap region,
neither phenomenon has an unambiguous scale. We generally assign arbitrary
1imits to small (micro), medium (meso), and large (macro) scales, but these
are only rough guidelines. A purpose for doing so is to eliminate those
events which have relatively insignificant effects.

]As an example, the prediction of the existence of sub-nuclear particles based
on theoretical evidence has typically preceded actual observation of the
particles.



Scale definition is complicated by the lack of an information theory for
meteorological observations such as exists for pure time series observations
(see Blackman and Tukey, 1958). Meteorological data involve both spatial and
temporal sampling. Since meteorological waves travel and evolve in space and
time, further complications are introduced. By using the time series observa-
tions available at the fixed Tocations of our network (see Amble, 1953),
analysis should be improved. However, it is not clear how this is to be
accomplished most effectively. T

Much meteorological analysis is empirical or heuristic. In fact, the
subject of objective analysis is largely concerned with interpolation and the
methods used can be only subjectively justified since the "true" fields are
unknown. Gandin's work (1963) attempts to clarify interpolation error effects
based on correlation functions developed for data ensembles. The variational’
methods of Sasaki (1958, 1970) may be thought of as a filtering technique
based in part on physical constraints. Stephens (1971) has pointed out that
physical constraints involving observed derivatives can reduce aliasing by
effectively decreasing the Nyquist interval. Methods based on physics hold
great promise for extending the utility of meteorological analysis. One must
have some prior knowledge of the physics to apply such constraints, however.

One scale of meteorological phenomena which remains poorly observed and,
hence, poorly understood is the so-called mesoscale. For our purposes, meso-
scale motions encompass phenomena whose spatial dimensions are 10 to 103 km,
and whose temporal dimensions range from 1 hr to 10 hr. Sampling theory
suggests the upper 1limits of the mesoscale range are sampled more or less
adequately by the conventional surface station network of reporting stations
operated by the National Weather Service in cooperation with the Federal
Aviation Administration. It is within the mesoscale range that there exists
a so-called "spectral gap" (see Lumley and Panofsky, 1964). That is, the time
averaged power in that part of the spectrum is generally much Tess than at
larger and smaller scales. However, it is also within this range that the
relatively rare (but exceedingly important) severe local storm occurs.

Individual severe storms and their attendant effects are at the lower
mesoscale range and thus are not adequately sampled by the conventional net-
work. But these storms tend to occur in ways which indicate organization on a
larger scale (Tegtmeier, 1974; McFarland, 1975) and yet this larger scale is
not as large as the extratropical cyclone (synoptic) scale. The question is
whether subsynoptic scale systems exist that can be resolved by the conven-
tional data network. Provided that such systems exist, they must be observed
enough times to allow abstraction of the relevant physical concepts--i.e.,
their dynamics.

- To isolate phenomena of the scale considered, a band-pass filtering tech-
nique is proposed. A band-pass filter is one which reduces amplitudes at
scales below and above the one of interest. Variational band-pass filters
have been developed by Hylton (1972) and Sheets (1972). Hylton's band-pass
filter is designed to Timit the magnitude of derivatives of the analyzed
fields but includes no model constraints. Sheets treats the tropical cyclone
and incorporates derivative filters like those of Hylton with a simple model
applicable to tropical cyclones.




The state of knowledge concerning the subsynoptic scale is sketchy, at
best. Tegtmeier (1974) has indicated, via subjective analysis, some of the
types of subsynoptic systems that occur in the Great Plains, Matsumoto,
Ninomiya, and Akayama (1967) present a case study of a subsynoptic system and
Matsumote and Ninomiya (1969) propose one theoretical model that may be appli-
cable. Sasaki (1973) presents some provocative results concerning momentum
fluxes based on variational analysis of surface data for a case study in Okla-
homa. McGinley and Sasaki (1975) have proposed that symmetric baroclinic -
instabilities may be present in severe storm generating systems. The model of
Matsumoto and Ninomiya (1969) proposes an interaction between gravitational
modes and “"synoptic" modes. There have been proposals (Maddox and Gray, 1973)
that CISK (forced Ekman boundary layer pumping, described by Charney and
Eliassen, 1964) may have some crucial role. Nevertheless, there is not enough
observational knowledge of the four-dimensional structure of subsynoptic sys-
tems to allow any single model to emerge as the basic physical mechanism,

In spite of deficiencies in understanding events on the subsynoptic
scale, some problems can be resolved by the technique of band-pass filtering.
By designing the filter to isolate subsynoptic scale features, characteristic
values can be estimated for variables of interest. When these values are
established, a scale analysis appropriate to the subsynoptic range can be
done. This scale analysis is tentative, owing to lack of information about
the vertical structure. However, results of numerical simulations and theo-
retical studies can be used to supplement the surface observations; thus,
dynamical insights can be gained into subsynoptic systems and their role in
severe convective storms.

2. FILTERING TECHNIQUE
2.1 The Barnes Interpolation Scheme
The basic tool used throughout this analysis is the interpolation scheme
developed by Barnes (1964, 1973). Although any interpolation scheme could be
used to develop a band-pass filter, Barnes' method is particularly convenient,

owing to the simple functional form of the weight functions. This method is
of the weighted-average type, with the weight function given by

L o >
w (x) =exp [-Y - Y], (1)
where X is the position vector given by
-+.- ~
X = (x]e] + X

08y + ...t Xnen) R

-
and Y is the weighted position vector
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and the & are the n unit vectors in the n-dimensional space over which the
analysis is applied. Consider a weight function which is isotropic and homo-
geneous in x-y space, so that the spatial coordinate is simply the distance
from the grid point to the data point in question. The second coordinate is
the temporal separation. Thus, (1) is simply

- 2 ¥ 2

W (R*,,T*, kK, n) = exn [~ R I—-J

’ (2)

where R* and T* are the dimensional distance and time separation, and x and n
are the distance and time parameters at our disposal for weighting specifica-
tion.

Barnes has shown that interpolation using (2) acts as a low-pass filter
with a particularly simple response function:

P k%, vEs K, n) = exp [wcktior?] (3)

where k* and v* are the dimensional wavenumber and frequency. Owing to the
smooth nature of the weight function, the response is also smooth and problems
associated with side lobes (Sasaki, ]960) are avoided.

Application of this 1nterpo]at1on method is to filter the data. Thus, it
is not desirable accurately to reproduce input observations at all points in
space and time. Results are expected to depart from the observations, espe-
cially in areas affected by thunderstorm-induced flows. Only if such storm-
generated patterns are sufficiently large and persistent will they be retained.
From this viewpoint, a goodness-of-fit measure (such as an RMS error) is not
useful in determining analysis quality. Thus, only one iteration (Barnes,
1973) is performed to produce a Tow-pass f11tered field.

2.2 Band-Pass Filter Design
A non-dimensional filter design permits application to any grid, without
spec1fy1ng grid Tength values. An appropriate characteristic length scale is

the miminum resolvable wavelength, La = 2As. By using this Tength scale,
dimensional wavenumber, k*, is given a non-dimensional value, k, according to

k=K | (4)

- where kp is the characteristic wavenumber,




o = £L . (5)

If a general wave of 1ength L* is considered to be some number, A , (not neces-
sarily an integer) of grid intervals long, the wavenumber of that wave is
given by . : _

k=21 _A_2 \ (6)

A similar development can be made in the time/frequency domain, where waves
are defined in terms of the characteristic period P, = 2A0t. Then the non-
dimensional frequency, v, is given by

where a general wave of period p* is considered to be T time intervals long.
As (6) and (7) imply, in the non-dimensional k (or v) system, the wavenumber
varies from zero at the spatial (temporal) mean, to unity at the spatial
(temporal) Nyquist wavenumber (frequency).

Consider a Barnes-type response function/weight function'pair in the
spatial domain:

2
ro (k*; «) = b s
, (8)
2
W (R¥; €)= o~ R¥ /4K

To within a constant, as shown by Barnes, these constitute a Hankel Transform
pair. In transforming to non-dimensional variables, R* is non-dimensionalized
by using the characteristic R, = pAS, where o is an arbitrary constant. Thus,
the non-dimensional radius is R, where

*
R=§E. (9)

If the analysis parameter, k, is defined in terms of a non-dimensional number,
D, such that

K = D2 A52 5 (]0)

then by using (9) and (10), the response function/weight function pair (8)
becomes '



rg (ks D) = exp [-(mDk)?] ,
(1)

Wy (R; D) = exp [-(oR/2D)%] .

A similar analysis in the time domain yields

i

ry (vi N) = exp [-(ﬂNV)Z] s

exp [-(yT/2N)?] , (12)

4]

W, (T3 N)

where the non-dimensional time separation (y is the temporal analogue to o)
is T, given by '

*
T=TE (13)

and the temporal analysis parameter, h, is defined in terms of N, a non-
dimensional number such that

n= N at? (14)
To use (11) and (12) to develop a band-pass filter, define

(m) : .
Arij rs (ki’ Dm) - rs(kjg Dm) s (]5)

which is the change in response, using parameter Dy, between the ith and jth
wavenumbers. Tf kp is to be the wavenumber where the band-pass filter's peak
response is desired (the center of the band), we must simultaneously maximize

(a) _ ) .
AT]Z - rS (kis Da) = rS(kZ’ Da) )
(16)
(b) . . : )
Arag’ = rg (ks D) - ro(kgs D)
subject to the Constraint that
(@) - A.(b) ' '
Arip’ = dry’ (17)




"~ the sense that t

Note that ky < kp < k3 and that ky and k3 are not true cut-off wavenumbers, in

Ee response attains specific values (e.g., e~ =1 times peak
response) at these wavenumbers. The roles of k1 and k3 are exp1a1ned in the
following paragraphs.

Use of (16) and (17) is illustrated schemat1ca11y in Fig. 1. Maximum
response change is attained when

[Ar(a)] =0,
4 (18)
Sty - 0
b _
Upon using (11) and (16) in (18); it is found that
ko
21n (E—Q
D% = O P | (19a)
a ﬂ_z (k2 N k2) ? :
1 2
k.
21n (EE; _ v
o2 = NC (19b)
bTT Wz g B
2 3
The constraint (17), when combined with (11) and (16), implies that
1 -(1D k)%, (1D k)P -(7D, k)2 | »
k] " e -In [e a2’ +e b 2/ - 1 : (20)
a

Having chosen ko and some value for k3 (for which ko < k3 < 1), it is possible
to solve (19b) for Dp and use (19a) and (20) to iterate on ki and Da until the
system is solved. In practice, convergence is rapid.

As seen in Figs. 2 and 3, band-pass response is normalized to un1ty at
the center of the band. If the unnormalized response difference at k

srg = rg (k2; Db) - Ty (k2; Da) R
then the normalized response is simply
-1 r.(b) (a)
"bs T Sr. [rs S ]

A completely analogous argument holds in the temporal domain.
7
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Band-pass filtering proceeds as follows: data are interpolated to grid
points using the weight function

2 2

w, (R, T; D, N) = exp [- (oR) - (xT) 1 .
a .  frol 2
4Da 4Na

and again, using weight function

2 \2

W (R, T3 D, N) = exp [- R _ (1)
b 2 2

4Db 4NbA

These yield grid point values for the analyzed field of ¢(a) and ¢(b), respec-
tively. If the bands are centered at k2 in space and Vo in time, then

v = e L0DkR)E + (M)2] (D ky)2 4 (9%

and so the band-pass field is givén.by
o(b=2) . [¢( ),y - (21)
)

o For the purposes of this paper, a "low-pass"” field i$ chosen to be ¢(a .

; If the scale of the phenomenon of interest is precisely known, it is
~possible to center the band-pass filter at exactly that scale. In general, of
course we want to 1ook at a ndarrow range of scales. The aim of this research
~is, in part, to examéne events at the resolution Timits of the conventional
- surface data network“., Accordingly, it is appropr1ate to place the band
~center at or near that Timit. If the center is placed-at or near the Nyquist
frequency {or wavenumber) for the data, then truncation error is 1likely to be
a serious problem. There is no c]ear-cut lower limit for the sampling fre-
quency to avoid truncation d1ff1cu1t1es, but roughly six to eight samples per
wave give reasonably accurate first derivat1ve estimates.

The- f11ter used, therefore, centers on waves that the data mesh (roughly
twice the gr1d) sampies at about six- t1mes the Nyquist interval. The response
functions in space and time are shown in Figs. 2 and 3, while the correspond-
. ing weight functions are seen in Figs. 4 and-5. It may be observed that kz

and kq (vz and vq) determwne a unique bandupass filter centered at Ky

That i  e§subsynoptrc scales of Iength and time fall at or hear the
'1 resolutfon‘l:m:ts for that data. :

10
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2.3 The Data and the Analysis Grid

Surface observations obtained from the original WBAN-10 (or equivalent)
forms are used for this study, including all "special" and "local" observa-
tions which are frequently not transmitted. A1l data between 0515 and 1845
CST (including wind speed, wind direction, time of the observation, altimeter
setting, temperature, and dewpoint) are transferred to magnetic tape, after
being subjected to pre-filtering.

The pre-filtering removes gross errors (such as those introduced by key-
punch mistakes) and obviously unrepresentative observations. An observation
is- considered unrepresentative when its second time derivative exceeds a
threshold value selected to reject only about 40 or fewer observations out of
about 1800 per data set. A rejected observation is replaced by a smoothed
value obtained from a cubic polynomial fit of surrounding good data points.

Altimeter setting is used in place of the so-called sea-level pressure
(SLP) for two basic reasons: first, more stations record altimeter setting
more frequently; and second, the method by which altimeter setting has been
reduced to sea level is the same at all stations, independent of the tempera-
ture history. This procedure introduces a diurnal trend but SLP also contains
some residual diurnal trend and, additionally, such influences may be physi-
cally meaningful to severe weather activity.

The wind speed used, in the event of gusts, is the arithmetic mean of the
"sustained" wind and the gust, rounded to the next highest knot, if necessary.
It is felt that both extremes are unrepresentative of advective wind speeds.

Cases have been chosen by several criteria. First, the author resided in
Oklahoma from 1972 to 1976 and is generally familiar with weather events
during that period. Second, severe thunderstorms had to have occurred; an
exhaustive test of the technique must include a variety of cases so that storm
and non-storm magnitudes for the variables can be compared, but a technique
has to function properly during storm events before being considered for
general use. The following days were chosen: May 24, 1968; April 19, 1972;
May 22, 1972; June 27, 1972; March 13, 1973; May 24, 1973; June 8, 1974; and
June 18, 1973. These cases were chosen to represent several types of severe
weather systems. The last case is the primary testbed for the analysis.

Interpolation is accomplished on a 25 by 19 grid, superimposed on a 9o1ar
stereographic map (true at 60° N latitude with a map scale factor of 1:107).
The map coordinates, the grid, and the stations used in the analysis are shown
in Fig. 6. The 0.25 inch grid spacing corresponds to 63.5 km. Maps of ana-
lyzed quantities are produced at hourly intervals from 0600 CST to 1800 CST.
About 125 stations are used in the analysis, including those within roughly
two grid lengths of the grid borders. Not all stations report hourly, espe-
cially in the western part of the grid. A terrain analysis based on the low-
pass filtered station heights is shown in Fig. 7. Map coordinates shown are
based on map inches from the north pole and 100° W longitude for the y and x
directions, respectively. . B ' ) .
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3, RESULTS OF FILTERING - JUNE 18, 1973

The band-pass filter is app11ed to surface data for th1s case (a]so
studied by Siebers et al. 1978) which involves relatively isolated severe J g
- weather events. Upper air data at 0600 CST indicate a strong trough in the .
western United States extend1ng southward from a low center located in Montana.
There are two minor short waves -imbedded in'this trough--one extend1ng into _
western Kansas and another into central Arizona. The 500 mb winds in the base
~of the trough are about 10 m s-1 from Arizona to I1linois:. Isotherms -at 500 mb
show no indication of cold air advection that might affect Oklahoma At 700 mb,
a weak thermal ridge lies along a line from the Big Bend area in Texas, through
‘the Texas and Oklahoma Panhandles into west central Kansas, with moderate cold
air advection in the base of the major trough. A broad band of moisture at
850 mb extends from southern Texas through 0k1ahoma and extreme eastern Kansas.
into Iowa, ahead of a well-defined trough axis. A wedge of dry, warm air
separates this moist air from a strong 850 mb cold front in-central Kansas
through the extreme western Oklahoma Panhandle into northern New Mexico, Winds
at 850 mb in the moist air are southwesterly at speeds of 15 to 25 m s~ 1, and
are northwesterly at about 25 m s-1 in the cold a1r to the north. -

To summarize the synoptic pattern for this case, the upper-air pattern is
relatively weak, with an apparent strengthen1ng of the system as one approaches
the surface. Mo1st air ahead of the front is quite unstable, and many of the
700 mb and 850 mb parameters mentioned by Miller (1972) as favorab]e for-
severe weather, are moderate to strong, while the 500 mb parameters are weak,
This situation is not typical of a classic severe weather outbreak, but it
does represent many severe weather situations during late spr1ng, when the
polar jet stream is usually well north of Oklahoma. _

As seen in the figures presented, spatial continuity of the analyzed
fields seems satisfactory. To examine the temporal continuity of filtered
surface data, assume that the "u-component" of the wind field (basically, the
eastward component, on this analysis grid) is the field most 1likely to exhibit
excessively rapid temporal variation. This is a reasonable assumption, L
especially since wind components are the noisiest data with which we deal. By
showing satisfactorily continuous results for the u- component; we can infer -
that the rest of the analyzed fields show good time continuity. Fig. 8 shows .
the hourly values of the u-component at a centrally located grid point; the. £
temporal behavior is, indeed, quite smooth. An examination of the time evolu-
tion of the spatial patterns (not shown) confirms this conc]u51on

Consider the Tow-pass results seen in Fig. 9 at 1200 €ST. The stream-
line/isotach pattern reveals the dominant frontal convergence zone across
OkTahoma from southwest to northeast. This convergence zone is associated,
but not coincident, with a pressure trough and is characterized by cyclonic
relative vorticity. The mixing ratio field shows a distinctive pattern, .
curving southward in western Oklahoma where the surface dry11ne intersects the
surface cold front. The axis of maximum moisture convergence is approximately
coincident with the drylinée, while kinematic convergence lags somewhat behind
the dryline, in agreement with the findings of Schaefer (1974) for quiescent
dryline situations. The dryline is not clearly depicted in the low-pass
streamline field, but it shows clearly as the trailing edge of a band of high
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Fig. 8 Hourly values of uQCOM?onent (to -the nearest m s—l):fbr‘low-pass

data (open circles) and band-pass data (dark circles). The curves shown an
approximate continuous interpolation. :

-isobaric cr0551ng ang]es that extends southward from centra] Ok1ahoma Wind
speeds are basically subgeostrophic everywhere (as might well be ant1c1pated.
at-the surface) with ageostroph1c speed maxima associated with low crossing
angles in the moist air and high crossing angles in the dry air. An ageo-
..strophic speed minimum lies in the pressure trough. - Cross1ng ang]es are .
relatively low in both the cold and the moist airmasses. : :

With only minor changes, these Tow-pass patterns remain.nearly fixed
throughout the 12-hour analysis period. . This is, in part, a.result of. the
filtering. Nevertheless, the remarkab]e cons1stency of the .crossing. ang]e ,
pattern suggests that this large scale flow is being influenced by a syste-
matic,relatively time-independent process which causes a characteristic de-
parture from geostrophlc balance. The.pattern is not suggestive: of. frictional
- effects, as it is neither strong]y dependent on terra1n nor on ‘time of day.
This subJect is exam1ned further in a later sect1on SIT
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Band-pass fields (Fig. 10) naturally reveal smaller scale temporal and
spatial features. The most striking feature in the streamline/isotach field
at 1200 CST is the cyclonic circulation in southwest Oklahoma. The associated
frontal zone and dryline are seen in greater detail and this cyclone is
associated with the dryline/front intersection. The center of circulation has
moved out of the central Texas Panhandle area since 0600 CST and is now (at
1200 CST) almost coincident with the nearly stationary band-pass pressure
minimum. There are several noteworthy features in the derived properties of
this flow field. Significant cyclonic vorticity extends westward from the
circulation center, which is interpreted as the westward extension of the cold
front. The large kinematic convergence maximum (still behind the dryline)
south of the circulation has developed rapidly since 0900 CST, coincident with
an increase in the westerly component in the dry air. This was accompanied by
a rapid temperature rise and a sharp moisture decreasé. The three moisture
convergence maxima apparent at 1200 CST have evolved separately: the first,
northeast of the circulation, as a feature in slow decline (since 0600 CST);
the second caused by the rapid increase in kinematic convergence near the
dryline just discussed; and the third being a separate, persistent frontal
feature in extreme northeastern Oklahoma.

The satellite photo (Fig. 11) at about the same time, reveals only a band
of towering cumulus along the front which apparently terminates near the
center of circulation. However, the picture taken several hours later (Fig.
12) shows active severe thunderstorms which coincide remarkable well with the
three moisture convergence centers. The storms' time history indicates that
severe weather occurs only after several hours of substantial pre-existing
(band-pass) moisture convergence. Activity in Texas, south of the Red River
in the convergence zone associated with the dryline, is only beginning to
develop by 1642 CST, whereas storms in Oklahoma are already producing torna-

does. , _

The success of band-pass moisture convergence in delineating .preferred
areas of storm development several hours before storm initiation is, perhaps,
the technique's most convincing demonstration. Although this case is excep-
tionally well-defined, most other cases studied seem to fit this general
pattern. Some of the cases suggest the dominance of scales of motion above or
‘below the scale chosen here. Among the eight cases studied so far, four were
of the sort depicted in this section. Two cases were clearly synoptic in
character and two appeared to be below the resolution limits for surface data.
Thus, on any given severe weather day the organizing dynamics may be predomin-
ately synoptic or, perhaps, well below the 1imits of surface data resolution.
However, a substantial amount of severe weather that occurs in the southern
‘Great Plains is characterized by organizing dynamics that seem to fall in the
subsynoptic ranqge emphasized with this band-pass filter.

4. SCALE ANALYSIS OF SUBSYNOPTIC SYSTEMS

Despite the scarcity of definitive upper air observations on the sub-
synoptic scale, we can proceed with a formal scale analysis, using surface
data when available. Estimates for the vertical variations can be derived ir -
part from numerical simulations and in part from inference from the surface
data. The scaling follows the procedures outlined in Haltiner (1971). '
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Fig. 10a Band-pass results for June 18, 1973 at 1200 CST. Vorticity and
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Fig. 11

Fig. 12

Satellite photo at 1642 CST on June 18,1973.
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In specifying characteristic values, a more specific definition of the
term "subsynoptic" is provided. Physical scales in space and time are:

L....Characteristic horizontal scale (about a quarter wavelength);

D....Characteristic depth scale (also a quarter wavelength);

H....Scale height of the atmosphere;

V,W..Characteristfc horizontal énd vertical velocity amplitudes;
..Characteristic period (advective period).

The notation here follows Haltiner; however, character1st1c values reflect the
d]fference in scales. Here we use

v=20ms!, L=2x10%, D=25X10m,
which implies © = 104755v The‘magnitude_of3w is to be developed.

This analysis is concerned only with medium scale flow and does not
include the synoptic scale terms and their interactions on this scale.
Specifically, if we suppose that any general physical variable ¢ is the sum of
three basic components--i.e., a large scale, a medium scale, and a small

scale---so that
o= +oy+oo
then ¢, is associated with the band-pass results, i.e.,

;,;‘ <b»)'-.".¢~,<?) -

s

where the superscr1pts a and b as in the preced1ng chapter, denote the values
produced by low=pass filters w1th d1fferent response L1near terms like

¢M - Q(b) ¢(a)

"'a_T_ S e

present no difficulty ‘in sca]e separat1on HdWevekQ;th1ipéar terms are more
troub]esome For example, con51der o s Pagdy, O e

'3¢v A

U = (“L ¥ “M._+ “s) % (o F oy +os)

When the products are low-pass filtered, the results are
24




(g ®) = (g + uM) L)
and’ - .‘

%
ITNC . [
(™ = w25

so that the difference of the products is given by

80y (b) _ , 9%, (a) _ 8¢L Ay ¢y
(ur0) ) - () Uy 5% * Ysx T U o

However, the product of the differences is simply

® -2y 2 (¢(b) »(3)y - a‘1’M

X

Characteristic values of u and ¢ may be differeht between the scales--e.g., if
¢ is. temperature, assume that , v

6

-1 10°m

. -1
g VM 20 m s

V. ~10ms s LL .

5
~ o - o 2
B = @ °K, by~ 22 °K, Ly~ 2x10°m

so that
uM?%L(w X%? ~20x 10° °K 571,
uLiggf.Egﬁi - ox 10% °k 571 ,
uMéiﬂ ~f¥ﬁ—~ 20 x 107% ok 571 .

‘ o) : '
In the scale analyses to follow, only the term Uy 7;% is considered, which

ignores any interaction terms, as they are likely to be of the same order as
the terms we include (or, perhaps, of lower order). This is not to imply that
interaction terms are not significant. Such effects are not considered in

this study.
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The Rossby number, Ro, is defined as

-V ' ‘ .
Ro = "f——l:' 5 > ‘ | (22)
where fo is the.characteristic value of the Coriolis parameter (fgy - 10'45'1).
By the above, Ro ~ 1. Furthermore, we assert that the Richardson number, Ri,
defined by o
9(1In ©
g ( nZ‘ )
Ri = P
LA
9Z

is also of order unity. This assertion is eXamined'in a later discussion.
Finally, the Froude number, Fr, given by

) 4

Fr = (23)

Qi<
{ww)
-

is of order 10'2

Using Ha]t1ner s (3. 23), a]ong w1th (22) and (23);7and'Ha]tineh's (3.21),
which shows that - ) : j

pInos 9
az Db >
where og is the stability parameter of- the standard atmosphere (0 ~ 10 ]), it
is found that
,w,”.iR-iRof o - (24)

Th1s g1ves w . 2 5 x ]0 -1 ms -1 (about 25 cm s 1) Th1s va]ue is about. three
times larger than the numerical simulations of Tok1oka (1972) or Nitta and
Ogura (1972).- Fo110w1ng Haltiner, the order of .the bressure terms is -

P Ro 4 x 107 I

where H ~ 104 m. Th1s implies a dimensional pressure perturbation of about 8
‘mb, wh1ch As: a]so in rough agreement w1th numer1ca1 s1mu1at1ons g

The vector hor1zonta] equat1on of mot1on 1s e*““"'f

<+‘.

P 3
+VeVV+w 5

@ E

g
l

Q>
+
N
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wheng F is the fr1ct1on term. If we fg11?w Lew1s (1971) and rep]ace this term
by «V, and use a value for x = 8 x 10~ (Haurwitz, 1947), then all terms in
this equation are of order 103 m s=2, " This" suggests that, based on prelim-
inary est1mates no dynamic ba1ances ex1st for subsynopt1c scale motions.

As shown in numerous texts, including Ha1t1ner s, if the characteristic.

depth is suff1c1ent]y small compared to the characteristic length, the hydro-
static assumpt1on 1s justified. In this case,

-~ 107 "
SO we can 1egﬁtimate]y assume hydrostatic equilibrium.

For the conservation of energy (First Law of Thermodynamics), we again
call on Haltiner's analysis. In his notation (Page 52), using (24)

) VFr  .o-6
g + V-7 o~ pgs-107,

31n 6
" s. V. s 49
W57 "Rie L 010

988y . VFr 446
Wiz &) TR ~ 10 (27)

where 66'/6g' is the ratio of the non-dimensional perturbation of 6 to the
non-dimensional characteristic value of 6 (see Haltiner, Page 47) These
results indicate that the isentropic assumption on this scale is questionable,
since the second term is not balanced by either of the others. Thus, the
anisentropic form is required, which is

I 9 - Q.
(5—{ +V vV + W-é*-i') In 6 CpT. N (28)

where W is the anisentropic heating rate. That anisentropic effects play a
?ignificant role has been suggested by Gall (1976a,b) and Nitta and Ogura
1972).

In the preceding, an implicit assumption is that the mass continuity
equation can be scaled so that

D - (29)

=

This is not the case for all scales, as shown in all standard texts, but (24)
implies that since both Ri, Ro ~ 1, (29) is valid. This also indicates that

27



on this scale the vorticity and divergence are of the same order. The rela-
tively shallow nature of this type of disturbance allows the neglect of verti-
cal density variation effects in the mass continuity equation (for scaling
purposes).

Consider the assumption that Ri ~ 1. When deriving (24), the order of
the static stability term was established through
3ln 6 _ %s

5Z D

The value of 10'] for og has been established for the standard atmosphere,
using the total depth of the troposphere to estimate s¢/6. If the value of
§6/6 is chosen to be appropriate for a layer of depth D, in contact with the
surface, then one might use :

§6 _ Fr
0 Ro °?

which, in our case, is of order Fr, since Ro ~ 1. Thus,

g 86
Ri - 29 =B pro 1,
v
D

There is an element of inconsistency in this argument, which can be justified
only in part by the following discussion.

Studies by McGinley (1973) and Sasaki (1973) show that Ri takes on a
range of values from 10-1 to 10 in the areas wherein subsynoptic circulations
develop. It is not entirely clear that one can establish a single value of Ri
that applies to a region within which the vertical stratification varies
significantly. Also, the findings of Schaefer (1976) show that, by varying
the depth of the Tayer over which 66/6 is estimated, substantially different
values can result, even in horizontally homogeneous regions. If we assume
that the issue of a characteristic value for Ri is not completely established
from this scale analysis, the results of analysis of real data may help to
resolve the problem. Note that the analysis and computation of Gambo (1970a,
b) stress that Ri ~ 1 if the medium (subsynoptic) scale divergence is to be of
comparable order to the vorticity and that '

-+
. -~ -———E——
V-V - ®ifo

This issue is to be examined when discussing the dynamics on this scale.

Finally, consider the anisentropic heating mentioned earlier. The dry air
west of the surface dryline in Great Plains subsynoptic systems is character-
" ized by steep lapse rates over a deep layer (Schaefer, 1973; McFarland, 1975).
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It is reasonable to propose that a substantial anisentropic effect could be
realized by turbulent mixing in such an airmass. Neglecting the two smallest
terms in the anisentropic statement of the First Law: ' ’

oln o din o
W S =

Q _
52 cpT T dt ’ (30)

where (27) requires that Q be approXimate]y 3 joule kg" s'].

this is the result of turbulent heat flux divergence, then

Assuming that

Q . iﬂi '(3])

T L]
Cp oz

where H ~ w'e", the turbulent heat flux. Now the turbulent heat flux can be
modeled via an eddy coefficient approach, i.e.,

3ln ©

As before, there is some ambiguity in estimating the lapse rate of 1n'9. If
(32) is used in (31) and (30), it is clear that

3ln ©
s .2«

o 1n 6)
9z 9z

H oz (33)

w

In estimating dln 6/3z, if it is assumed that the lapse rate terms on both
sides of (33) are of the same order (os/D), then

K. ~WD ~5 x 102 .

’ (34)

If, instead, on the right-hand side of (33), 3In 6/3z is of order Fr/D, (34)
is changed to

o

S
Ky ~ WD £ ~ 5 x 10

? (35)

The value of 5 x 102 mzs_] seems more reasonable, from the results of McGinley

(1973) and by direct calculations in a higher order closure model (Burk,
personal communication). Also, the estimates of Wu (1965) suggest that while
(35) may be representative over very shallow layers, (34) seems more appro-
priate for this study.

In the moist air ahead of the dryline, where severe convection is ex-
pected, latent heat release could account for the anisentropic effect. Suppose

29



C is the condensat1on rate and L is the latent heat of condensation (L -~ 2.4
x 100 joule kg ) Then the anisentropic heating rate per unit mass from
condensation is simply

Q=1LC. (36)

1

-5 _] with cpT ~ 3 X 105 joule kg~ ', so

Now, by the scale analysis Q/c T~ 10
(30) implies

C-1.25 x 1079 s71 |

or, in conventional units

C-1.25x 103 g kg™' 571,

which is the same order as the band-pass moisture convergence we have computed
for the subsynoptic scale--i.e.,

ve(rv) ~ Ly~ 1073 g kg'ls-] s

ifr~10g kg'] Hence, there is substantial agreement with the results of
Fritsch (1975) who po1nts out that severe convection cycles both total mass
and water mass substantially faster (by an order of magnitude) than can be
resupplied by large scale convergence. Our results suggest that subsynoptic
moisture convergence is adequate to account for the water mass budget of
severe convection, and that the latent heat released in the convection process
can account for the anisentropic heating in the moist air.

5. SUBSYNOPTIC SCALE DYNAMICS

As suggested in the Introduction, there is a modest amount of dynamical

~ theory available in the literature on this scale. No general agreement exists

about the primary mechanisms responsible for severe weather situations. Sub-
stantial numbers of tornadoes and severe thunderstorms develop in association
with what could be called "synopt1c" scale weather systems (e.g., June 8,
1974). The severe weather events in such a situation are widespread and, as
Ostby (1975) suggests, are relatively well treated by conventional forecast
methods. Other situations (such as the June 18, 1973 event) are characterized
by somewhat isolated clusters of severe thunderstorms, in association with
subsynoptic systems that cannot be explained by classical synoptic scale
theory. The main criterion used to differentiate between the two types is the
presence or absence of strong upper-level.(500 mb or lower pressure) forcing.
As explained in Palmén and Newton (1969), upper-level divergence is crucial
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for extratropical cyclone development. Upper-level divergence is generally
associated with positive vorticity advection (PVA) at 500 mb, and it is often
not possible to find strong PVA in many tornado events, especially in the
Great Plains.

Instead, as suggested by Tegtmeier (1974), many severe weather events
occur with frontal waves that never complete the full life cycle of an extra-
tropical cyclone. In this sense, they are "stable" frontal waves. There is
also a growing body of evidence that such medium scale (subsynoptic) systems,
which develop in zones of modest baroclinicity, play an important role in
organizing severe convection. The numerical simulations of Gall (1976a,b),
Nitta and Ogura (1972), Tokioka (1972) and Gambo (1970a) all suggest the
disturbances, primarily confined to the Tower troposphere, can develop on a
subsynoptic time scale, independent of upper-level developments.

Instability theory, as developed by Stone (1966), Tokioka (1970), and
Orlanski (1968), points out that in the range where Ro and Ri are of order
unity, a variety of mechanisms can operate. Influential instabilities can be
of Kelvin-Helmholtz (vertical shear), symmetric baroclinic, geostrophic baro-
clinic, or barotropic (horizontal shear) type. A small variation of either Ri
or Ro can cause a large change in the theoretical growth rate for the various
modes. Tokioka (1970) and Gall (1976a) point out that for classical baro-
clinic instability the growth rate increases for decreasing Ri,with the growth
rate maximum shifting toward smaller wavelengths if the lapse rate increases
under constant vertical shear. This is precisely the situation expected for
frontal waves of the sort being considered. Also, Kung and Tsui (1975) and
Gall (1976a) have shown that the primary source of subsynoptic scale kinetic
energy production seems to be in baroclinic mode. Since the work of Kung and
Tsui is observational, we tend to support the baroclinic instability hypo-
thesis. Gambo (1970a) has shown that baroclinic instability becomes signifi-
cant for Ri ~ 1, but emphasizes that other mechanisms, such as shearing
instability, may also arise (Gambo, 1970b).

The numerical simulations of Tokioka (1972) and Nitta and Ogura (1972),
as well as the observations of Matsumoto et al. (1970) have shown disturbances
that are relatively cold (in the lower troposphere) on the south side of the
system. However, Nitta and Ogura point out in their observations that the
cold air is on the north side. The cases seen in this study also show cold
air to the north. Thus, as proposed by Gall, the frontal wave circulation
acts to decrease dynamic instability. In the absence of upper-level synoptic
forcing, the warm air rising northward and the cold air sinking southward act
to suppress further baroclinic development, via an increase of static stabil-
ity and a decrease of vertical wind shear. It is anticipated that the severe
convection developing in association with the subsynoptic wave plays a sig-
nificant role in this process. The budget studies of McGinley (1973) support
this hypothesis. His analysis of several cases, including two cases studied
here, shows that when thunderstorms are present, subgrid heat sources and
kinetic energy sinks exist at high levels, with heat sinks and kinetic energy
sources at Tow levels. This indicates that severe convection acts to relieve
conditions that allow the subsynoptic circulation to amplify.
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In order to use the results obtained from band-pass filtering to shed
light on the dynamics of subsyoptic systems, consider the vorticity (z) and
divergence (6) equations:

at + Vey(c+f) + ag = -(¢+f)s
ow ou oW oV A -
+ (§§'§Z - §§-5§) + k*(Vx F - Vo x Vp) , (37)
and
£ 1)
=t Vevs + w 53 = - 2 + fr -aVzp + 2k+(Vu x Vv)- V(w-——)-
Vo-Vp + VeE + V'(E x Vf) . (38)

These equations are to be applied only to the subsynoptic scale and, as
mentioned before, are not intended to include the interaction terms with large

scale flow.

There is no reliable way to calculate certain terms in (37) and (38) and
these are omitted with the understanding that terms omitted are not necessar-
ily considered negligible. Such terms include: those involving the vertical
component of flow, any vertical derivative, or-ve. Clearly, from surface
data alone, no means of obtaining vertical motion or vertical derivatives
exists without extremely restrictive assumptions. Baroclinic effects (terms
involving Va) are non-negligible, as seen already, but the density variations
across the grid are somewhat unreliable (as calculated from the observations);
hence the omission at this time. Terms involving Vf on the subsynoptic scale
are negligible, as can be seen from our scale analysis, but these have been
retained simply because of ease of calculation. The friction terms are also
troub]esome to calculate and so are omitted.

The remaining terms are calculated us1ng the band-pass filtered fields in
order to ascertain to what extent those effects we can estimate from surface
data alone are important in the dynamics of the flow. After omitting the
aforementioned terms in (37) and (38), it is found that '

g—f:~ Vev(gHf) - (z+f)s | (39)
and
9 | Vevs - §2 + fr - aVzp + 2iA<-Vu X VV + _\7'(§ x vf) , (40)

3t
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where these are not necessarily equations, as noted. The extent to which (39)
and (40) are satisfied as equalities, rather than associations (denoted by
"."), provides insight about the importance of the terms omitted.

Upon using the band-pass data to evaluate these equations, several

- remarkable results are found. First, relation (39) is found to be very nearly
an equality. This agrees with the conclusions of Matsumoto et al. (1967) that
on this scale, the vorticity distribution seems to be dominated by the diver-
gence field. Thus, it appears that the vorticity of the subsynoptic system is
generated by convergence and advection of already existing Tow-level vorticity.
We find no significant need for a contribution from the tilting term, which
disagrees with Matsumoto et al. (1967).

Scale analysis implies that the largest terms in (40) ought to be of
order 10-8 s-2. This is verified by the band-pass data, with the excegtion of
the pressure Laplacian term (-avZp), for which values are of order 10~ s=2,
in agreement with values obtained by Matsumoto and Ninomiya (1969). Eddy
momentum transport is not clearly responsible for the apparent imbalance, as
the pressure Laplacian remains the dominant term throughout the day. Sub-
synoptic scale momentum transport, implied by the terms

36 T 3y
W s VW'EE" which are derived from v-(w 32)

is more 1ikely to be responsible. Since the pressure term violates our
preliminary scale analysis, such additional violations are not unreasonabte.
Note again that the pressure used here is already a sort of "perturbation_
pressure", since the low-pass pressure field had been subtracted out. Ageo-
strophic patterns seen in the lTow-pass fields reveal that the crossing-angle
patterns are remarkably consistent from case to case and from one analysis
time to another. This also suggests some relatively large scale, time inde-
pendent effect which may be below the Tow-pass analysis scale, but of the same
scale as the subsynoptic system. We cannot clearly isolate terms that balance
the pressure Laplacian term. Nevertheless, if the pressure term is large

~ compared to remaining terms and the effect is not temporally variant, then
friction terms generated by small-scale eddies are probably not responsible
for the balance, which has been proposed by Matsumoto et al. (1967).

Assuming that the pressure Laplacian term is, in fact, balanced by terms
omitted from (40), a problem remains. Those terms of (40) that are retained
after accounting for the balance still fail to explain the observed time
variation of divergence. It is here that the temporal variation of the fric-
tion terms as a result of dry convection may play a role, as suggested by
Sasaki (1973). The convergence seen immediately behind the dryline could be
related to this effect, since convective mixing develops rapidly in the
morning within the dry air as the morning inversion is eroded by solar heating.

In summary, it appears that the subsynoptic scale flow field satisfies a
special type of "balance" equation with its mass field--namely
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av2p = Ve (w gg , (41)

When this is satisfied, the observed time changes are at least of the same
order as the remaining calculable terms in (40). If the friction term is
assumed to be responsible for the residuals in the revised divergence equation,
(40) becomes

2= - V-vs - 62 4 L+ 2k Vu x W+ Ue(k x UF) + VF (42)

where F is of the form 3/9z (u'w").

The corresponding vorticity equation makes use of this special "balance"
relation, since (41) implies

o g§.= W g%. , (43a)
-oc%g-';w%;— . (43b)

Neglecting horizontal gradients of vertical shear and of o, differentiating
(43a) with respect to y and (43b) with respect to x gives the result that

OW U _ oW 9V _ (__E__ __E_) =0 .
3y 9z ax oz ax9y ~ 9yax

This suggests that the tilting terms are negligible, and agrees well with the
calculated results that imply (39) is an equality. Note also that the friction
term appears unnecessary in (39) which agrees with the work of Matsumoto et

(1967), in which frictional forces are considered irrotational. Thus,
fr1ct1on on this scale may be predominantly the result of eddy momentum trans-
port, as postulated by Matsumoto et al.

6. SUMMARY AND RECOMMENDATIONS

We have deve]oped a band-pass filter which can produce a detailed sub-
synoptic analysis from relatively noisy surface data. Analyses are well
correlated with severe storm events when the organizing dynamical system is
within the resolution limits imposed by the data. .

From these results and available theoretical and numerical studies, a
subsynoptic scale ana]ys1s is developed which is modified slightly for con-
sistency with results using the band- -pass data. This analysis suggests that
anisentropic effects play a major role in subsynoptic events. Surface data
are consistent with the hypothesis that the circulation is a low-level baro-
clinic instability phenomenon. These circulations can be detected well in
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advance of thunderstorm development and appear to localize storm activity in
such a way that very strong convection results, which may be instrumental in
causing decay of this subsynoptic scale circulation. There is evidence that
a subsynoptic scale balance exists between the pressure forces and the momen-
tum transport generated by the vertical circulations of the subsynoptic
system. This momentum transport may also influence the larger scale flow,
creating characteristic patterns of ageostrophic winds.

To the author's knowledge, band-pass moisture divergence calculations
have been done previously only by Hylton (1972). Hylton's method of computing
moisture divergence differs somewhat from the method used in this study, so it
is difficult to compare results. A method similar to band-pass filtering has
been presented by Darkow and Livingston (1973) in which a Shuman (1957)
filtered "Tow-pass" field is subtracted from the analyzed field, but no .
attempt at analysis of the spectral modification of this technique is made.
Also, only pressure and static energy (Krietzberg, 1964) fields are analyzed,
with no kinematic analysis.

Because of the Tack of previous work in this area, a considerable effort
could be made to use band-pass analysis in a wider range of cases. The work
of Charba (1975) or Hudson (1971) has shown that "low-pass" moisture conver-
gence has good correlation to severe weather events. Since this study sub-
stantiates their findings and indicates a possible extension to band-pass
moisture convergence, this seems to be a fruitful avenue for further study.

A question of some practical significance exists in this area--i.e., whether
or not the results shown here can be useful in real-time forecasting. If this
method can be applied on a real-time basis, not only is the range of test
cases extended, but the method's usefulness for refining severe weather
threat areas (as suggested by this post-storm study) can be evaluated.

Another potentially useful avenue of research is modeling the subsynoptic
systems we have isolated with the band-pass filter. The results of the scale
analysis provide a preliminary framework for additional numerical simulations.
If one can successfully parameterize the anisentropic effects, the results
shown can be applied to a simplified model, perhaps incorporating the implied
balance equation as a diagnostic constraint. The role of diurnal effects in
the dry air seem crucial to storm development, but it is not yet clear how the
dryline (which is not a baroclinic zone) interacts with the frontal wave.

This interaction could be clarified by numerical experiments.

Lack of knowledge of the subsynoptic scale vertical structure is a
critical gap which inhibits further elucidation of subsynoptic processes.
Available serial soundings in proximity to tornadic storms (Schaefer, personal
communication) show deepening of the moist layer and erosion of the capping
inversion prior to the onset of convection. This supports our hypothesis
about the role of subsynoptic scale moisture convergence in localizing con-
vection. Nevertheless, broader knowledge of the time variations of vertical
stratification is needed to determine the validity of the suggestions about
the dynamics of the subsynoptic system, especially in the dry air. Budget
studies on the time and space scales considered could be fruitful in deter-
mination of the nature of energy conversions.
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Examination of the problems inherent in meteorological analysis has shown
the need to expand the theory of information content in our observations.
This has a definite impact on the design of future experimental observation
networks and data analysis methods. We need to ensure that our networks
resolve the phenomena that we seek without excessive redundancy, for purely
practical reasons. Any developing information theory has to account for the
variety of physical mechanisms that can give rise to meteorological waves, and
should also be able to account for non-uniform sampling networks.

Except possibly for surface observations, subsynoptic scale data are not
likely to be available operationally in the foreseeable future, so motions on
this scale must be examined as they interact with other scales. This analysis
has suggested several possible interactions and it is likely that continuing
research in the dynamics of these subsynoptic scales of motion will indicate
more interactions. This scale, intermediate between the complex mesosystems
seen in experimental data and the synoptic scale systems resolved by the
standard large-scale observing system, probably plays an important inter-
mediary role between the scales.

Subsynoptic systems represent an exciting area of study that is accessi-
ble with more or less conventional data. It is hoped that this work will
stimulate further efforts to examine atmospheric processes on the subsynoptic
scale.
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(PB-168218

No. 14 Field Operations of the National Severe Storms Project in Spring 1962. L. D. Sanders. May
1963. (PB-168219)

No. 15 Penetrations of Thunderstorms by an Aircraft Flying at Supersonic Speeds. G. P. Roys. Radar
Photographs and Gust Loads in Three Storms of 1961 Rough Rider. Paul W. J. Schumacher. May
1963. (PB-168220)
No. 16 Analysis of Selected Aircraft Data from NSSP Operations, 1962. T. Fujita. May 1963. (PB-168221)
No. 17 Analysis of Methods for Small-Scale Surface Network Data. D. T. Williams. August 1963. (PB-168222)
No. 18 The Thunderstorm Wake of May 4, 1961. D. T. Williams. August 1963. (PB-168223)

No. 19 Measurements by-Aircraft of Condensed Water in Great Plains Thunderstorms. George P. Roys and
Edwin Kessler. July 1966. (PB-173048)

No. 20 Field Operations of the National Severe Storms Projecf in Spring 1963. J. T. Lee, L. D. Sanders,
and D. T. Williams. January 1964. (PB-168224)

No. 21 On the Motion and Predictability of Convective Systems as Related to the Upper Winds in a Case
of Small Turning of Wind with Height. James C. Fankhauser. January 1964. (PB-168225)

No. 22 Movement and Development Patterns of Convective Storms and Forecasting the Probability of Storm
Passage at a Given Location. Chester W. Newton and James C. Fankhauser. January 1964. (PB-168226)

No. 23 Purposes and Programs of the National Severe Storms Laboratory, Norman, Oklahoma. Edwin Kessler.
December 1964. (PB-166675)
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50 The MeteoroToglcaT]y Instrumented WKY TV Tower Fac111ty

Papers on Meather Radar, Atmospheric Turbulence,-Sferics, and Data Processing. August 1965.
AD-621586

A Compar1son of Kxnematlcally Computed Prec1p1tat10n w1th Observed Convectlve Ra1nfa11 )

James T Fankhauser September 1965 (PB 168445)

Prob1ng A1r Motion: by Dopp]er Ana]ys1s of Radar CTear A1r Returns Roger M. Lhermitte. ‘May
1966. (PB-170636) i e .

Statistical Properties of Radar Echo Patterns and the Radar Echo Process. Larry Armijo. May
1966. The'Role of the Kutta:Joukowski- Force in Cloud" Systems:with: C1rcu1at1on J.~L. Goldman.
May 1966. (PB-170756) e

"Movemént’ and:Predictability of Radar:Echoes.  James’ Warren Wilson: November 1966:. (PB-173972).°

_Notes on Thunderstorm Motions, He1ghts, and C1rcu1at1ons T..w. Harro]d, W. T._Roach, and
“Kenneth ‘E. Wilk. ~Novembér: 1966 (AD 644899) e : ‘

Turbulence in Clear Air Near Thunderstorms Anne Burns, Terence W. Harro]d Jack Burnham,
and Clifford S. Spavins. :Decembér 1966." (PB-173992) ‘ri:- -7 BB

~:Study of a' Left=Moving: Thunderstorm of 23 Apr11 1964 George R Hammond Apr1T 1967 (PB-174681)

Thunderstorm Circulations and Turbu]ence from Alrcraft and Radar Data James C Fankhauser and
J. T. Lee. April 1967. (PB-174860). = . :

“On the Continuity:of Water Substance.  ‘Edwin:-Kessleri April 1967 (PB 175840)

Note on the Prob1ng BaT]oon Mot1on by Dopp]er Radar Roger M Lherm]tte Ju]y 1967 (PB»1759B0)

A Theory for the Determ1nat1on of W1nd and Prec1p1tatlon VeToc1t1es w1th Dopp]er Radars Larry
Arm1Jo August 1967. (PB- 176376)

A Pre]1m1nary Eva]uat1on of the F 100 Rough R1der Turbu]ence Measurement System U. 0. Lappe.
October 1967, . (PB-177037) - ; e F

_ Preliminary Quant1tat1ve Ana]ys1s of A1rborne Weather Radar. tester P.:Merritt. December 1967.
- (PB-177188) : i O N A

On the Source of Thunderstorm Rotat1on Stan]ey L Barnes March 1968 (PB 178990)

Thunderstorm - Env1ronment Interactlons ReveaTed by Chaff TraJector1es in the M1d Troposphere

James C. Fankhauser June ]968 (PB 179659)

0bJect1ve Detect1on and Correct1on of Errors in Rad1osonde Data Rex L. Inman.: dJune 1968.
(PB 180284)

Structure and Movement of the Severe Thunderstorms of 3 Apr1] 1964 as ReveaTed from Radar and
Surface Mesonetwork Data Analys1s Jess Charba and Yosh1kazu Sasak1 October 1968 (PB~ 183310)

A Ra1nfa11 Rate Sensor Br1an E’ Morgan. November 1968 (PB 183979)

Detection and Presentation of Severe Thunderstorms by Airborne and Ground Based Radars A
Comparative Study. -Kenfieth E. WiTky John'K:: Ca¥ter, ‘and 0. T. ‘Dooley. :February ‘1969. :
(PB 183572) I

- 16 Apr11 1967 George Thomas Hag]und May 1969 (PB ]84970)

A Study of a Severe Loca] Storm o

On the ReTat]onsh]p Between Hor]zonta] M01sture Convergence and Convect1ve CToud Format1on
Hordace :R. Hudson. March 1970.° (PB~191720) :

Severe Thunderstorm Radar Echo Motion and Re]at d Weather Events Hazardous to Avtat1on
Qperdtions. - Peter ‘Ai Barelay and'Kennet EC W k* J -

Tornado Inc1dence Maps Arno]d Court August 1970 (COM 71- 00019).~_ o

(COM-71-00108)
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. Papers: an Operational.Objective ‘Analysis Schemes::at:the: Natlo

R

Center. Rex L. Inman. .November.-197Q..: (€OM-71-00%3&): .i ..

The Exploration of Certain Features of Tornado Dynamics Using a Laborétory Model. Neil B.
Ward. November 1970. (COM-71-00139)

Rawinsonde Observation and Processing Techniques at the National Severe Storms Laboratory.
Stanley L. Barnes, James H. Henderson, and Robert J. Ketchum. April 1971. (COM-71-00707)

Model of Precipitation and Vertical Air Currents:” Edwin Kessler and William C. Bumgarner.
June 1971. (COM-71-00911)

The NSSL Surface Network and Observations of Hazardous Wind Gusts. Operations Staff. June
1971. (COM-71-00910)

Pilot Chaff Project at the National Severe Storms lLaboratory. Edward A. Jessup. November 1971.
(COM-72-10106) )

Numerical Simulation of Convective Vortices. Robert P. Davies-Jones and Glenn T. Vickers.
November 1971. (COM-72-10269).

The Thermal Structure of the Lowest Half Kilometer in Central Oklahoma: December 9, 1966-
May 31, 1967. R. Craig Goff and Horace R. Hudson. July 1972. (COM-72-11281) :

Cloud-to-Ground Lightning Versus Radar Reflectivity in Oklahoma Thunderstcrms. Gilbert D.
Kinzer. September 1972. (COM-73-10050)

Simulated Real Time Displays of Velocity Fields by Doppler Radar. L. D. Hennington and G. B.
Walker. November 1972. (COM-73-10515) i

Gravity Current Model Applied to Analysis of Squall-Line Gust Front. Jess Charba. November
1972. (COM-73-10410)

Mesoscale Objective Map Analysis Using Weighted Time-Series Observations. Stanley L. Barnes.
March 1973. (COM-73-10781)

Observations of Severe Storms on 26 and 28 April 1971. Charles L. Vicek. April 1973.
(COM-73-11200)

Meteorological Radar Signal Intensity Estimation. Dale Sirmans and R. J. Doviak. September
1973. (COM-73-11923/2AS)

Radiosonde Altitude Measurement Using Double Radiotheodolite Techniques. Stephan P. Nelson.
September 1973. (COM-73-11934/9AS)

The Motion and Morphology of the Dryline. Joseph T. Schaefer. September 1973. (COM-74-10043)
Radar Rainfall Pattern Optimizing Technique. Edward A. Brandes. March 1974.

The NSSL/WKY-TV Tower Data Collection Program: April-July 1972. R. Craig Goff and W. David
Zittel. May 1974.

Papers on Oklahoma Thunderstorms, April 29-30, 1970. Stanley L. Barnes, Editor. May 1974.
Life Cycle of Florida Key's Waterspouts. Joseph H. Golden. June 1974.

Interaction of Two Convective Scales Within a Severe Thunderstorim: A Case Study and Thunderstorm
Wake Vortex Structure and Aerodynamic Origin. Leslie R. Lemon. June 1974.

Updraft Properties Deduced from Rawinsoundings. Robert P. Davies-Jones and James H. Henderson.
October 1974.

Severe Rainstorm at Enid, Oklahoma - October 10, 1973. L. P. Merritt, K. E. Wilk, and M. L.
Weible. November 1974.

Mesonetwork Array: Its Effect on Thunderstorm Flow Resolution. Stanley L. Barnes. October 1974.
Thunderstorm-Outflow Kinematics and Dynamics. R. Craig Goff. December 1975.
An Analysis of Weather Spectra Variance in a Tornadi¢Storm.-Phildppe-Waldteufel:- -May:1976..-

Normalized Indices of Destruction and Deaths by Tornadoes. Edwin Kessler and J. T. Lee. June
1976.



No. 78 Objectives and Accomplishments of the NSSL 1975 Spring Program. K. Wilk, K. Gray, C. Clark,
D. Sirmans, J. T. Dooley, J. Carter, and W. Bumgarner. July 1976.
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