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PRETACE

This report summarizes the research performed under Contract Nonr-710(22)
for the year ending 31 May 1966, The work is in varicus stages of completion
as reflected by the differing format of the four reports covering the various
areas of research,

The first two papers of this report are essentially scientific reports
representing the culmination of one phase of the research., The last two
papers are mare in the nature of status reports on current research, A final
note on stellar scintillation has been appended simply to indicate continuing
interest in this field although the demands made on experimenters' time on

other projects precluded further work on this area during the past year,
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An Experimerital Study of the Equation
of Motion in the Free Atmosphere
by

Homer T. tis
l. Introduction

The energy of atmospheric motions is distributzd over a sufficiently broad
band of ffequencies or scales that a quantitative application of the conservation
laws of mechanics to a specific frequency domain may still present difficulty,
The conventiocnal formulation of the equation of motion as applied to the weather
map, for example, which may be written

q e s .
7 *fkxV=-gVph+F, (1
is based on Reynold's hypothesis that it is possible to define the wvelocity,
accelerations and forces on a uniform scale (Miller, 1951)., The frictional
force P in this equation represents a transfer of momentum fram weather map
or synoptic scale by motions of lesser scale,

Difficulties with the application of Eq. (1) may be appreciated by noting
that in the free atmosphere it has not been possible to use the equation even
as a phenomenological definition of the frictional force by a computation of
a difference in the forces and the accelerations. The problem is largely
that of smoothing the fields of wind and pressure on the same scale and, in
practice, is caused almost in equal measure by the ill defined error of
measurement and incomplete specification of the wind and pressure by the
present network of metecrological observations,

This paper presents the results of In experimental study to determine the
representative magnitudes of the various temms of Eq., (1) as applied to motions
of synoptic scale in the free atmosphere, specifically at the 500 mb and 300 mb

levels, For the reasons detailed above, it was necessary to attack the problem
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obliquely by a statistical analysis of data derived by objective procedures,
As in most statistical studies, the representative magnitude of a quantity
is assumed to be specified by its mean and variance, In this sense, it has
been possible to estimate the magnitude of tho following quantities of
meteorological interest:
a) The atmospheric accelerations at synoptic scale,
b) The frictional force at synoptic scale (actually, evidence
is presented simply to tiie effect that the frictional force
must have the same magnitude as the synoptic acceleration),
c) The synoptic scale departure of the wind from geostrophic
equilibrium (the sum of (a) and (b)),
d) The smaller scale structure of the wind observed by the
conventional radiosonde.
There are, as well, a number of interesting by-products of this investigation.
In the course of the study, statistics on the magnitude of the first and second
horizontal derivatives of the field of isobaric height were computed. These
results should be useful as a climatological guide in constructing or testing
models of large scale atmospheric flow, The poleward transport of momentum
was found to occwr in a systematic pattermn of accelerations, a result which
has such broad implications for models of the general circulation, it is

discussed in a separate section of this report,

2. Radionale for the definition of synoptic scale,

The spacing of upper air observing stations ultimately will. set a limit to
the horizontal dimensions of systems which can be represented on the weather
map., Although the spacing of upper air observing stations is irregular, the
typical spacing in continental United States is from 250 to 350 xm. The present

netwcrk appears capable of delineating systems with horizontal dimensions in




excess of 1000 km, an arbitrary figure which is often used as the limit

of synoptic scale, Ever an isolated jet stream whichlas a transverse dimension
of 500 km (e.g, Endlich and Mclean, 1965) would fall within this definition of
synoptic scale,

Primarily due to studies made by Buell (1957, 1958, 1960), it is known that
the typical dimensions of upper air systems in the pressure field (the pressure
field determined from the radiosonde observation and the hydrostatic camputation
of pressure height) are greater than 2000 km and only a small fraction of the
variance of isobaric height can be associated with systems of smaller scale,
Studies of wind structure show that the variance of the radiosonde wind must
be distributed over a wider range of scales (Eddy, 1964) although the spectral
analysis of a vector quantity requires more information than a scaler variable
and details of the wind structure are lacking.

As the subsequent analysis will show, the variance of isobaric height
is so nearly restricted to larger scale systems, the analysis of the pressure
gradient force at synoptic scale requires little smoothing or filtering; the
problen is really one of interpolation with only a minimal amount of smoothing.
The horizontal contowr gredients were derived by a process of numerical
interpolation and smoothed to eliminate systams smaller than 1000 Jm, The
pressure gradient foroe determined in this way conveniently defines the
synoptic scale pressure systems. The wind field was not smoothed on this
sams soale, Instead, a camparisan of the force and wind fiald was accomplished
by interpolating the contour gradients at the location of a radiosonds wind
obssrvation. The scals analysis of the wind fisld was then made by cumparing
the dimensions of the wind system to the dimensions of the synoptic scale

pressure field.




3. The nunerical interpolation of the pressure gradient force,

In contrast to the conventicnal meteorological analysis of the field of
isobaric height which is used to interpolate a value of the height at fixed
grid points, the purpcse of this analysis is to interpolate (as it finally
de aloped) all the first and second order horizontal derivatives, five derivatives
in all, at a point where a wind observation is made, The irregularity of station
spacing as well as observational error and small scale variability make it
necessary to interpolate the derivatives from a larger set of observations than
the minimum required to specify five derivatives. After some experimentation
with interpolation polynomials of various degree including the third, a
weighted polynomial of second degree fitted to ten cobservations of isobaric
height was used in this study, Symbolically, coefficients of the polynamial

At a e Ay PAX A A @

were calculated for each observing period by minimizing the expression

10 r 2
Ity - mpp? (exp - -l;-) .
izl R

The quantity hoi is the iscbaric height observed at the ith station and hpi
the height at that station predicted by the interpolation polynomial. The
origin of the polynomial was located at the point for which the derivatives
are to be interpolated and the expanent of the ervor type weighting function
is tae square of the distance from the cbservation to the point of inter-
pohtiml’ ,.iz 2 "12 *y; 2. The weighting scale paramster R was set to equal

1. The position of the observing stations were calculated in a Cartesian
coordinate system with the axii located on the central observ.ng station of

the given net. So that the a-alysis could be readily compared with conventional
metearclogical charts, the oxn.culation was performed using a mathematical
specification of a Lambert C aformal Canic projection with standard pareliels

at 30° and 6C° latituds. Tr.2 station location was entered to the nearest minute
of latitude and longitude s.cording to the Weather Bureau publication, Key to
Meteorological Records Documentation No. 5.21, History and Catalogue of Uppe~
Air Data for the Period 1946-1960, (1964),




500 km. The least square fit with this weighting factcr has the effect of
placing primary weight on the four or five observations lying with a radius
of 500 km and of also smoothing the derivatives, primarily the second
derivatives, an a scale of approximately 1000 km,

The second degree pclynomial has frequently been used in objective weather
map analysis, most recently by Corby (1961). It is worthy of reiteration,
however, that in almost every instance, the coefficient Ag in (2) is the
value interpolated., In the present analysis, the coefficients A, through
A¢ are the end product of the interpolation scheme,

Coefficients A, and A are, of course, proportional to the camponents of
the horizontal pressure gradient force. If the coordinates of the polynomial
are rotated so that the x' axis is aligned with the grostrophic wind, the
first three coefficients are proportional to the secund lJerivatives and will
have, as well, a metecrological interpretation that is readily recognized.
The coefficients in the rotated system are indicated with a prime. ith

the appropriate scaling factors, they will have the followin; interpretation:

azh _a_\.lﬁ The geostrophic wind shear,
1 - E—— - - . . } .
2 A 3 z 3y'2 2y ’ positive for cyclonic shear
ah
2 A z — ® V_K The geostrophic wind speed x

8x'2 g £ Sy
curvature of cantours, positive
for cyclonic curvature,

The geostrophic wind speed x
cwrvature of orthogonals, positive
for diverging contours.

A'

4, A camparison of the magnitudes of synoptic geostrophic winds and the
observed wind,

Camputations were made for seven nets of %en otserving stations centered

on the radiosonde wind observations at Flint, Dayton, Columbia, Topeka, Amarillo,




Shrevepart and Montgomery, for all avcilable observations in the winter season
December 1958 through February 1959, This made a total of 1200 comparisons of
geostrophic wind and with accomparying wind observation at the 500 mb level

and 1123 comparisons at the 377 b level (of a possible 1274 data periocds),

The statistics for the observed wind -sere found .o be reasonably consistent
with published values based on longer periods of record so the data is believed
to provide a representative sample for the winter season. While some variation
in the statistics was observed for different stations, it will probably be
necessary to examine data for several seasons to establish their significance
and for greater gererality only average2 statistics for the five stations

with best records are presented in Table I.

Table I Avaraged Means and Variance of the Components of the Geostrophic
Wind and the (userved Wind.

5C0 mb 300 mb
Geostrophic Winds
mean variance mean varjance_,
m sec~1 02, m sec? m sec™ az’a;} sec
Vgx(Zona.l) 24,12 93,2 36,32 201.6
vgy(l“‘.e!‘idiona.l) =3,86 126.5 -4,u48 261.8

Radiosonde Winds

Ve (Zonal) 22,84 112,8 34,73 275.,7

Vy (Meriaional) -3,10 159,7 =2,70 342,7

Z. 1his average rep:csents the average of theseasonal values for five stations,
Shrevepcrt and Montgamery wind records were less regular than the other stations
and these data were therefore omitted from the average. The 500 mb average is
based on 878 .bservations while at 300 mb there are 829 observations so that
these values should be fairly representative of the winter season in mid-U, S,
locations,




The mean observed wind is very nearly ejual tc the mean geostrophic wind,
Since the difference of the means ‘or the indivicual station were all of
similar algebraic sign, the departure of the m.an wind from the mean
geostrophic wird is believed significant anc representative for mic-U.,S.

The 500 mb mean wind is about 1 m sec~! sub-geostrophic but aligned with
the contours, the 300 mb wind is also slightly sub-geostrophic and directed
across the contours toward lower heights with a componeat of the order of

1 m sec™i,

The camparison of observed wind varia.ce and geostrophic wind variance
is more significant, The actual wind variance of eaci component is larger
than the geostropnic wind component by about 25% at 500 mb while there is
an even greater relat.ve increase at 300 mb. It will be the purpose of the
remainder of the analysis to allocate this greater variance of the rediosonde

wind among three categories: (L) Synoptic scale accelerations, (2) motions

of smaller scale and (3) error in wind measurerment,

S5, The model for synoptic scale wind variance.

A straightforward method for the analysis of variance according to scale
is to compute the autocorrelation function and its Fourier transform, The
spatial autocorrelation function of even a two dimensiocnal vector is a tensor
that requires four times as much information for its specification as for a
scalar autocorrziation. The autocorrelation function for the i and j velocity

components, for example, would be:

-

p.. () = Lu' o -1 o -nlwhere v, and v.'
ij iY3 vy vy i 3

are velocity components measured at +the ends of the position vector r. It is
unlikely that the present radiosonde network can provide satisfactory statistics

on a functicn of this generality. Certainly the 2300 observations used in this
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study would not begin to specify this function so that a direct spectral
analysis of the wind data did not appear possible, Instead, the statistics

for the field of pressure gradient force were found to fit a model of a Gaussian
distribution of isobaric height proposed by Buell (1960). This model then
provides a filter for the separation of synoptic scale motions from motions

of lesser scale. The essentials of Buell's model for the synoptic scale
variance of isobaric will therefore be reviewed here,

The distribution of variance of isobaric height is reasonably iscotropic
as shown by nearly circular iscpleths of the autocorrelation coefficients at
a number of locations at middle latitudes (Buell, 1958; Bertoni and Lund,
1963), Buell suggested that the isopleths were quite w2ll approximated by

the Gaussian distribution function

o, (D) = exp (-r?/21.2) (3)
where o, is the autocorrelation function of isobaric height and L is a horizontal
scale parameter which is of the order of 1000 km for the mid-troposphere and
at middle latitudes, This function not only provides a fairly good description
of the autocorrelation isopleths at moderate distances, ra- L, but it also
possesses a nunber of properties that make it suitable for a synoptic scale
autocorrelation function. A synoptic scale autocorrelation function of isobaric
height must have a second derivative (finite curvature) at the origin, a
requirement imposed by the necessity that the geostrophic wind variance must
exis. for synoptic flow, The curvature of the Gaussian function at the origin
is determined by the parameter L and to the extent that the wind is geostrophic
the ratio of the variance of observed wind to the variance of isobaric height
determines the value of L. The scale parameter L determined from the ratio of
wind variance to isobaric height variance is ap, “ximately the same as that

obtained by fitting the autocorrelation function at greater radius (compare,

TR T TR TR, (S, ¢ e e ettt O B O A S~ - . e




for example, values of L deduced by Thampson, 1957, and Buell, 1958),

Busll further deduced if the variance of isobaric height is isotropic and
homogeneous the autocorrelatiocn tensor o g i3 for syncptic geostmphic3 winds
mist be capable of specification by, at mosi, two correlation functions, the
correlation of longitudinal components and the correlation of the trunsverse
components. As in turbulence theory, we shall use the symbols fg and gg for
the longitudinal and transverse correlations, the subscript g indicating the
corvelations refer to the geostrophic wind.,

The condition that the divergence of the geostrophic wind must vanish leads
to the following expressions for the correlation functions. The longitudinal

correlation function will have the same form as the autocorrelation function

for isobaric height,
£, = ep (-r?/2L2) ()

and the correlation of the transverse components will be

gg = (1-r*/LD) exp (- 5'2'2 ) (5)
2L
Inspsction of the trace canponents of the velocity correaltion tensor
for both the geostrophic and actual winds, p)1(r) and py,(r) showed that
they did have a shape consistent with the functions (4) and (5) and would
be approximated by the same function but with a coefficient less than one,

The lengitudinal correlation, for example, would be better fit by the function

£g = Ky exp (-r?/2L2), where Ky < L. (6)

Of course a real autocorrelation function will approach the value cne at the
origin. Since the closest spacing between cbservations is 250 km, an auto-
correlation of the form (6) simply indicates a loss in correlation (1-K) in

ths first computation interval. Put in terms of the spectral distribution of

3. The geostrophic wind is really by definition a quantity dafined at synoptic
scale so that the adjective synoptic is superfluous used with geostrophic wind
as a description of the horizontal pressure gradient force,

R T — v-m)——-‘-—T" S s v
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variance, it would be interpreted to mean that a fraction of the variance K
must be associated with motions of synoptic scale while the fraction (1-K)must
be either produced by error or is variance associated with lesser scales, The
dimensions of these systems of smaller scale are not precisely determined
except that they must be less than twice the spacing of the distance betwsen
observing stations, Our hypothetical autocorrelation function would therefore
assume a gap in the spectrum of variance between synoptic and lesser scales,
The model autocorrelation function adopted to represent the autocorrelation
of both geostrophic and actual winds was of the form suggested by (6). The
coefficient Kg was assuned to be the same for both longitudinal and trensverse
correlations so that where (6) is the expression for the autocorrelation function

for the longitudinal components, the autocorrelation function for the transverse

velocity components of the geostrophic wind would be given by
gg = K (1-r2/12) exp (-r?/212) (7N

The observed wind autocorrelations were fit by the same type of function but
with different coefficients. For the autocorrelation function for the
longitudinal components of the observed wind the expression £,7K, oxp(-r2/2L2)
was used, where the subscript v indicates the quantity applied to the observed
wind,

Trace components of the correlation tensor were computed for seven pairs of
stations for both the 500 mb and 300 mb data for both geostrophic and for actual
winds. A single scale paramster L and four values of the parameter K were
determined from the 56 data points by a least square fit of the Gaussian functions
(6) and (7)., Four values of K arise because it was assumed that each level might
have a characteristic value of Kg and K, associated with the geostrophic and
actual wind, The quality of the analytic expressions of the type (6) and (7)

r——gp—“rv.‘._-—m.-.w—- - - -
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as approximations to the autocorrelation fucntion is illustrated by a comparison
of the average function for the two orthogonal components with the computed

correlations, also averages of two components.,

2
1/2 (£ +g) = K(1- ;—Lp exp (-r2/2L%) (8)

It is possible then to compare each set of observations with a single curve
for the function assumed for the autocorrelation function, It must

be confessed too that averaging tends to suppress irregularities

in the component correlations representing true anisotropics in the wind
systems, In Figures 1 and 2 the best fitting average correlation function
given by (8) is shown with the average correlation of the trace component of
the correlation tensor., If the distribution of isobaric height were truly
isotropic, then 1/2 (og 1"t 99) would be equal to the average of the

correlations of the longitudinal and trensverse compenents .1/2(1"g + gg)-
The individual geostrophic wind correlation points lie above the correlation

of the actual wind in every case, The relative magnitude of the intercept K,

and Kg obtained by the least square fit of (8) are clearly established even
though there is considerable scatter about the analytic curve, In each correlation
set the actual wind correlation is about ten percent less than the geostrophic

wind,

6. The variance of the synoptic wind and the geostrophic wind.

The scale parameter L related to the horizontal dimension that was obtained
fram the fit shown in Figures 1 and 2 was, L = 1071 km, a4 value much the same
ag those computed by Buell (1958). The paremeters K, and Kg are(as discussed
above and also, for example, by Eddy, 1964) interpreted as that fraction of
the total variance associated with the modified Gaussian autocorrelation function

which has been assumed to represent the variance at synoptic scale. The equivalent

spectrun of the Gaussian autocorrelation function is well known and drops off

- W ——‘——w-w RO o I PR e o ] -
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repidly in the wavelength region less than 2L. A wavelength parameter of
1000 km implies that synoptic scale systems have dimensions for the most
part greater than 2000 km and systems of dimension L have been completely
filtered from the synoptic variance by this autocorrelation function.

The values of the parameters K,, and Kg for the 500 and 300 mb data
obtained by a least square fit of the functions of the type given by (7)

are shown in Table II, The resulting division of variance at synoptic sca e
and at lesser scales implied by the analysis is also shown., In all cases,
the variance in Table II represents the variance of one camponent obtained by
averaging zonal and meridional components.

Table II Estimate of the magnitude of synoptic wind variance and the
variance at smaller scale, (synoptic scale dimension parameter,

L = 1071 km).
Fraction of total Synoptic scale Smaller scale
variance in synoptic variance of °§‘e Variance or error
scale motion, K c?nponent Ko (}-K) %5
mé sec? m¢ sec”
S00mb 300 mb 500mb 300mb S00mb 300 mb
Geostropaic wind Kg 0.940 0.932 103.4 215,9 6.6 15,8
Radiosonds winds K, 0,817 0.821 11,4 254,0 11,3 55,2

The rather close correspondence of the values of Kg
the 500 mb and the 300 mb data while not really adding validity to their

and K, obtained from

interpretation as the fraction of variance in synoptic scale has been of some
comfort to the anslyst. The total variance of the observed wind is so much
greater than the total variance of the geostrophic wind that despite its smaller
fraction of synoptic variance the variance of the observed wind is greater than

the variance of the geostrophic wind in both categories of scale.

K T R TR T ¢ i s e e ——r - v o




- 13 -
The geostrophic wind has really been computed at synoptic scale, The

estimate of variance at smaller scale or error for the geostrophic wind is almost
entirely variance produced by error in the iscbaric height. Indeed, the values
(Table II) are consistent with the error estimates of the geostrophic wind made
by Endlich and Clark (1963), The greacter variance of the observed wind at
synoptic scale as compared to the geostrophic wind is assumed to be associated
with the geostrophic departures at synoptic scale or the synoptic scale
accelerations, %% in EQ. (1), The excess variance of cne camponent is
8.0 m’sec™? at 500 mb and 28 m2sec~2 at 300 mb. The hypothesis that this
difference represents the geostrophic departure of the wind at synoptic scale

was investigated further by an analysis of the observed geostrophic departures,

6. The synoptic scale departure of the wind from geostrophic equilibrium.

An indenendent estimate of the synoptic accelerations (the accelerations
measured relative to the coordinate system fixed on rotating earth) is obtained
by an analysis of the departure of the observed wind from geostrophic balance.
Ideally perhaps, the winds would be smoothed an the same scale as the pressure
field and synoptic accelerations computed from the difference. In this study
the departures of the cbserved wind from the synoptic geostrophic wind were
computed and the departures subsequently analyzed for evidence of a synoptic scals
var‘ation,

Despite very little quantitative evidence, it is almost a meteorological axiam
that the geostrophic departures are greater in the direction of the contours,
the longitudinal direction, than in the direction across or trensverse to
the contours. Geostrophic departures were, therefore, camputed in natural
coordinates as well as in zonal and meridional components. The longitudinal geo-
strophic departure is indicated by the symbol D, and computed thus D =V cos J-Vg.
where ¢ is the angle made by the wind vector with the contours, positive
toward high pressure, The transverse geostrophic departure is given
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byD =V s8in ¢ where V is the cbserved wind speed. The zonal and meridional
i = Va and D = V-V itive axis toward the

compenents are simply D, =V, \Igx v v gy pos

east and north, respectively., Average values for the geostrophic departures

for the same five stations as Table I (based on more than 800 cases) are

given in Table III,

Table III Statistical characteristics of the departure of the rawinsonde
wind from the synoptic geostrophic wind,

500 mb 300 mb
;e xc'l 02;?;‘2:2? ? ::c'l a¥r:f1 s::-q,
Longitudinal Component, D 0,97 31.8 1.16 91.0
Transverse Campanent, D, -0,02 18.4 -1.06 50.9
Zanal Campnent, D, 1,28 31,0 1,70 85,4
Meridinal Conponent, D, -0.75 18,3 <244 50.0

The magnituds of the seasonal mean geostrophic departures of the order of
a meter sec™! was already implied when the mean geostrophic wind and mean
ravinscnde wind were entered in Table I, The variance of the longitudinal
geostrophic departure is significantly larger than the variance of the
transverse component. The magnituds of these computed geostrophic departures
are perhaps best put in perspective by the diagram in Figure 3, The mean
geocstrophic wind vector is shown for the 500 mb and the 300 mb levels and
the ellipse representing one standard deviation of the departures of the wind
from the geostrophic wind is drawn about the terminus of the mean geostrophic
wind vectar. Typical cross contour angles of the wind (a) are indicated by
the vector dran to the boundary of the ellipse. Thus even though the standard
deviation of the zonal component of the wind is almost 20 knots at 300 mb, the
typical croes contour angle of 10° is within synoptic experience since the winds

W""f‘*““’-—W' . e m
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are only reported to the nearest 10° in direction”.

Since one would like to attach physical significance to the observation
that the variance of the longitudinal geostrophic departure is 50% to 75%
larger than the variance of the transverse camponent, it would aid this
interpretation if the variance in the zonal and meridional direction were
more nearly equal. The zonal departure, however, is the same magnitude as
that of the longitudinal component and the meridional component is the same
magnitude as the transverse component. Apparently because the wind is so
nearly zonal, it is impossible with these data to resolve the precise
orientation of the ellipse shown in Figure 3, One is not able to distinguish
between the possibility that the observed difference is primarily a zonal-
meridional difference or whether it is better related to the direction of
the synoptic flow,

To investigate whether, in fact, the geostrophic departures possessed
any companent at synoptic scale the autocorrelation of geostrophic departures
were camputed for the same seven pairs of stations. The average correlation of
the two compcanents of geostrcphic departure are shown as a function of
separation in Figure 4, The 300 mb data is sufficiently regular so that a
curve of the form of (5) can readily be fitted to the data. The curve
shown has the intercept K = 0,52, and a horizantal dimension parameter L =
960 km, very similar to that found for the geostrophic wind,

The 500 mb geostrophic departure correlations are rore irregular and
do not clearly exhibit the same horizontal scale as the 300 mb departures.
It may be appropriate to consider the extrapolated intercept an upper estimate
of the frection of geostrophic departwres at synoptic scale. The estimates of

. ical data used in this study the wind directions were

reparted to 1°, It may be of some interest that two large geostrophic

dapartures were ultimately treced to errors remaining in the checked
climatological wind data.

- DI el e o
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synoptic geostrophic departures obtained from the intercept and the variance

of the geostrophic departures (K °2D) for one camponent are as follows:

At 300 mb 36, misec™?

At 500 mb 9,5 mlgec~2
These are values slightly larger but consistent with the estimate obtained
from the excess synoptic variance of the rawinsonde winds, Geostrophic
departures are larger at 300 mb than at 500 mb and a larger fraction of the
variance of the geostrophic departure has the dimension of synoptic scale.
Stating the result in a slightly different way, the synoptic scale wind at
500 mb is more nearly geostrophic and has as a consequence less divergence than

the wind at 300 mb,

7, Pattems of synoptic accelerations.

The observation that even with highly curved streamlines and rapidly
changing pressure patterns the wind vector remains aligned with the contours
has led to many proposals for direct relations between the accelerations and
the pressure field or what is equivalent, proposals for mechanisms of adjustnent
of the wind to geostrophic balance. The equations of motion, on the other hand,
predict that accelerations rust depend on the initial conditions and a pattem
of accelerations related to the pa.tem of pressure gradient force may be
equivalent to requiring a synoptic frictional force of essentially the same
magnitude as the synoptic accelerations., The above estim:tes of the magnitude
of synoptic accelerations (that a third tc a half ot the olserved wind departure
fram geostrophic may be of synoptic scale) encouraged the test of some features
of the models of synoptic acceleration.

Althourh the derivation of mocels of acceleration differ (and in some cases
do yield conflicting predictions) there is a fundamental uniformity in the
prediction that the first approximation to the synoptic acceleraticn will be

-~ T SSURENSSRE S
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given by the acceleration of the geostrophic wind, dv/dt * dVg/dt (e.g. Charney,
1955§ Bykov, 1962; Petterssen, 1956; Arnasam et al, 1962), The gradient wind

approximation can also be construed to be of this form, The only terms of

-&5 that can be evaluated on an isobaric chart is the advective camponent

V . Vp Vg and these terms were computed and compared with the observed

geostrophic departures. The geostrophic departures D, and D, were correlated

with the components of the geostrophic wind acceleration [(V cos 3) (vg K]

and {(V cos a) (Vg Kn)} and the results given in Table IV, The relation

dv _ av
K -

with cyclonically curved contours and be directed toward high pressure with

implies, among other things, that the wind should be sub-geostrophic

converging contours.

Table IV The correlation of the departure of the wind from geostrophic with

accele.ation of the geostrophic wind,

500 m 300 mdb
D, vs. [(V vos 3) (Vg KT)] 0.061 0.316
n, vs. [(V cos 3) (Vg ’S,)] 0,138 0,420
D, vs. [(V cos3) (Vg K)] 0.071 -2.006
D, ve. [(V cos @) (V, K))] 0,078 0,052

The first two correlations are those anticipated by the relation
"V a‘.ﬁ ; the second set were computed sirply as a mrasure of the noise
level in these data,

Neithar ~f the corielations wit)i geostrophic departure with the terms cf
gﬁ are very significant at the 500 mb level but at 300 mb both relations are

alrost a8 high as coull be expected in view of thie previous estimates of small

TP A R SR N
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scale variebility of the geostrophic departures. Despite the fact that DT is
larger than D, the correlation of I with the contcur curvature term is
consistently less than the correlation of D, with the temm involving the
converyence of th: contours, The slight difference in the correlations does
not properly demonstrate the rather marked difference in the gquality of
the two relations. The two sets of data for 300 mb for lmvton are plotted
on scatter diagrans to illustrate this point, In Figure 5, the transverse
gecstrophic departures are plotted against the gecstrophic wind acceleration
associated with contour convergence. The line of best fit very nearly

av AV o :
ccrresponds to a line g < 3'1':'& « In Figure 6, which 1s a scatter diagram
for the relation of the longitudinal geostrophic Jdeparture plotted versus the
geostrophic wind acceleration associated with contour curvature, it is clear

the relatively high correlation has not been achieved by a normal distribution

dv
dv
about the line TF ='a'fs'.

8. The magnitude of the synoptic friction term,

That the synoptic accelerations can be approxamated by the acceleration

.o oav @Y s :
of the geostrophic wind T H‘T:ﬂ has been used to justify the basic

assumption employed in the balanced wind, %’f (VP.;) = 0. The balanzed
wird has also been termed a "frictionless" approximaticn to the flow -+
(Panorsky, 1957), However, it is readily seen that the observation %1\%"
may with equal validity be interpreted to mean that the frictional force

must be tlie same magnitude as the synoptic accelerations, If in {1) the

geostrophic wind relation is substituted for the horizontal pressure gradient

force, cne obtains
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Differentiation of this expression with respect to time yields

2y, - d av dr
-.d-—\l:ka( =3"t')+3¥£’
dt

. . : v _ dv , . -
imlch.*m,th the observation that ( r-; 2 H't'& ), 1s the relation suggesting

Fpe S o
If the vector standard deviation of the synoptic acceleration is used
as a measure of the magnitude of the acceleration and the frictional force,
the relative magnitude can best be illustrated as a fraction of the average
pressure gradient force at that lewel, At 500 mb this ratio will be
o aV/dt (g ¥ p h)~1 = 0,16 and at 300 mb,o dv/dt (g v p )~ = 0.22,
It should not be inferred from this that the frictional force is directly
proportional to the pressure gradient force for it is clearly asymmetrical
in just the same way as the geostrophic departures are asymmetrical, The
meridional or transverse frictional force is perhaps 50% greater than the
zonal o longitudinal frictional force, For the zame seasons discussed
earliier, it is not possible to distinguish betweer the merits of a model of
the fricticnal force propartional to the geostrophic departure (assumed, for
example, by Kao, 1963) or one with a zonal meridionzl asymmetry as assumed
by Davies and Oakes,1962, either form would be consistent with these data,
The scatter diagram of Figure 6 is cited as evidence for a transverse
frictional force of the order of 20% of the mean pressure gradient force at

300 mb, Although the correlation between D, and dV_/dt is significant, the

I
data points spread out in a V-shaped region so that the line dvg/ dt is only

a rough bound to the sub-geostrophic departures but large super-gecstrophic
winds are also found with cyclonically curved contours, Since the transverse
geostrophic departures are small and indepandent of the longitudinal geostrophic
departure, it seems clear that the alignment of the wind with the contours can
only be maintained by inwvoking forces other than the synoptic pressure gradient

foroa,
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3. The poleward transport of angular momentunm,

It is well known that the sink of angular momentum at the surface of
the earth in mid-latitudes must be fed aloft by a transfer of momentum from
lower latitudes. The transport of angular momentun computed from the
correlation of the zonal and meridional wind components is quite variable and
dependent upon station location but at mid-continental locations in the
central states, it would he expected to be positive at both 500 and 300 mb
levels, The correlation of the observed wind camponents was in fact positive
at all stations and the winter five station average ocorrelation coefficient

ov avy’l, was camputed to be 0,081 at 500 mb and 0,307 at 300 mb,

Vy Yy
These figures are not necessarily representative of the transport angular
momentun at these latitudes but are believed representative of this region
for the winter season under investigation. The correlation cocefficient for
the geostrophic wind components was also camputed and while the absolute
magnitude of the transport may be in doubt, it was found that the northward
transpart of angular momentum by the observed wind exceeded the northward
transport by the geostrophic wind at all stations and at all levels. The
corresponding five station average correlation coefficients for the geostrophic
wind were -0,031 and 0,104, It may be concluded therefore that for this
region, the poleward transport of momsntum occurred largely in the ageo-
strophic component of the wind,

The transport of angular momentum was investigated further at the 300 mb
level where the difference between the correlation cosfficients appeared to
be most significant, Simply by dividing the cases into either northerly or
southerly flow, it was found that on the average north winds were almost

parallel to the contours and slightly sub-geostrophic but most of the
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difference in the correlation was produced by only 20% of the cases of
southerly flow, In southerly flow there is an average geostrophic departure
at all stations; the wind speed is super-geostrophic by several meters per
second and directed across the contours toward lower isobaric height at an
angle cf almost 10°, Since southerly flow at 300 mb is usually associated
with upward motion and positive wind shear these observed geostrophic
departures are consistent with the relation %% = %& , the geostrophic
acceleration in this case being the vertical advection of the geostrophic
wind,

In sumary, the northward transpert of angular momentum at 300 mb is
largely produced by geostrophic winds in southerly flow., The wind is on the

average slightly super-geostrophic and directed toward lower isobaric height.,

10. Summary of results.

The magnitudes of the velocity fluctuations and accelerations determined
in this study are sumarized by the estimate of the standard deviation of the
velocity., Standard deviations of various quantities are given in equivalent
velocity fluctuations with units of meters sec~l in Table V., The mean wind
speed at each lewl is tabulated for reference, In view of the sample size

the figures have been rcunded to the nearest whole number.,




N
2

Table V Estimated standard deviation of the velocity in meters sec"l,

mid-U. S,, winter season.

500 mb 300 mb
Mean lind Speed Taid 34,8
Standard deviaticn
Observed geostrophic departures all scales
D; longitudinal component €. 19,
D, transverse component 4 7
Synoptic scale acceleration of one
component, eguivalent velocitv fluctuation, 3 6
Small scale velocitv fluctuation of
radiosonde wind (includes error) 3 7
Error of geostrophic wind 2 4

The small scale fluctuation of velocity and the synoptic acceleration
are about the same order. The synoptic scale divergence will therefore also
be about half the observed divergence a result consistent with a study by
Eddy (1964). The synoptic scale vector acceleration is almost 20% as large
as the horizontal pressure sradient force. This figure of 23% rmust also

represent an upper magnitude for the frictional fcrce in the free atmosphere,

Appendix: Same characteristics of the synoptic pressure f{ield.

Our ability to filter svnoptic scale systems from the background of smaller
scale effects and error is largely denendent cn the fit of a single paramater
Gaussian functici to the autocorrelation function for isobaric height. The
curves of Figures 1 and 2 illustrate the fit of this function at large distance
from the origin and show that the scale parameter L = 1071 km is a correct order
of magnitude fit at both the 330 mb and 500 mb levels. Buell (1954) noted
that if the hoarizontal gradient of the variance of isobaric height is small

(a condition required for hamogeneity) then the curvature of the correlation
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function of isobaric height at the origin will be given by the ratio of the
variance of the geostrophic wind to the variance of isobaric height. In the

notation of the text

2 2
30, (0) 2 2
h 3 p, (0 0 Voo Y0 v
h - 2 ¢ gx gy
—_— ¢ ——— = -(£f/g)° [ —— ] (la)
ax 3y 9,
r2
If o(r) = exp ( - —721.. ), then the curvature at the origin determines the scale
parameter L,
-1/2
. ,1/2 ? 2 (2a)
L=2 g/f °h(°vg,x+°vgy)

Values of L obtained fram the rel:ation (2a) are congistent with the value of
1071 km obtained in the least square fit of data at large distances from the
origin.

Same anisotropies in the field of isobaric height were noted, however,
as systematic differences in the magnitude of the second derivatives, At
300 mb in particular the anisotropy could be related to the position of the
jet stream and some of the variation in the statistics with station are
therefore consilered significant, Statistics on the second derivatives of
isobaric height at the five stations with most complete re.ords are given
in Table (IA). The mean valus of the second derivatives for the winter
seascon are tabulated with the standard deviatian in units of equivalent

vorticity or shear, )
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The seasonal average of the second derivatives are small at all stations.
A small cyclonic curvature and a slight confluence of the mean contours is

observed at all stations as indicated by the positive values of the mean

2 2
e 3 . e s a_h
derivative a—% and the negative values of the mezan derivative .
X axay!

This pattem of contours also appears in published mean seascnal contour charts
at these locatiaons,

The distribution of values of the derivatives measured in natural
coordinates closely approaches a narmal distribution so that the standard
deviation provides a good estimate of the representative magnitudes, For
example, in only cone case did the anti-cyclonic geostrophic shear exceed
the value of the Coriclis parameter,a value approximately three standard
deviations from tre mean, The principal anisotropy shown by these data
is the tendency towards a zonal or longitudinal striation as shown by the
consistently greater magnitude of the geostrophic shear as compared to the
longitudinal second derivative associated with contour curvature. Only at
Amarillo is there approximate isotrcpy in the second derivatives,

The smaller magnitude of the cross derivative, aizhy s does not indicate
anisotropy. It is instead a measure of the ratio of the amplitude of synoptic
scale velocities to the speed of the zonal curent. In any case, these
derivatives have almost the same magnitude at a given level at all stations,

The vorticity variance is approximately that given by the sum of the variance
of each derivative indicating almost no correlation in the component second
derivatives. The vorticity increases by at least fifty percent from 500 to
the 300 mb level and is remarkably uniform with station locatiaon.

The magnituds of the second dsrivatives can be illustrated in another fashian
by a computation of typical values of the contour radius of curvature and radius
of curvature of the orthogonals, A radius of curvature of the contours was

computed from the ratio of the mean geostrophic wind speed to the standard deviation
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of the longitudinal derivative
-1

(0]
3%
ax'2

R, = Vg f/g

This is in effact ancther measwre of the size of pressure systems; values
of the radius of curvature of the contours calculated at these stations is
given in Table IIA, The values vary with the station location but are
almost constant with altitude,

Values of the crthogonal curvature showing convergence or divergence of
the contours are computed in similar fashion from the standard deviation of
the cross derivative, The orthogonal curvature is almost constant with
altitude, Typical values of orthogonal curvature are given in Table IIIA,

In conclusion the characteristic of the synoptic scale field of isobaric
height are fairly well summarized as isotropic disturbances on a zonal current
with a horizontal scale greater than 10C0 km. The scale of the systems is
not greatly different at 500 and 300 mb, The major anisotropy is the
longitudinal striation associated with what might be called the jet stream.
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Table ITA Typical values of redius of curvature of the contours, km.
Another measure of the size of pressure systems.

Fiint 1540 km 1500 km
Dayton 1600 1680
Columbia 1240 1300
Topeka 1190 1090
Amarillo 950 950

Table ITIA Typical values of the radius of cuvature of contour
orthogonals, km, A measure of the degree of confluence
of the contours.

300 mb 300 mb
Flint 2500 km 2560 km
Dayton 2290 2710
Columbia 1930 1930
Topeka 1990 1970

Amarillo 2240 1320
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FIGURE CAPTIONS

Fig. 1 Average autocorrelation of trace campunents of the geostrophic
wind (solid circles) and rawinsonde wind (open circles) for
the 50T mb level, The curve is_the leas* square fit of the
function, K(l-r"/2L") exp ( - _r_'z_ )e

212

Fig., 2 Average autocorrelation of trace components of the geostrophic
wind (solid circles) and rawinsonde wind (open circles) for
the 300 mb level. The curve ig the least square fit of the
function, K(l-r‘/2L¢)exp ( _ ¢ ),

212

Fig. 3 Illustration of representative total departure of the wind from
geostrophic camputed in this study., The mean geostrophic wind
vector is plotted to scale and ellipses of semi major and semi
minor axes of ane standard deviation of the zonal and meridional
geostrophic departures are drawn about the terminus of each
vector. The cross contour angle should lie within the angle a
about two thirds of the time.

Fig. & Average autocorrelation of orthogonal components of the departure
of the wind from geostrophic, Souid circles 300 mb data, open

circles 500 mb data._ The curve is the fit of the function
4

K (l—f_) exp - L_ to the 300 mb data,
212 2L?

Fig. § Scétter diagrenm of the relation between the transverse
geostrophic departure and the longitudinal component of
geostrophic acceleration. Exaple of Dayton data 300 mb.
The broken line represents the relation predicted by the
assunption -

g . d

Fig. 6 Scatter diagran of the relation between the longitudinal
geostrophic departure and transverse component of geostrophic
acceleration, Example of Dayton data 300 mb. The broken
line represents the relation predicted by the assumption

-
dv

av
F o
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The Vertical Distribution of Dust

by
James M, Rosen

Six flights have been made with a coincidence type dust counter
similar to the one previously described (Ann. Prog. Report, 1364). The
results of two of these flights have already been reported, (Rosen, 1965,
1966).,

The first flight made with the coincidence dust counter is a good
illustration of the layered character of the stratosphere., The data
are shown in Figures 1 and 2. The region between the tropopause and the
ozone maximum is frequently characterized by dust and ozone rivers described
by Kroening and Ney (1962)., On this sounding there appears to be a good
correspondence between the two lower dust and ozone peaks., At 19,5 km
however, there is an ozone river but no correspording dust river. This
observation may seem in conflict with the hypothesis that the dust and
ozone are transported together but can be understood by referring to the
lines of constant mixing ratio on the sounding. Since the mixing ratio of
a trace constituent is preserved in vertical displacements a river will not
appear in a sounding for that constituent in a region where the mixing ratio
is constant with altitude, The river in this case is in a location where
the dust follows a constant mixing ratio with altitude but trnc ozone does
not. Thus, only the ocone profile should show the river., Above the ozone
maximun where both the dust and ozone mixing ratio is constant with altitude
a river cannot be observed in a sounding for these constituents.

A casual inspection of the du.. and ozone layers at about 17 km would
suggest that it is also a river, but upon closer examination a nunber of
peculiarities appear normally not associated with rivers. First, the dust
layer ig about 1 km lower than the ozone laver (the resolution is about 1/6 km).
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Second, the mixing ratio of dust in this layer is greater than at any point
in the atmosphere above it. In addition, the size distribution in this
layer is considerebly different from that of the surrounding atmosphere
(Figure 2).

This layer is perhaps associated with the radicactive debris from the
underground explosion in Nevada two weeks before the flight or from the
Chinese explosion six months before the flight,or from high altitude testing
two years before the flight. The first two sources seem rather unlikely in
view of the fact that there was very little fallout connected with them
(Kuwroda et al, 1965). The third source also does not seem very likely
because there is over two years between injection and measurement. However,
thin radiocactive layers in the stratosphere were observed over Alaska in
February of 1965 (Wong, 1965). Thus, it may be possible that the layer
at 17 Jon is connected with radiocactive debris,

The dust distribution above 17 km is characterized in this sounding by
layers in which the mixing ratio is constant with altitude but discontinuous
at the boundaries. Another peculiar layer appears at 26 km. The size
distribution in this layer is extremely different from the surrounding
atmosphere, This layer is also marked in the ozone by a change in the profile
structure, not by a change in concentration,

A meaningful analysis of the dust and ozone profile can only be made
when enough data is available to identify the same phenamenon in more than
one flight, A comprehensive review and analysis of the entire data obtained
fram this projecy is forthcoming.
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Solar Extinction
by
', C. Gillett and T. J. Pepin

A number of high altitude balloon flights have been made with an
instrument to measure the extinction of sunlight during sunrise as the path
length of the rav in the atmosphere varies with the sun's position on the
horizoen to 8° above the horizor.tal., These measurements are similar in
kind and pwpose to the measurementz of steilar extinction reported
previously (Ann, Prog., Report 1965)., Although the phenomenon of "scintillation"
cannot be observed a measuremer.t of solar extinction has the basic advantage
of increased light level which alliows a wide choice of detectors and spectral
ranges for investigation,

These first experiments were designed to supplement the direct measurements
of dust and ozone and the extinction was measurec in three di:ferent wave
length bands which would best distinguish between the effects of these
consiituents., Photocells were used as detectors to measure the extinction in
a band near 4500 A°, 6000 A° and 8500 A°, The extinction in the 4500 A° region
is primarily Rayleigh scattering by air molecules with only a small contribution
due to scattering by dust., The band at €000 A° is at the maximun of the Chappius
absorption by ozone and the extinction in this band will be primarily produced
by ozone absorption, In the infrared region, the 8500 A° band, the extinction
should be preivced mostly by dust scattering with only a small amount of Rayleigh
scattering. The data on solar slevation and intensity have been reduced to a
plot of intensity as a function of air mass and in this form (on a semi-log
plot), there is fourd for all three wave length regions a linear variation at
small path lengths. This makes it possible to define an extinction coefficient

farthe upper atmosphere fr-m the relation: I=I, exp (~kX) where X is the path
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langth in units ¢f air mags, The extinction coefficient in the infrared
(8500 A° hand) was found to be highly variable. The maximun value of Krp
observed was 0,14 on 28 August 1965 and a minimum of 0,07 cn 11 lovember
1365, a change attributed to an equivalent change in the number density of
small dust particles in the upper atmosphere,

Preliminary analysis has alsc been performed on the data from one of
these flights on rays passing through the atmosphere lying below the ballcon
to determine the vertical distribution of dust down to the tropopause, The
results of this analysis obtained by a numerical transformation of the data
on extinction as a function of atmospheric path is shown in Figure 1 wheve
the product of the number density of dust particles times effective scattering
crogs secticn for the dust is plotted against altitude. That these values
of dust concentration are consistent with the direct measurements by Rosen
(1966) may be appreciated by assuming a characteristic size of 0,5 for the
scattering particles, The maximum concentration just above the tropopause

then corresponds tc a number density of several dust particles cm~3,
On the bascis of one calculation, this method of analysis looks very

promising and will be applied to the data collected in the other flights of
this series to determine the product of the dust density and effective
scattering cross section as a function of altitude. It can further be extended
to the extinction results observed in the ozone absorption band to determine
the ozone concentration as a function of altitude and by proper choice of
spectral region in the infrared region of the spectrum, perhaps the H,0 content

of the atmosphere at high altitudes can be measured,
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Dust Collection {rom the Stratoschars

by

James M. Rosen

An effort is being made to collect a small amount of stratospheric
dust for study in the laboratory. The instrumentation has already been
developed and filter samples will be taken in the near future,

A comparison of the results of this experiment with those of the photo-
electric dust counter will show what portion of the particles are opaque
and perhaps will indicate how the aerosol concentration in the stratosphere
is altered by water vapor. The origin of the dust can be determined by
looking for cosmogenic nuclides induced by the solar wind., Chemical analysis
however, will not be possible with the small sample obtained.

Figure 1 shows the probable size distribution of dust at 50 mb. This
graph can be used to estimate the largest particle that will be collected

on the filter, Since the sampling volume is 3 x 10° cm3, the largest particle

expected is about 6 microns diameter. Note that a volume of 100 cubic meters
would be necessary to obtain a few particles of 20 micron diameter,

The dust on the filter will be altered in two ways from its natural
state in the stratosphere: first, the volatile component (such as water
vapor) will have disappeared and secord, only the opaque particles will be
observable,

Tt is necessary to have a reasonable number of dust particles per field

of view in the microscope to insure a reliable count, The filter area

(1 an?) has been chosen so that there will be about 20 particles per field

of view with diameters greater than .5 microns. Experience has shown that the
size distribution can be determined reliably down to .3 microns diameter using
standard light microscope techniques, It is not necessary to have as high a

surface concentration of large particles because they are easier to observe,

g g s e mwmmiee ot = e retetem————
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A schematic diagrem of the sampling instrument is shown in Figures 2
and 3. The vacuun tank draws air through the filter after the balloon
reaches ceiling, The filters are kept covered except during the sampling
period, When the filters are covered, the filter chamber is vented to the
outside through a breathing filter. Thus, the dead air space behind the
sampling filter cannot draw in polluted air during descent. After sampling
has een campleted, valve #1 is closed and the vacuum tank is opened to the
atiosphere through valve #2, This preve.nfs any contamination that might
arise from a leak in valve #1, The operation of the valves and filter cover
is monitored and transmitted back to a ground receiving station. In addition,

air temperatwre and pressure is measured both inside and outside the tank,

L T TS e - SN —————
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Stellar Extinction and Scintillation

Althoush no further stellar extinction measurements have been
made this past year, there has been sore developrerit of the
observation technique and analysis, Stellar extinction measurements
in principle may be used for the same purpose as solar extinction
rmeasurements and have the advantage of extending the observing
period beyond the few minutes of sunrise or sunset., These
reasurerents might be used to detect. for example, the diurnal
variation of a constituent, 3ecause of the ruch smaller dimension
of the stellar beam, it is alsc possible to observe smaller scale
fluctuations in intensity thai mav be associated with sraller scale
inhomopereities in the atmesphere. It is anticipated, therefore,
that some further exploratorv measurerents of stellar extinction

will be mace,
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