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" toward lower wavenumbers. At smaller scales, in the fully 3-D turbulent
spectrum, the classic kolmogorov inertial spectrum is found with energy
cascading towards smaller scales. Again,a source of energy is suggested on
the scale of 10-100 km, The candidate is convection. .In the study of
objective analysis techniques, Cressman, Gandin and other approaches are

~ analy®éd using the continuons radar data record. No significant differences
. were found between the Cressman and.Gandin schemes. Knowing the ¢haracter
of "the radar data with respect to these well-known analyses now peimits
comparison to more sophisticated and less trivial techniques and may lead
to suggestions for entirely new concepts,
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Znirodugtion
During the paat year of research under Air Forgce grant AFOSR=80-0020 we

have finished our investigation of large-scale turbulence at periods
charaaterizing the meteorological mesoscale, and we have now completed the
first part of a study of the validity of various objective analysis schemes,
Both of these projects involve the analysis of data from the NOAA M=-S-T
(Mesosphers/ Stratosphere/Troposphere) radar located at [oker Flat, Alaska,
The details of the system have been described by Gage and Balsley [1978],
Balsley et al. [1980], and Balsley and Sage [1980]. The data used in our
project consists of high time resolution data, one profile every 4 min,, for
six different heights in the troposphere and lower stratosphere, averaged over
one-hour intervals. This type of data was not available from any other source
prior to the M=S=-T radar and has provided the opportunity to carry out some

unique investigations of importance to synoptic meteorology.

Investigation of Turbulence at the Meteorological Mesoscale

Forty days of horizontal wind data from the radar were used to investigate
turhulence in the upper troposphere anc lower Stratosphere at periods between 2
hours and 40 days. The power spectra of the winds showed a k=5/3 inertial
subrange at time scales characteristic of the mesoscale. Various arguments can
be used to show that for the time scales in question the flow is
two=dimensional (see Appendix I). The implication is that a source of energy
exists at spatial scales leas than 100 km, propagating energy up the spectrum
tcward lower wavenumbers, A candidate for this source of energy is the release
of latent heut associated with convection.

The results of this nart of the study which has now been completed are
described in detail in the paper reproduced in Appendix I. The paper has been
submitted to J. Atmosa. Sgi. and has gone through the refereeing process, The

paper was Jeemed to qualify for "probable acceptance after revisions."
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Ioveatigation of Obieative Analvsis Schepes

Since the observations of the meteorological data network are irregularly
spaced and of variable density in various parts of the globe, some technique
has to be used to interpolate the observations to a regular grid that can be
used as input for a numerical forecast model., Because the interpolation
problem is such a basic part of numerical weather farecasting, schemes to
accomplish this have existed as long as the numerical models, The first
objective analysis algorithm to gain wide acceptance was that formulated by
Cressman [1959]. It was computationally efficient and seemed to provide good
agreement with the results of subjective analyses of the same data fields and
was used by the National Meteorological Center for many years, Slince then the
Cressman technique has been expanded upon by various people who have tried to
include more of the actual physics of the atmosphere in their particular
objective analysis method, Some of these have been reviewed by Kruger [1969],
and others were described by Otto-Bliesner et al. [1977].

The goal of all objective analysis procedures is to generate a value of
the meteorclogical variable in question that is representative of the true
value at the grid point based on observations at a cluster of points around the
grid point, The interpclated values are also required to be in a balanced
state such as that represented by the geostrophic wind. The second condition
is imposed to avoid generating spurious waves once the model is initialized.
Since the balance condition is an integral part of objective analysis, it
provides a check on the validity of the various schemes, particularly if a good
estimate of the balanced wind is available,

Verification of the validity of the various objective analysis methods has
always been difficult. As an example, we can consider the method used by
Kruger [1969] who was interested in evaluating the differences between the

methods of Cressman [1959], Gandin [1963], and the Central Analysis Office of
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Canada ([Kruger and Aaselin, 1967]. Each of these schemes uses a weightiiug
. function which only depends on radial distance from the grid point, An obvious
choice for the weighting ia the autoocrrelation funotion for the meteorological
variable in question., In fact, Cressman's and Gandin's schemes use
1 approximations for the autocorrelation function, and the Central Analysais
i orfice method actually calculates the autocorrelation from past data., To test

the validity of the different methods, Kruger [1969] compared the maps

TP =T

1 generated by applying the schemes to maps generated by a subjective analyais of
3
| & 500 mb height field, A similar techuigue has been used to test other schemes

[see e.g., Otto-Blieaner et al., 1977]. Of course, this merely tests the

TR T

ability of the objective analysis routine to produce an analysis in agreement

§ with that produced subjectively by the metecrologist, It is not a test of the

ability of the routine to produce values corresponding to the real state of the ‘
atmosphere, In fact, Otto-Bliesner et al. [1977] found that the various
schemes tended o agree more with each other than with the subjective analysis.,
Due to the large uncertainties in the winds determined by the radiosonde
data network, it has been difficult to test the objective analysis methods by
means other than those described above. Since the balloons obtain a snapshot
profile of the winds, they are likely to be contaminated by oscillations of
relatively high frequency compared to the synoptic scale motions of interest in
the numerical models, The Poker Flat M-S-T (Mesosphere/

Stratosphere/Troposphere) radar has provided an independent set of wind data

that can bs used to provide a test of the objective anulysis procedures
descoribed above. The radar obtains a wind profile onne every 4 minutes, By
averaging these over longer time intervals, the higher frequency oascillations
can be eliminated from the data, and a good estimate of the gquasi-ateady wind
is possible,

In our study to date we have investigated three different analysis




methods. A forty day period from February 28 to April 5, 1979 when the
horizontal winds measured by the radar are availlable was used together with the
standard radioaonde data for 002 and 122 during this period to study the
agreement between the radar winds and the geostrophic wind prediocted by an

objective analysis of the obsurved height field, The distribuiion of stations

!

! and their location relative to Poker Flat are shown in Figure 1. The atation ]
i furthest from Poker Flat is Yakutat located 764 km from the site of the radar.

1

Barter Island is 572 km away, MoGrath 476 km, and Anchorage 455 km. The

e

closest radicaonde station is Fairbanks which is 36 km SSE of Poker Flat, An

DL A s i e A

analysis which uses five stations is usually considered goocd, especially if the

ATy

£ stations are within a radius of 1500 to 2500 km of the grid point of interest
’ [Kruger, 19691,
g- The algorithms for the various schemes can all be formulated in the same

way as

n m
f; =R+ I CLED + D (S (1)

)
js1 11 g 08
where rBI is the interpolated value at the grid point g, Rg is an initial gueas
of the value of rSI, £i° is the observed value of f at observation point i, and
SJ° is an observed variable that can be used to infer the value of f, For

instance, SJ° could be the wind field if f is the height field. The C's are

the weights given to each of the observed values, Different objective analysis
schemes change the way that the different weights or initial gueases are
specified, but otherwise (1) is perfectly general,

For all our calculations the objective analysis scheme was applied to the
observations to provide values of the height field at five grid points, One d
grid point coincides with the location of Poker Flat, The other four are §

distributed so that they are located one each at a distance 100 km north,

3




'E" FL i

south, eaat, and weat of Poker Flat, The initial guess for the height field at
each of the grid points was found from the average value of the height over the
forty day period at each of the obaervation pointa, The thres closeat atationa
to any one grid point were used to caloulate the horizontal gradient of the
height field, and this value of the gradient was then used to calculate an
expected value at the grid point. This procedure falls into the ocategory of
using climatology as an initial guesa, A variant on this ia to use the
forecast output from a numerical model as the initial gueas. However, this

option was not available to us since we did not have a model for that purpose.
Although we have carried out an analysis of the height fields, which is
standard in meteorology, there is one slight variation. For the forty day
period that we are discussing, the radar waas getting a fairly continuous stream
of data at six or seven heights in the upper troposphere and lower
stratosphere. Since the range gates of the radar are fixed, it was not
poasible to vary the height of the measurement to ocorrespond to a standard
pressure level, To ocircumvent this problem, the pressure at the height of the
radar measucement was calculated from the Fairbanks radiosonde data. The
height corresponding to this preasure was then found for each of the other
observing stations, This should not make any difference in carrying out the
12-hourly objective analysis since this is independent of previous values.
This can only affect the determination of the oclimatological averagas for the
period, The average becomes the average height at each of the cbserving points
corresponding to the pressure at a fixed height over Poker Flat., In any case,
the agreement between the measured winds and the geostrophic winds calculated
from the height field improved subsatantially when the initial guess fleld was

included as will be seen later,

The first method that we investigated was that developed by Cressman

[1959] and used at the National Meteorological Center for a number of years,
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Referring back to (1), it corresponds to the case in which Cy%x0 and Cyf ia
given by

2

n (R2'+Da) (2)

1™y oy .
S Ny a0 i
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vhere R is the radius of influence and D is the distance betwoen the grid point

and the observation., The factor n is the total number of stations used in the

analysis for one individual grid point. The weighting is zero if D>R. The

i trauin.

weighting function is shown as the curve labelled CR1 in Figure 2. The second

T TR TR S
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method investigated is that represented by the weighting function labelled
GANDIN in Figure 2, The third curve labelled CAO is the autocorrelation curve

caloculated from past data by the Central Analysis Office of Canada. The real

autooorrelation becomea nogativé beyond 1500 km whereas the Cresaman and Gandin
curves never become negative. The Gandin curve is a Gauaaian, and the Cressman
curve is zero by definition beyond the radius of influence,

The effect of not inoluQing & good initial guess of the height values at
the grid points can be seen by comparing Figures 3a and 3b. Both represent the
result of a Creasman analysis with a radius of influence of 1,000 km. The
heights are indicated in the lower left-hand corner of each frame, The
agresment batween the calculated and measured winds is indicated by sigma which

is the standard error given by

n ~
g == (L (viwvi))* (3)

n=l i

Here n 1s the number of points in the time series, v; is the measured value of

the wind, and ;1 is the geostrophic wind calculated from the height fleld.

Approximately 63% of the measured values will lie within +0 of the estimated
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value. For the case with no initial gueas large errors ocour in the zonal
component in partiocular., The error ia reduced by a little over 8 m/as at thn
worat height which is 10.39 lm when the initial guess is inoluded, There is no
significant difference in the meridional component when the initial gueas is
omitted, It ia evident that the initial guess just eatablishes a daase level,
The objective analyaia scheme then determines the variation about that level on
a given day. Thus the errors are larger in the zonal component which has a
larger mean wind than the meridional component, The error is alsc larger at
10.39 km whioh ocorresponds to the peak in the mean wind as a function of
height.

Certain general featurea which are evident in Figure 3b are notsworthy
because they persist in all the various analyses that are presented here, The
smallest standard error is at the loweat height for which we have data, namely
3.79 km. The largest error occurs at 8.19 km and 10.32 km. These heights are
also in the range where the largest mean winds ocour, Finally, the error
begins to decrease with increasing altitude in the stratosphere.

The smallest error variance was found to ocour for a radius of influence
of T50 km, although the difference between using a radius of influence of 1,000
km and 750 km was less than 0.5 w/s at all heights, However, the differsnce
between a radius of influence of 2,000 km and one of 750 km wa3 to increase tha
error by 1 to 3 m/s. This is shown in Figure 3c.

The Gandin method with its Gauasian weighting gave the baat results when a
radius of influence, i.e., a Gaussian half-width, of 500 km was used. The
result is shown in Figure 3d., The errors were consistently larger than the
best case for the Cresaman analysis, However, the difference hetween the two
was inasignificant, being no greater than 0.4 w/s.

For the results described above, the analysis method has been varied and a

12-hour average of the radar winds has been used as a comparison. The effect
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of increasing the averaging interval is to decreass the error, Thia can be
seen in Figure 3¢ which showa a 48=hour average of the radar winda compared to
the Cressman analysis with a radius of influence of 1,000 ka. Ccaparison with
the 12-hour average results shown in Figure 3b shows that the error has been
reduced by as much as 4 m/s at 8.1 km in the zonal componeant., Tha error has
not been substantially reduced in the meridional component. As the averaging
interval lnoreases beyond 12 hours, the error in the meridional acmponent ataya
relatively constant. The error in the zonal ocomponent continues to decrease.
This oould be explained by a series of wave perturbations propagating on a
zonal current,

The actual scheme described by Cressman [1959] involved using the
weighting function that we have descoribed above together with a series of
Successive scars to improve the estimate of the interpolated grid-point value.
In a series of five successive scans the radius of influence is reduced by 20%
of its original value. Thus only the closest stations influence the
corractions applied on the last scan. The result of application of this method
is shown in Figure 3f. Although the method produces quite a few nore
oscillations in the pressure field, making it appear as variable as the wind
field, the overall effect is to increase the error.

As a standard for ocomparison, Figure 3g shows the result of calculating
the geostrophic winds using the observed heights at Anchorage, MoGrath, and
Fairbanks. These three stations were chosen because they are nearest to Poker
Flat, The winds calculated in this way have a strong oscillation between
successive 12 hourly values. Therefore a 3 point, equally weighted moving
aversge was applied to the radiosonde~derived winds, When compared to the
1,000 km Cressman analysis shown in Figure 3b, the error at stratospheric
heights is actualy smaller when the three-station method is used, Below the

tropopause the Cressman meichod gives better agreeament,
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Thé only other study that we are aware of that has investigated the
geostrophy of the wind is the one by Angell [1859]., He used data from a
constant level balloon (transosonde) at 300 mb. The winds were derived by
using the change in position of the ballobn over 8 hours, The curves presented
by Angell correspond to a standard error of approximately 12 m/s., The 300 mb
level is close to 9-km altitude. At 8.19 km and 10.39 km the standard error
for the Cressman analysis compared to a 12 hour average of the radar winds was
10.69 and 10.32 m/s respectively. Although these values are smaller, they
compare favorably with the values calculated by Angell.

We have found that there is no significant difference between the Cressman
and Gandin objective analysis schemes., Although the magnitude of the
ageostrophic wind component increases when the radius of influence is not at an
optimum value (750 km for the Cressman method), by far the largest decrease in
the ageostrophic component results when the radar winds are averaged over
longer time intervals. Successive scans do not appear to give an improvement
over a single scan with the Cressman method when an optimum radius of influence
is used for the single scan, Finally, a simple geostrophic wind calculation
using three radiosonde stations within 500 km of the radar was competitive with
the Cressman analysis when compared to a 12-hour average of the radar winds at
stratosphsric heights. In the troposphere the objective analysis methods
provide a better estimate.

The results described here are not only important as an evaluation of the
Cressman and Gandin schemes, They also have implications for the more
sophisticated objective analysis methods described by Schlatter [1975] and
Schlatter et al. [1976] for example, In general, the improvements on the
simple schemes have involved using both an autocorrelation for the variables
being interpolated and also ecrosscorrelations with the other observed

variables. Thus the objective analysis method of Schlatter [1975] uses the
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observed winds and the geostrophic wind relation to provide additional
information for interpolating the he.ght field, Therefore an analysis of the
geostrophy of the wind, such as the one described here, will also be important

for the more oomblex objective analysis methods,

We plan to describe the results presented here in a paper to be submitted
to Monthly Weather Review. The second part of our study will involve a
comparison of the radar winds with the analysis method of Schlatter C(1975].
Finally, the estimates of the ageostrophic wind components derived from these
comparisons with the objective analysis methods will be used to study
geostrophic adjustment (see Blumen, 1972). We intend to use the radar data to
determine if inertial waves generated during periods when large ageostrophic

winds are present can be detected.
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Figure 3a. Cressman analysis for the period from February 25
to April 3, 1979. The radius of influence used was 1,000 lm.
The heavy line shows the geostrophic wind calculated from the
analyzed data. The light line shows the radar data averaged
over 12 hours around the time indicated. The horizontal axis

is Julian days.
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Figure 3b. Same as Figure 3a but with an improved initial
estimate of the height field. The average heights at each
of the observation points during the forty day period were
used to calculate an estimated value at each of the grid
points.
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TURBULENCE SPECTRA IN THE UPPER TROPOSPHERE AND LOWER STRATGSPHERE AT PERIODS
BETWEEN 2 HOURS Aﬁb 40 DAYS
Miguel Follanar Larsen and Michael C. Kelley
Cornell University, Ithaca, New York 14850

K. S. Gage A
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Aeroncmy Laboratory, NOAA, Boulder, Colorade 80303 9“7 2P c.(.;'.é
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Abstragt. Zonal and neridional wind measurements made with the Pokor Flat
MST radar over a U0 day period are used to caloculate the frequency nower
spectra at heights betwaen 5.99 and 14.39 km. The windh used in the analysis
are l=hour averagss of samples taken every U ain, VWe firnd that the spectra
follow an £=5/3 power law in the range of periods from 2 to 50 hours., If the
Taylor transformation is valid in this frequency range, this would imply a
k=5/3 wave number aspectrum, corresponding to an inertial subrange for
two=dimensional turbulence at the meteorclogical mesoscale. The implication of
this rcsult is that a source of energy exists at the high wave number end of
the spectrum with energy flowing towards lower wave numbers,
1. Intreduqtion

The study of atmospheric turbulence spectra is imporctant for two reasons.
First, the shape of the spectrum shows the position of the sources and sinks aof
energy and enstrophy and how nonlinear interactions distribute these quantities
in a statistical sense. Second, the limits of predictability of the
atmospheric state depend on the form of the wavenumber power law as shown by
the work of Lorenz [1969] and Leith and Kraichnan [1972]. A large number of
studies have been made with the aim of defining the fraquency or wavenumber
power laws. In general they fall into one of two categories, those dealing
with large spatial and temporal scales utilizing radiosondes [Raoc and Wendell,

1970; Kao and Lee, 1977; Julian et al., 1970] or superpressure balloons
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(Mantis, 1970; Wooldridge and Reiter, 1970; Desbois, 1975]; and those dealing

with small scales utilizing data from instrumented aircraft [Kao and Woods,

1964], meteorological towers or tethered balloons [Chernikov et al., 19691].
The part of the spectrum where little information has been available is in the
meteorological mesoscale.

The mesoscale is characterized by periods between a few hours and a few E

days and spatial scales of 1000 km or less. Meteorological towers or tethered

balloons are capable of resolving frequencies in this range but they cannot
operate outside the planetary boundary layer, Since radiosondes are launched
twice per day, the minimum frequency that can be resolved has a period of 1

day. This is at the outer edge of the mesoscale range., The superpressure

balloons which are flown in the southern hemisphere have the potential for

investigating subsynoptic scale motions [see e.g. Cadet, 1978] but until

recently the temporal resoluticn has been on the order of a day due to problems

of data storage and transmission.

The NOAA MST [Mesosphere/Stratosphere/Troposphere] radar located at Poker
Flat, Alaska was put into routine operation in the first months of 1979. The
system has been described in detail by Balsley et al. [1980], Gage and Balsley
{1978], and Balsley and Gage [1980]. Tne radar uses the Dopplerr shift of
signals back-scatterad by turbulent fluctuations in the refractive index to

measure line-of-sight velocities, By using three beams pointed in different

directions, the complete profile of the vector winds can be determined. The

time resolution is only limited by the integration time required to obtain a

good signal-to-noise ratio. However, the fact that the Poker Flat radar is

designed to operate unattended means that there is a practical limit imposed on
the time resolution in order to avoid changing data tapes too often, For this

reason the time between successive profiles is four minutes. In 1979 when the
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data set described here was obtained, only a quarter of the full system had

been completed., Thus the altitude range in which useful measurements could be
obtained was limited to heights between 5.99 and 14.79 km. This time
resolution and height range make the instrument ideal for investigating the
power spectra of motions at synoptic and mesoscales,

2. Deagription of the Data Sef and Spectral Analvsis

During the time from February 23 to April 5, 1979 the Poker Flat radar was
operated in a mode with two beams at 15° off-vertical, one pointed roughly
north and the other roughly east, Computing limitations excluded the
possibility of operating a third, vertically-pointing beam during that time
although this situation has been rectified since then. For this original data
set it was assumed that the entire contribution to the line-of-sight velocities
was due to a horizontal wind vector, The antenna consisted of a 100 m2 phased
dipele array, one-fourth the size the array will have upon completion, Sixteen
100 kW transmitters were used, giving a peak transmitted power of 0.8 MW per
beam, This configuration together with a 15 us pulsewidth provided one
complete profile every 4 min up to an altitude of 14,69 km and a height
resolution of ~2.2 km.

Coherent integrations and the Fast Fourier Transforms of the received
signals are done on line. The spectra are then processed at the Aeronomy Lab
in Boulder, Colorado. The processing scheme is described in Carter et al.
[1980] and provides line-of-sight Doppler shifts at each height. The
assumption that the entire contribution to the line=of-sight velocities is due
to a horizontal wind vector is an increasingly gocd assumption as the averaging
interval is increased., One way to understand this is to consider the
polarization relations for gravity waves in an isothermal atmosphere (given by

Beer [1974] for instance). The requirement for the validity of the hydrostatic
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approximation turns out to be that(nz<<cub2, where w is the angular frequency
of the motion and wy is the Brunt-Vaisala period. For pericds of half an hour
or more the contribution from the vertical velocity component is certainly
negligible, However for samples taken at intervals less than this, the
vertical velocity component can contribute significantly. To avoid problems of
this type, the 4 min data was averaged over one-hour intervals centered on the
full hour., The data thus consists of U2 days of one-hour average horizontal
winds, For this study 40 of the days were used, yielding a time series of 960
points.

The time series was treated in several ways before the spectra were
calculated, First, missing data points were replaced by interpolating between
adjacent points., The numrsr of missing points was less than 45, out of the
total of 960, for the heights discussed here. Above 14.69 km and below 5.99 km
data was also available, but the number of missing points was approximately
four times as large. After the missing data points were replaced by the
interpolated values the mean was calculated and subtracted, Then a Hanning
window was applied, affecting 96 or 10% of the points at each end of the
series, The Hanning window helps to eliminate energy spillage from the low
frequency end of the spectrum into the high frequency end as a result of
broadening due to discrete sampling.

The original data is shown in Figure 1, The five curves at the top of the
figure are for the zonal wind, and the curves at the bottom are for the
meridional component, The data that is shown has not been treated in any way.
Both the average for the entire time series at each height and the variance are
given below the corresponding curve, Each time series was screened for
occurrences of wind variations greater than 7 m/s between adjacent points. In

almost all cases where variations larger than this occurred a large change in
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the wind component was found both preceding and following the questionable data
point. A data point such as this was considered to be erronecus ind replaced
by the interpolated value. Removing these erroneous data points decrsased the
amount of variability in the high frequency end of the computed power spectra,

The Fourier transform was computed with an algorithm described by
Singleton [1967]. This routine has the advantage that the number of points
does rot have to be a power of 2. After the spectrum was calculated it was
smoothed by the function

P(1) = 1/64 (P(i=3) + 6P(1=2) + 15P(i=1)

+ 20P(1) + 15P(i+1) + 6P(i+2) + P(i+3)) (1)
as suggested by Endlich et al. [1969]. The smoothing decreases the resolution
but increases the statistical stability.

3. [Ereguengy spectra and wind variances

The resulting spectra are shown in Figures 2a and 2b., Figure 2a
represents the spectra for the zonal component at the five heights, and Figure
2b shows the corresponding spectra for the meridional component. Spectra at
succesive heights have been multiplied by a factor of 100 to separate them on
the graph. The units for the two spectra at 5.99-km altitude are correct,

Least-3quarea fits of a funection of the form
P(f) = Py (£/£y)0

were made to determine the spectral index n. Here P is the power, and f is the
frequency. The calculated value of n is shown next to the corresponding curve
in Figures 2a and 2b. A dashed line is used to show the fit, The
least=squares computation was carried out for frequencies in the range from
f 20.015 hr=1 to £ 2 0.45 hr~!. The average value of the spectral index for

the zonal component is 1,604 + 0.279. The average value of the index for the
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meridional component is =-1.604 & 0.259. The valus of -1ﬁ60u is rrery close
to =5/3. There is no particular reason to expect an £=5/3 ﬁbyerrlaw: however,
if the Taylor transformation is valid in this range of rredgenoios, then a
k=5/3 power law is implied. This would correspond to an inertial subrange.
There is no independent evidence from this study to indicate whether the Taylor
transformation, i.e., that temporal scales are related to spatial Sé\lca by a
constant factor of the mean wind over the sampling tir ., is valid. However,
the results of a study by bBErown and Robinsod (1979] in which European
radiosonde data was used were that the Taylor transformation can be used for
spatial scales smaller than 1200 km and at least down te¢ 200 km, the lower
limit of the resclution of the network they used, The corresponding range o
periods where the transformation was valid was in the range less than 2 days.
Gage [1979] summarized the diverse evidence for the existence of a k=5/3
law inertial range at the metesorological mesoscale., He also used the
variability caloulated from a 7 hour, high resolution, balloon wind measurement
experiment and wind measurements made with the Sunset VHF Doppler radar in

Colorado over a 14 hour periocd to show that the variance defined by

gp = {[v(t)-v(t+7)]2}1/2 o (2)

follows a t+l/3 power law out to time lags of at least 3 to S5 hours, This ia
consistent with a k=5/3 power law when the Taylor transformation is valid as
shown by Gage ([1979]1.

Plots of the variance O_ are presanted in Figures 3a and 3b for the zonal

T
and meridional wind components respectively, Lines with slopes of +1/3 are
superimposed on the curves for reference, Successive curvea have been
multiplied by a factor of ten to separate them on the graph. The scale is

correct for the variance curve at 10.39-km altitude, Overall, the 1/3 slope
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gives a roasonabie fit to the curves. However, there is a pronounced "bump"
with a peak near 25 hours at 8.19, 10.39, and 12.59 km which is particularly
noticeable in the zonal wind component., This peak in the variance should not
be confused with a diurnal effect since a peak in the variance at 25 hours, for
instance, will coréospond to a frequency with a period of 50 hours, This can
be seen in the spectra shown in Figuros 2a and 2b. A unique feature of the
curves for the meridional wind is the rapid decrease in the variance for lags
greater than 600 hours or 25 days.
5. Discqusaien

In the preceding section it was shown that the frequency spectra for
motions with periods in the range of 2 hours out to periods around 50 hours
generally follow a -5/3 power law, Kao and Wendell [1970], Kao and Lee [1979],
Wooidridge and Reiter [1970] and others have used temporal and spatial
transforms of radiosonde data to show that at the synoptic scale, frequency
power spectra follow a =1 power law while wavenumber power spectra follow a =3
power law. Periocds of 2 to 3 days are at the high frequency limit of these
studies. Indeed, it may be argued that there is some hint of a change to a
slope of -1 at periods near 30 hours in the spectra shown in Figures 2a and 2b.
The =1 slope frequency rangs, corresponding to the -3 wavenumber regime, is
consistent with a region on the high wavenumber side of a source of enstrophy,
presumably the baroclinic instability, with eustrophy cascading toward larger
wavenumbers [Kraichnan, 1967]. Gage [1979] pointed out that at the
meteorological mesoscale, characteristic scale sizes are too large for
three-dimensional turbulence to exist, If a -5/3 inertial subrange is present
and if it is associated with two-dimensional turbulence, then it will be
characterized by an energy source at higher wavenumbers, with energy

propagating up the spectrum toward lower wavenumbers, as shown by Kraichnan
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[1967]. Since a thres-dimensional inertial subrange is also characterized by a

-5/3 power law but has the energy source at lower wavenumbers with energy

propagating toward higher wavenumbers, it is important to know if the flow is

et reteh b, o B BT

really two- or three-dimensional. Gage [1979] argued that the validity of the
hydrostatic approximation at time scales corresponding to the frequency range
studied here would be an argument in favor of the two-dimensionality of the
i flow. We can also consider the work of Charney [1971]. He was able to show
j that the constraints imposed on two-dimensional turbulencs, i.e., conservation
of both energy and enstrophy, also appear if the flow is quasi-geostrophic.

1 Therefore, it is not an inherent lack of variability of the flow in the

vertical direction, but rather the geostrophy of the flow, that makes the

two-dimensional turbulence theory applicable. A study by Larsen and Kelley

" [(1980] using the same data base discussed in this paper indicates that the
;3 geostrophic approximation is reasconable for winds averagaed over periods of half j
a day or less, This result also argues in favor of the applicability of the ;
two=dimensional rather than the three-dimensional turbulence theory for flow at

the meteorological mesoscale, Since the theoretical work of Kraichnan [1967]

T i e

% has als¢ shown that enstrophy cannot propagate through a region characterized
by a -5/3 power law, and energy cannot propagate through a region characterized
by -3 power law, this implies that there must be a sink of energy and enstrophy

at the break in the spectrum. In our case the break appears at periods near 50

s e e
i

hours, Using the mean value of the zonal wind over the 40 day period, this

frequency coanverts to a scale size of roughly 1800 km. In his study Gage found

that the break occurs at scale sizes around 1000 km. The physical picture

outlined here is summarized in Figure 3 which shows the various power laws,
¥

direction of flow of energy and enstrophy, and sources and sinks at their

‘ . locations relative to changes of slope in the spectrum.




6. Conalusion

The Poker Flat MST radar has provided a high time resolution data series
of horizontal winds over a 40 day period, Spectral analysis of these winds
indicates that the two-dimensional inertial energy subrange discussed by Gage
(1979] does exist at the meteorological mesoscale, This result together with
results of earlier studies of power spectra for synoptic scale aotions implies
that sources of energy and enstrophy are present at both large and small
scales, The large scale source is presumably due to instabilities of
planetary-scale waves, At the small-scale end of the spectrum the energy
source is characterized by periods less than 2 hours, Theoretical
considerations imply that a sink of energy and enstrophy must exist at the
break between the synoptic and mesoscale. This sink is characterized by

periods of approximately two days and scale sizes of 1000 to 2000 knm.
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Figure Caotiona
Figure 1, This shows the original data set of 960 hourly values at each of thn.
five heights used in the study. The average value and the variance at
each of the heights are shown. The top hilf of the figure shows the zonal

wind component, and the dottom half shows the meridional component.

Figure 2a, These are the power spectra for the time series of the zonal
oompohont shown in the previous figure, The parameter n at the right of
each spectrum is the least-squares fit value of the spectral index. The
average value of the spectral index is -1.604 + 0,279. Spectra at
successive heights have been multiplied by a factor of 100 to separate

them on the graph. The axes are correct for the spectrum at 5.99 km,

Figure 2b. Same as figure 2a but for the meridional wind component. The
average value of the spectral index is -1.604 + 0.259.

Figure 3a. This shows the variance of zonal wind as a funotion of the lag.
The variance is defined in the text, Curves at successive altitudes have
been multiplied by a fastor of 10 to separate them on tbe graph. The
vertical axis labeling is correct for the variance at 10.39-km altitude.

figure 3b, Same as figure 3a but for the meridicnal wind component.

Figure 4, This graph illustrates the wave number power laws that are discussed
in the text, The direction of the flow of energy and enstrophy are shown

together with the various sources and sinks.
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