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ABSTRACT

Doppler spectra taken with the VHF Doppler radar at White Sands Missilc Range are used to describe the
winds and turbulence for 10 days in March-April 1991. The large power aperture produet of this radar provides
excellent data coverage in 150-m layers over the entire height range uscd, about 5-20 km. The results show
that gravity-wave activity and small-scale turbulence are significantly enhanced at all levels during times when
wind speeds in the troposphere, near 5.6 km (about 500 hPa), are strong. Largest enhaneements are found in
the lower stratosphere. near 16-18 km, where the mean log(? is inereased by over 10 dB during times of strong
winds at low levels. Mean winds, wind shears, and static stability in the lower stratosphere were found to be
nearly the same, regardless of wind speeds at low levels. The authors conelude that the enhaneed turbulenee is
due 1o an effect not described by the local background wind and static stability, and suggest that this cffect is
upward-propagating gravity waves launched in the troposphere during the periods of strong winds.

1. Introduction

Small-scale turbulence in the atmosphere plays an
important role in a variety of processes, including the
effects of the atmosphere on the propagation of elec-
tromagnetic waves. Atmospheric effects on electro-
magnetic waves are often paramcterized by the refrac-
tivity turbulence structure constant C2. Direct mea-
surements of C?2 are relatively rare, and most of the
available data coverage is limited in time and space or
has poor resolution. Thus, there have been several ef-
forts to infer or model C? as a function of the more
widely available variables based on the background
flow.

Hufnagel (1974) used observations of C? from a
variety of sources to derive a simple model of its vari-
ability in terms of the strength of the horizontal winds
aloft. VanZandt et al. (1978) and Warnock and
VanZandt ( 1985) used vertical profiles of C2 observed
by a stratosphere-troposphere (ST) radar (also called
a wind profiler radar) to calibrate a stochastic model
of CZ. In their model, a spectrum of gravity waves is
presumed to act upon the background profiles of wind
and temperature, causing the Richardson number to
fall below a threshold value (0.25) in small regions and
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giving rise to turbulence. More recently, Fairall et al.
(1991) have refined the VanZandt and Warnock model
to include a saturated spectrum of gravity waves and
have incorporated the gravity-wave model of Sidi et al.
(1988).

While this evolutionary improvement in our ability
to model C2 and its variability is encouraging, some
features of the variability and of its coupling to the
background flow remain only poorly described or un-
derstood. For example, Fairall et al. (1991 ) noted that
the total wave energy density is a free paramcter in the
Sidi et al. (1988) model and that Jasperson et al. (1990)
give evidence suggesting that it varies with timc and
location. Further, Warnock et al. (1989) found large
differences in the gravity-wave amplitudes needed to
model C2 observations in Colorado compared to those
used in Illinois. No study, however, has yet sought to
describe how C? differs in rcgions near wave sourccs
compared to nonsource regions. The purpose of this
paper is to present rcsults that show that under certain
conditions the values of CZ in the lower stratosphere
vary by up to an order of magnitude, depending on
the gravity-wave source conditions in the lower at-
mosphere. The differences apparently depend only on
conditions in the lower atmosphere as they are found
despite the presence of similar background stability and
wind-shear conditions in the lower stratosphcre.

The paper is organized as follows. Section 2 describes
the radar system and cites the specific data period used
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here. Section 3 presents the comparison of C? values
and background flow conditions. Section 4 contains a
summary and our conclusions.

2. VHF radar system

The radar used in this study is located at 32°24'N,
106°21'W, at 1220 m MSL; about 13 km east of the
post area at White Sands Missile Range (WSMR ), New
Mexico. This site is in the Tularosa basin about 25 km
east of the Organ Mountains. The immediate local area
is characterized by flat terrain covered with low brush.

Salient parameters of the WSMR VHF radar are
given in Table 1. The radar operates at 49.25 MHz,
with fixed coaxial-collinear antennas at right angles.
Beams are directed 15° from the zenith toward the east
and north, and one is vertical, permitting the three
components of the wind vector to be resolved. The
antenna is about 150 m in diameter and produces a
one-way beamwidth of 2.9°. Received power, from
which C2, wind speed, and spectral width are derived,
is observed for 1 min along each beam. Since the three
different beams are sampled consecutively, a full profile
is obtained every 3 min. Pulse coding applied to the
8-us transmitted pulses produces 1-us nominal pulse
lengths to give 150-m resolution along each beam axis.
In normal operation, 112 range gates are used to sample
from 3.22 to 20 km in altitude.

TaBLE 1. Radar parameters used in this study.

Transmitter
Nominal frequency 49.25 MHz
Output power 250-kW peak
Duty cycle 5%
Pulse width (compressed) 8 us (8:1)
1 us nominal
Type combination solid-state
preamplifier and tube-cavity
amplifier, three stage
Antenna

15 600 m?

Physical aperture
Effective aperture
Pointing

Type

One-way beamwidth
Receiver

Type

Bandwidth

Receiver noise figure
Performance

Nominal lowest range gate

Rangc-gate spacing

Time resolution

Number of range gates

Horizontal wind range

Calibrated C? range

Bandwidth

Power aperture product

13 500 m?
Zenith and 15° to north and east

phased array of coaxial collinear
elements
2.9°

low-noise superheterodyne
matched to transmitted pulse
less than 1 dB

2 km above ground level
150 m

1 min per beam

112

+116ms™

lo—zo_lo—ll m—2/3

1 MHz

1 X 10° W m?
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The transmitted peak power is 250 kW and leads to
a power aperture product of 1 X 102 W m?, Conse-
quently, the signal-to-noise ratio is high at all levels
sampled. In fact, the large transmitted energy often
leads to sidelobe problems that give double peaks in
the Doppler spectrum at the lower heights, making ve-
locity measurements uncertain at low altitudes. This
problem was found below about 5 km in the oblique
beams and below about 7 km in the vertical beam. At
higher altitudcs, checks of the timc¢ and space continuity
of the winds were used to help eliminate spurious
points. The radar was calibrated for calculations of
C? by comparing the returned signal with a signal of
known strength; nevertheless, small differences exist
betwcen the radar systems in the east and north beams.
We found it necessary to increase mean C2 values in
the east beam by 2 dB to match the mean values in
the north beam.

The radar has been operated in a campaign mode
in its early period of use. In this paper we use data from
a time when observations were taken nearly continu-
ously over an extended period. Specifically, data were
taken from 0000 UTC 29 March 1991 through 2100
UTC 4 April 1991 and 1600 UTC 8 April 1991 through
1200 UTC 10 April 1991.

3. Results

Hourly mean horizontal wind vectors are shown in
Fig. 1a for the first week of the period of observations
used here. For clarity, only every fifth level is plotted.
The associated hourly standard deviations, plotted in
a vector format, are shown in Fig. 1b. Occasional out-
liers are noted in Fig. 1b, such as near 8 km on 1 April,
and these were later eliminated from the data by hand
editing.

The period used here was a time of rich synoptic
weather variability. Surface cold fronts passed White
Sands at 0300 UTC 30 March 1991 and 0600 UTC 2
April 1991, and a strong surface trough passed at about
0600 UTC 4 April 1991. The operational weather map
analyses at 500 hPa show that troughs passed about
1200 UTC 30 March 1991, 1200 UTC 2 April 1991,
and 1200 UTC 4 April 1991, and that ridge axes passed
about 0000 UTC I April 1991 and 1200 UTC 3 April
1991. The flow changes associated with the passage of
each of these features are clearly seen in the time series
at 6 km in Fig. 1a; for example, the winds rapidly veer
from westerly or southwesterly to northwesterly after
the trough passages.

The standard deviations of the horizontal winds ap-
pear to be enhanced at all levels below about 19 km
during the trough passages on 30 March, 2 April, and
4 April. Also, the standard deviations of the vertical
velocities are increased at all levels during these times
(Fig. 2). We follow Ecklund et al. (1982) in using the
variance of the vertical velocity as an indicator of grav-
ity-wave activity. The results in Figs. Ib and 2, with
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1. Time serics of (a) hourly mean honizontal winds at White Sands, plotted in vector format with north at the top and speed

proportional to length. Approximate times of trough (ridge) passages at 500 hPa (about 5.6 km) are indicated by arrows (R’s) along the
abscissa. (b) Hourly standard deviations of honzontal winds, times of cold-front passages at the surface are indicated by C’s.

enhanced activity at all heights during the trough pas-
sages, suggest that the sourcc of the gravity waves is in
the lower troposphere. Sato (1990) gives evidence that
the similar periods of enhanced activity seen in the
vertical velocity time series at the MU radar in Japan
are due to flow over rough terrain. On the other hand,
Nastrom et al. (1990) found that increased activity
over the Flatland radar in Illinois was associated with
low stability in the planetary boundary layer. Since the
times of trough passage seen here are accompanied by
both strong winds near local mountaintop heights and
by low stability associated with surface fronts, the
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F1G. 2. Time series of hourly standard deviations of vertical velocity
at White Sands. Low signal-to-noise ratios were found below 7 km
due 10 electronie effects. Times of cold-front passages at the surface

are indicated by C’s.

mechanism responsible for the gravity waves cannot
be specified. In any case, however, a good indicator of
enhanced gravity-wave activity appears to be increased
tropospheric wind speed. This coupling is establishcd
by the correlation coefhicients in Fig. 3, which show
that the highest correlation of the variance of vertical
velocity at all heights is with the wind speed in the
troposphere below about 9 km.

To illustratc further the coupling of wind-speed
changes in the middle troposphere and gravity-wave
activity and turbulence at all heights, we sorted the
hourly mean values according to the wind specd at 5.6
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locities at the height given on the ordinate with the hourly mean
wind speeds at the height given on the abscissa. Note that there is
relatively large positive correlation of var(}#°) at all heights, with wind
speeds below about 10 km.
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km (about 500 hPa) and then compared average valucs
from the uppcr tercile (greater than 22 ms™') and
lower tercile (less than 11 ms '). We find that the
mean variance of vertical velocity (Fig. 4) is about three
times greatcr in the troposphere during periods of
strong winds compared to periods of weak winds. The
enhancement during strong winds is up to a factor of
13 ncar 16 km, and decreases above 17 km to a factor
of about 2 at 20 km.

The gradual growth of wave amplitude scen in Fig.
4 from about 10 to 15 km can be explained by the
need for upward-propagating waves to conserve specific
energy despite the decrease of density with height. Thc
rate of growth of amplitudc from 15 to 16 km, however,
is too rapid to be due to decreases in density, and it
implies that an instability must occur in the wave field.
Further, the rapid decrease of wave amplitude above
17 km implies that energy has been removed from the
upward-propagating gravity waves. These features sug-
gest that wave-amplitude growth during upward prop-
agation leads to wave instability and turbulent wave
breaking. We notc that Lilly and Kennedy (1973) and
Danielsen and Mohnen (1977) also observed turbulent
layers above growing waves near 16 km in aircraft ex-
periments.

We will test the suggestion that the decrease in ver-
tical velocity variance above 17 km is due to wave
breaking in two ways. First, we will show that indicators
of small-scalc turbulence arc also greatly enhanced near
17 km, thus supporting the notion of turbulent break-
down of the waves. Sccond, we will show that the pro-
files of the mean wind and stability arc nearly the same
in the stratosphere regardless of wind speed at 5.6 km
and that the mean shear of the horizontal wind across
layers only 300 m deep is also nearly the same, thus
supporting the notion that thc increased turbulence is

WSMR 3/29-4/10/91 (Hi/Low WS ot 5.6km)

(=]
:
/
Op
bt 1
(]
of
/
E 1
sl
kT )
o— 1
o
= A
3 ¥
ol |
e
1
>4 Y
©F.. WSCi1 ms”! N=64 1
—ws>22 ms~' N=56
o‘os 0.15 025 0.35 045 055 065 0.75
MEAN VARIANCE W (m? s72)

FIG. 4. Vertical profiles of the mean hourly variance of vertical
velocity with hours sorted according to the wind speed at 5.6 km.
Means for the upper and lower terciles are plotted.

VOLUME 32

WSMR 3/29-4/10/91 (Hi/Low WS ot 5.6km)

20

I 7 Tl
R =
@ ey -t E cq"__‘—‘-—~,
- S, - —
wi j —— EW Beom
NS Beam

Altitude in km
12 14
5
*
4\;\/\r\
W
uxf 3
=

Q,“\w

5 . — ——

-17.0 -16.6 -16.2

Log C2

~-18.6 -18.2 -17.8 -17.4 -15.8

FIG. 5. As in Fig. 4 except for means of log(C2.

due to a process othcr than instability of the back-
ground flow in the stratosphere.

Figure 5 shows the mean profiles of the logarithm
of C? for hours of high and low wind speed at 5.6 km.
Mean values arc larger at all heights during high wind
speeds compared to low wind speeds, and the incrcases
range from about 7 dB below 6 km to about 10 dB in
the stratosphere. The value of C2 depends on the po-
tential refractivity and on the intensity of turbulence
within the scattcring volume (c.g., VanZandt et al.
1978; Gage 1990). The increased values of C2 in the
lower troposphere, below about 7 km, are likely due
to enhanced potential rcfractivity from the incrcased
moisture levels present during the passages of fronts
and troughs that accompany high-wind conditions at
5.6 km. Increased values of C? at higher altitudes arc
likely due to increascd turbulence rather than to a
change in the potential refractivity ( profiles of the sta-
bility index are shown later).

The spectral width (the second moment of the mea-
sured Doppler spectrum) is an indicator of small-scale
turbulence not dependent on potential refractivity. It
also increases by a factor of 2 or more in the strato-
sphere during times of high wind speeds at 5.6 km, as
shown in Fig. 6. Gossard and Strauch (1983) identified
several factors that influence the spectral width. Among
these factors are the scattering elements within the
sensed pulse volume moving at different speeds, particle
fall speeds, changes in wind components in the radial
direction, antenna motion, and finite width of the
beam. For the conditions of this study (a fixed, verti-
cally pointed beam in nonprecipitating or clear air),
the last factor is the greatest contributor to artificial
broadening of the spectra width. When a radar beam
is not infinitesimal, the radial dircction to thc radar
varies over the beam with a resultant range of vertical
velocities toward or away from the radar even with a
wind that is constant in speed and direction. The vari-
ance contribution is given by
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B Vv %92
2.76 °

vhere V7 is the component of the mean wind that is
ransverse to the beam axis and 0 is the half-width to
he half-power (3 dB) point in the antenna pattern.
“hus, the speetral width values shown in Fig. 6 are
elatively correct in the 14-20-km range, since the
nean winds are very similar in this range.

In summary, Figs. 4, 5, and 6 show that during high
/inds at 5.6 km the gravity-wave activity and the small-
cale turbulence intensity are increased throughout the
eights observed here. Largest relative increases are be-
ween 16 and 17 km. The wind and static stability of
h1e background flow in this altitude region, however,
re the same regardless of winds at 5.6 km, as shown
ext.

Figure 7 shows the vertical profiles of mean zonal
nd meridional wind speeds sorted according to the
.6-km wind speed. For both components, mean speeds

(1

WSMR 3/29-4/10/91 (Hi/Low WS ot 5.6km)

-
-6 -3 02468 11 14 17 20 23 26 29 32 35 38 41 44 47 50
wind Speed (ms~')

FIiG. 7. As in Fig. 5 except for mean zonal
and meridional wind speeds.
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in the stratosphere are about the same regardless of the
5.6-km wind speed. Although the maximum speed is
greater during high wind cases (Fig. 7), the nose of
the jet stream is lower and the mean profiles are nearly
identical above about 15 km. The mean meridional
winds are slightly different in the troposphere, depend-
ing on the 5.6-km wind speed (southward during strong
wind conditions and about zero near 6 km during
weak-wind conditions), but are very similar in the
stratosphere.

The mean vertical shears of the wind components
arc about the same regardless of wind speed at 5.6 km
(Fig. 8). The mean shears were computed as follows:
the absolute difference of the wind speeds in each com-
ponent at each level for cach individual observation
was determined. Hourly averages of these individual
differences were formed, and then the hourly averages
were averaged after sorting them according to the
hourly mean wind speed at 5.6 km. The mean shear

WSMR 3/29-4/10/91 (Hi/Law WS at 5.6km)
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values are near 3 m s~' over 300-m layers in both u
and v. Shears over 300-m layers, rather than 150-m
layers, are used to avoid finite-range volume cffects
(Fukao et al. 1988). Since the basic data are at 3-min
intervals, no attempt was made to correct the oblique
velocities for the influences of vertical velocity, such
as done by Strauch ct al. (1987) for hourly values. The
effects of vertical velocities on ‘‘shears” determined
from oblique winds can be estimated by considering
the differences of vertical velocity across 300-m layers.
The median standard deviation of the vertical-wind-
speed differences across 300-m layers during this period
is about 0.2 m s~ ! in the troposphere and 0.33 m s™!
in the stratosphere (increasing proportionally to the
change in the Brunt-Viisila frequency, as expected).
These vertical wind differences would lead to apparent
horizontal wind differences for measurements made
on oblique beams of about 0.75 m s™' in the tropo-
sphere and 1.2 m s™! in the stratosphere. Such values
are over a factor of 2 less than the mean horizontal
wind shears observed in Fig. 8, suggesting that the re-
sults in Fig. 8 are not severely contaminated by vertical
motions.

Finally, we note that the static stability of the lower
stratosphere is about the same regardless of wind speed
at 5.6 km. Figure 9 shows histograms of the Brunt-
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TABLE 2. Mean values of Brunt-Viisild frequency squared
(N?, 107* 572 for high- and low-wind conditions.
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FIG. 9. Histograms of N? in two regions of the lower stratosphere,
sorted according to whelher horizontal winds at 5.6 km fell in the
upper tercile (left hatch) or lower tercile (right hatch).

Layer High winds Low winds
70-50 hPa 5.28 5.88
100-70 4.78 4.55
100-50 5.03 S.14
200-100 3.39 371
300-200 2.66 1.88
Number of cases 6 8

Viisild frequency squared (N? = gd Inf/dz) for the
layers 100-70 hPa and 70-50 hPa. These values wert
estimated by using radiosonde data from the few bal
loons launched at WSMR plus those launched at E
Paso, Texas, located about 60 km south of the rada
site and available at 0000 and 1200 UTC daily. Ther
is no apparent difference between the groups seen ir
Fig. 9. This result can be verified with the data in Tabl
2 by noting the similarity of the mean values in thes
levels and also at levels in the upper troposphere.

4. Conclusions

The White Sands 50-MHz radar was used to stud:
high-resolution time and space variability of the mear
winds and indicators of turbulence and gravity wave:
during a period in 1991. After meticulously editing th
radar data by using space and time consistency check:
to eliminate spurious signals produced by aircraft, etc.
we performed a final check of the radar mean wind
by comparing them with the synoptic weather patterns
During the period of data used here there were severa
episodes of strong winds in the troposphere, related t«
trough passages, with well-defined near-quiescent wing
conditions between the trough passages. The rada
mean winds display excellent agreement with the syn
optic weather patterns.

The wind speed at 5.6 km (about 500 hPa) was use:
as an indicator of synoptic weather activity. Durin
times of strong winds at 5.6 km (related to times ¢
trough passages), the vertical velocity variance in
creases at all heights, with the largest increase ap
proaching a factor of 13 in the stratosphere near I
km. Refractivity turbulence C2 and spectral width als
show substantial increases at all heights during troug|
passage.

Apparently, the increased turbulence in the strato
sphere during periods of strong winds at 5.6 km is du
to the breaking of upward-propagating gravity wave
that were launched by conditions in the lower tropo
sphere associated with troughs (flow over rough terrain
or decreased stability in the planetary boundary layer
or both). This gravity-wave hypothesis is partly mo
tivated by the observation that the mean vertical shea
of the horizontal wind and the background static sta
bility in the stratosphere are about the same regardles
of lower-tropospheric wind speeds.
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Past models of the refractivity turbulence structure
constant C2 have relied on variables associated with
the background flow such as mean wind and temper-
ature. The results of this study indicate that future
models of refractivity turbulence should account for
the strength of gravity-wave source mechanisms. [ Pre-
liminary comparisons of radar C? with results from
the model of Warnock and VanZandt (1985) show
large differences at about 16 km; these will be discussed
in detail in a future paper.] Such mechanisms might
be parameterized by using the background flow; for
example, we have shown that the speed of the hon-
zontal wind at 5.6 km is a good indicator of gravity-
wave activity.
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