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ABSTRACT

Mean vertical velocities w are of great interest in meteorology, and vertically directed VHF radars have been
used to measure w directly. Recently it has been pointed out that in a gravity wave with upward energy propa-
gation the radar reflectivity and the vertical velocity are negatively correlated, giving rise to a downward bias
for the observed w. In the present paper, it is shown that in regions of Kelvin—Helmholtz instability (KHI) the
correlation between refractivity-surface tilting angles and the (apparent) vertical velocity observed with a ver-
tically pointing VHF radar can lead to a bias Aw with magnitudes of several tens of centimeters per second.
This *‘KHI bias’’ is upward in the shear zone above the horizontal wind speed maximum of a jet stream and
downward below. Theoretical vertical profiles of the predicted KHI bias exhibit considerable similarity with w
profiles observed during jet stream events by other authors, suggesting that a major part of the observed w might

be attributable to the presumed KHI bias.

1. Introduction

Recently, Nastrom and VanZandt (1994) reported
VHF Doppler radar observations of long-term average
vertical wind velocities. They put forward a theoretical
model that possibly explains at least a major part of the
*‘downward bias’’ (Nastrom et al. 1990) of mean tro-
pospheric vertical winds retrieved from VHF Doppler
radar observations. Nastrom and VanZandt (1994) as-
sume the observed vertical wind velocity w, to be the
reflectivity-weighted mean of w’,

f f "7(1', t, ¢)W’(l‘, t, ¢)dtdl'
ver

fv fr n(r, t, ¢)didr

where 7(r, ¢, ¢) is the time-dependent reflectivity dis-
tribution, w' (r, ¢, ¢) is the time-dependent distribution
of vertical wind fluctuations in the case of a mono-
chromatic gravity wave, and ¢ is the phase of the grav-
ity wave. Considering a gravity wave with downward
phase propagation (upward energy propagation), Nas-
trom and VanZandt (1994) show that  and w’' are
- correlated and that integration of Eq. (1) leads to the
downward bias w:

Wobs =

» (D
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w=—Ww.
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(2)

Here, w is the amplitude of the vertical velocity as-
sociated with the gravity wave, and m and v are its
vertical wavenumber and its intrinsic frequency, re-
spectively. Note that w as stated in Eq. (2) is inde-
pendent of the observation period T and the obser-
vation volume V.,

In the following, we discuss a possible effect of Kel-
vin~Helmholtz instability (KHI) on vertical wind mea-
surements using vertically directed VHF radars.
Regions of KHI exhibit an asymmetric distribution of
the tilting angles of isentropic surfaces. Then the aspect
sensitivity of VHF radar echoes for near-vertical beam
directions leads to a tilting of the effective beam with
respect to the nominal beam direction. This gives rise
to a bias in the apparent vertical velocity observed with
a (nominally) vertically pointing beam. It will be
shown that the ‘‘KHI bias’’ is negative in a shear zone
in which the horizontal velocity « increases with height
(below the axis of a jet stream) and that it is positive
in a shear zone in which the horizontal velocity u de-
creases with height (above the axis of a jet stream).

Thus, the line of argument is complementary to that
put forward by Nastrom and VanZandt (1994). While
they consider correlations between the vertical wind
and the reflectivity, in the present paper we consider
correlations between tilting angles of refractivity sur-
faces and the (apparent) vertical wind observed with a
vertically pointing VHF radar. The model for the KHI
bias relies on a simple model for the distribution of the
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FiG. 1. Geometry of refractivity surfaces in trains of Kelvin—Helm-
holtz billows above and below the horizontal wind speed maximum
of a jet stream (schematic). Note the opposite orientation of the bil-
lows above and below the jet.

tilting angles of quasi-specular layers within developed
Kelvin—Helmbholtz billows and on the aspect sensitiv-
ity model proposed by Hocking et al. (1986).

The theoretical result of the KHI bias will be dis-
cussed with respect to vertical wind observations re-
ported by Fukao et al. (1991), Yoe and Riister (1992),
Nastrom and VanZandt (1994), and McAfee et al.
(1995).

The paper is organized as follows. In section 2, a
model for the presumed KHI bias is developed. In sec-
tion 3, consequences of the model are discussed, and
the model results are compared with observational data
reported in the literature. A summary and conclusions
are given in section 4.

2. Kelvin-Helmholtz instability, tilted layers, and
VHF aspect sensitivity

Kelvin—Helmholtz instability is a common phe-
nomenon in stratified shear flows, and there is ample
evidence for KHI in the atmosphere (Browning and
Watkins 1970; Browning 1971; Klostermeyer
and Riister 1980; Fritts and Rastogi 1985;
Gage 1990; Gossard 1990). KHI is observed in regions
with small Richardson numbers, that is, in regions of a
strongly sheared, statically stable, but dynamically un-
stable stratified flow. Browning and Watkins (1970,
their Fig. 4) distinguished between different stages dur-
ing the development of KHI: single layer, breaking
wave, ‘‘braided’’ structure, stretched filaments, and
double layer.

In this section, we consider a simple geometrical
model for quasi-specular layers in a developed KH bil-
low, and we investigate possible effects of the asym-
metrically tilted layers on VHF radar observations of
the mean vertical wind.
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Figure 1 shows schematically the structure of refrac-
tivity surfaces in two trains of well-developed KH bil-
lows; compare, for example, Gossard’s (1990) Fig. 2.9
or Gage’s (1990) Fig. 6.1. Recently, Eaton et al.
(1995) have reported on FMCW (frequency-modu-
lated continuous wave) radar observations of KHI in
the vicinity of a low-level jet. Similar to the situation
shown in Fig. 1, Eaton et al. (1995, their plate 2) ob-
served two trains of KH billows at 650 and 1100 m,
respectively, above ground level. According to Eaton
et al. (1995, p. 80), ‘‘The pattern centered near 650 m
AGL displays sloping structures, presumely caused by
a low-level jet between the two wave patterns, sloping
in the direction opposite from that seen in the KH in-
stability feature above.”’

Let \ be the wavelength of the first scale to become
unstable during the development of KHI. A simple
model for the vertical displacement z of the quasi-spec-
ular surface with respect to the undisturbed level along
a developed KH billow is given by

z(x) = dsin(%x) (3)

within the interval —\/2 < x < A/2, where x is the
horizontal coordinate and 2d is the thickness of the
critical layer (see Figs. 1 and 2). Note that in Eq. (3)
the wavelength of the sine function is 2\, that is, twice
the wavelength of the primary unstable wave; see, for
example, Gossard’s (1990) Fig. 2.9, which shows iso-
therm patterns of KH billows observed in a wind tunnel
experiment (Delisi and Corcos 1973).

Since in KH billows d is much smaller than A, the

tilting angle ©, as a function of x may be approximated
by

8,
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FiG. 2. A sinusoidal quasi-specular refractivity surface in a Kelvin—
Helmbholiz billow, illuminated by a vertically directed VHF radar
beam. Note the difference between the radar’s nominal (vertical) and
effective beam direction.
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&uyaé=w§amc§>. (4)

dx A A

Figure 2 shows schematically a vertically directed radar
beam illuminating a KH billow at a position x. It is
known that, due to the aspect sensitivity of near-vertical
VHF radar echoes, the axis of the effective beam is
tilted toward the axis perpendicular to the refractivity
surface if ®, is nonzero but small. Hocking et al. (1986)
use a simple model in order to quantify the angle A®
between the nominal (here vertical) and the effective
beam axis. They assume a Gaussian two-way antenna
pattern, exp(~®2/03), and a Gaussian ‘‘scatter dia-
gram,” exp(~0®?/@?), in agreement with the model
discussed by Doviak and Zmié¢ (1984) as an example
for their first-principle theory of clear-air radar echoes.
Here, ©, is a measure of the beamwidth and is related
through

B34 = (8 In2)""?0,, (3)

with the more commonly used one-way half-power
beam width 0, 4. Here, ©; is a measure for the angular
width of the scatter diagram and decreases with in-
creasing static stability—that is, with increasing an-
isotropy of the refractive-index fluctuations. Here we
introduce a ‘‘critical’’ angle ®, beyond which we as-
sume isotropic backscatter. Although it is empirically
known that the (temporally averaged) aspect sensitiv-
ity vanishes gradually (Tsuda et al. 1986; Gage 1990),
we assume for simplicity that Hocking et al.”s (1986)
model is valid up to a certain ®_, which will be defined
below, and that there is pure isotropic backscatter for
@, larger than O, (see Fig. 3). Then, following the line
of argument presented by Hocking et al. (1986), we
obtain the effective off-vertical beam-pointing angle
AO in terms of O,, O,, @,, and O, (see the appendix
for details):

2y ~1
®,(x)[1 —(l +g—g) ],

AB(x) = (6] <0, (6)

09 I®!l >®C‘

Holmboe’s KHI model (see, e.g., Gossard 1990, p.
485) leads to a useful value for N/d, which is consistent
with observations:

A
i 4. 7
Assuming this ratio and inserting Eq. (4) into Eq. (6)
yields
1 03\! T
4[1—(1+®?> ]cos(}\x),)\
AB(x) = x < x| = 3 (8)
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F1G. 3. The Gaussian aspect-sensitivity model (Doviak and Zrnié
1984; Hocking et al. 1986). Here, ®, = 3° and P,./P, = 10 dB are
assumed.

where

A
X, = A arc008<95 -)-\-) = —arccos(40,). (9)
w T d ™ -

Integration of Eq. (8) over x leads to a mean effective
off-vertical beam-pointing angle A®:

o 1 N/2 q @% ~1
== ae@dr=ZL|1-(1+=2
®K—m®mx24 < @9]’

(10)
where '
1
1, @C = Z
q= (11)

1 — sin[arccos(40,.)], O, < i .

In Eq. (10) the integration limits —\/2 and +\/2 have
been chosen because the KH pattern is assumed to be
periodic with the length \ in the x direction. The KH
billows are assumed to be frozen-in while being ad-
vected through the observation volume, and we may
interpret Eq. (10), which provides primarily a spatial
average, as a temporal average.

The critical angle @, is by definition the angle at
which the echo intensity due to quasi-specular back-
scatter equals the echo intensity due to isotropic back-
scatter:

2
P, exp(—— E) P, (12)
(see Fig. 3), thus
P 1/2
= = i3
0. (ln P, ) 0, (13)
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Here, P,, is the echo power observed when the beam is
pointed perpendicularly to the refractivity surface, and P;
is the isotropic echo power that is assumed to be observed
at any angle O, larger than @..

For a finite A®—that is, for a nonvertical direction
of the effective beam—-the portion A® - u of the mean
horizontal wind velocity u is projected into the mean
radial velocity observed with a nominally vertically
pointing beam and gives rise to a bias Aw :

Aw = —ABu sign<—8£> : (14)
Oz

Here, we have assumed that Aw is much smaller than
unity. The sign of Ju/dz comes into play since it de-
fines the orientation of the KH billows with respect to
the direction of the horizontal flow (see Fig. 1). Here,
Aw is negative for KH billows below the horizontal
wind speed maximum since in this case the effective
beam is tilted against the horizontal flow (see Figs. 1
and 2). For echoes from KH billows above the jet,
however, Aw is positive.

It is known that VHF aspect sensitivity should be
negligible beyond off-vertical angles of about 15° (e.g.,
Strauch et al. 1984, p. 39). Thus, we may assume O,
< 1/4 (14.3°) in order to exclude the first case of Eq.
(11), and combining Eqgs. (10), (11), (13), and (14)

leads to
1 Pm 172
. <1 - sm{arccos[4<1n P—,> @{I}>
@3\ : Ou
X[l (1+®§) ]u51gn(az). (15)

Equation (15) may be simplified for the case that
4{In(P,/P;)}'"*®, is small in comparison with unity.
Making use of

Aw =~

x2

sin(arccosx) =~ 1 — e} (16)
for small x yields
_— 4 P, Sh Ou
Aw = — ~Iln——————usi — 1.
w nP l4_(@2/@)2)us1gn(5.z) (17)

Note that in the case @3 < @2 we obtain after substi-
tuting @, by 0, 45 according to Eq. (5)
1

Aw = T2 1n2

P ®3dBM51gn(au)§ (18)
0z

that is, in the case of narrow beams and moderate aspect
sensitivity Aw turns out to be proportional to ®; 45 but
independent of ©,. In the opposite case, ®F > ©2;
however, Aw is proportional to ®? but independent of
®;4p:

4
Aw = — —lnfﬂ(@?u sign<@> .
s 9z

2 (19)
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3. Comparison with observations and discussion

Before comparing the model with observational data
we point out four major consequences of the model.

1) The sign of Aw is the sign of —u(du/dz); that
is, there is a downward bias in the shear zone below
the horizontal wind speed maximum and an upward
bias above. (Note that the sign of Aw is independent
of the sign of u.)

2) Here, Aw is proportional to In(P,/P;); that is,
the more specular the reflection the larger the absolute
value of Aw.

3) Here, Aw is approximately proportional to the
smallest of @2 and O if O, and O, are small. Thus, for
a given beamwidth the magnitude of Aw is smaller in
the stratosphere (small ®;) than in the troposphere
(moderate ©,). L

4) The magnitude of Aw is proportional to the mag-
nitude of the horizontal wind velocity.

Note that the model for Aw relies on the assump-
tion that the observed altitude is filled with developed
KHI billows. Since the occurrence of KHI is usually
intermittent with respect to time and altitude the pre-
dicted magnitudes of Aw are to be considered upper
limits. In the zones of maximum shear below and
above a strong jet stream, however, the model could
predict reasonable values for the KHI bias Aw.

It has long been known that tilted quasi-specular lay-
ers may have a considerable effect on the vertical ve-
locity observed with a vertically looking VHF radar
(see, e.g., Gage 1986). Palmer et al. (1991 ) carried out
VHF interferometry measurements of vertical veloci-
ties, and their results confirmed that tilted layers can
lead to a bias of the vertical velocities observed with
the standard Doppler technique: ‘“The bias is a direct
consequence of the aspect sensitivity of VHF echoes
received from refractivity surfaces, which when tilted
cause the apparent beam to be tilted away from vertical

.7 (Palmer et al. 1991, p. 425).

Since mean synoptic-scale vertical velocities are not
expected to be larger than a few centimeters per second
the direction of the mean effective (apparent) beam has
to be known very precisely if such tiny vertical veloc-
ities are to be observed directly. Let Aw = 1 cm s ™' be
the required accuracy for the vertical velocity and u
=30 m s~' a typical value for the horizontal velocity.
Then the temporally averaged direction of the effective
beam has to be known with an accuracy of A® = 0.02°!
This is less than 1% of typical beamwidths of VHF
radars (e.g., ®s4p = 3.6° for the MU radar), and it is
on the order of 1% of typical isentropic-surface tilting
angles associated with gravity waves (see, e.g., Gage
1986), which are ubiquitous in the usually stably strat-
ified free atmosphere.

From Eq. (18) we obtain in the case of moderate
aspect sensitivity (82 > ©3) an estimate for |AO]|
= | Aw/u] if the observed altitude is filled with de-
veloped KH billows:
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1 P,

180] =5

O3as- (20)

Thus, for @345 = 3.6° (5°) and P,./P; = 10 dB we get
A® = 0.12° (0.23°), which is 6 (11) times larger than
the above-mentioned accuracy of 0.02°.

Figure 4 shows examples for the magnitude of Aw
obtained from Egs. (15) and (17), respectively, for P,/
P; = 10 dB and two different values of 0,4 as func-
tions of ®;. A horizontal velocity of u = 50 m s has
been assumed. Figure 4 shows that 10-20 cm s ™' may
be considered typical values for the predicted KHI bias.

During recent years, VHF radar measurements of the
temporally averaged vertical wind velocity w have been
carried out (Nastrom and VanZandt 1994; Fukao et al.
1991; Yoe and Riister 1992; McAfee et al. 1995). Fu-
kao et al. (1991) and Yoe and Riister (1992) concen-
trated on w associated with a jet stream above the radar
site. At both radar sites, that is, at the MU radar in Japan
(Fukao et al. 1991) and at the SOUSY VHF radar in
Germany (Yoe and Riister 1992), a reversal of w near
the aititude of the horizontal wind speed maximum was
observed. Fukao et al., as well as Yoe and Riister, in-
terpreted the observations as upward motion above the
jet maximum and as downward motion below. At the
MU radar, the maxima of |w| amounted to 10-20
cm s~ '. At the SOUSY VHF radar, however, |w| max-
ima of more than 50 cm s ™! were observed, a factor of
3 greater than Fukao et al.’s |w| maxima. Yoe and
Riister (1992, p. 2381) presumed that *‘this disparity
may be attributable to fundamental differences in the
nature of the jet stream circulation at the two locations,
or simply to the shorter averaging intervals used for the
SOUSY data.””

Obviously, the w observations reported by Fukao
et al. (1991) and by Yoe and Riister (1992), respec-
tively, exhibit some similarity with the vertical pro-
file of the KHI bias Aw, which has been described
in the previous section. First, both the observed w(z)
and the theoretical Aw (z) are negative below and
positive above the horizontal wind speed maximum.
Second, the maxima of both {w(z)| and [Aw (2)]
are on the order of a few tens of centimeters per sec-
ond. Third, the maximal values of {W(z)| were sig-
nificantly larger at the SOUSY VHF radar than at the
MU radar. Because the beamwidth of the SOUSY
VHF radar (@5 43 = 5°) is larger than that of the MU
radar (®;4 = 3.6°) and because {Aw/| is propor-
tional t0 ©%4 [see Eq. (17)] the KHI bias at the
SOUSY VHF radar is expected to be 1.9 times as
large as at the MU radar, provided 03 < ®2 is ful-
filled. This qualitative and, to a certain extent, also
quantitative agreement between the observed w(z)
and the theoretically predicted KHI bias Aw (z) sug-
gests that at a major portion of the observed w(z)
might be an artifact due to aspect-sensitive echoes
from more or less well developed KH billows.
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FIG. 4. Magnitudes of the KHI bias (cm s™') as functions of ©,.
The solid and dashed curves represent | Aw| estimates according to
Eqgs. (15) and (17), respectively. Here, P,,/P; = 10 dB, a horizontal
wind of 50 m s™', and the two values 3.6° (MU radar, Japan) and 5°
(SOUSY VHF radar, Germany) for ®; 45 have been assumed.

As mentioned above, Eq. (15) gives an estimate of
the KHI bias for the extreme case that the observed
volume is filled with a train of well-developed KH bil-
lows. Thus, in order to obtain a more realistic profile
for Aw as a function of the altitude one has to introduce
a probability factor p(z) —that is, the probability that
the radar’s observation volume is filled with KH bil-
lows. Maxima of p(z) are to be expected in the shear
zones above and below the jet maximum, and a mini-
mum of p(z) is to be expected in the region of the jet
maximum itself. Assuming the model described in the
previous section we conclude that |Aw| is propor-
tional to p(z)|u(z)|.

Browning (1971) observed 17 KHI events using the
10.7-cm Defford radar (England) and nearby radio-
sondes and found an overall occurrence probability of
5% for large-amplitude KH billows (those with crest-
to-trough amplitudes 2d larger than 200 m). But “‘on
a rather exceptional day (3 February [1970]) they [the
KH billows] were observed continually for about 4
hours™ at an altitude of 10.7 km (Browning 1971, p.
287). On that day there was a strong jet in the tropo-
pause region over England (Deutscher Wetterdienst
1970). Thus, it seems that p = 100% is a reasonable
first guess for the regions of strong shear above and
below a strong jet stream.

Now we consider three ad hoc models for p(z): (a)
p(z) is constant, (b) p(z) is proportional to |du/dz|,
and (c) p(z) is proportional to (du/dz)>. Then, for a
Gaussian vertical profile of the horizontal wind veloc-

ity,
ZZ

J

(21)
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we obtain

p(2) «Mexp(- %) (22)
g; Uj

J

for case b and

2 2
p(z)ocf—zexp(—z %) (23)
O; g

J J

for case c. This leads to three profiles for the result-
ing KHI bias p(z) Aw (z), where Aw, as stated in Eq.
(15), is the KHI bias for p = 1. Figure 5 shows these
three profiles of the resulting KHI bias and the Gaussian
u(z) profile in arbitrary velocity units. The vertical co-
ordinate is the dimensionless altitude z/o;. Absolute val-
ues for Aw can be derived from Eq. (15), (see also Fig.
4). For comparison we show in Fig. 6 the 4-day-averaged
w(z) observed by Fukao et al. (1991) in November 1986.
It seems that Fig. 6 agrees best with Fig. 5a. Figure 6
suggests that, with the exception of a small region in the
vicinity of the jet maximum, |w| is proportional to u.
This might be interpreted as p(z) ~ const if |du/dz|
exceeds a certain threshold value and p(z) ~ 0 if |Ou/
Oz| remains below this value. Maybe this critical value
is connected with the ‘‘discriminator’” of 60 m s~ for
the maximum of the horizontal wind speed, which was
defined by Fukao et al. (1991). It is natural to suppose
that such a critical value for the shear is related to a critical
Richardson number.

In contrast to Fukao et al. (1991) and Yoe and Riister
(1992), Nastrom and VanZandt (1994) considered
vertical velocity profiles averaged over several months.
Using the Flatland VHF radar (Champaign—Urbana,
Illinois) they observed a downward bias almost
throughout the troposphere, ranging from about 3 to 7
cm s~'. In a theoretical analysis they showed that the
radar reflectivity and the vertical wind must be nega-
tively correlated if there are gravity waves above the
radar site, leading to a downward bias for gravity waves
with upward energy propagation. Nastrom and Van-
Zandt (1994) also observed a reversal of w in the tro-
popause region and a small upward bias of about 2
cm s~ in the lower stratosphere. This is on the order
of 10% of the upward velocities observed by Fukao et
al. (1991) and might also be attributable to the KHI
bias, taking into account that there are considerably
fewer jet stream events at Flatland than at the site MU
radar. Nastrom and VanZandt (1994) also found sim-
ilar w profiles from oblique coplanar beams 15° off
vertical. This finding cannot be explained within the
framework of the model discussed above.

An important experiment was carried out by McAfee
et al. (1995), who compared 50 days of vertical veloc-
ity observations using simultaneously the VHF radar
and the collocated UHF radar at Platteville, Colorado.
The differences between the mean vertical velocities
observed at VHF and UHF, respectively, were only a
few centimeters per second. Because McAfee et al. did
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FiG. 5. Theoretical models for the KHI bias for the mean vertical
velocity observed with a vertically directed VHF radar during a jet
stream event. A Gaussian horizontal velocity profile has been as-
sumed. The KHI occurrence probability is assumed to be (a) constant,
(b) proportional to |du/dz|, and (c) proportional to (Qu/dz)?, respec-
tively.

not show any profiles of the horizontal velocity and
because lee waves from the Rocky Mountains may
have a significant effect on the vertical-velocity obser-
vations it is difficult to discuss the significance of the
presumed KHI bias with respect to McAfee et al.’s






