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1. Introduction

SCATCAT (Severe Clear Air Turbulence Colliding with Air-
craft Traffic) 2001 was an experiment, funded by NOAA
and the FAA, to examine clear-air turbulence associated
with jet streams and upper fronts. NOAA’s G-IV air-
craft was the principal observing platform, encompass-
ing high resolution dropsonde releases and in-situ mea-
surements. One particular flight, centered around 0Z
18 February 2001, observed an intense jet stream and
upper-level frontal structure. While passing over this jet,
the aircraft encountered moderate clear-air turbulence.

The 18 February SCATCAT case is the focus of this
study. Numerical modeling will be used to examine the
details of the jet / front system, and the gravity waves it
generates. It will be shown that the gravity waves may
be responsible for the turbulence encountered by the G-
IV, due to an interaction between these waves and the
strong wind shear above the jet.

The observations of the 18 February case will be
briefly presented, followed by the results from high-
resolution numerical modeling, and finally some conclu-
sions.

2. Observations

Surrounding 0Z 18 February 2001, the G-IV released 17
dropsondes (at about 40 km intervals) along a south-west
to north-east flight track, which began on the anti-cyclonic
side of the jet, passed above the jet core, and finished on
the cyclonic side of the jet. The jet core was located at
approximately 206

�
E,40

�
N. After this flight track, the G-IV

completed further passes above the jet core and encoun-
tered moderate turbulence, between 33,000 and 37,000
ft.

The dropsonde-derived cross-sections of potential
temperature and wind speed are shown in Figs. 1 and 2
respectively. These figures show a strong jet stream with
a peak observed wind speed exceeding 100 m/s. Asso-
ciated with the jet stream is a strong upper-level frontal
structure, which is evident in both the potential tempera-
ture and wind speed. Above the jet core are strong signa-
tures of vertically propagating gravity waves above about
300 mb (9 km AMSL). These gravity waves have horizon-
tal wavelengths of about 100-150 km. It is in this region of
wave activity, above the jet, that turbulence was encoun-
tered by the G-IV.
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For a more detailed analysis of the observations of
this case see Koch et al. (2003).

3. Numerical model calculations

A multi-faceted numerical modeling approach is used,
combining a larger-scale forecast model with a small-
scale model via a nesting procedure. First, the Cou-
pled Ocean/Atmosphere Mesoscale Prediction System
(COAMPS

���

) completed a 30 hour forecast that is ini-
tialized at 0Z 17 February 2001. COAMPS is configured
with two domains, the first (second) has 54 km (18 km)
horizontal grid spacing, and both domains use the same
vertical grid, which has 400 m spacing above the bound-
ary layer. The COAMPS domains are both centered at
203

�
E, 38

�
N.

Considering the paucity of observations in the re-
gion, the COAMPS forecast compares reasonably well to
the observations. The location of the jet is approximately
correct in longitude, but about 2 degrees latitude to the
north of the observations, and its maximum wind speed
is underestimated by about 10 m s

	 �

. However, the front
becomes best defined after about 3Z 18 February, i.e., a
few hours too late. Like the observations, COAMPS pro-
duces vertically-propagating gravity waves above the jet
core after about 0Z 18 February. The amplitude of these
waves increases for the remainder of the forecast.

To examine the details of the jet-front system and the
gravity waves it generates in more detail, a cloud-scale
model (the Clark model, Clark 1977) is nested within
COAMPS. The Clark model is a nonhydrostatic, anelastic
model that is capable of two-way interactive grid nesting
(Clark and Farley, 1984). The nesting capability allows
continued integration of the large-scale flow, while focus-
ing on smaller-scale features.

A number of nested calculations were completed
with the Clark model to examine the sensitivity of the
modeled flow to changes in grid configuration. These
model calculations showed that there is some sensitiv-
ity in the solution to grid configuration, due to better
modeling of the gradients associated with frontal struc-
tures. However, all calculations exhibited similar qualita-
tive structures. In this paper we focus on one of these
calculations.

The Clark model simulation to be considered begins
at 18Z 17 February 2001, and continues for 12 model
hours until 6Z 18 February 2001. The Clark model outer-
most domain (Domain 1) has 6 km horizontal grid spac-
ing and 400 m vertical grid spacing. The domain is ap-



FIG. 1: Contours of potential temperature at 2 K in-
tervals, derived from seventeen dropsondes released
around 0Z 18 February 2001. The plot represents two
flight legs whose combined horizontal distance is approx-
imately 800 km.

FIG. 2: Same as Fig. 1 except wind speed at 5 m s
	 �

intervals.

proximately 1300 x 1300 km on its lateral boundaries. It
extends vertically to 34 km, with the uppermost 10 km
featuring a sponge absorber to reduce the reflection of
vertical propagating waves off the top boundary. This do-
main takes its initial conditions from the COAMPS model
run, and the boundaries of Domain 1 are forced by the
COAMPS data at one-hourly intervals. Two more do-
mains are nested within the Clark model outer domain.
The first of these (Domain 2) has 3 km horizontal grid
spacing, 200 m vertical grid spacing, is approximately
650 km on each lateral boundary, and extends vertically
to approximately 21 km. This domain is initialized from
Domain 1 at 0Z, and is integrated until 6Z (18 February
2001). Also initialized at 0Z is Domain 3, which has 3
km horizontal grid spacing, 100 m vertical grid spacing,
is approximately 550 km on each lateral boundary, and
extends vertically to 14 km. The results from Domain 3

will be the focus of this paper. Note that Domain 2 and
Domain 3 have the same horizontal grid spacing but dif-
ferent vertical grid spacings. Domain 2 is only included to
provide a more gradual vertical refinement from Domain
1 to Domain 3, which minimizes boundary effects. The
center of Domain 3 is at approximately 205

�
E, 43

�
N.

Cross-sections, from the south-west to north-east
corners of Domain 3, of potential temperature and wind
speed at 6Z are shown in Figures 3 and 4 respectively.

FIG. 3: Contours of potential temperature at 2 K inter-
vals at 6Z 18 February 2001. The cross-section runs from
south-west to north-east within Domain 3 of the Clark
model. Also shown is the tropopause, defined by 2 PVU
potential vorticity contour (thick).

FIG. 4: Same as Fig. 1, except wind speed at 5 m s
	 �

intervals.

This cross-section is in a similar position relative to the jet
as the observations, however is at 6Z because this is the
time of maximum frontal intensity and gravity wave am-
plitude in the Clark model. Despite the time delay, there
is good qualitative agreement between the modeled flow
in the Clark model and that observed. The frontal struc-
ture is well represented in the potential temperature field
(Figure 3), with strong horizontal gradients. These gradi-
ents are larger in the Clark model than that modeled by
COAMPS due to the higher vertical and horizontal reso-
lutions. Like COAMPS however, the peak wind speed of



the jet is about 90 m/s. Nonetheless, the vertical wind
shear is better represented in the Clark model, particu-
larly above the jet core. Also, there are gravity waves
above the jet, shown by perturbations in the potential tem-
perature in the lower stratosphere (10 to 13 km in Figure
3). The location of the gravity waves is in good agree-
ment with the observations. Finally, associated with this
jet-front system is a distinct tropopause fold shown by a
lowering of the 2 PVU potential vorticity contour (Fig. 3),
from its background height of 10 km AMSL down to about
4 km AMSL.

The gravity waves in Fig. 3 are most obvious in the
region above the jet / front, from about 2Z to 6Z. This time
also corresponds to the maximum frontogenesis, where
the horizontal and vertical gradients in potential temper-
ature (from 4 to 8 km AMSL) intensify. Moreover, as the
front intensifies the wave amplitude increases. This cor-
relation may suggest that the waves are generated by
frontogenesis, however without detailed source analysis
it is impossible to make robust conclusions concerning
the wave generation mechanism.

The gravity waves evident in Fig. 3 possess a hori-
zontal wavelength of approximately 150 km, and a vertical
wavelength of about 2 km. (Given these scales, rotation is
probably important and therefore they are inertia gravity
waves.) Such a horizontal wavelength is too long to affect
aircraft and induce a turbulent response like that experi-
enced by the G-IV. However, as can be seen from close-
up views of the potential temperature and wind speed
(Figs. 5 and 6) the gravity waves propagating in the lower
stratosphere perturb the vertical wind shear and stability.
These quantities are perturbed sufficiently that the local
Richardson number (Ri) is significantly modified (Fig. 5).
In fact, the perturbations in Ri follow the phase lines of the
waves, and in regions of upward parcel displacement the
Ri is reduced to less than unity and in some regions less
then 0.25. Thus, in some regions, the propagating gravity
waves have perturbed the flow sufficiently to significantly
reduce the Ri, and possibly cause shearing instabilities
and turbulence.

The reduced Ri occurs in the negative (speed) shear
region above the jet. In this region the magnitude of the
shear is large, and consequently the background Ri is
small (generally less than 5). [In fact, in both the observa-
tions and modeling results the Ri in the upper troposphere
and lower stratosphere is (unusually) low over a large re-
gion (not shown).] Therefore, in this low Ri region, the rel-
atively small amplitude wave-induced flow perturbations
are sufficient to induce possible shearing instability and
turbulence.

3.1 A comment on resolution

When interpreting these model results, one important
consideration is whether the results are robust, or un-
duly affected by grid resolution. Certainly, the waves in
the lower stratosphere, with their 150 km horizontal and
2 km vertical wavelengths, are sufficiently resolved with
about 30 (20) grid points for each horizontal (vertical)

FIG. 5: Same as Fig. 3, except for a smaller area.
Also shown is the Richardson number (shaded color) for
values less than 0.25 (red), 1 (pink), 2.5 (blue), 5 (green),
and greater than 5 (cyan).

FIG. 6: Same as Fig. 5, except wind speed at 2.5 m
s
	 �

intervals.

wavelength. However, are these waves generated by dy-
namics or numerics? There have been a number of stud-
ies that consider this question (e.g., Snyder et al. 1993),
and it has been shown that a crucial factor is consis-
tent horizontal and vertical resolution. In terms of frontal
zones, spurious waves may be generated unless the front
is equally well resolved in the horizontal and vertical, i.e.,
the ratio of vertical to horizontal grid spacing is close to
the slope of the front.

In the observations (Fig. 1) and model simulations
(Fig. 3), in the south-west to north-east plane, the slope
of the front at upper levels is approximately 60:1. While
the ratio of horizontal to vertical grid spacing in Domain 3
of the Clark model is 30:1. However, in the horizontal, the
frontal zone is oriented at 45 degrees to the model grid
(see Fig. 7), and therefore the effective ratio of grid spac-
ings, in the cross-frontal direction, is about 42:1. There-
fore, although the effective resolution does not exactly
match the slope of the front, it is close and probably suf-
ficient. Also, the gravity waves are relatively insensitive
to the resolution, e.g., they exist in a similar form in a
simulation with double the grid spacings in both the hor-



FIG. 7: Horizontal cross-section of potential tempera-
ture though 6 km AMSL at 6Z from Domain 3 of the Clark
model. The contour interval is 0.5 K.

izontal and vertical. Finally, the modeled gravity waves
compare reasonably well with the observations; being in
a similar location and having a similar horizontal wave-
length. Therefore, the balance of evidence suggests that
the gravity waves are dynamically generated and not spu-
rious.

4. Summary

In this paper the results from a high-resolution modeling
study of the 18 February 2001 SCATCAT case have been
presented. This high-resolution simulation showed good
agreement with the observations, with a similar jet / front
system and similar vertically-propagating gravity waves
above the jet core. Above the jet the magnitude of the
wind shear was relatively large, and therefore extensive
regions of relatively low Ri existed. As the gravity waves
propagated through this low Ri region, they perturbed the
local shear and stability. Consequently, the gravity waves
produced bands of Ri less than 1, and localized regions
of Ri less than 0.25. While not explicitly resolved, these
wave-induced low Ri regions indicate possible shearing
instability and turbulence. Further nesting at higher reso-
lution is planned to better resolve the regions of reduced
Ri.

Finally, the results of this study suggest that the cou-
pling between extensive regions of low Ri, and vertically
propagating gravity waves generated by frontal zones
may be an effective generator of clear-air turbulence. This
is a topic of continuing research.
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