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ABSTRACT

A large-amplitude mountain wave generated by strong southwesterly flow over southern Greenland was
observed during the Fronts and Atlantic Storm-Track Experiment (FASTEX) on 29 January 1997 by the
NOAA G-IV research aircraft. Dropwindsondes deployed every 50 km and flight level data depict a
vertically propagating large-amplitude wave with deep convectively unstable layers, potential temperature
perturbations of 25 K that deformed the tropopause and lower stratosphere, and a vertical velocity maxi-
mum of nearly 10 m s�1 in the stratosphere. The wave breaking was associated with a large vertical flux of
horizontal momentum and dominated by quasi-isotropic turbulence. The Coupled Ocean–Atmosphere
Mesoscale Prediction System (COAMPS) nonhydrostatic model with four-nested grid meshes with a mini-
mum resolution of 1.7 km accurately simulates the amplitude, location, and timing of the mountain wave
and turbulent breakdown. Finescale low-velocity plumes that resemble wakelike structures emanate from
highly dissipative turbulent regions of wave breaking in the lower stratosphere. Idealized adiabatic three-
dimensional simulations suggest that steep terrain slopes increase the effective Rossby number of the
relatively wide Greenland plateau, decrease the sensitivity of the wave characteristics to rotation, and
ultimately increase the tendency for wave breaking. Linear theory and idealized simulations indicate that
diabatic cooling within the boundary layer above the Greenland ice sheet augments the effective mountain
height and increases the wave amplitude and potential for wave breaking for relatively wide obstacles such
as Greenland.

1. Introduction

Mountain waves generated by stratified flow passing
over a topographic barrier have a fundamental influ-
ence on the atmosphere on a variety of spatial scales
ranging from turbulence and wave breaking associated
with downslope windstorms to the aggregate effects of
wave drag and fluxes on the momentum balance of the
atmospheric general circulation and climate (e.g.,

see reviews in Smith 1989; Fritts and Alexander 2003).
The stratified flow response to idealized two-
dimensional obstacles (Durran 1986; Doyle et al. 2000)
and three-dimensional terrain (Smolarkiewicz and Ro-
tunno 1989; Ólafsson and Bougeault 1996, 1997) has
been extensively addressed in the literature. In con-
trast, relatively few investigations have considered the
flow response to realistic topography, particularly for
large-scale mountains such as Greenland, the Ant-
arctic Peninsula, and Tibetan Plateau that have the po-
tential to have a significant impact on the circulation
through the generation of large-amplitude mountain
waves and planetary waves (e.g., Grose and Hoskins
1979; Smolarkiewicz et al. 2001).
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Vertically propagating mountain waves increase in
amplitude with height because of decreasing air density
(Hines 1960; Lindzen 1967) or reverse wind shear lay-
ers (Smith 1989; Shen and Lin 1999), either of which
independently or synergistically may lead to wave
steepening, overturning, and subsequent turbulent
breakdown, particularly in the stratosphere or meso-
sphere (e.g., Bacmeister and Schoeberl 1989; Fritts and
Alexander 2003). An increase in the atmospheric sta-
bility such as the transition across the tropopause can
reduce the vertical wavelength and increase the poten-
tial for wave breaking (VanZandt and Fritts 1989). Ad-
ditionally, mountain waves may overturn and break as
they approach a critical level (Clark and Peltier 1984;
Dörnbrack 1998), a level at which the wave phase speed
is equivalent to the wind component projected along
the horizontal wave vector. High-resolution three-
dimensional studies of wave breaking associated with
overturning of isentropic surfaces highlight the role of
nonlinear interactions that occur in the transition to
turbulence (e.g., Fritts et al. 1996). Mountain wave
breaking has a significant influence on the atmosphere
for a number of reasons that include the impact of oro-
graphic drag on the large-scale circulation (Bretherton
1969; Palmer et al. 1986); downslope windstorms
(Peltier and Clark 1979; Durran 1986); vertical mixing
of water vapor, aerosols, and chemical species (Dörn-
brack and Dürbeck 1998); potential vorticity genera-
tion (Schär and Smith 1993) and associated upscale
forcing (Thorpe et al. 1993; Aebischer and Schär 1998);
and clear-air turbulence that poses an aviation hazard
(Lilly 1978; Ralph et al. 1997; Clark et al. 2000).

Although there have been numerous observational
studies documenting mountain wave characteristics
(e.g., Shutts 1992; Vosper and Mobbs 1996; Doyle and
Smith 2003), direct observations of mountain wave
breaking are relatively rare. The in situ observations of
the windstorm and wave breaking in the lee of the
Front Range of the Rockies on 11 January 1972 (Lilly
and Zipser 1972; Lilly 1978) still may be the most com-
plete set of observations of large-amplitude mountain
wave breaking to date. The establishment of the link
between resonant mountain wave amplification posi-
tioned beneath upper-level wave breaking regions that
contain “wave induced” critical levels and downslope
windstorm and gravity wave drag enhancement was
motivated in part by these observations (Peltier and
Clark 1979). The downslope windstorm has been sub-
sequently shown to be consistent with internal hydrau-
lic theory based on theoretical considerations (Smith
1985) and numerical simulations (Durran 1986). Other
more recent observational evidence of mountain wave
breaking has been documented, for example,

above the Front Range of the Rockies (Clark et al.
2000), the Alps (Jiang and Doyle 2004), and the Welsh
Mountains (Worthington 1998).

Many of the numerical studies reported upon in the
literature have used two- and three-dimensional basic
terrain shapes with idealized initial states to establish
the characteristics of gravity wave breaking (e.g., Clark
and Peltier 1984; Bacmeister and Schoeberl 1989; Ólaf-
sson and Bougeault 1996, 1997; Epifanio and Durran
2001). There are relatively few studies that have used
complex terrain and real-atmospheric initial states to
simulate wave breaking. Examples include the Clark et
al. (2000) study that used a high-resolution model to
simulate a downslope windstorm and clear-air turbu-
lence event over the Rockies and documented the gen-
eration of horizontal vortex tubes within wave breaking
regions along a jet stream in the upper troposphere.
Schmid and Dörnbrack (1999) simulated lower strato-
spheric wave breaking over the Alps associated with a
critical level above the jet stream. Leutbecher and
Volkert (2000) found that the simulation of mountain
waves generated by Greenland were sensitive to the
horizontal model resolution and surface friction repre-
sentation. The multiscale terrain of the Alps was shown
by Jiang and Doyle (2004) to promote wave breaking
and increase wave drag. Although several of these pre-
vious real-data simulations have replicated the limited
observations of the wave breaking evolution with rea-
sonable accuracy, the predictability of wave breaking is
not well established. For example, simulations of the
1972 Boulder windstorm using 11 different numerical
models, all with identical initial states and two-
dimensional terrain, exhibit diverse wave breaking evo-
lution in some cases (Doyle et al. 2000). Outstanding
issues regarding gravity wave breaking in the real at-
mosphere that are potentially important for mesoscale
numerical weather prediction include turbulent mixing
and wave overturning processes, mountain wave drag,
downstream effects, and predictability of wave break-
ing. The current limit in our understanding of gravity
wave breaking can be partially attributed to lack of
observations.

During the Fronts and Atlantic Storm-Track Experi-
ment (FASTEX) (Joly et al. 1997), a large-amplitude
gravity wave was observed in the lee of Greenland on
29 January 1997 (e.g., see Doyle and Shapiro 1999).
Data collected during FASTEX represents a unique
opportunity to study topographically forced gravity
wave breaking and to assess the ability of high-
resolution numerical models to predict the structure
and evolution of such phenomenon. The topography of
Greenland (Fig. 1) is characterized by extremely steep
terrain near the coastlines and an ice-covered plateau
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exceeding 3000 m with an average ice thickness of 1790
m and a thickness maximum of 3400 m (Dolgushin and
Osipova 1989). The terrain of Greenland is complex
and characterized by a spectrum of mountain shapes
ranging from half-widths of less than 150 km in the
south to greater than 500 km in the central portion. The
study of flow impinging on Greenland and the genera-
tion of mountain waves is important for a variety of
reasons that include its formidable topography and ice
sheet, the proximity to the semipermanent Icelandic
cyclone (Petersen et al. 2003), influence on synoptic-
scale systems (Schwierz and Davies 2003), polar strato-
spheric cloud generation (Chan et al. 1993), katabatic
winds (Bromwich et al. 2001), clear-air turbulence
(Lester et al. 1989) and wave breaking (Leutbecher and
Volkert 2000), contribution to large-scale mountain
torque (Wei and Schaack 1984), tip jets and associated
high-latitude air–sea interaction processes (Doyle and
Shapiro 1999; Pickart et al. 2003), and the emerging
significance of Greenland for the climate system (Mur-
phy et al. 2002).

In the present study, a nonhydrostatic model simula-
tion is evaluated with continuous research aircraft and
dropwindsonde observations from the National Oce-
anic and Atmospheric Administration (NOAA) G-IV
aircraft. Real data and idealized model simulations are
used to document the evolution, characteristics, and dy-
namics of the breaking gravity wave event. An over-
view of the numerical model is presented in section 2.
The observations of the wave breaking event are dis-
cussed in section 3. The results from a series of numeri-
cal simulations performed with real data and idealized
flows are presented in section 4. The relationship be-

tween diabatic cooling within the boundary layer and
wave amplitude is explored in section 5. Section 6 con-
tains the summary and conclusions.

2. Numerical model description

The atmospheric portion of the U. S. Naval Research
Laboratory’s Coupled Ocean–Atmosphere Mesoscale
Prediction System (COAMPS; Hodur 1997) is utilized
for the numerical simulations of observed and idealized
flows in this study. COAMPS is based on a finite-
difference approximation to the fully compressible,
nonhydrostatic equations and uses a terrain-following
vertical coordinate transformation. In this application,
the finite difference schemes are of second-order accu-
racy in time and space. The compressible equations are
integrated efficiently using a time splitting technique
with a semi-implicit formulation for the vertical acous-
tic modes (Klemp and Wilhelmson 1978).

The planetary boundary layer and free-atmospheric
turbulent mixing and diffusion are represented using a
prognostic equation for the turbulence kinetic energy
(TKE) budget for both real data and idealized simula-
tions. The surface fluxes are computed following the
Louis (1979) formulation, which makes use of a surface
energy budget based on the force–restore method. The
subgrid-scale moist convective processes are param-
eterized using an approach following Kain and Fritsch
(1993). The grid-scale evolution of the moist processes
are explicitly predicted from budget equations for cloud
water, cloud ice, raindrops, snowflakes, and water va-
por (Rutledge and Hobbs 1983). The shortwave and
longwave radiation processes are parameterized follow-

FIG. 1. Three-dimensional depiction of the Greenland relief.
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ing Harshvardhan et al. (1987). The real-data simula-
tions use the full suite of physical parameterizations.
For simplicity, the idealized simulations are adiabatic
with a free-slip lower boundary condition and include
free-atmosphere vertical diffusion derived from the ex-
plicitly predicted TKE.

The real-data simulations are initialized using an in-
cremental update data assimilation procedure that en-
ables mesoscale phenomena to be retained in the analy-
sis increment fields (Barker 1992). The initial fields for
the model are created from multivariate optimum in-
terpolation analyses of upper-air sounding, surface,
commercial aircraft, and satellite data that are quality
controlled and blended with the 12-h COAMPS fore-
cast fields. Lateral boundary conditions for the outer-
most grid mesh are derived from the U. S. Navy Op-
erational Global Analysis and Prediction System
(NOGAPS) forecast fields.

The domain configuration for the real-data simula-
tions, as shown in Fig. 2, contains four horizontally
nested grid meshes of 81 � 81, 73 � 73, 133 � 133, and

223 � 223 points with horizontal grid increments on the
computational meshes of 45 km, 15 km, 5 km, and 1.7
km, respectively. The model contains 80 vertical levels
on a nonuniform vertical grid consisting of an incre-
ment of 10 m at the lowest level that gradually increases
to 250 m at 12 km, 1000 m at 18 km, and continues with
a 1000-m increment to the model top at 30 km. A ra-
diation upper boundary condition is applied to mitigate
the reflection of vertically propagating gravity waves.
The topographic data for the simulations are based on
the Global Land One-kilometer Base Elevation
(GLOBE) dataset, made available by NOAA National
Geophysical Data Center, which enables orographic
characteristics, such as steep slopes of the Greenland
ice sheet and the complex coastal orography, to be well
represented, as shown in Figs. 1 and 2.

3. Observations

Several different sources of observations are used to
describe the synoptic-scale and mesoscale atmospheric

FIG. 2. The outer-grid mesh (�x � 45 km) topography and inner-grid mesh locations for the
numerical simulation. The contour interval is 200 m. The NOAA G-IV flight track and
dropsonde locations are indicated by the solid line and gray circles, respectively.
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