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ABSTRACT

A model-based study is undertaken of a synoptic-scale vortex’s encounter with Greenland-scale topog-
raphy. The ambient setting is a barotropic westerly flow of uniform potential vorticity. This flow is both
incident upon and induces an anticyclone over the topography, and it also serves to advect the vortex
toward the mountain. In a simulated evolution of the flow the vortex circumnavigates poleward around
the mountain but concomitantly undergoes significant dissolution on the windward side followed by
a substantial reconstitution to the lee. It eventually advects away downstream as a compact vortex of
reduced amplitude. This sequence of events is interpreted in terms of the combined influence of the
orographic anticyclone and the self-dynamics of the vortex.

1. Introduction

Extra-tropical synoptic-scale cyclonic systems oc-
cur preferentially within and travel along quasi-
longitudinally aligned storm tracks. In the Northern
Hemisphere the two major tracks are located over the
Atlantic and Pacific, and hence as a vortex-like cy-
clonic system evolves it can encounter major topo-
graphic features such as Greenland and the Scandina-
vian Mountains, or the Rocky Mountains. Likewise in
the Southern Hemisphere cyclones within the extrat-
ropical storm tracks can impinge upon the Andes and
the Southern Alps of New Zealand.

The configuration of a vortex advecting within
an ambient westerly airstream toward a major topo-
graphic feature is associated with three quintessential
geophysical fluid dynamic settings. First the vortex
itself has usually evolved from the ambient flow via
some manifestation of baroclinic instability, and as it
matures it tends to acquire a vertically aligned struc-
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ture. An integral aspect of this evolution is that the
vortex can induce potential vorticity (PV) anomalies
within the ambient flow by perturbing the latter’s PV
gradient, and moreover the resulting anomalies can ra-
diate away as Rossby waves and/or interact back on
the vortex itself to modify its structure and movement.

Second, prior to the vortex’s approach to the to-
pography the ambient airstream can rise over and/or
split and flow around the terrain to yield a quasi-steady
orographically induced flow response. The nature of
the response depends critically upon the structure
of the incident airstream and the geometry and scale
of the terrain. To a first order the dependency can be
expressed in terms of a Rossby number (Ro=U/f L)
and a dimensionless height number (F~'=NH /U,
i.e. an inverse Froude number) defined by the strength
(U) and stratification (N) of the incident flow field
and the lateral scale (L) and height (H) of the ter-
rain. If quasi-geostrophy prevails and (Ro - F~!) < 1
the flow response features an orographic anticyclone
astride the topography again with possible Rossby-
wave radiation of energy away from the region of the
elevated terrain.

Third the juxtaposition of the vortex and the ter-
rain is a setting for the interaction and possible
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amalgamation of the vortex and the orographically in-
duced flow.

The processes associated with the first two set-
tings (i.e. baroclinic instability, vortex movement on a
B-plane and the orographically induced response to
a steady incident airstream) can be examined in iso-
lation, and have been the subject of intensive study.
The third setting requires consideration of a vortex be-
ing advected toward and interacting with topography
and is not as amenable to analysis. Statistically based
climatological analyses of this third setting suggest
that topography can serve as a wave-guide to deflect
transient disturbances anticyclonically around major
mountain ranges such as the Rockies, Himalayas and
Greenland (Hsu, 1987) and the Andes Cordillera (Gan
and Rao, 1994). Likewise case-study analyses and/or
numerical simulations show evidence of: (a) upstream
deflection of vortices approaching mountain ranges
(Zehnder and Reeder, 1997; Yeh and Elsberry, 1993a;
Linetal., 1999; O’Handley and Bosart, 1996), and (b)
both fragmentation of the cyclone track over the terrain
and lee-side vortex redevelopment or intensification
(Pascoe, 1992; Yeh and Elsberry, 1993b; O’Handley
and Bosart, 1996). A related phenomenon is the oc-
currence of lee-cyclogenesis downstream of many
major mountain ranges such as the Rockies and the
European Alps. The latter has been linked to the pas-
sage of a short-wave upper-tropospheric trough toward
the terrain but does not necessarily involve an upstream
surface cyclone.

In the present study the focus is on the nature of
interaction between the vortex and the orographic-
induced flow. The procedure followed is to specify
a highly idealized initial flow setting, to integrate that
state forward in time using a hemispheric primitive
equation model, and then to diagnose and interpret
the simulated evolution. The specified initial state al-
though idealized is nevertheless physically germane,
and it is selected to help elicit the quintessential fea-
tures of the interaction that can ensue in realized
events.

2. The physical setting

The three ingredients of the selected initial state
are illustrated in Figs. 1-3. They comprise a purely
barotropic zonal flow of uniform vertical stratification
and potential vorticity (PV) (Fig. 1), a compact and
vertically coherent balanced vortex and an elliptical-
shaped topographic feature (Fig. 2). Moreover the vor-
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Fig. 1. Basic state latitudinal velocity profile (solid line) and
500 hPa potential vorticity (dashed).

tex’s advection by the mean flow sets in on track to
intercept the topography, and the topography’s lat-
eral scale (1500 x 500 km), height (3 km) and lat-
itude (~70°N) are chosen to correspond to those of
Greenland.

Figure 3 displays the initial longitude—height cross-
sections of the vortex and the orographic anticyclone.
The zonal flow is ~15m s™! at the latitude of these two
features. The vortex is associated with a circumferen-
tial velocity of ~15 m s~! in the lower troposphere
and has a perturbation surface pressure signature of
~—48 hPa compared to the zonal basic state. In line
with these features the vortex carries a distinct signal
inits near-surface potential temperature field of ~10 K
(cf. Figs. 2b and 3a). Note that this warm-cored vor-
tex is located poleward of the model jet. Both these
features (the thermal anomaly and the position rela-
tive to the jet) bear comparison with that of intense
cyclonic vortices in their mature “warm-core seclu-
sion” phase (Shapiro and Keyser, 1990). Finally the
orographic-anticyclone is associated with circumfer-
ential velocities (~20 m s~!) that are comparable to
that of the vortex, but in contrast with the vortex the un-
derlying terrain approximates to an isentropic surface
(cf. Figs. 2b and 3b).

The selection of the foregoing initial state is related
to the three settings referred to in the Introduction.
First the barotropy and uniform PV of the ambient
flow rules out the occurrence of phenomena associ-
ated with the first setting (i.e. baroclinic instability,
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a) Geopotential at 500 hPa
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b) Potential temperature

Fig. 2. Initial configuration. (a) 500 hPa geopotential height field shaded (4200-5200 m, 100 m interval) and vorticity

contours (interval 0.1 x 1074 s~!

, negative dashed). Orography indicated by 850 hPa contour. (b) Potential temperature 6

(from 283 K, 1 K interval) and wind vectors (max value 40 m s~!) on lowest model level. (GM, Greenwich meridian; ID,

international date line).
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Fig. 3. Basic state cross-sections (as indicated in Fig. 2a) showing potential temperature (shaded, from 280 K, 2.5 K interval)
and meridional wind (contour interval 2 m s~ ) for (a) the anomaly (100E—140E, vorticity contour 1.2 x 10~* s~! bold) and
(b) the mountain anticyclone (65W—25W, vorticity contour —0.5 x 10~* s~! bold).

induction of PV anomalies within the ambient flow,
and Rossby wave radiation). The stipulation of uni-
form PV is not at variance with the observed compar-
atively well mixed character of tropospheric PV away
from the extra-tropical jet (Sun and Lindzen, 1994;
Swanson et al., 1997; Davies and Rossa, 1998).
Second the strength of the ambient flow and the
dimensions of the topography are associated with val-

ues of Ro~ 0.1 —0.5 and F~! ~ 2-3. In this re-
gion of the [Ro, F *']—parameter space the incident
flow can surmount the terrain, and the dominant com-
ponent of the flow is a balanced orographically in-
duced anticyclone astride the topography with an al-
most isentropic underlying surface. This response can
be viewed as a fission of the ambient flow’s PV as
the incident air parcels traverse the terrain into a
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compensating combination of reduced vorticity and
enhanced stratification. Recall the absence of a signif-
icant f-anomaly over the topography (Fig. 2b). For our
later discussion it is important to note that in the limit
of balanced flow the nature and amplitude of this topo-
graphically induced fission depends on the PV value of
the incident airstream air but not on its alignment and
strength.

Third, the three ingredients of the basic state (the
ambient flow, vortex and orographic anticyclone) are
each finite in amplitude, and are comparable to one
another and to the atmospheric counterpart systems.
This ensures that the vortex—orography interaction can
be highly non-linear, and allows for the interaction to
display a modicum of realism.

3. Simulated flow evolution

3.1. The model

The temporal evolution of the prescribed initial
state is computed with a quasi-hemispheric and adi-
abatic version of the hydrostatic numerical weather
prediction model (EM) of the German Weather Service
(see Majewski, 1991, for details of the model for-
mulation). The model version used here is without a
parametrization scheme for vertical turbulent mixing.
It is therefore free of surface mixing effects and ex-
plicit vertical momentum and thermal diffusion. Also,
the horizontal mixing, achieved with a fourth-order
scheme on the model’s o -surfaces, is minimal in the
absence of steep orography (see later).

For our present purpose we note that the model is
run on a pole-centered grid and relaxed toward the
initial state in a subtropically confined margin zone
(ca. 20°N). In the present version the model has 27
levels in the vertical and a horizontal resolution of
~100 km in the extratropics. These values suffice to
provide a reasonable representation of the vortex, the
gross features of a Greenland-scale massif, and the
flow evolution.

3.2. The Evolution: description and diagnosis

3.2.1. Eulerian features. The evolution of the
geopotential and vorticity fields on the 500 hPa sur-
face (Fig. 4) and the potential temperature (6) on the
lowest model level (Fig. 5) fall into three overlapping
phases. In a first phase (#+ < 150 h) the vortex’s vor-
ticity and thermal patterns retain their compact char-
acter, although the vortex is embedded in an ambient
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flow of non-constant angular velocity, and the vor-
tex advects eastward with the mean flow whilst con-
temporaneously experiencing a weak retardation and
mild poleward drift. In a second phase (t ~ 150-240
h) the vortex approaches and deflects anticyclonically
around the topography whilst concurrently appearing
to lose some of its spatial coherency. The dissolution is
particularly evident in the vorticity and thermal fields.
In the third phase (# > 240 h) the severely disrupted
vortex recovers much of its axisymmetric structure on
the lee-side. Thereafter the partially reconstituted but
reduced in amplitude vortex together with a weaker
forerunner are advected downstream away from the
topography.

A notable feature of all three phases is that the
orographic anticyclone is comparatively unperturbed
throughout, although it is approached by a vortex
whose velocity signal is of comparable strength. The
simulated flow is adiabatic and inviscid, and hence the
surface potential temperature (for which 6 on the low-
est model level is a rough proxy) and the potential vor-
ticity on a free-atmosphere isentropic surface are both
Lagrangian-conserved fields. Moreover, in the present
setting the main “PV-6” signal is indeed the surface
0-field, and therefore its evolution provides a guide of
the flow’s Lagrangian structure. The successive pan-
els of Figs. 4 and 5 suggest that air parcels associ-
ated with the incident vortex circumnavigate poleward
around the topography. During the second phase they
undergo strong distortion to yield a thermal filament
that extends around the northern arch and also along
the lee side of the mountain. In the third phase the
filament is recompacted to give an axisymmetric
0-signal of slightly weaker (~3 K) strength compared
with the original thermal vortex, but of a comparable
spatial scale. The filament also fragments and produces
a weaker and more diffuse vortex forerunner (Fig. 5,
label “X” at t = 270 h). Thus the vortex mass, defined
as the fluid bound by thermal contours, is compara-
tively well conserved (see area covered by the vortex
in Fig. 5, 150 h vs. 330 h), and the decrease in vortical
amplitude (Fig. 4) is partly explained by the fragment
stripped off the main thermal vortex.

Now consider the evolution of the meridional flow
component (Fig. 6) and the deformation field (Fig. 7)
in the vicinity of the orography during the second and
third phases. Prior to the vortex’s approach to the orog-
raphy their meridional velocity components exhibit
maxima of ~12 and ~32 m s~! respective, whereas
the approach of the vortex windward of the topography
increases the meridional flow to ~55 ms~!. Likewise
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Fig. 4. Time sequence (120-330 h) of 500 hPa vorticity (shaded, contour interval 0.1 x 1074 571, negative: blue dashed)
and geopotential height field (contours as in Fig. 2a).
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Fig. 5. Time sequence (120-330 h) of surface potential temperature and wind, analogous to Fig. 2b. The forerunner is labelled
with “X” at t = 270 h.
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b) 180 h

Fig. 6. 850 hPa meridional flow component (shaded, contour interval 5m s~

! contours less than 10 m s~! omitted) for times

(a) 150, (b) 180, (c) 240 and (d) 270 h. Mountain contour and vorticity contours are repeated from Fig. 4 for orientation.

during recompaction the northerly flow on the lee-
side attains a value of ~ —50 m s~! (Figs. 6a—d). The
accompanying low-level horizontal deformation field
in the vicinity of the topography (Fig. 7) is ~1.0 x
10~* s~! prior to the arrival of the vortex, and would
itself in isolation suffice to severely distort a passive
scalar advecting past the terrain within the ambient
flow (see later). The approach of the vortex increases
the strength of the deformation field by a factor ~5
first on the windward side and later in the northern lee
region (Figs. 7a—d).

3.2.2. Lagrangian features. The foregoing de-
scription is supported by an explicit examination of
the Lagrangian evolution of the ensemble of selected
air parcels using the combined trajectory and diagno-
sis routine of Wernli and Davies (1997). It is applied to
the output of the numerical simulation accessed with
a 2 h temporal resolution.

Four different trajectory ensembles are selected for
consideration. The first corresponds to 150 h forward

trajectories from an elliptical region initially located at
850 hPa upstream of the orography at# = 0 h (Fig. 8a).
The temporal evolution of several dynamical variables
along these trajectories is also visualized in Fig. 9a.
The results are indicative of the nature of the oro-
graphic modification of the flow prior to the approach
of the vortex. These quasi-passive trajectories expe-
rience minor enhancement of the deformation (factor
3-4) due to the ambient mountain-induced flow per-
turbation (i.e. poleward deflection, acceleration along
the northern tip of the mountain with an accompa-
nying moderate ascent and descent). The envelope of
this ensemble remains relatively unperturbed and thus
reflects the passive advection and moderate shear de-
formation within the ambient flow.

The second ensemble is a set of 150 h backward
trajectories of air parcels initially located at 500 hPa
directly over the orography at ¢ = 300 h (Figs. 8b and
9b). The pattern’s shape captures the essence of the
anticyclonic circulation over the mountain, and the
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Fig. 7. 850 hPa deformation field (shaded, contours 0.5, 0.8, 1.1, 1.4, 1.8, 2.2, 2.6, 3.0, 3.4 and 3.8 in units of 1074 s,

analogue to Fig. 6.

colour variations (depicting the vorticity) provide a
clear illustration of the PV fission into vorticity and
stratification anomalies that is the basis for the oro-
graphically induced anticyclone.

The third ensemble is a set of 150 h forward trajec-
tories of air parcels initially located at 850 hPa within
the core of the vortex at + = 150 h (Figs. 8c and 9c).
Note that these parcels emanate from the same geo-
graphical location as those of the first ensemble. (The
selection of the first ensemble was based upon this
criterion.) The trajectories are consistent with vortex
elongation on the windward side and recompaction to
the lee. The air parcels within the vortex first retain
their cyclonic rotation in the approach to the mountain
and are then severely distorted to a filamentary form
during the phase of poleward circumnavigation (i.e. at
70-80 h trajectory time). It is pertinent to note that the
polar location of the mountain implies an enhanced
curvature of the flow, and hence additional strain upon
the air parcels. The shearing of the vortex sets in on
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the windward side and reaches its maximum slightly
downwind of the mountain’s axis of symmetry. Notice
that an air parcel rotating within the vortex experiences
much stronger deformation while in close proximity
to the mountain, in comparison to the far side of the
vortex. This is consistent with the non-linear velocity
increase due to the mountain anticyclone. The enve-
lope of the air parcels recovers its original shape in the
lee, and a small portion of trajectories split from the
main body.

The fourth ensemble (Figs. 8d and 9d) is only a
sub-set of the third, and comprises those parcels that
fragment from the original vortex core to form the
downstream vortex forerunner.

Common features of the latter two ensembles in-
clude: (i) a large degree of coherence prior to and
after the interaction period; (ii) an interaction period
characterized by marked distortion in line with the en-
hanced deformation field, (iii) parcels that remain rela-
tively isentropic throughout. Figures 8c, 8d, 9c and 9d
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Fig. 8. 150 h-forward trajectories started on 850 hPa (a) within the “free atmosphere” at# = 0 h. Colour shading: deformation
(10™* s71), values as indicated on colour bar. Only every second trajectory is shown. (b) 150 h-backward trajectories
from mountain anticyclone (colour variable: vorticity). (c) Analogue to (a), but started on 850 hPa from within the vortex
anomaly at # = 150 h. (d) Separate depiction of a fragment from (c). See also Fig. 9 for further details and additional traced

variables.

together suggest that the tendency for fragmentation
is very localized in both space and time, depending
upon the exact position of an air parcel within the
superposed flow fields of both vortices (cf. the large
increase of variance within the ensemble). The frag-
ment (Fig. 8d) originates as a direct consequence of a
local shear maximum (deformation doubled compared
to the anomaly ensemble and increased by a factor of
10 compared to the original value of ~0.3 x 107*s7!).
The net PV loss of the fragment ensemble (~0.5 pvu)
is attributable to either inaccuracies of the trajectory
calculation and/or non-conservation arising from nu-
merical diffusion. In this context consider the two
terms in the PV conservation equation in the absence
of diabatic processes and friction:

D D 00
V= <—g<c + f)%> —0.

Dt

The variable part of the first component is the rel-
ative vorticity (¢), and to a high measure it re-
covers its original value after the distortion pro-
cess (Fig. 9d). It follows that the non-conservation
is more likely to be related to the vertical deriva-
tive term (060/dp) and in particular associated with
the numerical diffusion on the o-levels that exhibit
a significant vertical tilt in the vicinity of steep
orography.

Computation of the analogue of the first and third
ensembles (Figs. 8a and c) at an elevated level
(500 hPa) yields a similar pattern (not shown), albeit
less pronounced, since the amplitudes of the anoma-
lies tend to decay with height away from the source.
More trenchantly, and consistent with the above con-
siderations, both vorticity and PV remain constant for
trajectories on a level significantly above the orogra-
phy (i.e. with comparatively flat o -surfaces).
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Fig. 9. 150 h time evolution for mean values (solid line) and standard deviations (dashed) of the indicated flow variables
for the four selected trajectory ensembles (a—d) shown in Fig. 8. Columns are, respectively pressure, potential vorticity,
deformation and vorticity. Notice that the range of values differs between (a, ¢ and d) (b).

In conclusion, the contrast in the envelope of the
two ensembles (Figs. 8a and c) points to the strength
and role of the non-linear interaction between the vor-
tex and the orographically induced flow. This in turn
influences the location, timing and extent of vortex re-
constitution, and is implicated in the parturition of the
vortex’s forerunner.

3.3. Additional theoretical considerations

Both the orographically induced anticyclone and the
incident vortex are essentially balanced flow systems,
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and a simple phenomenological account of two aspects
of the flow (vortex dissolution and recompaction and
robustness of the orographic anticyclone) can be prof-
fered from a quasi-geostrophic PV perspective.

First consider a simplified initial state formulated in
Cartesian coordinates that comprises: (a) an incident
uniform flow (Uy) and stratification (), (b) an evanes-
cent orographically induced anticyclone astride topog-
raphy centred at (x, y) = (0, 0) and (c) a vortex in the
far-field centred at (— L, 0). Also for simplicity assume
a circularly symmetric isentropic mountain of radius a
with height profile n(x, y) = [l — (x2 + y?)/a*]"/?
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with 0, = a(f/N), and a PV point-vortex of strength
kat (—L, 0). For this configuration the net geostrophic
streamfunction (1) is the sum of three contributions,
(Yas Yo, ¥e), attributable to the above ingredients, and
given respectively by

Wa = —on
Y, = +Na’ [(x* + y*) + (N/f)’2?

Ve

]71/2 and

—k[(x+ L+ Y+ N/

+ka/D) [+ /LR + v+ (NP2

The v, component (the contribution of the orographic
anticyclone) is prescribed from Schir and Davies
(1998). The two terms in the in the . contribution
represent respectively the point vortex’s own signal
and its mirror image of strength (ka/L) located be-
neath the topography at (—a”/L, 0). Together these
two terms suffice to preserve the isentropy of the
terrain.

This simplified heuristic configuration is appropri-
ate only during the first phase (i.e. t < 150 h). The
vortex’s poleward drift during this phase can then be
linked to the far-field influence of the orographic anti-
cyclone, whereas its simulated weak zonal retardation
must be accounted for by the latitudinal gradient of the
ambient flow’s angular velocity that the vortex expe-
riences during its poleward drift.

The second phase is characterized by an accelera-
tion of the vortex’s poleward drift, and its rapid distor-
tion to form a filament that arches around the topogra-
phy. Both effects are consistent with the changes in the
vortex’s ambient field as it approaches the topography,
since the v, component comprises an increase in the

ambient circumferential velocity and provides a sur-
face deformation field of Na?/(x* + y?). In principle
the vortex’s topographic image would enhance these
effects, but the foregoing diagnosis suggests that the
rapid distortion renders this a secondary effect.

In the third phase the newly formed filament’s con-
tinued circumnavigation of the topography is consis-
tent with its advection by the orographic anticyclone’s
circumferential velocity field. In contrast its reconsti-
tution to form a compact vortex is at variance with the
influence of the anticyclone’s deformation field acting
alone upon the vortex. This conundrum is resolved by
recognizing the coupled effect of the filament’s self-
induced motion and the influence of the ambient de-
formation field (Fig. 10). In isolation the elongated
filament would tend to rotate cyclonically such that
its leading edge would move further away from, and
its trailing edge approach closer to, the terrain. In ef-
fect the realization of this rotation allows the ambient
deformation field to recompact the vortex.

The foregoing process is akin to the so-called “tum-
bling” of a Kirchoff vortex (an elliptical vortex of uni-
form vorticity) in a shear flow (Meacham et al., 1990)
when it periodically modulates its aspect ratio under
the combined influence of its self-induced rotation
and the deformation due to the ambient shear. Note
that an ellipsoidal quasi-geostrophic analogue exists
for the Kirchoff vortex (Meacham, 1992; Meacham
et al., 1994), and that numerical simulations confirm
that ellipsoidal PV vortices can be sustained as they
rotate in the more general setting of the primitive
equations (Fehlmann, 1997; Morgenstern and Davies,
1999). Thus the present flow development is an exten-
sion of the tumbling dynamics and serves to illustrate
the partial dissolution and subsequent reconstitution

Fig. 10. Schematic of orographically induced flow (thin arrows) and self-induced velocity of the vortex filament (thick
arrows) at two instances: (left) the elongated filament and (right) the re-compacted vortex.
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of a surface-based PV vortex within a highly spatially
and temporally varying deformation field. Likewise
the formation of a weak vortex forerunner that advects
away from the terrain ahead of the reconstituted vortex
has an analogue in simpler settings. It can be viewed as
corresponding to the stripping of fragments from the
tips of an idealized Kirchoff-like vortex (Dritschel,
1988; Meacham et al., 1990) along with the sym-
metrization of non-uniform filaments (Melander et al.,
1986; Fehlmann 1997).

The second balanced flow interpretation concerns
the robustness of the orographic anticyclone through-
out the flow evolution. This is linked to the anti-
cyclone’s dependence upon the PV of the incident
airstream, and its independence of the airstream’s am-
plitude and direction. Thus the structure and amplitude
of the orographic anticyclone remains unmodified by
the approach of the vortex until, or rather unless, a
portion of the incident vortex’s anomalous potential
vorticity or surface potential temperature ascends onto
the topography.

A corollary of the foregoing balanced flow consid-
erations relates to the absence of significant buoyancy
or inertia—buoyancy waves over the terrain. The domi-
nant orographic forcing of our smoothed “Greenland-
scale” terrain occurs at wavelengths (>500 km)
outside the regime of vertically propagating pure hy-
drostatic buoyancy waves and marginal to the regime
for inclined longer-wavelength inertia—buoyancy
waves. In effect the response is a balanced flow
that is aligned predominantly along the contours of
the terrain. Breakdown of balanced flow over high
Greenland-scale terrain could result in significant
inertia—gravity wave response via a form of non-linear
scale-contraction (Triib and Davies, 1995; Davies,
1995). However, this response is not expected to be
dominant for the [Ro, F~'] values of the present set-
ting. Furthermore the model’s horizontal grid length
(~100 km) is not conducive to representing or cap-
turing gravity waves. In light of the foregoing phys-
ical and numerical considerations it is not expected
that unbalanced waves will be a major feature in the
present flow setting, and this is borne out in our simu-
lations. For example there is little discernible evidence
of buoyancy or inertia—buoyancy wave activity in the
potential temperature field displayed in Fig. 3b. Again
the most likely source region for wave initiation would
be the north-eastern section of Greenland both prior to
the arrival of the vortex and during its passage, but the
divergence pattern for cross-sections at this latitude
(not shown) display only a weak wave signal. Note
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also that the deformed surface “thermal” vortex in the
second phase is also linked to comparable-scaled in-
situ balanced-flow undulations in the isentropic field
that need not be attributable to unbalanced wave ac-
tivity.

4. Further remarks

The simulated evolution of the synoptic-scale vor-
tex’s advecting towards a Greenland-scale topography
presented in this study involves topographic circum-
navigation, significant dissolution and substantial re-
constitution of the vortex, before it is eventually ad-
vected away from the terrain within the ambient flow.
This sequence of events prevails in a highly specialised
and idealised flow setting, and its occurrence is gov-
erned by several factors. In particular the spatial scale
of the incident flow and the terrain establishes a setting
in the [Ro, F~!]-parameter space that, together with
the spatial scale of the vortex, engenders a predomi-
nantly balanced flow evolution with the flow ascending
over rather than splitting around the terrain. Further-
more the ambient setting precludes a priori both baro-
clinic instability and Rossby wave activity, and thereby
rules out the presence of evolving fronts and cyclones
and wave radiation of the topographic perturbations to
the far-field.

In light of the foregoing there are two particular
caveats to be attached to the study. First the simu-
lated flow has a wide range of spatial scales that in-
clude the planetary circumpolar flow component and
the scale collapse associated with the dissolution. This
places severe demands upon the resolution of the nu-
merical model, and the set-up in this study with a
horizontal resolution of ~ 1° is only marginally ad-
equate. Thus, for example, the non-conservation of a
parcel’s PV during the dissolution and recompaction is
at least in part attributable to near grid-scale numerical
diffusion.

Second the simulated sequence of events can be
merely indicative, rather than representative, of the
kind of processes that can occur in the neighbour-
hood of Greenland-scale topography. Nevertheless the
results are in broad agreement with the observed
phenomenon. From a climatological standpoint it is
pertinent to note that the Northern Hemisphere Jan-
uary monthly-mean fields of vorticity on the 700 hPa
surface (Fig. 11) do show a predilection for neg-
ative anomalies (the possible vestige of orographi-
cally bound anticyclones) to occur over significant
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Fig. 11. Mean vorticity on 700-hPa for the winter months (DJF) for 1979-1993. Negative contour values shaded (—0.3 x
1074, —0.27 x 107*, —0.21 x 10™*, —0.15 x 10™*, —0.09 x 10~ and —0.03 x 10~* s~ 1), positive contours (black, inter-

val 0.03 x 1074 s71).

mountain ranges (cf. Hsu, 1987). From a case study
standpoint the various assessments of the orographic
modification of low-pressure systems noted in the In-
troduction are consistent with one another and with
the sequence of events reported herein. An example
is the following description of the evolution in the
neighbourhood of the Appalachians: “the primary cy-
clone is first deflected northward, then dissipates over
West Virginia or Pennsylvania, while a secondary cen-
ter forms approximately 350 km away in the lee”
(O’Handley and Bosart, 1996).

The limited information on the orographic influence
upon an incident anticyclone (Hsu, 1987) hints at a
qualitatively different behaviour to the lee. In this con-
text note that the two-component dynamics for rapid
vortex recompaction set out in the previous section
would not prevail for an incident anticyclone. An elon-
gated negative filament of 6 or PV extending around
the poleward tip of the terrain would rotate anticycloni-
cally (cf. Fig. 10) and thereby serve to enhance rather
than counter the distorting effect of the orographic an-
ticyclone. Only self-induced recompaction could oc-
cur, and that could take place only after the vestige of
the filament was advected away from the topography.
This qualitative “prediction” is not at variance with
Hsu’s lag-correlation statistical analysis that points to
less recompaction with a tendency to occur at a more
southerly location.

An individual event is likely to be influenced by a
range of other factors including flow-splitting, time-

dependent frontal and upper-level modifications of
the incident cyclone. For a delightful presentation
of some meso-scale flow phenomena in the vicinity of
Greenland see Doyle and Shapiro, (1999).

Our contention is that key ingredients of the simu-
lated sequence of events discussed in the present study
can nevertheless be present in the interaction process
of the synoptic disturbance with the massif. An il-
lustrative example is provided in Fig. 12. It shows
the evolution of a vertically coherent low pressure
system approaching Greenland from the south-west
(Fig. 12). The low-pressure system has a minimum of
~980 hPa and is subject to mountain influence (vor-
ticity and deformation fields) and subsequently splits
into two systems, one (under the influence of the to-
pographic waveguide) travels up the west coast, the
other passes south of the tip and along the east coast
of Greenland. In the ensuing development (Fig. 12),
the south-eastern cyclone weakens, while the other cir-
cumnavigates on the poleward side. Finally (24.9.1993
00-12UTC), both systems appear to merge to the lee
of the mountain. At the same time, a new system has
developed in the west, and subsequently it too under-
goes a similar cycle. This provides a hint of the fre-
quency of their occurrence in the Greenland region.
Indeed this type of evolution is consistent with the
well known split of cyclone tracks in the Greenland
area (Whittaker and Horn, 1984; Hsu, 1987), and a
similar development has been studied by Kristjansson
and MclInnes (1999).
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b S

Fig. 12. Time sequence (20.9.1993 12UTC to 26.9.1993 12UTC) of ECMWF analysis fields. SLP (shaded, inter-
val 4 hPa; max: 1002 hPa; 980 and 990 hPa bold) and temperature on 850 hPa (contour interval 4 K, from 0 to

12°C.).

The simulations presented herein illustrated the
poleward circumnavigation of an incident vortex. A
vortex of comparable strength but approaching from
the west far to the south (~2000 km) of the ter-
rain would not encounter the influence of the oro-
graphically bound anticyclone and proceed eastward.
A vortex approaching at an intermediate latitude
(~500 km) south of Greenland’s tip, could split into
two components.

Note also that the dynamics of a vortex approaching
toward or located above an extended slope or isolated
topographic feature is a classic setting in geophysical
fluid dynamics and oceanography. In these settings the
physical and dynamical scales (see e.g. Kamenkovich
et al., 1996; Beismann et al., 1999) are such that the
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focus is on vortices moving under the influence of the
B-effect (see e.g. van Geffen and Davies, 2000). In
comparison to the present study the ambient flow over
the terrain is often taken to be at rest, and particular
consideration is then given to the mode of propaga-
tion of the vortex and its induction of flow over the
topography (Sanson et al., 1999).

Finally the simulated train of events in the present
study bears directly upon one aspect of the so-called
“PV perspective” of synoptic development. The dy-
namics of the simulated evolution hinges crucially
upon the orographically induced fission of the incident
stream’s PV into compensating vorticity and stratifi-
cation signals. Comparison of the instantaneous vor-
ticity and PV patterns during the simulated evolution
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and the corresponding mean patterns of these vari-
ables supports the concept of fission, but concomi-
tantly underlines the necessity of accounting for the
influence of quasi-isentropic orography within the PV
perspective.
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