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ABSTRACT

The spatial evolution of Antarctic katabatic winds in the area of Terra Nova Bay is examined using the three-
dimensional version of the Université Catholique de Louvain—Modgle Atmosphérique Régional (UCL-MAR)
mesoscale primitive equation models. The ability of the model to replicate classical linear mountain wave
simulations is verified. Then, three-dimensional experiments are performed for the terrain configuration of Terra
Nova (Ross Sea coastal zone) using different horizontal resolutions (5, 10, and 20 km). The model converges
for resolutions lower than 10 km. Results are in qualitative agreement with available observations and previous
modeling work. Strong katabatic winds are simulated with a jet over Terra Nova Bay. The model seems able to
initiate the mesocyclonic activity in the Ross Sea due to the katabatic circulation.

1. Introduction

The katabatic wind is a gravity-driven atmospheric
current that is forced by the cooling of air adjacent to
a sloped surface. It is observed all around the world
and called “‘glacier’’ or “‘gravity’’ wind (Mather and
Miller 1967). It is generally classified as a mesoscale
phenomenon. The most remarkable exception to this
rule arises when the length scale of the slope becomes
as large as the scale of a continent and when the surface
cooling conditions required for the production of a
strong sloped inversion are satisfied. This is the case at
least for Greenland and Antarctica, especially during
the long polar night. For such situations the downslope-
induced wind reaches a stormy character and this is
perhaps the most remarkable climatic feature that has
been observed on polar ice caps (Parish 1988).

Model studies (Parish and Bromwich 1987, 1991)
have shown that Antarctic katabatic winds are very
strong in topographic confluence zones because of the
large supply of negatively buoyant air. This is partic-
ularly true in Adélie Land and in the area of Terra Nova
Bay, where extensive observations of this phenomenon
have been done (e.g., André et al. 1986; Baldi et al.
1990, respectively).

Evolution of the katabatic winds in the Antarctic
coastal zone has also been studied. For example, sud-
den decays of katabatic winds before they pass the
coastline have been observed in Adélie Land (Pettré

Corresponding author address: Dr. Hubert Gallée, Institut d’As-
tronomie et de Géophysique G. Lemaitre, 2, Chemin du cyclotron
1348, Louvain-la-neuve, Belgium.

© 1994 American Meteorological Society

Brought to you by Northwest Institute of Eco-Environment and Resources » CAS

and André 1991). On the other hand, it has been in-
ferred from thermal infrared satellite imagery that
strong katabatic winds in the area of Terra Nova Bay
can sometimes propagate horizontally for over hun-
dreds of kilometers after passing the coastline (Brom-
wich 1989). It is believed that the presence of the sta-
ble, annually recurring Terra Nova Bay polynya (water
area free of ice) is due to strong, persistent katabatic
winds that blow far offshore (Kurtz and Bromwich
1985). Coastal polynyas like that of Terra Nova Bay
are of particular importance, because of the strong en-
ergy exchanges between ocean and atmosphere occur-
ring in these areas.

Another example of the importance of katabatic
winds in the Antarctic coastal zone is its activating role
in the formation of mesocyclones in the coastal zone
of the Ross Sea. Mesocyclones seem to play a key role
in the dynamics of the Southern Hemisphere polar
regions. It has been found at McMurdo Station on Ross
Island that the mesocyclonic maximum activity that oc-
curs in fall coincides with the climatological maximum
of estimated precipitation (Bromwich 1991).

In a previous paper (Gallée and Schayes 1992), the
katabatic wind evolution on idealized slopes represen-
tative of the coastal area of Antarctica has been ana-
lyzed. Some ideas about the kind of physical mecha-
nisms that are responsible for the persistence or the
weakening of katabatic wind in such an area were
given.

One purpose of this paper is to discuss katabatic
wind simulations on more realistic slopes, using the
three-dimensional version of the Université Catholique
de Louvain—Modele Atmosphérique Régional (UCL—-
MAR) meso-y model. Katabatic winds over the com-
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plex topography of the region of Terra Nova (Ross Sea
coastal zone) will be simulated. The results will be
compared with available observations and previous
simulations, with particular attention to the katabatic
wind evolution over the ice-sheet slopes. The study will
be restricted to the case of a pure katabatic wind event
where the ocean is covered with sea ice. Polar night
will be assumed. Because of the simplicity of the initial
conditions and external forcing used, the conclusions
of this study must be considered as rather qualitative.
The model will be described in section 2 and verified
in section 3. In section 4, the results of katabatic wind
simulations are presented. Conclusions are drawn in
section 5.

2. The model
a. Equations of the atmospheric model

The atmosphere is simulated with a mesoscale prim-
itive equation model in which the full continuity equa-
tion is taken into account. To express the surface
boundary conditions in a way that is as easy as possible
and to allow a wide variety of applications, the pressure
ratio o coordinate is used:

(1)

where p is pressure, p, refers to the pressure at the top
of the model (set equal to 50 hPa), p; is the surface
pressure, and p, = ps — p:

The use of the pressure ratio is preferable to the
height ratio because this allows a more accurate inte-
gration of the hydrostatic equation, using the finite-dif-
ference approximation (S. Tanrikulu, J. Carroll, and M.
Liu, 1991, personal communication). Horizontal equa-
tions for momentum are therefore
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where x and y are the horizontal axes; ¢ is time, u, v,
and o are the x, y, and o components of the mean wind,
respectively; fis the Coriolis parameter; V, = (ug, vg)
is the geostrophic wind; (— fv,, ﬁtg) represents the syn-
optic-scale pressure gradient force in the o-coordinate
system; R, is the perfect gas constant for dry air; T is
the mean air temperature; ¢ = gz is the sum of the
basic-state geopotential and the mesoscale geopotential
perturbation; g is gravity; z is altitude; and |, means
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that the terms representing the mesoscale pressure gra-
dient force [ — (8¢ /0x), — (d¢/0y)] are calculated on
an isobaric surface.

Note that in our model the initial temperature fizld
is assumed to depend on z only and that the initial mean
sea level surface pressure is constant, even with a non-
zero geostrophic wind. Consequently, the synoptic-
scale perturbation is not included in ¢. This simplifi-
cation of the large-scale dynamics seems acceptable to
us because horizontal temperature gradients are typi-
cally of the order of 1 K (10 km) ~* at the meso-vy scale,
while the neglected synoptic-scale temperature gradi-
ents are at least one order of magnitude smaller, except
perhaps in synoptic-scale fronts.

The divergences of the turbulent momentum fluxes
are F, and F, (prime quantities are turbulent fluctua-
tions):

= _ LO@uW) 1 0(puvTw’) (67w’
- Px Ox P oy do
(4)
Foo_ L) 1 0pTv)  9(6'V)
’ Px ox Px Oy do ’
' (5)

where the overbar indicates the time average. It must
be pointed out that to preserve simplicity the overbar
is avoided except for the turbulent fluxes.

The vertical momentum equation is approximated by
the hydrostatic equilibrium:

9¢
a(T/8)

= —C,6(1 + 0.859),

()
P

is the definition of potential temperature, p, = 1000
hPa, k = R,/C,, C, is the specific heat at constant pres-
sure for dry air, and q is the specific humidity.

The equation of state for humid air as a perfect gas
is given by

(6)
where

(7)

p = pR.T(1 + 0.608q). (8)

The full continuity equation is used and is expressed
through the time tendency equation for p,.:

5p*_ a(p*u) O(pxv) .
o _fo [ ox Ay ]d"’ (%)

from which the vertical velocity ¢ in o coordinates can
be computed:

.1 'To )
0'=I—)—*-{O’J;[a(p*u)+'a7(p*v)j|do

_ J:’ [a% (Patt) + %(p*u)] do}. (10)
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The thermodynamic energy equation is
06 . 80  ORw

=—U——v—=-0
oo

Jy do

where Ry is the infrared radiative heat flux (Sasamori
1968) and

1 O(psu’0’) 1 O(psv’ ") _ 0(c’8")
Px Ox D 8y Oo
(12)

+ Fy,

(11)

Fe'—'“

is the divergence of the turbulent heat flux.
The specific humidity conservation is expressed with
the following equation:

% __ %4 % 0
o~ “ox Vay oo TEe (3
where
Fo= 1 3(pyu’'q’) 1 9(pyv’q’) 8('q")
’ Dx Ox Px oy do
(14)

is the divergence of the turbulent moisture flux.

Equations (2), (3), (6), (8)—(11), and (13) form
a system of eight equations for eight unknowns, u, v,
&, ¢, px, p, 6, and g; p and T can be obtained from the
definitions (1) and (7) of o and 6, respectively; and
the turbulent fluxes introduced in (4), (5), (12), and
(14) will be parameterized.

It should be noted that a two-dimensional version of
this set of equations is easily obtained by eliminating
all the terms containing a derivative with respect to y
(see Gallée and Schayes 1992; Alpert et al. 1982).

b. Upper and lower boundary conditions

The boundary conditions at the top of the model,
where p = p, (¢ = 0), are

F=0 (15)

u v

g—&-—o (16)
4= Hobs (17)
g = qobs- (18)

To minimize reflection from the upper boundary, we
use a viscous damping layer at the top of the domain,
similar to that used by Klemp and Lilly (1978), to
absorb vertically propagating waves. This absorbing
layer takes the following form:

(19)

s
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where K, is added to the horizontal eddy exchange co-
efficient (see below), k = 1 refers to the highest level
of the model, and s is equal to the total number of levels
divided by a factor of 3. The nondimensional value

Kl = Knax(At/Ax?)is 0.1.
The boundary conditions at the surface (¢ = 1) are
u,v=20 (20)
T =T(1) (21)
q = q(T)), (22)

where T, is the predicted air surface temperature in func-
tion of time ¢ (see below) and g, is the saturation specific
humidity corresponding to the air surface temperature 7.
This last choice is made because in our simulations the
surface is assumed to be covered by snow.

c. Lateral boundary conditions

To help suppress spurious boundary reflections, the
following radiation conditions are used:

o, o _

ot ox

where ¢ = u, v, 8, or q and c is the wave velocity. This
scheme has been introduced by Orlanski (1976) and
discussed later by Miller and Thorpe (1981). The

third-order-accurate-in-space formulation of Miller and
Thorpe (1981) is used for determining c.

+ (23)

d. Parameterization of subgrid-scale fluxes

For each variable ¢ = u, v, 8, or g, the expression
of the subgrid-scale fluxes is of the form

Foo_L10Mu'y’) 10(p"Y') 6(5"Y')
[ .
px  Ox px Oy 0o
(24)
Alpert and Neumann (1984) have obtained simple re-
lationships between vertical subgrid-scale fluxes in the

rectangular coordinate system and in the o system. To do
this, the two following approximations have been made.

(1) Assuming that the local variation of the geopo-
tential is small, the expression for the vertical velocity
in the rectangular coordinate system is

dz 1,06, 1 96 puo

w="—"=m=-u Al o L)

T dt g Ox

(ii) It is presumed that in regions of topography the

terms |O¢/Ox; | are larger than | 8¢’ /0x; |, with x; = x,
y. And one gets

_ 0 b
(II'D"=§<—¢’W'+dl'u,5§+¢’v’5y€)' (26)

An eddy diffusivity first-order closure is used to ap-
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proximate the horizontal subgrid-scale flux where Ky
is the eddy exchange coefficient. This could be done in
the rectangular coordinate system and then transformed
into the o system (Alpert and Neumann 1984):

= -k, | = g (28] L2000
yu'= KHBxL_ KH<6x0+6x80) @7
o = i, 28| = g (O] 4 200U
(,[lv = Kyay’z— Ky<aya+ayaa). (28)

The eddy exchange coefficient K,; parameterization is
adapted from Smagorinsky (1963):
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where I; = Ax is the assumed mixing length and £y
is a dimensionless constant, whose value ranges be-
tween 0.2 and 0.4 (Tag et al. 1979); the value iy
= (0.4 has been taken; K, is different from zero
only in the absorbing layer (see 19). After some
algebra, one gets from (24), (26), (27), and
(28)

£ ) 23 ) £ )
T Al A Be ]
) (o) £ )
A, .
+ gy [(z—'i a)zKH g"’] + 5%— [(fﬂ)zKHg—f] - —8% (ﬂf ¢’w’> . (30)

v - v - »

where a = 9z/0x and B = 0z/0y (the x and y slope
components of the o surface, respectively). Terms A,
and A, are the diffusion terms on o surfaces. Term E,,
is the divergence of the vertical turbulent flux. Terms
By .,By;,Cyr,Cyy, Dy ., and Dy, are correction terms.
The form of relations (30) is very similar to that of
Alpert and Neumann (1984) except that it allows Ky
to be variable in space and time. For simplicity, the use
of the correction terms will be referenced hereafter as
the Alpert—Neumann correction. It should be men-
tioned here that such correction holds only when the
grid aspect ratio is not too large. Otherwise, the hori-
zontal mixing length chosen in the parameterization
(29) of K, is not appropriate when using it with vertical
gradients, as is done in the correction terms B, ,, By, ,
D,,,and Dy,.

The impact of the correction terms on the simulation
of katabatic winds in the area of Terra Nova Bay will
be tested for several horizontal grid sizes (see below).

1 ) VERTICAL TURBULENT DIFFUSION ABOVE THE
SURFACE LAYER

The parameterization of turbulence above the sur-
face layer is done by expressing the term 'w’ found

in the development of (4), (5), (12), and (14) by the
classical Austausch exchange formulation, and one ge's

_ B0 (o OO
El/’ - +pi 9o <p Kll’ 9o ’ (3])

where K, = K, for y = u, v is the vertical turbulent
diffusion coefficient for momentum, and K,, = K, for
¢ = 6, q is the vertical turbulent diffusion coefficient
for heat. They are expressed as follows:
AT
K. = —A—Z— F(Ri) (32)
v

E Fh(Rl)’

Ky=1 (33)

where

j—
"1+ (kz/N)
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are the mixing length, the wind shear, and the Richard-
son number, respectively. The functions F(Ri) and
F,(Ri) of the Richardson number are given by Louis
(1979). The value of \ is chosen to be 10 m.

2) VERTICAL TURBULENT DIFFUSION IN THE SURFACE
LAYER

The parameterization of turbulence will be different
for the surface layer. The turbulent fluxes in the surface
layer may be assumed constant, and it is possible to get
from the observations a good parameterization of them.

The formulation is given by Businger (1973), who
uses the scaling variables uy, 0, g4, and the Monin—
Obukhov length L

ui = -vV'w’ (34)
! ! Iz‘
—u'w' =3 ui (35)
—— U
—v'w' = 7 ui (36)
—0'w' = uyufy (37)
—q'w' = Uy (38)
Ou’
= — , 39

where k = 0.4 is the von Kiarman constant, w is the
vertical velocity in z coordinates, and V = (u? + v?)'/2.
Using universal functions and taking into account the
roughness length z, of the iced surface taken as 10™*
m, the scaling variables are obtained through the values
of the corresponding variables at the 10-m height (Bus-
inger 1973), providing the relationships between u;g
and uy, Aq = qrom — q:(T.) and gy, A = O19n — 6,
and 0,, where 6, is the potential temperature at the
surface. It is therefore possible to use these relations
and (34)—(39) in order to determine the contribution
of the turbulent diffusions F,, F,, Fy, and F, in the
surface layer.

In the model, the first layer is assumed to be the
surface layer. In the present paper, katabatic wind sim-
ulations have been performed taking 10 m as the depth
of the first layer. In fact, this may be too deep for the
katabatic situation, especially over gentle slope. As-
suming a too deep surface layer could lead to an over-
estimation of the air temperature near the surface. In-
deed, because of the strong temperature inversion, the
deeper the layer, the warmer the mean layer tempera-
ture. This could cause an inhibition of the katabatic
force, particularly over gentle slope, and result in an
underestimation of the wind speed, the friction veloc-
ity, and the (downward) sensible heat flux. Conse-
quently, surface temperature decrease would be over-
estimated, amplifying spuriously the temperature dif-
ference between the surface and the surface layer. We
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have verified the possible occurrence of this shortcom-
ing by testing the simulated katabatic wind sensitivity
to the surface-layer depth. Sensitivity experiments have
been done with the two-dimensional version of the
model over a parabolic topography representing Ant-
arctica. These experiments have shown that the simu-
lated katabatic wind intensity converges for surface-
layer depths smaller or equal to 10 m.

e. The numerical scheme of the model

The model is discretized on a nonstaggered grid, us-
ing high-order differencing schemes on high spatial
resolution. This efficient method has been developed
by Purser and Leslie (1988).

The numerical scheme used to solve (2), (3), (11),
and (13) for u, v, 6, and g is based on splitting tech-
niques (i.e., Marchuk 1974). The contribution of the
pressure gradient force to the horizontal momentum
equations is achieved by using a numerical scheme cen-
tered, second-order-accurate in time (leap frog) and
centered, fourth-order-accurate in space. For the ad-
vection, a semi-Lagrangian scheme is used. This
scheme is based on the cubic-spline interpolation tech-
nique (e.g., Pielke 1984) and has been improved by
Seibert and Morariu (1991).

To avoid the generation of short-scale spurious
waves on ¢ surfaces in the three-dimensional version
of the model, the selective two-dimensional low-pass
filter proposed by Raymond and Garder (1988) is used
for the variables u, v, 8, and q. For the two-dimensional
version of the model, the Long et al. (1978) filter is
used. The weighting parameter of the filter is equal to
0.004. With such a value, the contribution of the filter
is much less than horizontal diffusion except for the
2Ax and 2Ay waves, which are completely removed.
Model sensitivity to the value of § is quite negligible
when 6 < 0.01. Taking 6 = 0.002, for example, mod-
ifies the wind speed by less than 0.03 m s™ except
locally where weak numerical instability occurs. Val-
ues of 6 larger than 0.01 speed up the convergence of
the model but smooth the solution, particularly in the
coastal area.

The conservation equation (9) for p, is solved by
using a numerical scheme centered, second-order-ac-
curate in time (leap frog) and centered, fourth-order-
accurate in space. We prefer to filter the difference p,
~ pxo Tather than p,, where p,, is the value of p,, at
the beginning of the integration. This avoids spurious
mass loss and a subsequent generation of instability
where the slope varies.

Because spurious mass loss could occur in the model
especially through the lateral boundaries, the correction
proposed by Yan and Anthes (1987) is used, namely,
by restoring the model average py of p, to its initial
value pyo. This is achieved by adding at each horizon-
tal grid point the difference K,(pyxo — Ps), Where K,
=1.157 X 1073 s7%,

nloaded 02/03/26 02:43

AM (

IC



676

(@

MONTHLY WEATHER REVIEW

10808 g T Ty

NPT AR RS S |
ol L2 L

T

90802

~ <]
= )
= =
= S

altitude [m]
%] o
=2 -]
-] -]
= =2

@
pE s L i s Wiy /.. Y RN

-200 ~100 [} 1008 200
Distance from crest [km]

VOLUME 122

N;;..\ev.;---x|p|vg..y”|}
NS ~- \\\\\

(b)

10800 x||||:|||.:|-|--'-‘

9880

8008

7000

60090

altitude [m]

w o v
S ) Q
I =] Q
[ 1S S

~n
o
153
5

)
2
S

’ B
07||||||||||||l||nlaivnxfflli,

-200 -190 2 100 2130
Distance from crest [km]

FiG. 1. Perturbation velocity from (a) the linear hydrostatic solution for a 1-km-high mountain;
(b) the numerical simulation for a 1-m-high mountain (amplified by a factor of 1000).

The horizontal grid spacing of the model is regular:
for the two-dimensional mountain wave simulations,
we have chosen Ax = 5 km, while for the three-di-
mensional simulations, Ax = 5, 10, and 20 km. Ver-
tical discretization is irregular to get more o levels close
to the surface. For the katabatic winds simulations, the
initial heights of the o levels are z = 10, 20, 40, 78,
152, 295, 560, 1034, 1833, 3082, 4870, 7217, 10 082,
13 420, and 17 233 m. The time step is such that the
Courant—Friedrichs—Lewy criterion is satisfied for the
fast Lamb waves. For example, Az = 10 s was adopted
when Ax = 5 km.

f. The surface model

Ground surface temperature is predicted from the
force-restore slab model of Deardorff (1978):
oT; H, T,— T,
é)t = __(:1 d - L2 ’
PsCsdy T1
with C, = 3.72, C, = 7.4, H, (positive upward) is the
sum of the heat fluxes coming from the atmosphere and
absorbed at the ice-sheet surface. The surface param-
eters are those of the snow, which is assumed to cover
the sea ice and the continental ice during the Antarctic
winter: the specific mass— p, = 330 kg m™; the heat
capacity—c, = 2 X 10® J kg™' K™'; the thermal dif-
fusivity— k, = 0.27 107 m® s ' the depth reached by
the diurnal temperature wave—d; = (x,7,)"? = 0.15
m; and the length of the day— 7, = 86 400 s. Although
the polar night is assumed, the choice of the day length
for 7, accelerates the model convergence. Finally, T,
is the mean temperature of the ice and is assumed to
be the average of T, over the previous 24 hours.

(40)

3. Model verification

In this section one verifies the ability of the model
to simulate linear waves over an idealized mountain by
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comparing the model simulation to the analytical so-
lution. The turbulence scheme has also been tested by
simulating a simple free-convective mixed layer. This
second verification is discussed at the end of the sec-
tion.

Linear mountain waves over bell-shaped mountains
have been studied and analytical solutions are known
(e.g., Queney 1948). Although the numerical model is
not linear, it should produce a steady solution that
closely approximates the analytical solution when the
height of the mountain is very small. A “‘linear’’ ex-
periment has been performed with the model by using
a 1-m-high mountain of 20-km half-width. The atmo-
sphere is initially isothermal (250 K) and the initial
wind is from the west at 20 m s . For this experiment,
subgrid-scale fluxes are not included, the numerical fil-
ter is not used, and the Coriolis parameter is chosen to
be zero. A free-slip condition is used at the lower
boundary of the model.

The perturbation velocity and potential temperature
fields are compared in Fig. 1 and Fig. 2, respectively,
with the results of the analytical solution for a 1-km-
high mountain. The numerical model results have been
amplified by a factor of 1000 for visualization purposes
and are shown after 12 h of model time. The model
agrees quite well with the linear solution, and in par-
ticular, unwanted small wavelength features are not
generated. This very stable numerical behavior of the
model is of particular importance, because it would not
require strong numerical damping that could preclude
an accurate simulation of drainage flows.

Because turbulence is important for katabatic flow, the
turbulence scheme has been verified by simulating a sim-
ple free-convective mixed layer, with no winds and a con-
stant surface heat flux of 100 W m™2. A constant vertical
lapse rate of 4°C km™" was chosen as the initial condition.
Results show that the heat flux profile is linearly decreas-
ing with height but no negative value at the top of the
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FiG. 2. As in Fig. 1 but for potential temperature.

mixed layer is simulated. This is due to the fact that we
parameterize turbulence using a first-order small-eddy K
theory, precluding the representation of the large eddies
associated with the convective mixed layer.

4. Simulations of katabatic winds in the area of
Terra Nova Bay

Terra Nova Bay (75°S, 164°E) is in the Ross Sea
(see Fig. 3). This area is located downwind of a pro-
nounced confluence region in the Antarctic interior
wind field simulated by Parish and Bromwich (1987).
Because in a confluence zone negatively buoyant air
converges from a large interior section of the ice sheet,
the supply of cold air to sustain katabatic winds
blowing down the coastal marginal ice slopes is con-
siderably enhanced (Parish 1984 ). This is why in the
area of Terra Nova Bay the katabatic wind speed may
be as large as 25 ms™' (e.g., Parish and Bromwich
1989). In the present section we will describe simula-
tions of this atmospheric circulation that have been
done with our meso-y atmospheric model.

The terrain topography is taken from the Drewry
(1983) map (see Fig. 3). The total coverage of the
model is up to the 50-hPa pressure level in the vertical
and 650 km X 510 km in the horizontal. The Terra
Nova confluence zone is contained in the integration
domain and is limited by mountains in the coastal area.

Simulations have been performed for polar night
conditions. The initial vertical temperature profile is
that observed by Schwerdtfeger (1984, his Fig. 6.9, p.
225, the Vostok sounding of July), with temperatures
in the lowest level extrapolated downward from the
temperature profile above the inversion. The geo-
strophic wind vector is chosen to be V, = (0, 0).

a. Sensitivity to the grid size and Alpert—Neumann
correction

Several katabatic winds simulations have been done
to test the model sensitivity to the horizontal discreti-
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zation and to the use of the Alpert—Neumann correc-
tion. Coarse horizontal resolution may impact the kata-
batic wind simulation by smoothing out the topography
significantly (Bromwich et al. 1990) and by letting un-
resolved a larger amount of motion scales in the hori-
zontal. These subgrid fluxes are parameterized using a
first-order closure scheme, and the mixing length used
is chosen to be the grid size [see (29)]. The conse-
quence of a larger grid size is an enhanced horizontal
diffusion. To avoid such problems, one has to define a
sufficiently small horizontal grid size. Several horizon-
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FI1G. 3. The terrain topography of Antarctica (adapted from Drewry
1983) and the model domain located in the area of Terra Nova Bay.
The contour interval is 1 km.
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tal resolutions have been tested, namely, Ax = 5, 10,
and 20 km.

Moreover, the Alpert—Neumann correction could
also alter the results when coarse horizontal resolutions
are used. Indeed, in this case the grid aspect ratio is
large, so that this correction is not appropriate (see sec-
tion 2.4). The impact of the Alpert—Neumann correc-
tion has been tested by removing the correction terms
in (30).

The wind field obtained after 36-h simulation time
is not far from its maximum. This was verified by con-
tinuing experiment N5 (see Table 1) until 38 h simu-
lation time. These two extra hours contributed only to
the 0.18 m s ! increase in wind speed maximum at 10
m over the ground. The main results of the sensitivity
experiments (i.e., wind maximum at the end of simu-
lated hour 36) are summarized in Table 1. It can be
seen that the model tends to converge for horizontal
grid sizes less or, equal to 10 km. The convergence is
better when the Alpert—Neumann correction is not
used. Despite this fact, the simulations N5 and HS, us-
ing a grid size Ax = 5 km, are comparable.

A closer comparison between the two experiments
NS5 and HS5 can be done from their simulated wind norm
at the first sigma level (10 m above the surface—see
Figs. 4a and 4b, respectively). It can be seen in general
that the use of the Alpert—Neumann correction slightly
weakens the simulated katabatic flow. However, the
main features of the circulation are quite comparable.
In both experiments, the strongest winds are simulated
around the 800-m surface elevation contour in the left
side of the valley (looking downwind) and katabatic
winds are simulated over the ocean, extending seaward
up to several tens of kilometers. These winds are char-
acterized by speeds up to 12 m s™' at the coast. Over
the ocean, katabatic winds are stronger in experiment
NS5. The simulated features N5 and HS agree qualita-
tively with the observations (e.g., Bromwich 1989) and
with previous modeling work (e.g., Bromwich et al.
1990). The katabatic wind speed is underestimated by
roughly 20%—30%, as compared with the observations.
The main differences with the simulation of Bromwich
et al. occur in other areas than the valley itself, where
the simulated wind is significantly weaker in the pres-
ent simulations. In conclusion, the model result is not
sensitive to the use of the Alpert—Neumann correction.

b. Analysis of the N5 experiment

We will now analyze in detail experiment NS. The
wind vectors are shown in Fig. 5 for the lowest sigma
level of the model. Vectors whose norms are less than
1 m s~! are not plotted. Over the plateau the wind is
deflected to the left because of the Coriolis force. Con-
vergence is simulated in the lower part of the valley,
with enhanced wind speeds. In this area the wind di-
rection is across the topography isolines. Strong wind
blows at the left foot of the valley and propagates over

Brought to you by Northwest Institute of Eco-Environment and Resources > CA

MONTHLY WEATHER REVIEW

VOLUME 122

TasBLE 1. Katabatic wind simulations in the area of Terra Nova,
Antarctica. Sensitivity to the horizontal grid size used, with the
correction of Alpert and Neumann (1984) or not. Maximum wind
speed is given for the lowest sigma level of the model (approximately
10 m above the surface) after 36-h simulation time. The label of each
experiment is given in parentheses.

Wind norm (m s™")

Ax (km) No correction Horizontal correction
5 19.2 (N5) 19.6 (HS)
10 19.0 (N10) 18.8 (H10)
20 17.7 (N20) 17.2 (H20)

the ocean. The localization of these strong winds is
consistent with the observation of a polynya in Terra
Nova Bay during the winter months, which has been
found to be forced by katabatic winds (Bromwich and
Kurtz 1984). The simulated wind over the ocean is
generally small, and some areas exist with wind speeds
less than 1 m s™*. This is simply explained by the fact
that our simulation is started at rest (i.e., the large-scale
forcing is absent), so that the katabatic stream has not
yet reached these areas.

At sigma level 5 (approximately 150 m above the
surface), the 6 m s ' isotach (Fig. 6) almost coincides
with the 2200-m surface elevation contour, as mea-
sured by Parish and Bromwich (1989). In the lower
part of the valley, the wind speed reaches 16 m s ™" at
the 1200-m surface elevation contour. This is compa-
rable to what has been observed by Parish and Brom-
wich (1989) near the head of Reeves Glacier, at an
altitude of 1200 m. Our model does not simulate the
stronger wind speeds (up to 18—28 m s ') that were
observed downstream along Reeves Glacier at this
level.

It should be mentioned that the topography used to
force the model is smoothed when compared to real
topography, as can be inferred from the United States
Geological Survey reconnaissance maps of the Antarc-
tic coastal regions (¢.g., Bromwich et al. 1990). In par-
ticular, the two-valley structure located in the coastal
area of Terra Nova and shown by Bromwich et al.
(1990) could strengthen the katabatic wind by an in-
creased channeling effect. This two-valley structure is
not described in the topography that was used in our
simulations, so that channeling effects are slightly un-
derestimated. This could partly explain some discrep-
ancies between our simulation and the observations
downstream from the 1200-m surface elevation con-
tour. A more important point is that the synoptic forc-
ing was absent in the model simulation and may be a
significant factor in actual case studies. This problem
is discussed at the end of section 4. In addition, the
actual wind speeds themselves are not known with
much spatial fidelity.

More precisely, Fig. 5 (displaying the wind vectors
for the lowest sigma level of the model) shows distinct
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Fi6. 4. Model katabatic wind isotachs after 36-h time integration for the lowest level of the model (10 m above the surface): (2) simulation
N5 (without the Alpert—Neumann correction); (b) simulation H5 (with the Alpert—Neumann correction). The horizontal grid size used is
5 km for both experiments. The contour interval is 3 m s™*. Ice-sheet elevation contours in (m, dashed) are also plotted. The contour interval

is 200 m.

simulated wind patterns characterized by a local speed
maximum and a relative directional constancy. For
simplicity, these patterns are called jets in the follow-
ing. One may find the jets J1 and J2 in the left side of
the valley and the jet J3 coming from its right side; J1,
J2, and J3 may also be inferred from the 12 m s iso-
tachs in Fig. 4a.
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Fi6. 5. Model katabatic wind vectors after 36-h time integration
for the lowest level of the model (10 m above the surface), for sim-
ulation N5 (without the Alpert—Neumann correction). Ice-sheet el-
evation contours (m) are also plotted. Contour interval is 200 m.
Vectors whose norms are less than 1 m s™* are not plotted. Vectors
are plotted every three grid points. The arrow length at the right
botto:n corner of the graph represents wind speed amounting to 20
ms~,
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The leftmost jet J1 is the strongest and is character-
ized by strong lateral potential temperature gradients
along the mountain. (See Fig. 7 displaying the potential
temperatures for the lowest sigma level of the model.)
The wind norm and wind vector are also characterized
by strong lateral variations in this area. This is even
more marked at higher levels—for example, for the
third sigma level—and is due in our model to the to-
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Fi16. 6. Model katabatic wind isotachs after 36-h time integration
for the fifth level of the model (150 m above the surface), for sim-
ulation N5 (without the Alpert—Neumann correction). The contour
interval is 3 m s ™. Ice-sheet elevation contours (m, dashed) are also
plotted. The contour interval is 200 m.
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FiG. 7. Model potential temperature contours after 36-h time in-
tegration for the lowest level of the model (10 m above the surface),
for simulation N5 (without the Alpert—Neumann correction). The
contour interval is 3 K.

pography diffluence near the mountain. This fact will
be detailed in section 4d.

Figure 7 also reveals the warm signature of the kata-
batic jet that could be due to the intense turbulent mix-
ing associated with strong winds. This is clearly shown
for the leftmost jet by the local temperature maximum
near the 2000-m elevation contour (for x = 140 km and
y = —80 km). Such thermal katabatic wind signatures
have also been observed in the Terra Nova area, using
thermal infrared satellite images ( Kurtz and Bromwich
1985, their Fig. 3, symbol E). By contrast, an exami-
nation of the potential temperatures on the fifth sigma
level (approximately 150 m above the surface—Fig.
8) show a local minimum at this place. Again the tem-
perature minimum may be explained by the intense tur-
bulent mixing, which warms the lower part of the kata-
batic layer but cools its upper part. This process causes
the jet to be negatively buoyant compared to the air
outside it at the same surface level. Discussing its ther-
mal infrared satellite imagery, Bromwich (1989) in-
ferred in the potential temperature field such a differ-
ence between the quiescent and the katabatic air.

One can also see in Fig. 8 (fifth sigma level) that the
most left jet J1 is characterized by almost constant po-
tential temperatures for low surface elevations, while
for higher surface elevations, significant upstream po-
tential temperature gradients prevail. This difference
does not exist for the first sigma level and could be
explained by a deepening of the cold katabatic layer
when it flows down. The adiabatic nature of the along-
slope temperature profile near the surface is a typical
characteristic of the antarctic katabatic layer (e.g., Ko-
dama and Wendler 1986).
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FiG. 8. Model potential temperature contours after 36-h time in-
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for simulation NS (without the Alpert—Neumann correction). The
contour interval is 3 K.

The second left jet J2 is broader than the first and
extents higher than the 2200-m elevation contour, as
can be seen from Fig. 5. In the upwind part of this jet
(near the 2200-m surface elevation contour), the wind
blows nearly parallel to the topography isolines. Both
left jets J1 and J2 merge over the ocean.

A third jet J3 is located on the right side of the valley
in the coastal area but does not reach the ocean. This
seems to be due to the presence, over the oceanic part
of this area, of very cold air coming from the Ross Ice
Shelf (e.g., from the upper part of Fig. 7). A conse-
quence of this is the sudden end of this jet by a katabatic
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FiG. 9. The y component of the wind field in the plane x = +15
km of Fig. 5 after 36-h time integration, as a function of distance and
altitude, or simulation N5 (without the Alpert—Neumann correc-
tion). Positive values indicate downslope wind and are represented
by solid lines. The contour interval is 1 m s .
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jump. Figure 9 shows the vertical structure of the y
component of the wind field in the plane x = +10 km
of Fig. 5 for this katabatic jump. This vertical structure
and that of potential temperature are very similar to
those simulated by Gallée and Schayes (1992). As-
cending air is also found in the area of the jump.

We will now analyze in detail the vertical structure
of the left jets. Figure 10 shows the x component of the
wind in the vertical plane y = —20 km of Fig. 5. The
potential temperature distribution in the same vertical
plane is shown in Fig. 11. These vertical cross sections
allow us to have a look at the flow characteristics in
the jet core.

The signature of the two left jets J1 and J2 can be
found in Fig. 10. The jet J2 is the farthest from the
coast with a maximum wind speed amounting to 14.4
m s~'. The jet J1 begins at 120 km far from the coast.
Its thickness is larger than that of jet J2. The maximum
simulated wind speed in the x direction for jet J1 in the
plane y = —20 km exceeds 22 m s~ and occurs 50 m
above the surface, 50 km before this jet reaches the
coast. When jet J1 reaches the sea level, a rapid de-
crease of the x component of the wind is simulated. It
is partly explained by the change in the wind direction
in this area and by the turbulent mixing in the katabatic
layer. The wind speed decrease is weaker at higher lev-
els (around 100 m above the surface). In fact, the di-
vergence of the turbulent transfer of momentum in
these layers is small. This is confirmed by the small
variation in the wind norm at these levels downwind
over 20 km.

The potential temperature distribution (Fig. 11)
shows that in the steepest part of the slope the katabatic
layer stratification is in agreement with the observa-
tions (see Pettré and André 1991) and consists, from
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FiG. 10. The x component of the wind field in the plane y = —20
km of Fig. 5 after the 36-h time integration, as a function of distance
to the coast (positive distances are on the continent ) and height above
the surface, for simulation N5 (without the Alpert—Neumann correc-
tion). Positive values indicate downslope wind and are represented
by solid lines. The contour interval is 2 m s ™!
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Fic. 11. The potential temperature field in the plane y = —20 km
of Fig. 5 after the 36-h time integration, as a function of distance to
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simulation N5 (without the Alpert—Neumann correction). The con-
tour interval is 1 K.

the surface upward, in a thin cold-air surface layer, fol-
lowed by a very stable inversion layer, an unstable
layer thickening downslope, and a stable transition
layer to the overlying free atmosphere. In the area lo-
cated near the ice-sheet edge, the model simulates the
merging of these katabatic sublayers in one deep layer
much colder than the resting air over the ocean. An
analysis of the vertical component of the wind (not
shown here) indicates that the katabatic flow causes a
lifting of cool air in the coastal zone of Terra Nova.
The lifting initiates a vertically propagating gravity
wave at the coast, as can be seen in Fig. 11. The cold
air accumulates in the coastal zone and then flows to-
ward the ocean, causing in this area a cooling of the
atmosphere between 100 and 500 m in altitude, at a
rate of roughly 10 K day !

¢. The mesocyclone initiation

As already mentioned, an atmospheric cooling is
also simulated by the model over the coastal zone of
the Ross Ice Shelf. (See the potential temperature field
in Figs. 7 and 8 for the first and fifth sigma levels,
respectively.) This cooling is due to advection of kata-
batic air flowing down over the gentle slope of the Ross
Ice Shelf, a situation very comparable to that found in
the simulation 2 of Gallée and Schayes (1992). A con-
sequence of the cool katabatic air flowing over the
ocean is the formation of two large-scale discontinui-
ties in the potential temperature field, very comparable
to boundary-layer fronts. The first one is localized
downstream of the Terra Nova valley. The second is
localized downstream of the katabatic flow coming
from the Ross Ice Shelf. The frontal structures are
much weaker above the fifth sigma level, which could
be considered the top of the katabatic layer in these
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areas. The formation of a minimum in the surface pres-
sure field is associated to the convergence of the frontal
structures, as can be seen in Fig. 12. The surface pres-
sure minimum is consistent with the shallow mesocy-
clones that are observed in the Ross Sea and are in-
ferred to be caused by the katabatic winds (Bromwich
1991). Comparing with the case study discussed by
this author, some similarities are found, such as the
formation of the mesocyclone during a period of in-
creasing katabatic wind. In the case study, this wind
increase corresponds to the increase of the synoptic-
scale pressure gradient, while in the model this is sim-
ply due to the fact that the simulation starts at rest. The
interaction of the mesocyclone with the katabatic flow
is evident in both cases, as is shown in the case study
by Bromwich (1991, his Fig. 5, p. 1742) and in the
model by the streamline pattern (see Fig. 13). Never-
theless, differences exist. Our simulated mesocyclone
intensity is 0.4 hPa, while it is an order of magnitude
stronger (4 hPa) in the case study. This difference
could be partly explained by the fact that the air over
the ocean is much warmer in the case study and that its
moisture is larger (it was classified as maritime air by
Bromwich). Indeed, in our simulation the ocean is cov-
ered with ice, while in the case study a moisture source
(open water) was located only a few hundred kilome-
ters away over the northwestern Ross Sea, leading to
the formation of moist maritime air. Consequently, a
significant mesocyclonic activity resulted from a strong
temperature discontinuity between the cooler and drier
air from the continent and the moist maritime air off-
shore. Moreover, it should also be mentioned that be-
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FiG. 12. Model surface pressure anomaly (p, — 10° Pa) contours
after the 36-h time integration for simulation N5 (without the Alpert—
Neumann correction). The surface pressure anomaly has been rep-
resented only over the ocean. The contour interval is 10 Pa. Ice-sheet
elevation contours (m, dashed) are also plotted. The contour interval
is 200 m.
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F1G. 13. Model katabatic wind streamlines after the 36-h time in-
tegration for the first level of the model (10 m above the surface),
for simulation NS (without the Alpert—Neumann correction). Ice-
sheet elevation contours (m, dashed) are also plotted. Contour inter-
val is 200 m.

cause of the large air humidity content, an enhancement
of humidity convergence in the boundary-layer front
may have resulted, leading to cloud formation, latent
heat release, and a subsequent mesocyclone amplifi-
cation. To confirm the mesocyclone formation process
simulated here, further study is thus needed, including
a representation of the hydrological cycle, and forcing
the model with real synoptic-scale conditions. Finally,
the geostrophic forcing observed in the case study
causes vortex stretching in the air descending from the
high interior of the Antarctic toward the Ross Sea. This
could play an important role in mesocyclone generation
(Turner et al. 1993).

d. An impact of the topography diffluence

An interesting feature in the lowest sigma level is the
decay of the katabatic wind at the left side of the left-
most jet J1 (see Fig. 5). This decay takes place over a
short distance. A closer analysis of this decay can be
performed by looking at the x component of the wind
and the potential temperature distribution in the vertical
plane y = —50 km of Fig. 5 (see Figs. 14 and 15,
respectively). This plane corresponds to a transition
zone between confluence and diffluence of the 1000-m
surface elevation contour at the left edge of the Terra
Nova valley. It is a zone of diffluence for lower surface
elevation contours. In the vertical plane y = —50 km,
the x component of the wind exhibits values larger than
14 m s ! around the 1800-m surface elevation contour.
The maximum occurs at the 1100-m surface elevation
contour (at x = 80 km) but is followed by a sudden
decay and even a reversal in the wind direction 50 km
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FiG. 14. The x component of the wind field in the plane y = —50
km after the 36-h time integration, as a function of distance to the
coast (positive distances are on the continent) and height above the
surface, for simulation N5 (without the Alpert—Neumann correc-
tion). Positive values indicate downslope wind and are represented
by solid lines. The contour interval is 1 m s~*.

downstream. The reversal in the wind direction is cor-
related to upward vertical wind and to the disappear-
ance of the cold-air surface katabatic layer, as already
found in the katabatic jump simulated by Gallée and
Schayes (1992). In the present simulation, the diver-
gence of cold katabatic air in the diffluence zone could
explain a sufficiently large reduction of the sloped-in-
version force. Consequently, this force is neutralized
by the horizontal pressure gradient generated through
the potential temperature discontinuity. (See Fig. 15 in
the lower half of the slope.)

e. Discussion

In short, the results of this high-resolution three-di-
mensional simulation of katabatic wind in the area of
Terra Nova Bay compare qualitatively well with those
of previous modeling studies. In particular, a katabatic
jet is simulated over the bay and the model seems able
to initiate circulations generated by katabatic flows, like
mesocyclones in the Ross Sea. Nevertheless, the sim-
ulated katabatic wind speed is yet underestimated when
compared to the observations.

Up to now we do not have a definite explanation
about such a shortcoming. There are several possible
reasons. The first reason could be the use of a smoothed
topography.

Another reason could be that blowing snow, which
becomes significant for wind speeds larger than 12
m s~ (e.g., Périard and Pettré 1991) and which con-
tributes substantially to the sloped-inversion force (Ko-
dama et al. 1985) for wind speeds larger than 28 m s ™*
(Gosink 1989) is not represented in the model.

A third reason could be a too-crude parameterization
of turbulence in the model. It has been shown that after
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an accelerating phase the katabatic flow shows a closer
balance between the pressure gradient force and the
stress divergence (‘‘equilibrium flow,”” following
Mahrt 1982). Entrainment of upper warm air into the
katabatic layer plays a key role in the evolution of kata-
batic wind. When it is overestimated, it could cause the
inhibition of the katabatic force.

But it must also be taken into account that the initi-
ation of the model, namely, the initial wind and tem-
perature vertical profile, could impact the katabatic cir-
culation. This possibility has been tested in a sensitivity
experiment for which the initial temperature profile has
been taken from the zonally averaged mean winter ob-
served conditions at 67°S by Oort (1983). The results
show roughly a 10% increase of the wind speed. The
impact of the geostrophic wind vector has also been
tested, showing an increase of katabatic winds when
southerly geostrophic wind prevails.

The polynya that is not represented in the simulation
could also impact the katabatic flow, because the sur-
face temperature would be considerably higher there,
(271.2 K, seawater freezing temperature) giving rise
to a ‘‘land breeze’’ effect that could strengthen the kat-
abatic wind.

5. Conclusions

The aim of the present work is to develop a three-
dimensional mesoscale atmospheric model in order to
simulate strong katabatic flow in highly complex ter-
rain. In particular, it must be a useful tool for the study
of the processes governing the katabatic wind evolution
in Antarctic coastal zones, like in the Terra Nova Bay
area. The primitive equations are used, including the
full continuity equation. A correction to get horizontal
subgrid-scale fluxes is added (the Alpert—Neumann
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F1G. 15. The potential temperature field in the plane y = —50 km
after the 36-h time integration, as a function of distance to the coast
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is2 K.
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correction). The vertical turbulent fluxes are parame-
terized using a first-order closure scheme.

The model is validated by performing the classical
linear mountain wave experiments. The simulated lin-
ear waves are similar to those found in the analytical
solution of the equations. The linear response of the
model is numerically very stable, which is of particular
importance for the simulation of drainage flows, be-
cause excessive numerical damping is prohibited.

Then a simulation of katabatic wind is performed for
polar night conditions in the area of Terra Nova Bay.
The horizontal resolution is tested and the model con-
verges for grid sizes smaller or equal to 10 km. For the
5-km resolution, the model is not sensitive to the use
of the Alpert—Neumann correction.

The simulated fields reproduce many characteristics
of the observed katabatic flow in the Terra Nova Bay
area. Katabatic jets are simulated in agreement with the
observations. Moreover, the advance of the cold kata-
batic flow over the ocean causes the formation of
boundary-layer fronts and of an associated mesocy-
clone. The simulated mesocyclone does not exhibit
comparable strength with the observed ones but simi-
larities exist.

Despite the qualitative agreement with the observa-
tions, the simulated katabatic winds are not sufficiently
strong and could be improved at least by using a more
sophisticated parameterization of turbulence and by in-
cluding additional processes like the increase of the
negative buoyancy of the katabatic layer due to the
presence of blowing snow.

Finally, the model is a useful tool for the study of
ocean—atmosphere—ice-sheet interactions at short time
scales and could help a lot to understand the climate of
an ice sheet and its surroundings. This is of particular
importance because of the major role played by ice
sheets in the climate system.
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