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ABSTRACT

An analysis of a katabatic flow is made through data provided by a high resolution mesoscale simulation of
the isle of Majorca in the western Mediterranean sea. It is found that a quasi-steady state is reached in the
second part of the night and that the katabatic flow interacts with a cold pool formed at the end of the slope,
in the center of the Palma basin. The application of a two-layer model following the framework set out in
Mahrt (1982) shows that the main term of the momentum budget equation is the buoyancy force, which is
generally balanced by the stress divergence and the advection term. The entrainment at the top is small and
the scale analysis shows that the flow is in a shooting regime, in agreement with the hydraulic theory.
Finally, an oscillatory behaviour of the wind speed and potential temperature is well correlated with the
changes in the slope angle and it is adapted with the waves generated above in the lee side of the mountain.
Key words: Katabatic wind, Mesoscale model, Stable boundary layer, Hydraulic model.

Estudio de una Corriente de Gravedad en la Cuenca de Palma de Mallorca

RESUMEN

Se realiza el andlisis de un viento catabdtico utilizando los datos procedentes de una simulacién
mesoescalar de alta resolucion en la isla de Mallorca, situada en el Mar Mediterraneo Occidental. El
régimen casi-estacionario es alcanzado durante la segunda mitad de la noche y la corriente catabdtica
interacciona con una piscina de aire frio que se forma al pie de la pendiente, coincidiendo con el centro
de la cuenca de Palma. La aplicacién de un modelo de dos capas segun el marco establecido por Mahrt
(1982) indica que el término principal de la ecuacién de balance para el momento es la fuerza de
flotabilidad, la cual se encuentra generalmente compensada por la divergencia del flujo del momento y
el término de adveccion. La intrusion de aire en la cima de la capa catabaética es pequefia y un andlisis
de escala indica que la corriente se encuentra en un régimen disparado, de acuerdo con la teoria
hidraulica. Finalmente, en la simulacién aparece un comportamiento oscilatorio para la velocidad del
viento y la temperatura potencial bien correlacionado con los cambios de inclinacién a lo largo de la
pendiente. Estas oscilaciones se adaptan a las ondas generadas a sotavento de la montaiia.

Palabras clave: viento catabatico, modelo de mesoescala, capa limite atmosférica, modelo hidraulico.

1. INTRODUCTION

The interaction between the atmospheric boundary layer and the earth's
topography is far to be simple. The presence of mountains, valleys, slopes and
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the rest of topographic systems leads to a list of local meteorological
phenomena which include, for example, the formation of cold pools in the
center of the basin (Clements et al 2003), the presence of valley winds and their
relation with the synoptic flow depending on the main forcing mechanism
(Whiteman and Doran 1993), slope flows and other kinds of low-level jets
(Cuxart 2007 in press).

Under stably stratified conditions, when the pressure gradient is weak and
the sky is cloudless, turbulence mixing is inhibited and large temperature
gradients are formed due to the non uniform surface cooling. Depending on the
spatial and time scales, the quasi-horizontal motions generated in this way can
evolve to a steady situation, affecting the local climate. Moreover, the vertical
transport from the surface to the free atmosphere is mainly driven by these
flows. Thus, it is necessary to analyze how they function and organize over
complex terrain.

For the gravity flows, several studies have been performed focusing on their
stationary vertical structure (Prandtl 1942; Stiperski et al 2007) or on their bulk
evolution with time (Fleagle 1950; McNider 1982). In the latter case, the study can
be extended to the along-slope evolution after assuming steady-state (Ball 1956;
Manins and Sawford 1979). Those studies found analytical solutions from a balance
of two or three dominant terms in the momentum and heat budget equations. Mahrt
(1982) made a detailed scale analysis and a critical study of all the possible
approximations. He provided a framework to study real katabatic flows, as in
Heinemann (2002) or Renfrew (2004), that used it to investigate the dynamics of
katabatic flows over Greenland and the Antarctica, respectively. Haiden and
Whiteman (2005) applied it to a katabatic flow measured in mid-latitudes.

The observational study of the downslope flows is not straightforward. A
practical complementary tool is mesoscale modelling. In this work, high-
resolution mesoscale simulations are performed to analyze the katabatic flow
developed over a gentle slope during one stable night in Majorca island. In section
2, a description of the island and the region where the katabatic wind takes place
is made. Section 3 is devoted to the main characteristics of the flow, while section
4 focuses on the analysis of the current according to the proposals of Mahrt
(1982) or the more recent work of Renfrew (2004). Finally, a summary of the
results is given in section 5.

2. SITE DESCRIPTION

Majorca is the largest island of the Balearic archipelago, located in the western
Mediterranean sea, 200 km towards west from the east coast of the Iberian
Peninsula. It has a characteristic size of 100 km and a large mountain range at its
north-western side (serra de Tramuntana), with an average height of 700 m above
sea level (ASL) and a maximum peak that reaches 1450 m ASL. Another lower and
discontinuous mountain range is present at the south-eastern side (serra de Llevant),
with an average height of 300 m ASL. At the central part of the island, the terrain is
mainly flat but has a 500 m-high mountain called Randa.
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Figure 1.- Streamlines at 30 m (AGL) over topography (in m) implemented by the model at 0400
UTC within Palma basin. Axis labels indicate the distance from the origin of the inner domain (in km).
Line corresponds to the cross section used to study the downslope flow in further figures.

The topographical configuration of serra de Tramuntana, the elevated platform
at the center and Randa mountain form the Palma basin at the western side of the
isle. The basin is almost closed with the only exit to the sea through the southern
side. The south-eastern part of the basin contains a quasi-bidimensional gentle slope
parallel to the sea coast of almost constant angle. The line chosen to study the wind
dynamics of the katabatic wind is between the Randa peak and the airport, which is
found at the center of the basin (Fig. 1). It describes, firstly, a steep part of 100 m in
1 km (a 10% slope), then 50 m in 4 km (a 1.25% slope) and finally the drop of 200
m in 8 km to the center of the basin (a 2.5% slope). The terrain is agricultural, with
fields of olive, carob and almond trees and some small pine woods.

3. DESCRIPTION OF THE FLOW

To perform this study, the Meso-NH model of the French community has been
used (Lafore et al 1998). Two domains are chosen, the largest one with a
resolution of 5 km and the inner one of 1 km, covering only Majorca. The initial
and boundary conditions are provided by the European Center of Medium-range
Weather Forecasts (ECMWF) analyses. The simulation runs from 1200 UTC on
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January 5th 1999 to the dawn of the next day, thus covering completely the 15-
hour-long night. It has been run on the ECMWF supercomputers. Only plots of
the inner domain will be shown in this work, mainly at 0400 UTC, which is
considered a time representative of the quasi-state situation of the second part of
the night.

The vertical resolution is very high near the ground, to be able to capture all the
details of the low level flows: close to 3 m in the surface layer, with a stretching
factor that leads the resolution to about 8 m at 500 m ASL and to 600 m at the top of
the model (6200 m ASL). Such a fine vertical resolution implies very short
timesteps (below 2 s), especially at mountain slopes.

The synoptic situation for the night of 5-6 January 1999 was characterized by a
weak gradient of pressure. The archipelago was very close to the center of a winter
high pressure system, with the flow coming from the southeast (of about 4 m s over
the sea at 10 m), thus parallel to the slope direction. The skies were cloudless and the
humidity was low. The situation was steady at the synoptic scale during all the run.

With this configuration, the centre of the island became an area of minimum
wind speeds, able to develop freely motions determined by the topographical
configuration. In particular, at low levels, the centre of the Palma basin accumulates
the cold air transported by the flows that arrive from all the surrounding slopes. The
cold pool is impelled to the sea driven by the pressure gradient that results from the
warmer air above the water in the Palma bay. Fig. 1 shows the streamlines
distribution at 30 m above ground level (AGL) within the Palma basin when motion
is influenced by the complex terrain.

Over the line from Randa peak to the airport, a katabatic flow is well developed two
hours after the sunset (1640 UTC). This slope, which has a length of 10 km and a drop
of 500 m, is well represented by the model topography, although the height of the
mountain peak is underestimated. Fig. 2 shows the horizontal wind vector at 30 m AGL
on the topography implemented by the model at 1900 UTC, 0000 UTC and 0400 UTC.
Over the slope, gravity flow turns to the right and then to the left but sustaining the
downslope direction as the main wind component during the night. As the flow arrives
to the airport, it turns to the cross-slope direction and joints with the land-to-sea flow.
The wind direction at the airport remains nearly constant during the whole night (NE).

In Fig. 3 the wind speed and potential temperature fields over the line Randa-airport
at 0400 UTC are shown. A maximum of wind is generated downslope of the Randa
Mountain. At the change of slope the maximum is found at about 80 m above the
surface and when the slope becomes steeper, the wind accelerates again, with a
maximum of about 5 m s™! at 50 m AGL. When the downslope wind reaches the cold air
in the basin it seems to split, with some air flowing close to the surface and the upper air
above the cold area (300 m AGL). Renfrew (2004) found an elevated jet as the tail end
of a part of the katabatic flow that rides over the cold air of the ice shelf. In the slope
studied here, the temperature takes lower values at the parts where the slope is less
steep. This structure would be in support of a layered structure of potential temperature
over the valley created by the converged flows according to their final potential
temperature. Here, each katabatic flow would contribute to air accumulation at its
arriving level, except for the coldest air that would flow close to the surface. Mahrt et al
(2001) found a similar behaviour at a very small scale in a gully during CASES-99.
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Figure 2.- Horizontal wind vectors at 30 m (AGL) over topography (in m ASL) implemented by the
model at (a) 1900 UTC, (b) 0000 UTC and (c) 0400 UTC. Bold line refers to the same cross section as
in Fig.1. Dots indicate the points where variables from the model have been interpolated. Above these
lines, a maximum wind vector is plotted with a windspeed of 8 m s
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Figure 3.- Vertical cross section at 0400 UTC following the line in Fig. 2. (a) Wind speed (in m s!)
and (b) Potential temperature (in K). Axis labels in meters. Taken from Cuxart et al 2007.
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Although this picture is quite stationary during the night, there is certain
temporal variability point to point. For the point 8 in Fig. 2 (considering the Airport
the point 1 and Randa peak, the point 14), the maximum of the wind can take values
between 3 and 7 m s, and its height oscillates between 20 and 100 m, being the
more probable values around 40 m. The thermal stability -in average- below the jet
nose is almost constant during the night (about 3 K in 40 m), and is weaker above (1
K in 100 m) and oscillating.

4. KATABATIC FLOW DYNAMICS

In a rotated coordinate system, the momentum equation for a katabatic flow over
a slope with a constant inclination angle a can be written as (Mahrt 1982):

D 1 A Wi,
‘. i +g 0sina+fv-7a(wu) (D)
Dt Py Ox 6, oz

where shallow convection and "quasi-hydrostatic" approximations have been made,
in which the hydrostatic equilibrium is present only for motions perpendicular to the
ground (Mahrt 1982; Haiden 2003). Here, A0 is defined as the deficit of potential
temperature and 6, and p, represent the basic state potential temperature and air
density representative of the air outside the gravity flow. The velocities u and w are
referred to the rotated axes, tangent and normal to the slope, respectively.

Following Renfrew (2004), a two-layer model is assumed consisting of a
katabatic layer as the lower one and a quiescent layer at higher level. A vertical
integration of the momentum budget (1) from the ground to the katabatic-layer top
(hy), assuming that the temperature deficit and wind speed vanish at the top of the
layer and at the surface, respectively, yields:

ou X
ot

&uk u,-U;,
hk

A0 h, 0A0 AO,  Jh
N 8" K 84Y% ko ,
0, 0, ox 0, ox

- (2)
(W), - (Wit) .
- h =Fadv+Fb+FA0+Fh+Fcor+Fdiv
k

where small angle slopes are considered (sina ~ a, cos a ~ 1). Here, u;, w, are
katabatic-layer average velocities, u, is the velocity at the top of the layer, 6, is a
reference potential temperature and it is taken here as the value at the top of the layer,
Af, = 0,- 6, is the katabatic-layer potential temperature deficit, g is the gravitational
acceleration, fis the Coriolis parameter, and (w't/) ofe (W), are the vertical turbulent
u-momentum fluxes at the surface and at the top of the layer. The Lagrangian
derivative has been expanded and the cross-slope variation of u, has been neglected.
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Equation (2) contains the different forcing terms involved in the momentum
equation: F_, refers to the total advection, F is the buoyancy term that, by
definition, is supposed to be the source of the katabatic flow, F,, and F, are
referred to as the thermal-wind terms (Mahrt 1982), which are relevant if the
layer depth and the katabatic potential temperature deficit vary along the slope.
F.,,. is related with the Coriolis force and F represents the divergence of
turbulent vertical flux term and is related with the surface drag and the
entrainment at the top.

To apply the analysis to our case, a definition of the top of the katabatic layer is
required. Due to the relative unsteadiness of the regime and its spatial variability,
here £, is considered to be the height of temperature inversion related with the
maximum wind generated by the katabatic flow.

4.1. KATABATIC-LAYER AVERAGE VALUES

The time-averaged values along the slope for the relevant parameters of the
above formulation have been computed using the simulation outputs from two
periods of the night. The first one starts two hours after the sunset (1900 to 2000
UTC) and the second one finishes three hours before sunrise (0200 to 0400 UTC).
Comparing the results from both data sets it is possible to find out the evolution of
the katabatic layer along the night. Since the flow at the end of the slope (points
airport to 5 in Fig. 2) merges with the downvalley wind, a different behaviour for the
bulk variables is expected in these points.

The main remarks found are summarized as follows. Over the slope, the depth
of the katabatic layer increases and the potential temperature stays approximately
constant with time. Over the plain, where the cold air is accumulated, the layer
cools around 3 K and its depth decreases. Moreover, the cross-slope velocity v,
changes significantly during the night, except at the plain, confirming the turning
feature of the slope wind and the constancy of the land-to-sea flow within the
basin (Fig. 2).

An oscillatory behaviour along the slope (which becomes more relevant at the
second period) is detected with the average velocity u, (Fig. 6), whose maximum
values match with potential temperature crests and both are well correlated with the
changes of the slope. The slope-relative vertical wind component w, (which is
approximated to the vertical component) also alternates negative and positive values
along the slope in agreement with the oscillatory distribution during the second
period (0200-0400 UTC). Finally, the locations with a higher downslope velocity u,
also have high values of surface turbulence flux (w'u’) ofc due to an increment of the
wind shear close to the surface.

The momentum flux is, in general, one order of magnitude greater at the
surface than at the top of the katabatic flow. This situation suggests that
entrainment is not relevant and only surface friction can be considered, like the
flow described by Ball (1956). In Renfrew (2004), entrainment arose as important
as surface drag because a quiescent upper layer leads to an important windshear at
the top of the flow and the roughness length over ice is very low, therefore
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Figure 4.- Vertical stream lines at the Randa Mountain following the direction of the line in Fig. 2 at
(a) 1900 UTC, (b) 0000 UTC and (c) 0400 UTC. Axis labels in meters. Taken from Cuxart et al 2007.
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diminishing the difference between these two factors. For Manins and Sawford
(1979), the dominant retarding stress is the one related with the entrainment due
to the interfacial mixing. However, in present study, the wind velocity is
significant above the katabatic layer and it has the same direction than the slope
flow. Therefore, less shear generation of turbulence is produced in respect to a
quiescent layer above. This lack of mixing with the upper layers does not allow
the katabatic air to get warmer or to lower its speed as much, probably resulting in
very well defined cold and relatively fast flows. This issue requires more sounded
investigation with the support of observations.

Fig. 4 shows the streamlines over the Randa mountain at three different moments
of the night. The wind direction is modified by the mountain, leading to a steady
configuration that seems to strengthen with time. Wind speed increases near the
mountain peak and close to the points where the angle slope changes. The same
pattern can be inferred from the field of potential temperature 6 (not shown).
Terrain-generated gravity waves are stationary relative to the ground surface (Nappo
2002) like the oscillatory behavior detected in the present katabatic flow. The
estimated Froude number for the ambient flow (Fr = U/Nh, with N=0.04s1, U=4
m s! and & = 300 m for the average Randa mountain height), is about 0.3.
Following Poulos et al (2000), this value leads to a situation where the downslope
phase of the mountain wave couples with the katabatic flow, enhancing its speed.
Furthermore, the relation between downslope windspeed and the slope suggests that
the katabatic wind is modified by changes of the angle and by the interaction with
the mountain wave, propagating the perturbations upwards and modulating the flow
in the first thousand of meters above the ground.

The oscillatory behaviour described here has been partially confirmed by
experimental data using the NOAA IR imagery. The radiative surface cooling rate
computed between 1900 UTC and 0400 UTC has been compared with the estimated
outputs from the two available NOAA images (1846 UTC and 0405 UTC). In both
cases, the points with the greatest surface cooling rate coincide with those with a
weak wind strength (Cuxart et al 2007).

4.2. FORCING TERMS FROM MOMENTUM EQUATION

Fig. 5 illustrates the forcing terms of the downslope momentum budget from
equation (2). The buoyancy force F is balanced by momentum flux divergence F
(specially at the beginning of the night) and the advection term F_, . The latter does
not always slow the flow as it changes its sign along the slope. The thermal-wind
terms F ,, and F, are generally small and the Coriolis term F, is irrelevant due to
the small spatial scale of the phenomena.

Finally, F,,  is the residual of equation (2) that also includes the Eulerian
acceleration (which only takes values of around ~10"7 m s-2). The sign of the
residual is opposite to F, in almost every point, suggesting that the estimation
of the total advection term is the main source of error. To improve the results,
three-dimensional effects should be considered to represent better the advection
term.
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Figure 5.- Mean forcing terms from the downslope momentum equation for the katabatic layer along
the slope following the line in Fig. 2 (in m s°!). Time-averaged values and standard deviation are
plotted for two different periods of the night: (a) 1900-2000 UTC and (b) 0200-0400 UTC period. The
average katabatic-layer height h, and the standard deviation (in m) are also plotted but relative to the
topography line. Taken from Cuxart et al 2007.
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These results are in agreement with Mahrt (1982), who showed that gravity
flows can be generally approximated by a balance between buoyancy acceleration
and downslope advection of weaker momentum or/and the turbulent transport term.
Such flows coincide with a Froude number (Fr = ( ukzqo)/( gA6h,)) greater than one,
as in present case, where Fr>1 along the slope (not shown) and the katabatic wind
can be considered a shooting flow in terms of the hydraulic theory.

The point located at the upper part of the longer slope (about km 11) has a very
small contribution of all the forcing terms. From this point on, the buoyancy term
grows downslope. It can be considered the origin of the buoyancy-driven flow.
Another "singular" point is where the katabatic flow meets the downvalley flow in
the second period (km 6). Here, the buoyancy force is not balanced by any forcing
term except for the residual, attributable to non-2D effects. Also, the thermal wind
terms (F,, and F)) are higher around this point due to the relevant changes of the
vertically averaged potential temperature and the layer depth in that place.

4.3. MAHRT'S ANALYTICAL SOLUTION

Mahrt (1982) presented a simple solution for downslope momentum equation (2)
to cases where main terms are F,, F;; and F,, . Neglecting the rest of forcing terms
and assuming constant /,, downslope wind speed can be written as:

12
u, = U |1 - exp Li +u? (0) exp L—x)]
e e
3)
[ me(A88ysina 17 by
e (Cp+k) ¢T Cptk

where u,(0) is the katabatic layer mean velocity at some arbitrary point on the slope;
u, is the solution for an equilibrium flow, a case where buoyancy acceleration only
balances with turbulence term; and L, is a length scale related with the distance
needed for the flow to adjust to the equilibrium case. C}, and k are the drag and the
entrainment or mixing coefficients, respectively, and here are calculated through the
vertical turbulent flux of momentum at the surface and at the top of the katabatic
layer:

(Wid) g, (W),
Cp=- 2 k= N “)
i k

Fig. 6 illustrates the evolution of u, along the slope for points where the
buoyancy term is dominant (from the point located close to km 11, which is
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considered the origin of the katabatic wind, to km 4 in Fig. 5). Therefore, u,(0)
represents the vertically averaged velocity at the upper point of the area chosen. To
apply the solution (3), it is necessary to assume that the parameters u, and L, are
constant. A representative value for all the points has been estimated from the
simulation for both time intervals analyzed (1900-2000 UTC and 0200-0400 UTC).
Table 1 summarizes the values for the parameters needed to plot fig. 6. The resulting
length scale L, is similar to the downslope length scale and, consequently, the
katabatic flow cannot reach the equilibrium regime.
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Figure 6.- Solution for the downslope momentum equation (3) in the simple case of a shooting flow
assuming constant &, for points over slope where buoyancy term is dominant. X-axis indicates the
downslope distance respect to the 10th point (beginning in the airport) in Fig. 2. Time-average wind
speed u, and standard deviation from simulation is also plotted. (a) 1900-2000 UTC and (b) 0200-0400
UTC.
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Table 1.- Values used for the parameters present in the analytical simple solution for downslope

A gravity current study within the Palma de Mallorca basin

momentum equation (3) in the case of a shooting flow.

1900-2000 UTC 0200-0400 UTC

Cp+k 0.004 0.004
hy, 30 m 40 m
AB 1K 15K
6, 283 K 283 K
sino 0.033 0.033
1,(0) 2.83ms! 230ms!
u, 293 ms’! 4.14m s’

. 7500 m 10000 m

The analytical simplified solution reproduces the tendency of the slopewind
velocity from the simulation, which increases with the slope in both periods. The
increasing of u, is bigger during 0200-0400 UTC, but u,(0) is smaller. However, the
solution (3) is very sensitive to changes in the parameters. For instance, arbitrary
changes in the origin point u,(0) or in the estimation of /,, may lead to a simplified
solution with a different tilt, losing the similarity with the tendency from the
simulation results.

Since the oscillatory behavior of u, is assumed to be related with terrain-
generated gravity flows, the simplified solution cannot reproduce it. Besides, for the
katabatic flow simulated, A, is not constant and thermal wind terms are not smaller
enough to be neglected in some specific points, specially during time interval 0200-
0400 UTC.

S. CONCLUSIONS

The katabatic wind studied here has been analyzed taking into account the
topographical characteristics of the island, which has a complex flow pattern in the
nighttime. When the synoptic wind is weak, the island becomes an area where locally
generated winds prevail. The mesoscale simulation, performed at a high vertical
resolution, allows to inspect many details of the gravity flow and its interaction with
higher scales (i.e., basin flows). Although around 5 hour after the sunset all the patterns
are almost stationary, there is some temporal variability that remains until dawn.

With an average depth of 40 m and a mean layer velocity of 3 m s’!, the
descending wind twists around the downslope direction and the lower part adapts to
the general configuration within the basin. The changes in the slope angle downhill
are well correlated with those in the wind speed and the potential temperature near
the ground, determining their spatial distribution and leading to steady oscillations
confirmed by the inspection of two NOAA images.
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The analysis of the terms of the momentum budget shows that buoyancy force is
generally balanced by the momentum flux divergence and, in some cases, by the
total advection. Latter term is not well parameterized since the two-layer model
reduces the system to a two dimensional problem. Furthermore, the entrainment is
not a relevant factor for this flow, that can be adapted with the one above, especially
with waves generated by the mountains.

Both scale analysis and hydraulic theory show that katabatic wind is in a
shooting regime. The increment of mean katabatic-layer velocity u, along the slope
is predicted by a simple analytical solution and accomplished by the simulation.
However, the steady wind oscillations cannot be explained by the katabatic theory
since they are related with the mountain-generated waves. All these features should
be further investigated through direct observational work.
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