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ERRATA
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Section 3, line 1:
reads: simulates the two days well,
should read: simulates the main characteristics of the two days well,

Page 6, line 3 and 4 should read:
The liquid water potential temperature 9t is given by equation (12), where
the radiative heating/cooling rate OR :2: O, and instead of using the energy
balance at the surface, Tland and Tsea are assigned.

Page 9, last section, line 5:
reads: the wind accelerates where the mountains begin to rise,
should read: the wind accelerates on the upstream side where the

mountains begin to rise,

Page 10, Figure 3:
reads 22 March.
should read: 22 March 1982.

Page 11, line 5:
reads: ...to southwesterly inside the bora layer.
should read: ...to northeasterly inside the bora layer.

Page 16, last section, line 1; page 19, line 1; page 22, line 1;
page 25, line 1:
reads: wind speed variance in the z~direction...
should read: vertical wind speed variance

Figares: 14, page 17; 18, page 19; 23, page 22; 28, page 25
reads: wind speed variance in the z-direction...
should read: vertical wind speed variance
and W should be replaced with wz.
Page 24, line 3:
reads: ...the northern part of the area.
should read: the northern part of the area (y x 80 km).

Page 27, section 3, line 1:
reads: simulates the two days well,
should read: simulates the main characteristics of the two days well,

Page 28, section 4, line I :
reads: simulates the two days well,
should read: simulates the main characteristics of the two days well,



Abstract

Two days with bora has been numerically analysed, using a three dimensional hydrostatic
mesoscale model developed at the Department of Meteorology, Uppsala University. The
two simulated days, 22 March and 15 April 1982, have been compared to aircraft
measurements done during the ALPEX—SOP in 1982. The model area was the
northeastern shore of the Adriatic Sea.

The bora on 1.5 April was easier to simulate than the one on 22 March, mostly due to the
fact that this bora was shallower than the one on 22 March, and since the used model is
develOped for mesoscale studies, it works better with smaller scales (on the mesoscale).
The simulations show that the bora character is a function of both time and space, for
example changes in turbulence intensity. Three dimensional effects play an important
role, for example channelling effects, which was also confirmed by the simulations.

Compared to measurements, the model simulates the two days well, especially 15 April.
All the significant features of the bora wind were well simulated, the wind speed
maximum at the ridge crest, the descent of isotherms and isolines of specific humidity
downstream the crest, channelling effects etc. The turbulence was not always present just
above the ridge crest, but at some times and some places it was well simulated. The most
difficult variables to simulate was the specific humidity and the potential temperature.
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1. Introduction

Many places around the world are affected by special local weather phenomena, one of
those places is the eastern shore of the Adriatic Sea, between Trieste in north and
Dubrovnik in south, where the so called boral blows. The mountains which causes the
bora is the Dalmatian mountains with heights between 700 and 1800 meters. The name
”bora” is used all around the world as a name for this special type of downslope wind,
but the origin area is the one mentioned above. This cold, dry and gusty downslope wind
is of great interest for the people living in the area. It can start very suddenly and for
traffic, buildings, bridges etc. it can be hazardous and cause great damage; the vegetation
is also affected. The bora is known for its violent gusts, and can exceed the average
velocity by a factor three or more, typical average wind speed is between 10 and 15 m/s
with gusts that exceed 50 m/s. In experience of fishermen, the gusts repeat every three to
four minutes, and may be encountered up to 60 km offshore. Typical duration of the bora
is one day, but it can continue to blow up to 2 weeks. It is more common with bora in the
winter than in the summer and it often has a late nocturnal maximum between 5 and 8
am. (Barry 1992). The bora has often been classified as a pure fall wind, which acceler—
ates due to its low temperature and greater density as it moves downslope, but Smith
(1987) finds no verification of this idea in his analysis of the results from the ALPEX—
project in March and April 1982. It is rather a combination between the approach of cold
air from northeast and specific syn0ptic situations.

Other places around the world have similar winds, for example Boulder, Colorado. The
mountains which causes this downslope wind is the Rocky mountains. Due to its high
population and high frequency of meteorologists, this wind is quite well analysed, see for
example Klemp and Lilly (1975). Even if it is similar to bora in many ways, there is one
big difference, Boulder has no coastline.

Many attempts to numerically simulate flow over mountains have been made, especially
in two dimensions, see for example Klemp and Lilly (1975). Numerical simulations of
airflow over mountains in three dimensions have been more common in later years,
mostly owing to faster computers, see for example Miranda and James ( 1992).

The bora has been object for several numerical simulations (Hoinka 1985; Petkovsek
1987), but these simulations are mainly in two dimensions. The intent of this work is to
make numerical case studies of two days, 22 March and 15 April 1982, of the bora wind,
using a three dimensional mesoscale model developed at the department of Meteorology,
Uppsala University. This model have previously been used in both two and three dimen-
sional studies of mesoscale circulations (Andrén 1990; Enger et al. 1993; Grisogono
1995; Tjemstrom 1987; Tjernstrom 1988).

1From the Greek fiopeurr, which means north wind.



2. Theoretical background for the simulations

The behaviour of airflow over an obstacle, in this case a mountain, depends principally
on (1) the vertical wind profile, (2) the stability structure, and (3) the shape of the ob
stacle. The horizontal scale for airflow over mountains are between one and a couple of
hundred km, which allows the use of a mesoscale model for simulations.

2.1. Mountain meteorology - an analytical View

Air forced to flow over a mountain creates oscillations which can be either vertically
propagating or vertically decaying. These gravity waves, called lee waves are very impor—
tant for downslope winds. An spatial equation for the fluctuation, w’ , of the vertical
velocity is given by (Holton 1992):

dzw' dzw’
+

6x2 (9:2
)+12w'==0 (1)

where l is the Scorer parameter, defined as

[2 .. N2 1 (2'2“ (2)
T L42 u dz?“

and N is the Brunt~Vaisala frequency (or the buoyancy frequency), given by

dln 6N2 = g d" O (3)

where 60 is the potential temperature.

If the mean cross—mountain wind speed increases strongly with height, or there is a lOW—
level stable layer so that N decreases strongly with height, there may be a layer near the
surface in which vertically propagating waves are permitted, which is topped by a layer in
which the disturbance decays in the vertical. In that case vertically propagating waves in
the lower layer are reflected when they reach the upper layer. Under some circumstances
the waves may be repeatedly reflected from the upper layer and the surface downstream,
leading to a series of ”trapped” lee waves. Vertical variations in the Scorer parameter can
also modify the amplitude of waves that are sufficiently long to propagate vertically
through the entire troposphere. Amplitude enhancement leading to wave breaking and
turbulent mixing can occur if there is a critical level where the mean flow goes to zero
lace.



Another theory for downslope winds is the so called ”hydraulic jump theory”. Assume
that the troposphere has a stable lower layer of undisturbed depth h topped by a weakly
stable upper layer, and that the lower layer behaves as a barotropic fluid with a free
surface h(x., t). Assume also that the disturbances have zonal wavelength much greater
than the layer depth. The linearized shallow—water equations for steady flow over a small—
amplitude topography is then given by (Holton 1992):
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where i? is the constant basic state zonal velocity, hM is the height of the topo—
graphyfip/pl is the fractional change in density across the interface between the layers,
11' = h -- H, where H is the mean height of the interface, and h’ -— hM is the deviation
from H of the thickness of the lower layer. (4a) is the x—momentum equation, and (4b)
the continuity equation, which can be solved with linear methods. The solutions to
equation (4a) and (4b) then can be expressed as

h, (Z72 c2)M / , liM E?h'.—.—... a“ _.._...___._..._..____ 5 ,bil'ZZ/Czi ” Hive/C2] ( a )
where C2 a (gHép/pl) is the shallow—water wave speed. The Froude number Fr is de-
fined as Fr2 5 222/62 and is the ratio between inertial force and buoyancy force. When Fr
< l, the flow is called subcritical and the gravity wave speed is greater than the mean
flow speed. When Fr > I. the flow is called supercritical and the mean flow speed is
greater than the gravity wave speed. For Fr r: l the perturbations are no longer small and
the linear solution breaks down. The nonlinear equations corresponding to equations (4a)
and (4b) in the case (3p =2 ,01 can be expressed as

d
a); “ 071‘ T O Eiuih "’ h;’\.1)]: O (6 a, b)

The solution to equation (6a) gives that the sum of kinetic and potential energies is
constant following the motion. In addition, the mass flux uUr ~41”) must also be
conserved. The direction of the exchange between kinetic and potential energy in flow
over a ridge is determined by that both (6a) and (6b) are satisfied. Combining these two
we get

6714 L! I 077(1- Fr2)--—~ = wiw-‘l, 7 )0’); c2 it (



where the shallow—water wave speed is now defined using the local thickness of the fluid:

2
C E £(h “‘ hair) (8)

The flow will accelerate on the upslope side of the ridge if the Froude number is less than
unity (subcritical flow), but will decrease if the Froude number is greater than unity
(supercritical flow). As a subcritical flow ascends the upslope side of a topographic
barrier, Fr will tend to increase both from the increase in u and decrease in c. If Fr 2 l at
the crest, the flow will become supercritical and continue to accelerate as it descends the
lee side until it adjusts back to the ambient subcritical conditions in a turbulent hydraulic
jump. In this case very high velocities can occur along the lee slope since potential energy
is converted into kinetic energy while the flow passes the barrier.

The situations described above are most important for flow in two dimensions. At low
Froude numbers effects in three dimensions come into play (Miranda and James 1992)
with splitting streamlines around the mountain. Unfortunately, there is no general theory
for three dimensional mountain gravity waves, which play an important role for the de—
velopment of bora. Thus, we proceed with numerical modelling.

2.2. Model description

The model used for the bora simulations is a three dimensional, hydrostatic mesoscale
model developed at the Department of Meteorology, Uppsala University. Enger et al.
(1993) and Grisogono (1995) shows that the model can simulate nonlinear flows in
mountain areas, and indicates that it also would simulate bora successfully.

2.2.1. Basic equations for the model

The model uses a terrain following coordinate system, and the new vertical coordinate is
defined as

n =2 s V ‘3 (9)u-r
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where s is the top height of the model, 2'. the actual height and :3, the height of the terrain.
The basic equations transformed to this new coordinate system are as follows:

2
dU 5 d’ dU , air
“‘“=(, fl ) 1*(K.i1“r*)*flgr@v(m) +dz‘ .s—wg d7} d?) dx nap.

(10)
r] —- s (9:.+ g ~41 + /V

' 5’ dr ‘



1,21» (11)

s (91]

d9 2 L983 19-———z=l~——-—~1111018dz s--::g an an

d 2 (9c a_2= * *“(KHai) n3)1 s ——.:tg an 0717

a . S~Z 1 ..1 2 .4 8) _______ 1141(97') s @v

where

d d 0" c9 c9mzm U———+V—-—~—+W --— (15)dr (91 ax W 071]

U V and W* are mean wind speed components in x y and 2 directions and U8 and V is
the geostrophic wind components. K}, and K1, are the turbulent exchange coefficients for
heat and momentum f the Coriolis parameter and I1 is defined as:

_, 5‘53 a -h~n «rag, (16.)S

9‘. is the mean value of the virtual potential temperature and Jr a scaled pressure (the
Exner function) defined as:

Hy
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where p is the pressure, [901) a reference pressure (1000 hPa), op specific heat at constant
pressure and R, the gas constant for dry air (287.06 J/kgK).

The first term on the right hand side of equations (l0) and (l l) is the turbulence ex—-
change. The second third and fourth terms the pressure terms. The second term is the
large scale pressure force expressed with the geostrophic wind the third term is depen—
dent on the field of the mesoscale pressure perturbation (dependent indirectly on the



terrain and the temperature field via the hydrostatic equation), and the fourth term is de~
pendent directly on the terrain. The fifth term is the Coriolis term.

The liquid water potential temperature 8, is given by equation (12) where GR is the
radiative heating/cooling rate, in this case assigned by Tland and T303. The specific
humidity is given by equation (13). A necessary condition for the hydrostatic approxi—
mation is that the terrain slope << 45°, and the approximation is given by equation (14).

Since the new coordinate system is introduced, the equation of continuity becomes:
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U and Vwill have the same magnitudes as in a Cartesian coordinate system, even if the
direction is not the same. W, on the other hand, does not have this advantage and the
Cartesian coordinate can be calculated as:

—1 a(W ~Uflav3’l) (19)
a): dy

The turbulent kinetic energy Q is calculated, based on a higher-order closure scheme
(Andrén 1990), as:
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E, and B, are closure constants determined from measurements. fl is the coefficient of
thermal expansion and l is the turbulent length scale which is diagnostically calculated
every time step (eg. Enger et al., 1993).
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The first term on the right hand side of equation (20) is turbulent transport forces (Andrén
1990), the second is the shear—production, the third buoyancy production and the fourth
dissipation. For a more detailed description of the model see for example Tjernstrom
(1987).

2.2.2. The model setup for the Bora simulations

Different numerical methods are used to solve the equations in the model, for example a
forward—in-time~upstream~in—space scheme to solve the advection equations (see Tjern~
strom 1987). A vertically expanding grid is used, with high resolution near the ground,
decreasing with height. The model area is showed in figure 1. Grid points in the vertical
(z~direction) are 31 (model top :2 10 km, Azmin 2 3 m. Azmax : 417 m), in x—direction 35
(200 km, Axmm :2 1500 m, Axmax :2 16675 m) and in y~direction 21 (120 km, A‘vmm 2:
3000 m, Aymax : 11428 m). The time step used for this simulation is 15 seconds. A
sponge layer is sited at 6100 meters and all eventual clouds are disregarded. Variables
possible to change are: land temperature (Tiand), sea temperature (Tm), stratification
(potential temperature 2: 6, and specific humidity : q) and wind (speed and direction).
Each model simulation is executed for 30 hours. starting 19.00 LST the day before the
one to be analysed.
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Figure l . Model area for bora simulalions. Northeastern purl cg/‘I/ze Adrian't' Sea.

3. Description of the bora wind

The most necessary condition to get bora at the eastern shore of the Adriatic Sea. is the
approach of cold air from the northeast, always in association with a cold air outbreak in
the Alpine area. When a cold front passes over the Alps, the lower part of the cold air is
blocked, and then steered around the Alps and reaches the area around Zagreb from
northeast. The cold air will then be trapped beneath an inversion layer. A strong pressure



gradient develops over the mountain ridge, due to the separation of air masses with
different densities. Even if the approach of cold air is important, the wind speed and wind
direction also plays an important role, whether there will be a bora or not.

The bora onset is characterised by a sudden drop of relative humidity, a decrease in tem—
perature and an increase of pressure. Inside the bora layer, the wind blows normal to the
barrier, from northeast, but above this layer the wind direction is often perpendicular or
even opposite. Vertical wind profiles show a maximum in wind speed at approximately 1
km height, with rapidly decreasing wind speeds above. The bora will blow as long as
there is a supply of cold air in northeast, and when this starts to lack the wind will de-
crease, but it will continue to blow until the supply is completely exhausted. Bora is more
common at the northern part of the Adriatic coast than in the southern, and therefore this
bora has been better investigated, but Jurcec and Viskovié (1994), for example, have
analysed the bora in southern Adriatic. The strongest bora is located in the vicinity of
Senj, due to the Vratnik Pass, where channelling effects play an important role. The
height of the mountains here is only around 700 m, compared to l lOO m in northern
direction and 1700 m in the southern. The most frequent bora is developed where the
mountains are narrow and close to the coast, as in Split.

The bora is often classified into two different types:

Cyclonic bora: Also called ”dark” bora, associated with cloudy sky and precipitation.
It is characterised by a deep surface cyclone over southern Adriatic, and a pronounced
upper—level trough. This type of bora blows steadily and often covers the entire Adriatic
Sea. The depth is approximately 1 km and is considered as a shallow bora.

Anticyclonic bora: Also called ”clear” bora, since the sky is often clear. This type of
bora develops when the cyclone is further to the east of the Adriatic Sea than in the
cyclonic bora, and often a cut off low is sited above the bora layer. A strong high pres—
sure area must exist, with an extension of high pressure over Dalmatia, e.g. the Siberian
anticyclone in the winter. This type of bora exhibits a violent character, but does not ex—
tend far out to sea, even if it may extent up to 3 km in depth.

4. The ALPEX-project

One of the projects in GARP (Global Atmospheric Research Program) was the ALPEX—
project (Alpine Experiment), with participants from all over the world.

4.1. The ALPEX-SOP

The ALPEaOP (Special Observing Period) took place in March and April 1982. The
scientific tasks were defined as (WMO 81):



-— To determine the characteristics, under various synoptic conditions, of the air flow and
the mass and moisture field over and around the Alpine mountain complex.

~ To study the physical processes leading to the formation of cyclones in the lee of the
Alpine mountain barrier, and the mechanism of their further development, with special
emphasis on the sub-synoptic nature of the associated processes.

_ To determine:
the drag of a mountain complex upon the atmosphere,
the vertical transport of horizontal momentum as a function of the height near a
mountain range, and
the dissipation of gravity—inertial wave energy over and downhill of the mountain
range.

— To study mountain winds (such as fohn, bora, mistral) and possible effects of moun-
tains.

~ To study the role of sensible and latent heat flux over the Mediterranean Sea and its
significance in lee cyclogenesis.

-— To study the effects of differential radiative heating introduced by the Alpine mountain
range due to elevation, topographic features and albedo.

- To study the effect of mountain complex on precipitation.
— To investigate the physical processes responsible for the development of severe

floods, winds and storm surges in the region of the Alps in order to improve their
prediction.

A composition of upper-air stations, ships, aircraft, satellites, balloons, radar, etc. was
used during the SOP.

4.2. Results from the bora observations

Before the ALPEXASOP no aircraft observations of the bora had been made, so many
questions about the bora waited to be answered. During the SOP in 1982 four periods
with bora occurred: 5—7 March, 21—25 March, 13—16 April, and 27—30 April. On five of
those days, flight observations were performed, see figure 2 for flight tracks. The results
show that in all five cases the wind accelerates where the mountains begin to rise, which
contradicts the idea of bora as a pure fall wind. Downstream the crest, over sea, an area
of lesser stability and lower winds than in the incoming flow were found . A highly
turbulent zone, shear driven, was found above the ridge crest. Only two of the days with
flight observations, 22 March and 15 April, will be further discussed here. but a complete
analysis of the other days can be found in Smith (1987,).
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Figure 2. Flight tracks for the ALPEX—SOP in 1982.
P322 : March 22, and P415 : April 15. After Smith (1987).

4.2.1. 22 March 1982

This day was the second day in this bora period which lasted between 21 and 25 March.
A cold front passed over central Eumpe from northwest a few days earlier and caused an
outbreak of cold air in the Alpine region. The weather situation on the 22 March (figure
3) reveals a low pressurejust south of Italy and a high pressure area further to the west.
According to Smith (1987) the clouds were scattered in the area this day.

Figure 3. Surface Chart 12 GMT, 22 Mare/z. A low pressure is siledjusl soul/i o/‘l/a/y and a
high pressure area further 10 the west. After [i'uropr'iischer Welter/)erir‘ht.

The flight observations this day took place about 40 hours after the bora onset and the
flight started in Zagreb and went over Senj and Rab, see figure 2 (flight track P322).
Measurements were performed at four levels between l3.58 and l6- l4 GMT. This day,
measurements in three dimensions were also performed at three different levels. The
depth of this bora was 3.7 km in Zagreb.

lO



A cross section of the wind measurements, in southwest-northeast direction, is showed
in figure 4. The wind accelerates where the mountains begin to rise, over Karlovac, and
reaches a maximumjust above the ridge crest (22 m/s). Above the bora layer, indicated
with a dotted line, the wind is weaker and the wind direction is northwesterly, compared
to southwesterly inside the bora layer. The three dimensional flight reveals 3 highest wind
speeds in the northwestern part of the area. The turbulence measurements in figure 5,
shows strongest turbulencejust above the ridge crest. It was also higher by the coast than
OVEI‘ $63.
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Figure 4. Wind Cross section for measurements on 22 March 1982.
Dotted line indicates depth of born. After Smith. ( 1987).
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A strong inversion between 3 and 4 km (se figure 6) is developed in the incoming flow.
This stability decreases when the air has past the crest, since the isotherms splits and de—
creases. The water vapour mixing ratio in figure 7 shows similar results. ln figure 7 the
vertical velocity is also showed.
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4.2.2. 15 April 1982

During this bora period. which lasted between 13 and l6 April only one day was
observed with aircraft, namely 15 April. This bora period was the longest during the
ALPEX~SOP with 138 h and a maximum gust of44 m/s, observed on 14 April on Tito’s
Bridge connecting Krk lsland to the coast (Vucetic’ I988). The bora onset was accom—
panied by a sudden drop of relative humidity, decrease in temperature and increase of
pressure and wind speed (in Senj l0 m/s during 4 hours). An airstream around the
eastern Alps caused a mesocyclone to form in the middle of the Adriatic sea, and the bora
on 14 April should be classified as cyclonic. On 15 April the mesocyclone was filled out
and an antieyclone over central Europe was intensified. Therefore, the bora on l5 April
should be classified as anticyclonic. The weather situation for this day, when the bora
was already in a decaying stage at most places, is showed in figure 8. The clouds



consisted of dissipating stratus and roll clouds downstream the crest (Smith 1987). This
was a more shallow bora than the one on 22 March, extending only to 1.9 km at Zagreb.

Two ordinary flight observations were performed on 15 April, the first over the island of
Krk between 8.29 and 9.36 GMT, and the second over Senj between 11.26 and 12.54
GMT, see figure 2 for flight tracks (P415). A third flight between 9.37 and 11.16 GMT
observed wind and turbulence in three dimensions.

The flight over Senj, which was only inside the bora layer downstream, recorded wind
speeds up to 22 m/s (see figure 9). The flight over Krk, recorded only 13 m/s. Both
flights reveals a change in wind direction from easterly to southerly wind between 2 and
3 km, and as showed in figure 10 a strong inversion is sited at this height. This stability
decreases downstream in a similar way to the inversion on 22 March.
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The highest intensity of turbulence is located near the coast, and as earlier, just above the
ridge crest (figure 11). In the flight over Krk a secondary turbulence maximum was
observed over sea between the island of Cres and Kirk. The water vapour mixing ratio is
showed in figure 12. A moist layer is located downstream, between 1.5 and 2.5 km. The
isolines decreases downstream in a similar way to the isotherms in figure 10. The moist
layer is responsible for the roll clouds observed this day.
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5. Simulations and results

Bora simulations were performed for two days, 22 March and 15 April l982. These days
were chosen due to the fact that neither of the days were very cloudy. On 22 March the
clouds were scattered and on 15 April they consisted of dissipating stratus and roll clouds
downstream. The two days are somewhat different, the bora on 22 March were deeper
than the one on 15 April, 3.7 km compared to 1.9 km (measured at Zagreb). On l5 April
the bora was already in a decaying stage at most places, while for the 22 March it was
still blowing steadily. The stratification and wind was also different, see each section.
The land temperature (Thad) used in the simulations were taken from hourly values from
Zagreb, the initial stratifications from measurements during the ALPEX—SOP (Smith
1987) and the initial wind data was determined from weather maps (Europaischer
Wetterbericht) and radio soundings, made at Zagreb, 12.00 GMT each day.

5.1. 22 March 1982

Maximum temperature in Zagreb this day was 68°C and minimum 1.70C. Sea tempera—
ture used for the simulations this day was 93°C and the initial wind was kept constant at
all levels, both in direction (northeast) and speed (12 m/s). The used stratification is listed
in table 1, with a neutral layer up to 2000 m, and then a stable layer up to the model top
(10000 m). The strongest inversion is sited between 3000 and 4000 m.



Table l. .S'Imllfication user/for simulation 0f [/10 born on 22 Marc/1 1982.

.3 (m) “kg/kg) 900

10000 0.7104 316
4000 1.0104 292
3000 1.0103 282
2000 1.5103 280
1000 2.0103 280
0 2.5- 10‘3 280

The numerical results shows that the coastline has the highest wind speeds in the area,
and at a placejust north of Senj, near the coast (y r: 57 km, x : 1 l0 km, see figure I),
the wind speed reaches a maximum during the afternoon with 14 m/s at approximately 1
km height, see figure 13. The wind direction at this place changes only slightly with time,
up to 2500 m the wind is from east—northeast, mostly due to channelling effects at the
Vratnik Pass, and above 2500 m the wind direction is north—northeast. Over sea the wind
direction is north-northeast at all levels and there is hardly no change with time.
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In figure l4 the change in time of wind speed variance in Zedirection is showed. lt
increases a little during the days due to increased solar heating. but there are no big
changes



Z (m) Wind speed variance (W, 012/32)
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The specific humidity changes only with time at the lowest altitudes (up to approximately
500 m), and in the afternoon it increases a little, see figure 15.
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The potential temperature does not change much with time at altitudes above 2000 meters,
see figure 16. At lower altitudes (up to approximately 1 km), it decreases some in the
night and in the afternoon. Over sea, there is only slight changes with time.
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A cross section of the wind speed in west—east direction (y 2 54 km, see figure 1), figure
17, shows a maximum just above the ridge crest, 14 m/s. The time is 15.00 GMT and the
wind has accelerated from 12 m/s, which was the input. The highest wind speed at this
time is found a little further to the north (y z 70 km).This cross section can be compared
to figure 4, but in figure 4 the cross section is in southwest~northeast direction. In both
figures the wind reaches a maximum just above the ridge crest, but the simulated wind
speed is not as high as the measured wind speed, 14 m/s compared to 22 m/s. The wind
direction in the simulated case is east-northeast at the ridge crest, where the maximum
wind speed was found, and then it veers to north~northeast above. The incoming flow
(wind direction north-northeast) is steered through the Vratnik Pass and changes direction
to northeast and then back to north—northeast over sea. It is only the wind in the lowest
levels that is influenced by this channelling effect, at higher altitudes, the wind direction
is unchanged, as for the wind direction north and south of the Pass. This corresponds
well to the measurements, but the measurements shows a wind veer above the bora layer
which can not be seen in the simulations.
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The cross section for wind speed variance in the z~direction, figure 18, shows higher
values over sea than over land, because the sea is relatively warm, and the there is no
maximum at the ridge crest as there is in figure 5.
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In figure l9, the cross section for potential temperature is displayed. The isotherms de-
scends downstream the crest, which also can be seen in figure 6, but the strong inver—
sion, measured at 3 km, is weaker in the simulated case (notice the different scales). The
stability in the northern part of the area is also stronger than in the southern part because
the mountains are higher in the north than in the south, and since the wind direction is
north~northeast the isotherms descends in a similar way to figure 19. The weaker stability
in the simulated case is one of the reasons for the lower wind speeds, and the weaker
stability is a consequence of the resolution in the z~direction.
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The specific humidity in figure 20 has its highest values over sea and the isolines
descends downstream in a similar way to the isotherms in figure 19. Compared to figure
7 the values are a little to high, but otherwise it shows the same pattern.
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Figure 21 displays the simulated vertical velocity with an upward motionjust behind the
ridge crest. Further to the north, it shows a little higher wind speeds, but the direction of
the motion is the same. Compared to the measurements in figure 7 this corresponds well.
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5.2. 15 April 1982

In the simulation this day, the wind was kept constant up to 1500 m, with 5 m/s and the
wind direction was east—northeast. Above 1500 m the wind veers clockwise and de—
creases in speed and at 5000 m the wind speed is 2 m/s, wind direction south—southwest.
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From 5000 m and up to the model top, the wind was kept constant again with 2 m/s,
wind direction south~southwest. Maximum temperature in Zagreb this day was 100°C
and minimum 22°C. Sea temperature used was 9.60C, and the stratification as in table 2,
with the strongest inversion between 1500 and 3000 m.

Table 2. Stratification usedfor simulation oft/18 born 0n [5 April I 982.

z. (m) 6] (kg/k8) 600

10000 0.510“4 316
4500 1.0103 304
3100 3.0103 302
2900 4.0103 300
2500 4.0103 298
2300 4.0103 296
2200 3.5103 294
2100 3.1103 292
2000 3.0103 290
1900 3.0103 288
1700 2.0- 10‘3 286
1500 3.0103 284
0 3.0- 10‘3 282

The numerical results show that the wind speed increases with time and reaches a maxi-
mum during the afternoon (22 m/s), see figure 22 (same place as for 22 March). Above
this maximum, the wind speed decreases rapidly. The simulations also shows that the
wind speed is highest near the coast. The wind direction is northeasterly up to approxi«
mately 2 km and does not change much with time. Between 2 and 3 km it changes during
the day, it veers from east—northeast to southeast and then back to east~northeast. One
explanation for this is the gravity waves created by the ridge. The change in wind direc—
tion can also be noticed over sea, but the change is not as big as at the coast. Above 3
km, the wind direction is southerly both at the coast and over sea. and there are no big
changes with time.
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The wind speed variance in Z-direction shows a maximum in the morning, between 1 and
3 km, see figure 23. This maximum can only be seen near the coastjust north of Senj at
this time of the day. In the afternoon, another maximum was developed, but this time
further to the south, which is one evidence that the bora changes its character all the time,
and consequently also the turbulence changes.
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In figure 24, the change in specific humidity with time is displayed. The isolines de—
creases some with time and at approximately 2 km height a minimum is reached in the
morning. Near the surface, the specific humidity increases slightly during the day.
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The change in potential temperature with time is showed in figure 25. The strongest
stability during the night is sited between 2 and 3 km. During the day, on the other hand,
this nocturnal stable layer decreases from below, due to increased solar radiation, and the
stability becomes the same at all levels. Notice the different scale compared to 22 March.
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A cross section of the wind speed simulations in westaeast direction is displayed in figure
26 (time 12.00 GMT, y :2 57 km, see figure I). The strongest maximum is sited just
behind the ridge crest with 20 m/s. Another maximum with 16 m/s can be found above
the first island (Krk). Above these maximum, the wind speed decreases rapidly. The
wind has accelerated from 5 m/s which was the input (up to 1500 m). The wind direction
is easterly at the ridge crest and then it veers to south at approximately 3 km height. Over
sea, the wind direction is east~northeast up to 3 km, and then it veers in the same way as
at the crest. The strongest wind speed in the area is found at the coast and especially near
the Vratnik Pass (22 m/s). The cross section corresponds to figure 9, with the difference
that figure 9 is in southwest—northeast direction. In both measurements and simulations
the maximum wind speed is sited just behind the ridge crest. The simulated case has a
maximum wind speed of 20 m/s and that is about the same as the measured maximum
wind speed (22 m/s). Above this maximum the wind speed decreases rapidly both in
simulations and measurements. The wind direction is easterly up to 3 km in the
simulations; no measurements were made below 2 km so nothing can be said about the
wind there, but at 2.5 km the measured wind direction was southerly. The second flight
performed this day (over Krk) reveals a wind veer between 2 and 3 km.
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The west~east cross section for simulated potential temperature is displayed in figure 27.
The isotherms descends after passing the ridge crest and the upstream stability decreases
and, as for 22 March, the stability is stronger in the northern part of the area. The
descends of the isotherms corresponds well to the measurements, figure 16, but as for 22
March, the upstream stability in the measurements is stronger than in the simulations.
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In figure 28 the west—east cross section of wind speed variance in zedirection is showed.
The maximum mentioned earlier, the one in the morning, can not be seen at this time,
there isjust a small increase at the ridge crest, but further to the south there is a maximum
at the ridge crest, which corresponds well to the measurements in figure I l.
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The cross section for simulated specific humidity is displayed in figure 29, with its high-
est values above sea. The isolines descends downstream the crest in a similar way to the
isotherms in figure 27. The measured maximum (the moist layer) in figure 12 can not be
seen in the simulations, mostly due to the limited resolution and the fact that the clouds
this day were disregarded in the simulations.
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The simulated vertical velocity is showed in figure 30. As for 22 March, it is positivejust
behind the ridge crest and a little stronger in the northern part of the area than in the
southern. This upward motion was also recorded in the measurements, figure 12.

Z (m) Wind speed (W, cm/s)

4000 i r r i i . i i . 1"lgare 30. W65! east cross section
bura.041504 for simulated vertical velocity at3600 ~ “ 15.00 GMT. 15 April.Time 37.00

3200 ~ ‘ Y—grid 9

2800 — i ' d

2400

2000

1600

1200

aoo ..

400

025 50 75 100 125 150
X Gun)

5.3. Discussion of the results

The simulation of the bora on 22 March was very sensitive to changes in the input
variables. Only a small change in wind speed or wind direction, gave a completely
different result. This supports the idea that the bora is not a pure fall wind, but rather a
combination between the approach of cold air in the lowest layers and specific synoptic
situations. There is a large margin of error in the input, especially in the wind data, which
is one of the reasons for the differences between the simulations and the measurements.
Another explanation for the lower wind speeds is that the upstream inversion in the
simulations was not as strong as in the measurements. The number of grid points in the
vertical limits the resolution and consequently also the strength of the inversion. The sea
temperature used for this simulation (9.30C, received from Zagreb) was relatively warm
compared to the land temperature this day (max. 68°C at Zagreb). and therefore the
turbulence is highest over sea.

The bora on 15 April was easier to simulate than the one on 22 March, mostly due to the
fact that the bora on l5 April was shallower, and since the used model is develOped for
mesoscale studies, it works better with smaller scales (on the mesoscale). This simulation
is a good example to that the bora changes its structure all the time. and that it is a
function of both time and space; the turbulence shows two maximum at the ridge crest,
but at different places and different times. ln a similar way to 22 March, the resolution for
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potential temperature and specific humidity is not as good in the simulations as in the
measurements. Another reason for the abscess of the moist layer in the simulations,
which was found in the measurements is the fact that all clouds were disregarded in the
simulations, and since the moist layer is responsible for the roll clouds downstream the
crest this day, this can not be correctly simulated.

The numerical results shows that three dimensional effects, for example channelling
effects, is important for the bora structure. The fact that the wind speed is highest near the
coast at the Vratnik Pass, in one consequence of that the flow at lower altitudes is steered
through the Pass, and that the wind direction is different than at higher altitudes above the
Pass.

Compared to measurements, the model simulates the two days well, especially on 15
April when the bora was relatively shallow. All the significant features of the bora wind
were well simulated, the wind speed maximum at the ridge crest, the descent of isotherms
and isolines of specific humidity downstream the crest, channelling effects etc. The
turbulence was not always present just above the ridge crest, but at some times and some
places it was well simulated. The most difficult variables to simulate was the specific
humidity and the potential temperature. The main problem here, is the resolution in the z—
direction and to get better results the number of grid points has to be increased, but as
always the number of grid points must to be optimised with the computer time.

One of the largest problem with this study of the bora wind was to determine correct
input variables. Especially the wind, which was determined from weather maps and
consequently this has a large margin of error in both speed and direction. To get better
results this is the first thing that should be improved.

6. Conclusions and summary

The eastern shore of the Adriatic Sea, between Trieste in north and Dubrovnik in south,
is affected by the bora wind. The bora is a cold, dry and gusty downslope wind and
gusts above 50 m/s is not unusual. The bora has often been classified as a pure fall wind,
which accelerates due to its low temperature and greater density as it moves downslope,
but as this study shows, it is rather a combination between the approach of cold air from
northeast and specific synOptic situations. In the ALPEX-project 1982, the first aircraft
measurements of the bora was performed, and results from this project also supports the
idea that the bora is not a pure fall wind. Many attempts to numerically simulate flow over
mountains have been made earlier, but most of these were made in two dimensions.

Flow over mountains causes vertically propagating waves, and the Froude number (the
ratio between inertial force and buoyancy force) play an important role. If Fr : l at the
ridge crest, the flow will become supercritical (Fr < l) and continue to accelerate as it
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descends the lee side until it adjusts back to subcritical flow (Fr > 1) in a hydraulicjump.
[n this case very high velocities can occur along the lee slope since potential energy is
converted into kinetic energy while the flow passes the barrier. This theory is most
important for air flow in two dimensions. Unfortunately, there is no general theory for
three dimensional mountain gravity waves, which play an important role for the
development of bora. Thus, we proceed with numerical modelling.

This work have showed an numerical analysis of the bora wind in three dimensions. The
model used for the simulations was a three dimensional, hydrostatic mesoscale model
developed at Department of Meteorology, Uppsala University. Two case studies were
made, for 22 Mach and 15 April 1982, and the results were compared to measurements
performed during the ALPEX-SOP in 1982. The bora on 15 April was shallower than the
one on 22 March and therefore it was much easier to simulate, since the model is
developed for mesoscale studies.

The bora is known to change structure all the time, and the numerical results in this study
supports this. One example of this is the simulation of turbulence on 15 April, where a
turbulence maximum, sited at the ridge crest is a function of both time and space. Three
dimensional effects plays an important role, for example channelling effects at the Vratnik
Pass, where the highest wind speeds along the coast often are recorded, and this was also
the case in this simulation.

Compared to measurements, the model simulates the two days well, especially 15 April.
All the significant features of the bora wind were well simulated, the wind speed
maximum at the ridge crest, the descent of isotherms and isolines of specific humidity
downstream the crest, channelling effects etc. The turbulence was not always presentjust
above the ridge crest, but at some times and some places it was well simulated. The most
difficult variables to simulate was the specific humidity and the potential temperature. The
main problem here is the resolution in the z—direction and to get better results the number
of grid points has to be increased, but as always, the number of grid points must to be
optimised with the computer time.
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