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ABSTRACT

The Pyrénées experiment (PY REX), launched by the French and Spanish meteorological services, had provided an
extensive database that was used in the present work to describe the airflow around the Pyrénées and to evaluate the
applicability of the linear theory to stable flows that are blocked by a relatively large mountain range.

The direction of incidence of the incoming synoptic wind was used to classify the flow in northerly and
southerly categories. In both categories, the directions of incidence bear westward from normal incidence to the
main axis of the mountain range. Froude (Fr) and Rossby (Ro) numberswere used to represent the thermodynamic
characteristics of the incoming air masses and the scale of interaction in terms of the mountain shape. Here, Fr
and Ro were found linearly correlated, and their combination corresponding to blocked flow in all the cases.

Average cross correlations between the pressure drag across the mountain and the vertical profiles of the wind
components at selected |ocations demonstrate that the horizontal flow is clearly separated in an upper undisturbed
regime and a lower blocked regime in which regional winds are induced. The separating layer corresponding
to the mean Froude number encountered during PYREX was found at an altitude of about two-thirds of the
mountaintop. Due to the perturbation induced by the deflected wind, the total wind during northerly flows is
stronger on the east side than on the west side, while during southerly incoming flows, the total wind distribution
is amost symmetric.

Good correlation was found among the pressure field perturbation, the pressure drag, and Froude number of
the incoming flow. Clear correlation rules can be deduced from the analysis of the experimental data at different
altitudes for both categories of incoming flows. Therefore, since the pressure drag can be easily determined
using field measurements, it becomes a powerful tool for the prediction of the regional winds around the Pyrénées.

The experimental data are in agreement with the linear theory predictions of the linear model in Koffi et al.
regarding (@) the perturbation of the surface pressure field, which resembles the predicted bipolar distribution;
(b) the dependence of the drag on Fr—%, which enables the assessment of the linear theory and the definition of
the conditions of applicability of two models [(i) a two-dimensional model, for which it was possible to define
quantitatively the effective blocked area, and (ii) a three-dimensional model, for which a scaling function that
combines the direction of incidence, the mountain shape, and the Coriolis effect was found almost constant,
with an average value of 0.2 for all the cases under study]; (c) the extension of the area affected by the blocking
effect, estimated to be 4.5-5 times the width of the barrier and the drift of the strong deceleration point due to
the Coriolis effect; (d) the dependence of the wind velocities on Fr— at the edges of the barrier; and (€) the
asymmetric flow deviation induced by the Coriolis effect and biased by the departure of the flow from normal
incidence.
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1. Introduction

During the period 1 October to 30 November 1990,
an experimental program named PY REX (Pyrénées ex-
periment) (Bougeault et al. 1990) was conducted in both
sides of the French—Spanish border to carry out inten-
sive measurements of the flow in the Pyrénées area.
PYREX was directed to the study of the influence of
the mountain range on the atmospheric dynamic flow.

The most current dimensionless numbers used in
studies concerning airflow around an obstacle to char-
acterize the obstacle geometry, the incoming air mass,
and the earth rotation and gravitation effects are (Smith
1989)

y = alb, 1
the aspect ratio of the mountain range, and
Fr = VINH, (2

the vertical Froude number, where N is the Brunt—Vais-
ala frequency [defined by Eq. (5) hereafter] and H is
the height of the mountain range. The Froude number
is a gauge of the buoyancy of the flow and an important
factor to be accounted for in the assessment of the non-
linearity of the flow, as is shown hereafter. The Rossby
number is

Ro = V/fa 3

where V is the component of the mean wind velocity
normal to the obstacle that has a characteristic length a
and f is the Coriolis parameter. Here, Ro quantifies the
effect of the earth’s rotation on the flow deviation near
the obstacle.

Numerical simulations performed by Pierrehumbert
and Wyman (1985) show that upstream blocking and
lateral deviation of theairflow, resulting in theformation
of winds in the vicinity of the mountain, occur under
either of the following conditions:

Fr=1 and Ro=1
or
Fr/Ro <1 and Ro < L 4

The ratio Fr/Ro can be separated in two fractions
(Pierrehumbert 1984): (f/N)(a/H). The ratio (f/N) de-
scribes the *“atmospheric dynamic slope’” since N is a
measure of the thermal stability, and f is a measure of
the horizontal displacement due to the Coriolis effect.
The ratio (a/H) characterizes the mountain slope. If
Fr/IRo < 1, the flow is strongly decelerated upstream.
When Fr/Ro < 1, nonlinear phenomena affect thewhole
flow in the vicinity of the mountain.

Table 1 shows the val ues of the parameters mentioned
above, based on the results of the soundings carried out
in all the PYREX experiment intensive operational pe-
riods (I0OPs). Since for all the cases under study the
atmospheric dynamic slope is only about 10% of the
mountain slope and one of the criteria stated in Eq. (4)
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is always fulfilled, the air masses involved in the ex-
perimental conditions are considerably stable and the
airflow is expected to become blocked and nonlinear in
nature.

The airflow around a topographic obstacle has been
studied extensively. Among the cases analyzed are the
airflow around an island (Smolarkiewicz and Rotuno
1989; Smith and Grubisic 1993), an isolated mountain
(Smith 1980, 1988; Philips 1984; Thorsteinsson 1988;
Mass and Ferber 1990), and alarge mountain range such
as the Alps (Vergeiner 1971; Buzzi and Tibaldi 1977,
Smith 1982). Several mechanisms involved in the gen-
eration of winds around topographic obstacles can be
mentioned: the bipolar pressure anomaly due to block-
ing effect (Riosalido et al. 1986; Jansa 1987; Campins
et a. 1995), the katabatic slope winds foehn and bora
in the Alps (Smith 1987), the hydraulic jump in the
Rhone valley (Pettre 1982), and the Coriolis effect that
induces differential deflections of air masses moving
around mountains (Queney 1948; Smith 1979a, 1982).

The three-dimensional wave motion of auniform flow
in the far field of an obstacle was studied by Wurtele
(1957), using an extension of the linear theory devel-
oped by Lyra (1943) and Queney (1948) for a two-
dimensional barrier. In atheoretical study, Drazin (1961)
showed that highly stable flows are almost completely
split by three-dimensional obstacles. Smith (1980) used
the linear theory to describe the steady flow of a strat-
ified Bussinesq fluid over an isolated, small amplitude
obstacle and, on the basis of cinematic, dynamic, and
energy argumentation, he showed that it becomes in-
accurate when the Froude number decreases. Smith
(1980) also showed that the small perturbation assump-
tion, used to linearize the equations of motion, is no
longer rigorously valid in front of the obstacle for
Froude numbers smaller than one, as the first stagnation
of the flow appears, whilein the lee side, nonlinear wake
effects are present when the Froude number decreases
to two. Smith (1988) elaborated a solution of the lin-
earized equations of motion in isosteric coordinates to
avoid the use of the lower boundary condition at z =
0, which is questionable for low Froude numbers, and
arrived at similar criteria of validity of the small am-
plitude assumption as Smith (1980), in terms of density
surfaces collapse aloft. The principal inaccuracy near
the windward hill surface that arises from the lineari-
zation is that some of the isosteres intersect it, beside
the formation of a stagnation point.

In spite of some conceptual contradictions and in-
accuraciesthat affect the solution of the linearized equa-
tionsfor small Froude numbers, Smith (1982, 1989) and
Phillips (1984) have attempted to extrapolate the linear
theory toward dynamic systems for which nonlinear ef-
fects are expected to be large. More recently, Stein
(1992) carried out numerical simulations with the hy-
drostatic numerical model PERIDOT (Prévision a Eché-
ance Rapprochee Intégrant des Données Observées et
Teledeteetées) (Imbard et a. 1986; Bougeault et al.
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TABLE la. Upstream air masses' characteristics of northerly synoptic flows category, deduced from soundings at Toulouse.

Time of Fr Ro Fr/Ro
sounding FF ¢ \Y dé/dz N-100 v Vv fa P W. D
IOP mmddhh (ms? (deg) (ms?) (°C/100m) (s NH fa NH cond (Pa)
1 100417 04.4 45 03.1 0.5 13 0.08 0.78 0.10 4b 5.03
100423 08.4 —36 06.8 0.6 14 0.16 1.70 0.09 4a 5.09
100505 10.0 —24 09.1 0.6 14 0.22 2.28 0.10 4a 4.14
100511 12.8 —08 12.7 0.5 14 0.30 3.18 0.09 4a 3.80
100517 09.0 05 08.9 0.6 14 0.21 2.23 0.09 4a 3.63
6 110317 07.5 —-73 02.2 0.3 1.0 0.07 0.55 0.13 4b 2.02
110323 07.3 —-71 02.4 0.3 11 0.07 0.60 0.12 4b 2.17
110405 07.7 -59 03.8 0.4 13 0.10 0.95 0.11 4b 2.04
110411 05.6 —44 04.0 0.4 12 0.11 1.00 0.11 4a 2.30
110417 15.4 —60 07.7 0.4 12 0.22 1.93 0.11 4a 2.37
110423 09.6 —52 05.9 0.5 1.3 0.16 1.48 0.11 4a 1.50
110506 07.3 -57 04.0 0.5 13 0.10 1.00 0.10 4a 0.83
110511 05.4 —65 02.3 0.5 1.3 0.06 0.58 0.10 4b 0.60
8 111123 113 —45 08.0 0.6 14 0.19 2.00 0.10 4a 0.18
111205 14.2 —42 10.6 0.6 14 0.25 2.65 0.09 4a 2.30
111211 121 -17 11.6 0.6 14 0.28 2.90 0.10 4a 2.33
111217 10.3 —-27 09.2 0.6 14 0.22 2.30 0.10 4a 1.40
9 111405 12.3 —72 03.8 0.5 14 0.09 0.95 0.09 4b 1.72
111411 20.2 =70 06.9 0.5 13 0.18 1.73 0.10 4a 2.29
111417 19.6 —53 11.8 0.5 1.3 0.30 2.95 0.10 4a 5.65
111423 17.8 —49 11.7 0.5 13 0.30 2.93 0.10 4a 4.45
111505 19.0 —58 10.1 0.5 14 0.24 2.53 0.09 4a 3.88
111511 20.9 —47 14.3 0.5 13 0.37 3.58 0.10 4a 4.88
111517 21.2 —-35 17.4 0.5 14 0.40 4.35 0.09 4a 6.27
111523 21.7 -25 18.4 0.6 14 0.44 4.60 0.10 4a 6.69
111605 17.0 —18 16.2 0.6 14 0.39 4.05 0.10 4a 6.32
111611 14.8 01 14.8 0.6 14 0.35 3.70 0.09 4a 6.25
111617 11.8 —05 11.7 0.5 14 0.28 2.93 0.10 4a 5.22
10 112823 04.7 11 04.6 0.3 11 0.14 1.15 0.12 4a 1.87
112905 06.7 03 06.7 0.4 1.2 0.19 1.68 0.11 4a 2.09
112911 06.8 30 05.9 0.4 12 0.16 1.48 0.11 4a 2.56
112917 07.0 17 06.6 0.4 1.3 0.17 1.65 0.10 4a 2.88
112923 09.4 —-20 08.8 0.5 14 0.21 2.20 0.10 4a 3.10
113005 13.0 —-29 11.2 0.5 1.3 0.29 2.80 0.10 4a 5.12
113011 13.4 o7 13.6 0.5 1.3 0.35 3.40 0.10 4a 6.58

1991) and demonstrated that the extrapolation of the
linear theory to nonlinear airflow around a circular bar-
rier can provide a good description of the main char-
acteristics of the horizontal blocked flow, in front and
in the lateral borders of the mountain. These results
encouraged us to use the linear theory to analyze the
data collected in the PYREX experiment around the
Pyrénées, even in the event that the flow is blocked and
the regional winds detected during the 10Ps between
ground level and an altitude smaller than the moun-
taintop are generated mainly by the splitting of the air
around the mountain range (i.e., no hydraulic jump,
etc.). In particular, we found it worthy to relate the re-
gional winds around the mountain range to the dynamic
properties of the incoming air masses, characterized by
Froude and Rossby numbers and the direction of inci-
dence (DI) of the undisturbed mean wind, since simple
numerical models based on the linear theory can be
easily implemented in pure and applied research and
operational tasks.

To follow the methodol ogy used in mathematicswhen
a statement ““if and only if” is to be proved, the link

between the experimental results collected in PYREX
and the linear theory is presented in two parts. Part |
describes, in general terms, the formation of the regional
winds in the flanks of the Pyrénées, subjected to the
influence of the upwind airmass characteristics and the
perturbed pressure field. The experimental data are then
used to asses some of the predictions of the extrapolation
of the linear theory to the cases under study. To do that,
the Froude number is adopted as the key tool due to its
explicit role in some expressions derived from the ma-
nipulation of the linearized equations. In Part |1 (Koffi
et al. 1998), the linear model devel oped by Smith (1980)
is adapted to take into account the Coriolis effect, the
DI, and elliptic mountains that resemble the Pyrénées.
Theinfluence of the Rossby number on thetotal pressure
and wind intensity fields is evaluated. Then, the appli-
cability of the extrapolation of this linear model, to ex-
plain the main features of blocked airflow with arela-
tively low Froude number, is tested by comparing nu-
merical simulation results to the data measured during
the PYREX experiment, where induced winds appear
to develop. It should be remarked that the analysis of
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TABLE 1b. Upstream air masses' characteristics of southerly synoptic flows category, deduced from soundings at Zaragoza.

Time of Fr Ro Fr/Ro
sounding FF ¢ \ do/dz N-100 v v fa P W. D
IOP mmddhh (ms (deg) (ms?*) (°C/100m) (sY) NH fa NH cond (Pa)
2 101217 6.2 193 —06.0 0.4 12 0.17 1.50 0.11 4a —2.93
101223 8.9 183 —08.9 0.4 12 0.25 2.23 0.11 4a —3.23
101311 7.9 225 —05.6 0.4 13 0.14 1.40 0.10 4a —-1.75
101317 9.0 232 —05.6 0.4 12 0.16 1.40 0.11 4a —1.42
101323 8.7 222 —06.5 0.4 12 0.18 1.63 0.11 4a -1.85
101405 8.9 213 —-07.5 0.4 12 0.21 1.88 0.11 4a —-0.71
3 101411 8.0 193 —-07.7 0.4 12 0.21 1.93 0.11 4a —-1.72
101423 14.8 168 —14.3 0.4 13 0.37 3.58 0.10 4a —4.36
101501 16.8 180 —16.8 0.4 12 0.47 4.20 0.11 4a —4.10
101505 16.6 194 —-16.1 0.4 1.2 0.45 4.03 0.11 4a —5.33
101511 16.1 185 —16.0 0.3 11 0.50 4.00 0.13 4a —5.45
101517 14.0 188 —13.7 0.3 1.0 0.46 343 0.13 4a —2.48
101523 10.8 208 —09.5 0.3 1.0 0.32 2.38 0.13 4a —-1.32
4 102018 9.3 186 —09.2 0.4 12 0.26 2.30 0.11 4a -1.88
102023 11.2 204 —10.2 0.5 13 0.26 2.55 0.10 4a 271
102105 12.4 213 -104 0.5 13 0.27 2.60 0.10 4a =177
102113 11.4 184 —-11.4 0.4 12 0.32 2.85 0.11 4a —0.54
102117 13.0 177 —-12.7 0.4 1.2 0.35 3.18 0.11 4a -1.18
5 102423 11.0 250 -03.7 0.4 11 0.11 0.93 0.12 4b -0.20
102505 18.3 243 —08.3 0.4 12 0.23 2.08 0.11 4a —-0.21
102511 10.6 253 -03.1 0.4 11 0.09 0.78 0.12 4b -1.39
102517 13.2 250 —04.5 0.4 11 0.14 1.23 0.11 4a —2.60
7 110617 5.6 223 —-04.1 0.4 1.3 0.11 1.03 0.11 4a —1.39
110623 6.0 208 —05.2 0.5 13 0.13 1.30 0.10 4a -1.95
110705 55 196 —05.3 0.5 1.3 0.14 1.33 0.11 4a —2.33
110717 7.5 172 —-07.4 0.4 13 0.19 1.85 0.10 4a —3.60
110723 9.8 181 —09.8 0.5 1.3 0.25 2.45 0.10 4a —4.61

FF, wind intensity; ¢, direction of incidence of the undisturbed incoming flow, measured clockwise from the axis normal to the Pyrénées;
V, normal wind component; d#/dz, potential temperature gradient; N, Brunt—Vaisala frequency; Fr, V/NH—Froude number; Ro, VV/fa—Rossby
number at altitude 3000 m; P W. cond, Pierrehumbert and Wyman (1985) condition for blocked airflow, as specified by Egs. (4a) and (4b)
in the text; H, 3000 m—top height of the Pyrénées; a, 40 km—half-width of the Pyrénées; f, 0.0001 s—*—parameter of Corialis; D, pressure

drag per unit area (Davies and Phillips 1985; Bessmoulin et a. 1993).

the deviations from the main features in particular cases
is left out of the scope of this work and that the appli-
cation of arigorous methodology is only schematic and
dedicated to provide a suitable framework for the pre-
sentation of the topic.

2. Brief description of the PYREX field
experiment

a. Description of the area

The PYREX experiment (Bougeault et al. 1990) was
launched by the French and Spanish meteorological ser-
vices. The experimental field program was carried out
from 1 October to 30 November 1990 and focused on
the study of the influence of the Pyrénées range on the
atmospheric dynamic flow. The principal objective of
PYREX was to quantify the different terms of the mo-
mentum budget over the Pyrénées range, modified by
friction, mountain waves, and secondary flows (deflect-
ed winds). The Pyrénées were chosen for the experi-
mental program on account of their relatively simple
shape. The range extends 400 km along the French—
Spanish border, from the Atlantic Ocean to the west to
the Mediterranean Sea to the east, and has a varying

width of 40 to 80 km and a maximum altitude of 3000
m above mean sea level (MSL) in its central part. The
geographical orientation of the Pyrénées, idealized by
an ellipsoid, is indicated in Fig. 1, relative to north.
Additional mountain ranges are present around the Pyr-
énées: to the northeast is the Massif Central with the
Montagne Noire, and to the south, the Ebro valley sep-
arates the Pyrénées from the Iberic range (whose height
does not exceed 1500 m), prolonged by the Cantabric
range to the west. In fact, the whole mountain range
forms an important barrier to northerly and southerly
synoptic flows (Fig. 2a).

Figure 2b shows a three-dimensional view of the Pyr-
énées from the northwest. The topography is flat in the
Bassin Aquitain to the northwest, while to the northeast,
there is a constriction between the Pyrénées and the
Montagne Noire at the Naurouze Path. The Pyrénées
are extended westward by the Cantabric range. The to-
pography on the east side facing the northerly flows is
sharply defined, in opposition to the western side. South-
erly synoptic flows are strongly disturbed by the moun-
tainous areas upstream of the Pyrénées, that is, the Pla-
teau of Castilla, Guadarama range, |beric range, and the
Ebro valley. The deflection area on the east edgeisless
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FiG. 1. Schematic representation of the Pyrénées by a topographic
barrier having an elliptical horizontal cross section with aspect ratio
vy = alb = 1/5 = 0.2. The coordinate system is rotated 20° eastward
from north, same as in the Pyrénées range.

disturbed by additional topography than in the west. On
the French side, the wake of southerly flows can be
perturbed by the Montagne Noire.

It is common to define the airflow around a topo-
graphic obstacle as the superposition of the mean in-
coming flow and a perturbation due to the interaction
of the incoming flow with the barrier. A reference sys-
tem is normally attached to the topographic obstacle to
be used for the definition and the manipulation of the
geometric and dynamic parametersinvolved in the flow.
The particular shape of the Pyrénées can be idealized
by a centered ellipsoid in an XOY coordinate system,
having principal axis 2b oriented in the X direction and
secondary axis 2a oriented in the Y direction, that is
pointing about 20° east from north (Fig. 1). By con-
vention, angles are measured clockwise from the pos-
itive direction of Y axis. The DI of the incoming flow
(¢) is defined as the angle of the vector pointing to the
incoming flow direction. The incoming wind compo-
nents in the X and Y directions, which are parallel and
normal to the principal axis of the mountain, will be
represented by U and V, respectively. For each sounding
used to characterize the incoming flow, it will be as-
sumed that U and V remain constant and, consequently,
tane = U/V = constant.

The aspect ratio y defined in Eg. (1) can be estimated
to be one-fifth for an elliptical mountain profile ideal-
ization of the Pyrénées (Koffi et a 1998).

b. The experimental setup

The experimental setup put in operation in PY REX
isfully described in Bougeault et al. (1993) and will be
briefly mentioned here. It included 11 radiosonde sound-
ing sites, several networks of automatic weather sta-
tions, constant volume balloons launched from three
locations, four sodars, three wind profilers (ST radar),
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FiG. 2. Two views of the geographical domain of PYREX exper-
iment activities, based on the 3D grid used in the PERIDOT model.
(@) Map of the Pyrénées area showing major topographic features
and relevant measurement sites, indicated by +B for Bordeaux, +T
for Toulouse, +SN for Seuil de Naurouze (Naurouze Path), +PN for
Port la Nouvelle, +P for Perpignan, +CS for Cap Creus, +PU for
Pau, +SO for Sondica, +PA for Pamplona, +Z for Zaragoza, and
+H for Huesca. (b) 3D plot including locations of interest, viewed
from the north (French) side.

and four research aircraft (one of them carrying a back-
scattering lidar). Pressure was measured continuously
during PYREX, using a network of microbarographs
located along the Y axis on both sides of the mountain
(Bessemoulin et al. 1993) and automatic weather sta-
tions spread around the Pyrénées. The relevant wind
data used in the present paper was collected by the
radiosondes, three French aircraft (Fokker 27, Merlin
IV, and Piper Aztec), two sodarslocated in the Naurouze
Path and in Zaragoza in the Ebro valley, and constant
volume balloons (CVBs) launched from Port la Nou-
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Fic. 3. Synoptic charts of 700-hPa isohypses at 0600 UTC for (&)
northerly synoptic flow case on 5 October 1990 and (b) southerly
synoptic flow case on 15 October 1990.

velle or Cap Creus (Fig. 3a). The temperature profiles
of the incoming air masses were collected by the ra-
diosondes. The experimental database analyzed in the
present paper is that collected mainly by aircraft and
CVBs between 200 and 600 m MSL, sodars between
100 and 200 m M SL, and radiosondes from ground level
up to the tropopause. The precision of the horizontal
wind is estimated to be 0.5 m s~* and of the temperature
0.2 K.

c. Operational program

The measurements during the PYREX experiment
were concentrated in 10 |OPs, which mode for 15 days
of interesting meteorological conditions, to study the
objectives of the experiment. The present cases will be
classified in two synoptic flow categories: ninenortherly
synoptic flows documented in five IOPs and six south-
erly synoptic flows documented in five IOPs (see Table
1 in Bougeault et al. 1993).
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3. Incoming airmass characteristics

It is assumed that the incoming flow can be com-
pletely characterized by the synoptic pressure field, the
thermodynamic parameters, and the dimensionless num-
bers defined in Egs. (2) and (3), as observed in the
undisturbed zone upstream from the mountain range.
Numerical (Stein 1992) and laboratory (Hunt and Sny-
der 1980) experiments showed that at lower layers hor-
izontal blocked flows are split at adistance of the barrier
equivalent to 1.2 to 2.4 times its half-width. Therefore,
since the half-width of the Pyrénées is about 40 km,
Toulouse (120 km to the north) and Zaragoza (100 km
to the south) were considered the best of all the available
soundings stations to be used to characterize the incom-
ing air masses for northerly and southerly synoptic
flows, respectively (Fig. 2a). The average values of the
parameters that characterize the incoming flows, mea-
sured at both stations, are presented in Tables 1a and
1b, respectively.

a. Synoptic pressure field

The meteorological conditions inducing regiona
winds around the Pyrénées correspond to synoptic flows
nearly normal to the Pyrénées principal axis, that is,
dominant northerly or southerly components. Northerly
flows at relevant altitudes (700 hPa) can occur when an
anticycloneis present over the Atlantic Ocean and alow
pressure system is in the western Mediterranean Sea, as
illustrated in Fig. 3a for IOP 1 on 5 October 1990.
Southerly flows are associated with alow pressure sys-
tem over the North Atlantic Ocean and an anticyclone
to the east. An example is the synoptic situation found
in IOP 3, characterized by alow pressure zone located
over the North Atlantic and a high pressure system cen-
tered east of the Black Sea (Fig. 3b). In both cases the
isohypses are almost perpendicular to the mountain
range.

b. Wind characteristics

A basic assumption made for the development of the
linear model used to analyze the present data (Koffi et
al. 1998) is that the wind profile is uniform. Because
the preliminary analysis of the experimental data show
that at low levels the flow regime at Toulouse and Za-
ragoza was affected by the blocking action of the Pyr-
énées, it was necessary to calculate alinear wind profile
for each representative sounding. This was accom-
plished by using the integrals of the components of the
wind between 400 m MSL and twice the maximum
height of the mountain (6000 m MSL). Two examples
of this linearization process applied to the normal com-
ponent of the wind V are illustrated in Figs. 4a and 4c,
for two soundings corresponding to the synoptic chart
for northerly and southerly flowsin Fig. 3, respectively.
The values found at 3000 m MSL (Fig. 4, dashed line)
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Fic. 4. The profiles of the normal wind component (a) and (b) and potential temperature (c)
and (d) obtained from the radiosonde measurements (circular points) at 1100 UTC 5 October
1990 at Toulouse (&) and (c) for northerly flow and on 15 October 1990 Zaragosa (b) and (d)
for southerly flow, and the linearized profiles (full line) used to obtain the characteristic pa-
rameters of the incoming air mass at 3000 m MSL (dashed line). The examples correspond to

the synoptic charts in Fig. 3.

were used to define total velocity FF, normal component
V, and DI ¢ of the incoming flow, as presented in Table
1. Wen-dar Chen and Smith (1987) and Spangler (1987)
applied the same procedure from ground level up to the
mountaintop. The integration interval adopted in the
present analysis is found more appropriate because it
regjects ground-level perturbations and, as Spangler
(1987) showed, the characteristic parameters of the in-
coming flow, calculated between the ground and the
mountaintop, are poorly correlated to the height of the
separating layer between the lower and the upper flow.

Total wind velocity FF distributions for northerly and
southerly categories (all the soundings) were found to
be almost identical in almost all the cases in the range
10 to 20 m s . Relatively light winds were found in
IOPs 2 and 7.

Here, DI ¢ distributions for northerly and southerly
categories were found to be different. In northerly flows,
the DI vary between —75° (westerly component) and
45° (easterly component), with considerable frequency

in the range —60° to —30°. The synoptic flow was con-
sistently northeasterly only during IOP 10. In southerly
cases, the departure of the incoming wind direction from
normal incidence to the mountain range (¢ — 180°)
varies from —15° (easterly component) to 75° (westerly
component). Southeasterly synoptic wind directions
were found sporadically only in four soundings.

Theincoming wind normal component V distributions
combine the behavior of the two preceding parameters.
The normal component distributions for northerly and
southerly categories were found to be similar. This fact
does not contradict the difference in the distributions of
¢ because V is determined by cose, which is an even
function.

c. Thermal stability

The thermal stability is characterized by Brunt—Vais-
ala frequency N, defined by
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where g is the acceleration of gravity, 6, the potential
temperature, and dé/dz the potential temperature gra-
dient directly deduced from the linearization. Here, 6,
are the values found at 3000 m MSL (Figs. 4b and c,
dashed line), following the same linearization procedure
used for the wind, and exemplified in Figs. 4b and 4d
for two soundings corresponding to the synoptic chart
for northerly and southerly flowsin Fig. 3, respectively.
As the values of the thermal gradient shown in Table
1a[0.5t0 0.6 K (100 m)~*] are, in general, greater than
the values in Table 1b [0.3 to 0.5 K (100 m)~1], the
values of the Brunt—Vaisala frequencies are consequent-
ly higher for the northerly category than for the south-
erly. Therefore, the flow in the former was, in general,
more stable than in the latter.

d. Froude and Rossby numbers

The global dimensionless Froude (Fr) and Rossby
(Ro) numbers are calculated by entering the values of
N and V in Egs. (2) and (3), respectively. Froude num-
bers were found to be lower than 0.5 for all PYREX
IOPs, and Rossby numbers ranged between 0.5 and 5,
but were generally greater than 1. The values of Fr and
Ro in Tables 1la and 1b are plotted in Fig. 5, which
includes the diagram of Pierrehumbert and Wyman
[1985, Egs. (4a) and (4b)] for comparison. PYREX data
points are located in the sector of the graph correspond-
ing to upstream blocking and splitting effects, which
induce winds on the lateral edges of the obstacle. Good
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linear regression can be found for northerly and south-
erly flow data, demonstrating a linear dependence of Fr
on Ro. This linear dependence indicates that the dy-
namic characteristics of the flowsunder study aremainly
determined by the incoming wind, with the thermal sta-
bility and earth rotation playing a secondary role. The
light difference between the slopes of the regression
lines for northerly and southerly categories is induced
by the thermal stability through N, which was shown
to be almost constant, but different, for both flows.

4. Perturbation of the pressure field

Figure 6 displays two examples of ground-level pres-
sure fields around the Pyrénées, interpolated from field
measurements on 16 November 1990 (Fig. 6a) and on
15 October 1990 (Fig. 6b), at 0600 UTC (Bougeault
and Mercusot 1992). The pressure values, measured at
ground level, were reduced to mean sea level by the
well-known standard method of using a lapse rate of
0.5 K (100 m)-*. These figures illustrate the typical
pressure perturbations, resulting from the blocking ac-
tion of the Pyrénées range, on northerly and southerly
incoming air masses, respectively.

When necessary in the following, the pressure per-
turbation will be analyzed using the rate of change of
pressure with distance between two ground stations.
The pressure measurements at ground level are reduced
to sea level as explained above. Thisterm will be sym-
bolically represented by grad(p).

A second parameter that will be extensively used
throughout this paper is the pressure drag per unit area
(hereafter pressure drag) and is given by (Davies and
Phillips 1985; Bessemoulin et al. 1993)

1 H
D=- f Ap dz, (5"
L o)

where Ap is the pressure difference at each height z,
along a segment of length L across the mountain. The
integral, which accounts for the pressure difference
across the mountain, isthe pressure drag per unit length
of ridge (Smith 1978). It is measured in units of force/
length (N m~*), while the drag per unit area in units of
forcelarea = pressure (N m~2 = Pa). The pressure drag
is computed using the pressure measured at ground level
by 14 microbarographs located on a segment of length
L = 150 km, which bisects the Pyrénées along the Y
axis (x = 0) (Bessemoulin et a. 1993; Bougeault et al.
1993). By convention, the drag will be positive when
the pressure increases from north to south and negative
in theinverse sense. Ascan be seenin Table 1, northerly
flows always have positive drag and southerly flows
have negative. The variation range of the pressure drag
for all the cases ranges from —6 to 8 Pa. The frequency
distribution of the pressure drag is centered on 3 Paand
—2 Pafor northerly and southerly flows, respectively.

As pointed out previously, the total pressure field is
a superposition of the synoptic pressure field and the
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FiG. 6. Ground-level pressure maps deduced from the PERIDOT
analysis at 0600 UTC for (a) northerly synoptic flow on 16 November
1990 during IOP 9 and (b) southerly synoptic flow on 15 October
1990 during I0OP 3. The dotted lines indicate the location of the
Pyrénées. Segment A joins the pair Pau—Zaragoza, B joins Toulouse—
Perpignan, and C joins Zaragoza—Sondica.

pressure perturbations resulting from the blocking ac-
tion of the mountain on the flow. It was difficult to
discriminate the precise contribution of each term. To
achieve a qualitative estimation of the synoptic contri-
bution, the synoptic pressure gradient was calculated,
assuming that the incoming flow, as defined in Table 1,
is geostrophic. The values ranged from 0.01 to 0.02 hPa
km-1 for the most frequent wind speed range of 10 to
20 m s%, respectively. For comparison, the pressure
gradient was calculated for three pairs of ground sta-
tions: Pau—Zaragoza (X direction, segment A in Fig. 6),
Toulouse—Perpignan (60° from X direction, segment B
in Fig. 6), and Zaragoza—Sondica (45° from X direction,
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segment C in Fig. 6). For all the cases, the pressure
gradient varies in the range from —0.05 to 0.05 hPa
km~1. Since the geostrophic pressure gradient direction
is, in general, different from the orientation of the pairs
of stations, it can be estimated that, on the average, the
synoptic flow contribution to the perturbation pressure
field is not greater than 30%. However, in some partic-
ular cases, the synoptic gradient can be more significant
than the orographic perturbation. Considering the hefty
assumptions made in the calculation, it was found un-
justified to introduce this discrimination in the data pro-
cessing.

The linear model of Koffi et al. (1998, Fig. 11) pre-
dictsthat the pressurefield resulting from theinteraction
of air masses moving toward an orographic barrier, hav-
ing an elliptical cross section that resembles the shape
of the Pyrénées, will exhibit an isobar constriction ori-
ented along the mountain X axis. The general mor-
phology of the pressure field shown in Fig. 6 resembles
an orographic pressure dipole, with positive pressure
perturbation values upstream of the mountain and neg-
ative pressure perturbation values downstream, in good
agreement with this prediction.

The segments A, B, and C in Fig. 6 were chosen to
have approximately the same length, and cut the same
number of isobars, as predicted by the linear model
developed by Koffi et al. (1998). The pressure rate of
change along the segments were calculated for all the
IOPs, and the results are plotted versus the correspond-
ing pressure drags in Fig. 7, together with the lines of
linear correlation calculated for northerly and southerly
flows separately. The observed scattering of the data
points should be attributed to the combination of ex-
perimental errors and the variability of the meteorolog-
ical conditions during the different 10Ps. For all the
cases, the linear correlation coefficients are almost the
same (r = 0.8), except for Toulouse—Perpignan (seg-
ment B in Fig. 6) during southerly flows (r = 0.5). The
linear correlation for each pair of stations, calculated
for northerly and southerly categories together, has a
prevailing slope of about 0.55 km~2. Due to the partic-
ular locations of the three pairs, the existence of such
aprevailing slope can be interpreted as an experimental
confirmation of the linear model results.

The slopes of the linear correlation are nearly equal
to the prevailing slope for Zaragoza—Sondica (segment
C in Fig. 6) during northerly and southerly flows and
for Toulouse—Perpignan during northerly flows,. Thein-
dividual slopes for Pau—Zaragoza (segment A in Fig. 6)
differ from the prevailing slope by —20% for northerly
flows and 25% for southerly flows. For Toul ouse—Per-
pignan, the difference is —33% for southerly flows.
Those differences can be attributed to the asymmetry
of the mountain range, especially in the case of Pau—
Zaragoza, which is located in the central part of the
Pyrénées, and to an additional perturbation due to the
particular orographic characteristic of the location of
Perpignan for Toulouse—Perpignan.
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Fic. 7. Rate of change of ground-level pressure with distance be-
tween (a) Pau—Zaragoza (Fig. 6, segment A), (b) Toul ouse—Perpignan
(Fig. 6, and segment B), and (c) Sondica—Zaragoza (Fig. 6, segment
C) vs pressure drag for northerly (circles) and southerly (triangles)
flow categories. The linear regression adjusted to northerly (solid
lines) and southerly (dashed lines) flow categories are also indicated.

From the analysis made above, it can be inferred that
the correlation linesin Fig. 7 can be used to deduce the
pressure perturbation around the Pyrénées directly from
the measurement of the drag, as calculated in the present
work. Inversely, the drag can be deduced from the rate
of change of pressure with distance, measured between
two stations located on both sides of the Pyrénées. A
similar analysis has been reported by Bessemoulin et
al. (1993). In consideration of its important role, the
pressure drag will be used as representative of the pres-
sure perturbation in the following sections.

5. Wind perturbation

The wind perturbations to be analyzed in the follow-
ing sections concern the flow deflected by the blocking
effect of the mountain range. These perturbations gen-
erate winds that are well known by their regional names.
Two examples are demonstrated by the wind vector rep-
resentation in Fig. 8, obtained using the PERIDOT nu-
merical analysis of wind measurements performed at
0600 UTC 16 November 1990 (Fig. 8a) and on 15 Oc-
tober 1990 (Fig. 8b) during northerly and southerly syn-
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Fic. 8. Analysis of ground-level winds at 0600 UTC for (a) north-
erly synoptic flow on 16 November 1990 during IOP 9 and (b) south-
erly synoptic flow on 15 October 1990 during IOP 3 over a topo-
graphic map of the Pyrénées area.

optic flows, respectively. Figure 8 visualizes the main
perturbations due to the blocking effect: flow retardation
in front of the mountain, flow acceleration around the
flanks, and vortex formation behind the barrier.

All the regional winds were observed during PY REX
IOPs and were well characterized using the whole ex-
perimental setup presented above. In this section, they
will be introduced briefly and, in the following section,
they will be related to the pressure perturbation.

During northerly flows, the tramontane wind is in-
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duced on the northeastern part of the Pyrénées, and the
cierzo wind appears on the southwestern part (Fig. 8a).

Tramontane winds start between the Pyrénées and the
Montagne Noire and blow over the Golfe du Lion in
the Mediterranean Sea, reaching the maximum intensity
offshore when they cross the prolongation of the X axis
of the Pyrénées. The deflection is detectable up to al-
titudes of 1500—2000 m MSL, while the maximum in-
tensity appears at 500 m MSL.

Cierzo winds start in the upper part of the Ebro valley
and blow along it. The valley channels the horizontal
flow at low levels and the maximum wind velocity is
attained near Zaragoza. The deflection is detectable up
to 2000 m MSL, and the maximum intensity is reached
at altitudes between 500 and 1000 m MSL.

In southerly flow, the bochorno wind appears on the
southwestern part of the Pyrénées, and the autan wind
is induced on the northeastern part (Fig. 8b).

Bochorno winds blow in the upper part of the Ebro
valley between Zaragoza and Pamplona; the maximum
velocity is reached prior to the intersection with the Y
axis of the Pyrénées. The deviated flow is detected from
ground level up to 2000 m MSL.

Autan is the new name that marin winds receive over
the Toulouse plain, after they originated by the splitting
of the flow around the eastern part of the Pyrénées be-
tween Cap Creus and the Naurouze Path. They attain
their highest velocity when they are accelerated by the
bottleneck effect of the Naurouze Path. The deflection
is detectable up to 1500—2000 m MSL, and the atitude
of the maximum intensity is around 700 m MSL.

The critical level of the blocked flow h, is, by defi-
nition, located at an altitude for which the perturbed
motion of the air below is decoupled from the free mo-
tion of the incoming flow above. As pointed out above,
in ailmost all the cases documented in the PYREX ex-
periment, the horizontal wind field was found to be
perturbed up to an altitude of 2000 m MSL. Therefore,
this altitude, equivalent to two-thirds of the topographic
barrier height, can be identified as the critical level of
the blocked flow around the Pyrénées.

Hunt and Snyder (1980) have proposed to estimate
the critical height in the blocking areausing the equation

h. = H(L — Fr). (6)

Introducing in Eqg. (6) the values H = 3000 m and
Fr = 0.3 that are representative for PY REX, one obtains
h, = 2100 m, in good agreement with the experimental
values. A detailed analysis at Pau station, located in the
blocking area of northerly flows, shows considerable
scattering of the experimental data around theline given
by Eg. (6), indicating that the dependence of the vari-
ation of h, with Fr is more complex than stipulated by
the equation, which does not account for all the exper-
imental factors.
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6. Wind and pressure interrelation

a. Temporal variation of the perturbed winds and the
pressure drag

In general, a consistent direct positive or negative
correlation between the pressure and the wind pertur-
bations was observed during all PYREX operational
periods. The good negative correlation is illustrated by
the temporal variation of the pressure drag D and the
parallel component of thewind U, measured in the Nau-
rouze Path and at the Zaragoza airport, and is displayed
inFig. 9. When the synoptic flow isnearly perpendicular
to the principa axis of the Pyrénées, the drag has sig-
nificant values and the absolute values of D and U are
in phase in both sides of the mountain. For synoptic
airflow closely parallel to the principal axis of the Pyr-
énées, the drag is low and U fluctuates less systemati-
cally. A detailed analysis shows no significant time lag
between the variations of the drag D and the U com-
ponent of the wind, which is in agreement with the
results of the cross correlation between the pressure per-
turbation index and the 900—800-hPa layer wind speeds
for different lag times, as measured during the OLY M-
PEX experiment (Mass and Ferber 1990).
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Fic. 10. Profiles of the coefficients of correlation between the pressure drag measured along a
segment that bisects the Pyrénées, and the components of the total wind normal (left hand) and
paralel (right hand) to the principal axis of the Pyrénées as measured by radiosondes deployed
from stations located (@) in front, (b) at the edges, and (c) behind the mountain range, relative to
the incoming flow direction, averaged for al 10Ps with northerly flow.

b. Correlation between the wind profile and the
pressure drag

Linear correlation coefficients between the wind com-
ponents V and U, measured at several altitudes up to
8500 m MSL, and the pressure drag are shown in Fig.
10 for al the IOPs with northerly flows and in Fig. 11
for all the 10Ps with southerly flows at seven stations
(Koffi 1994). The stations were chosen to illustrate the
conditions in front of the mountain range (Toulouse,
Bordeaux, and Pau for northerly flow, and Zaragoza for
southerly flow), behind the mountain range (the same
stations but reversed), and at the edges (Pamplona is
located on the west side, and Port la Nouvelle and Cap
Creus are located on the east side of the Pyrénées). The
significance level of the correlation coefficients shown
in Figs. 10 and 11 are better than 0.1 in amost all the
cases.

c. Analysis for northerly synoptic flows

The profiles of the linear correlation coefficients r,
between the wind components and the pressure drag
(Fig. 10a), are similar for all the frontal stations. Above

2000 m MSL the correlation coefficients for V are large
(0.7 < r < 0.8), indicating that the pressure drag is
mainly induced by the dynamic effect exerted by the
mountain on the incoming flow. At Toulouse and Pau,
the maximum correlation is found at altitudes between
2500 and 3000 m MSL, which can be considered rep-
resentative heights of the mountaintops in the central
part of the Pyrénées range. The correlation decreases
for al the stations and inverts significantly only for Pau,
at an altitude of 1000 m MSL, indicating the formation
of an average reversing flow in the blocked zone below
2000 m MSL in front of the Pyrénées.

The correlation for the U wind component is weak
above 2000 m MSL (r < 0.3), as expected from the
analysis of the previous paragraph. Downward, thetrend
of the absolute values is to increase, contrarily to V,
reaching significant values (0.4 to 0.6) near ground lev-
el. These negative correlation values indicate a pre-
vailing westerly flow in the three frontal stations, as a
result of the deflection of the flow toward the east.

The two main effects mentioned above are well es-
tablished in Figs. 10b and 10c for the lateral (Port la
Nouvelle and Pamplona) and rear (Zaragoza) stations:
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FiGc. 11. Same as Fig. 10 for southerly flow category. The frontal and rear stations are inverted.

the free flow aloft (high correlation values of U above
2500 m MSL) and the eastward deviation on both sides
of the Pyrénées (increasing absolute values of the cor-
relation of V toward ground level).

Resuming the analysis of Fig. 10 above, the main
features of the northerly flow can be described as fol-
lows. At alow level in front of the Pyrénées, somewhere
westward from Pau, there is a point of strong deceler-
ation in which the flow splitsin two branches of westerly
flow. A frontal branch starts up the tramontana wind
(blocking effect), and arear branch originates the cierzo
wind (channeling effect of the Ebro valley). This flow
pattern is in good agreement with the results obtained
by Koffi et al. (1998) with a numerical model based on
the linear theory that accounts for the Coriolis effect.
Above the critical height defined heretofore, the hori-
zontal flow is undisturbed. It should be remarked that
the concept *‘ undisturbed flow’" regards the mean hor-
izontal wind that was systematically measured, while
the vertical wind component, which can be an indicator
of wave formation and propagation, was measured only
sporadically and is not analyzed here.

d. Analysis of southerly synoptic flows

The correlation between D and V decreases with al-
titude above 2000 m MSL, varying in the range 0.2 <

r < 0.6 (Fig. 11), indicating that southerly flows are
more disturbed than northerly. While in Table 1 there
are no considerable differences among DI, wind normal
components, and drag statistical distributions for both
categories, the stability is systematically lower for air
masses coming from the south. This higher instability,
combined with differencesin topography, whichismore
complex on the Spanish side than on the French side
of the Pyrénées, can explain the stronger perturbation
in the upper levels. On the other hand, the fact that the
trend of the correlation is, asfor northerly flows, to keep
on decreasing downward from 2000 m MSL and to
reach its minimum value at ground level is an additional
assessment of the existence of the separating critical
level.

The correlation coefficient values for the U compo-
nent of the wind vary irregularly between —0.2 and 0.3
above 2000 m MSL. Downward, they become negative,
and the trend of their absolute values is to increase,
reaching values in the range —0.2 to —0.6 near ground
level, indicating a prevailing easterly flow caused by
the deflection of the flow toward the west.

Resuming the analysis of Fig. 11, the main features
of the southerly flow can be described as follows. At
low level and in front of the Pyrénées, somewhere east-
ward from Zaragoza, there is a point of strong decel-
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eration in which the flow splitsin two branches of east-
erly flow: a frontal branch (blocking effect) starts up
the bochorno wind, and a rear branch originates the
marin and autan winds. This, again, resembles the re-
sults of the linear theory including the Coriolis effect
(Koffi et al. 1998). Above the critical height, the hor-
izontal flow is more disturbed than in the northerly flow.
The OLYMPEX experimental setup has provided a
data bank that consisted mainly of radiosonde profiles
from one sounding station at Quillayute, twice a day,
and pressure charts from 11 microbarographs spread
around the Olympic Mountain (Mass and Ferber 1990).
The data collected and its analysis, which are of our
immediate concern, are limited in two senses. First, a
description of the three-dimensional wind field, statis-
tically based on sounding stations surrounding the
mountain, is not available. Second, the position of the
microbarographs that provides the pressure perturbation
index is unknown and, since the line connecting them
cannot be areference direction in space, any correlation
with this parameter lacks direction. Therefore, the pic-
torial description of the flow pattern, as was presented
above, cannot be attained. Nevertheless, the OLY MPEX
experiment has shown that, on the average, the wind
speed in the layers 900—700 hPa and 900-800 hPa is
well correlated with the pressure perturbation index
(Mass and Ferber 1990, Table 2 and Fig. 11). If the
pressure perturbation index is accepted as a reasonable
gauge of the pressure drag across the mountain, it can
be inferred that our interpretation of the measurements
performed around the elliptical-like Pyrénées range is
in good agreement with the analysis gave by Mass and
Ferber (1990) for the circular-like Olympic mountain.
The systematic wind-drag temporal correlation when
D] > 2 Pa (Fig. 9), and wind-drag space correlation
(Figs. 10 and 11) around the mountain range for both
incoming airmass categories, with special regardsto the
induced winds at low levels, enables the prediction of
regional wind disturbances upheld by pressure drag ob-
servations. It will be shown that it can be linked to the
dependence of both parameters on the Froude number,
as predicted by the linear theory and confirmed by the
experimental data. Under this conditions, the pressure
drag becomes an accessible tool to forecast the impor-
tant winds around the Pyrénées. This conclusion, sub-
jected to a comprehensive experimental validation, can
seemingly be extended to the Olympics, in view of the
comparison made in the preceding paragraph.

7. Comparison of the experimental data with the
linear theory

a. The pressure drag at the central part of the
Pyrénées

The two-dimensional linear hydrostatic theory was
elaborated to arrive to the dependence of the two-di-

BENECH ET AL. 45

mensional pressure drag per unit area D,,;,, on Froude
number given by Smith (1979a):

D2D|il’1 — 7_TE i, (7)
poV? 4 ajFr

where p, is the air density, and the others parameters
were already defined. This relation shows that the two-
dimensional pressure drag, normalized by p,V?, isalin-
ear function of Fr—. Equation (7) was extended to three-
dimensional elliptical mountains by Phillips (1984):

D = D2DlinG1(’yv ¢)= (8)

where the function G,(y, ¢) involves complicated el-
liptical integrals.

Following Phillips (1984) and Bessemoulin et al.
(1993), Koffi et al. (1998) arrived at

D = D2D|inG2(Rov Y go), (9)

whichincludesthe Coriolis effect implicitly through Ro.
The calculation of G,(R,, v, ¢) aso involves compli-
cated elliptical integrals. Combining Egs. (7) and (9),

one obtains
D mH\ 1
NELEN

PoV? 4 a/Fr (19

To test these theoretical approaches, the absolute val-
ue of D/(p,V?) is plotted against Fr—* in Fig. 12a, for
all the PYREX |OPs (Table 1). A linear regression line
for al the data, except four points that were rejected
because they correspond to low Froude numbers, is also
included in Fig. 12a. This rejection is consistent with
the fact that the linear theory becomes less applicable
for very small Froude numbers, as pointed out in the
introduction. The correlation coefficient was 0.8, show-
ing a strong linear correlation in general agreement with
thelinear theory. Using the coefficients of theregression
line, one arrives to the empirical relation

D
poV?

The data points in Fig. 12a are well grouped around
the correlation line for Fr-* < 8. For Fr-* > 8, the data
become more scattered, especially for IOP 6, which cor-
responds to a slow northwest synoptic flow associated
with alow drag (three of the rejected points). This data
point distribution is also in agreement with the criterion
of linear theory validation, as mentioned above.

In Eqg. (11), the free coefficient —0.014 is smaller
than its standard deviation error (0.023) and can be ig-
nored for a first approximation. In this case, the slope
coefficient can be equated to the expressions deduced
from Egs. (7) and (10).

When the linear regression is compared to the two-
dimensional linear approach (Eq. 7), one obtains

aH
——| = 0.012.
<4a) 00

1
= (0012 + 0.0013)— — (0014 + 0.023). (11)

(12)
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Fic. 12. Absolute value of the pressure drag as a function of the
inverse Froude number for al PYREX IOPs, except four points hav-
ing extremely high Froude numbers. The linear regression lineis also
shown.

From Eq. (12), it follows that a = 65H. After sub-
stituting H = 3000 m MSL, the representative height
of the Pyrénées, in Eq. (12), the value a = 195 km is
obtained, which is equivalent to 4.9 times the real width
of the Pyrénées. In Koffi et al. (1998) it is shown that
the perturbed pressure and wind area, calculated with a
three-dimensional model for an idealized elliptic barrier
having the same geometrical characteristics as the Pyr-
énées, extend to about 4.5 times the width of the barrier.
Following this agreement, the value of a, calculated
from Eq. (12), can be interpreted as the effective width
of the Pyrénées, to be used in the implementation of
models that rely on the two-dimensional linear theory
that are dedicated to the study of the flow around this
mountain range,

When the linear regression is compared to the three-
dimensional linear approach [Eqg. (10)], one obtains

4 a
The linear theory provides explicit mathematical ex-
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pressions that enable the calculation of the function G,
(Koffi et al. 1998), but its value is closely related to the
definition and calculation of the parameters involved in
its determination. For instance, the definition of the
length of the microbarograph array that sustains the
measured drag is an important factor that determinesits
value, not only because it appears in the denominator
of Eq. (5) but also because the distribution of the drag
along the segment is far from being uniform. Besse-
moulin et al. (1993) has shown that the drag based on
the 9 highest microbarograph located above 692 m M SL
is about 40% higher than the drag calculated using the
whole array of 44 microbarographs operated during PY-
REX. Based on the reduced array, the value of G, would
have been 40% higher, namely, 0.0168. Since there is
not a well-established methodology for the determina-
tion of the segment length, it remains an arbitrary sub-
jective decision. The thermal stability that enters the
calculation of G, as well as Fr through N depends to
some extent on the linearization method applied to the
experimental soundings for defining the characteristics
of the uniform undisturbed flow. Olafson (1996) has
proposed to linearize the ratio V/N if a wave formation
is present, while for blocking and splitting effects he
found it more appropriated to average V and N sepa-
rately. Obviously, many other schemes can be applied,
hat would increase the variability of the final value of
G,. Finaly, we shall mention the definition of the ge-
ometry of the mountain as a source of subjective control
on the value of G, by favoring a particular method of
terrain smoothing. The smoothing scheme adopted by
Koffi et al. (1998, Fig. 2) for PYREX isrelatively well
fitted to the terrain relief, which is in contrast to the
dramatic spline simplification carried out by Davies and
Phillips (1985, Fig. 3) to represent the orography of the
St. Gotthard region, along the quasi-linear microbaro-
graphic array used in ALPEX experiment.

When G, is empirically obtained using the linear re-
gression method applied in Fig. 12a, all the factors de-
termining its value are globally embedded on it. In this
sense, G, can be interpreted as a scaling function that
enables one to obtain the pressure drag as a function of
the Froude number, provided that the definition of the
basic parameters of the dynamic system are kept fixed.
The process developed above is a sort of experimental
calibration of a particular aspect of the linear theory to
be applied to a specific flow problem.

The linear theory developed by Smith and Phillipsis
conceptually controversial in the sense that it predicts
flow features that are, in fact, nonlinear. Wave breaking,
collapse of density surfaces, splitting, and stagnation of
the flow are all effects that involve flow perturbations
that are of the same order of magnitude, the average
characteristics. Besides, clear criteria can be derived for
the occurrence of such anomalies (Smith 1979b, 1980,
1988). The extent of the inaccuracies emanating from
the anomalies introduced by the linearization process
remained an aspect that should be examined in exper-
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imental or numerical tests. The pressure drag, measured
near the ground, is worth special attention, as will be
shown below.

The series expansion of the density surfaces given by
Smith’s (1988) linear model in isosteric coordinates is
rigorously correct at any point (X, Y, z,) for which zN/
V = (z/H)(HNIV) = (z/H)Fr-* < 0.5, except in the
wake of the hill, where the series converge poorly.
Therefore, no matter how small the Froude number of
the flow is, there will exist alayer of depth z, < 0.5FrH
above ground level for which the solution is rigorously
valid in front and the flanks of the hill, and inaccurate
in the wake. The validity and extent of the inaccuracies
should be finally assessed by numerical and experi-
mental tests.

We have arrived to the result that, under the exper-
imental conditions and accuracies imposed by PYREX,
the pressure drag can be related to relatively low Froude
numbers in a way prescribed by the linear theory. We
have sought other experiments to corroborate PY REX
results, and we shall mention some relevant examples.

The data bank of the OLYMPEX experiment pre-
sented and analyzed by Mass and Ferber (1990) hastwo
main limitations. First, as was pointed out previously,
the pressure index can only poorly represent the pressure
drag, as compared to its systematic measurement and
the method in which it was calculated and analyzed in
PYREX. Second, in spite of the expectations, the flow
at Quillayute sounding station was, on the average, af-
fected by the blocking effect of the Olympics, as is
clearly demonstrated in Fig. 7 in Mass and Ferber
(1990). If the wind direction at 700 hPa is accepted as
representative of the incoming flow, only the wind en-
tering the region paralel to the direction of the line
connecting Quillayute with the Olympics (sector 280°—
300° in the figure) is not deviated at lower levels. As
the departure of the incoming flow from the line direc-
tion increases (sectors 240°-260° and 200°—220° in the
figure), the wind deflection increases toward ground lev-
el (17° and 34° total average deflection, respectively),
and it starts at higher levels (850 and 750 hPa, respec-
tively), showing a more conspicuous splitting. An ad-
ditional indication of the blocking effect at Quillayute
is the deceleration of the flow. While the average wind
speed at 700 hPa is almost the same for all the sectors,
at 800 hPa it decreases to about 60% for sector 280°—
300°, 80% for sector 240°-260°, and remains unaltered
for sector 200°-220°, indicating that Quillayute moves
the region of possible stagnation farther away as the
splitting becomes more perceptible. Therefore, the
Froude numbers calculated by Mass and Ferber (1990)
cannot be representative of the normal incoming flow,
as was applied in the present analysis. These two lim-
itations may be a good explanation for the relatively
poor pressure index—Froude number correlation found
in OLYMPEX, which isin contrast to the results of our
analysis of PYREX measurements. The fact that Quil-
layute is in the perturbed region can also explain that
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the wind velocity is the parameter that best correlates
with all the others involved in the study of Mass and
Ferber (1990).

ALPEX experimental drag determination, using pres-
sure measurements along a 100-km-long quasi-linear
array of microbarographs along the St. Gotthard Pass
(Daviesand Phillips 1985), is similar to the method used
in the present analysis. The time variation of the drag
per unit of area and the product NV during 2 months
are given in Figs. 5 and 13, respectively, in Davies and
Phillips (1985). The time series NV, based on sounding
stations at Merenschwand and Milan for northerly and
southerly flows, respectively, is incomplete and some-
what confusing. Nevertheless, it was possible to extract
78 paired values, which should be regarded as very
inaccurate. The sole way to approach Fig. 12a using the
data is to assume that N remains constant and the vari-
ation of NV is representative of the variation of V. Using
NV instead of V to calculate the Froude number and
(NV)? instead of pV2 to normalize the drag is a source
of additional error that can be significant if the variation
of N is =15% as in PYREX (Table 1). Nevertheless,
this procedure was applied to compose Fig. 12b, in
which a pseudonormalized drag is plotted against a
pseudo-Froude number, both arbitrarily scaled, to re-
semble the graph in Fig. 12a. Sixty-three out of the 78
original values were left, after the 15 outermost points
were dropped, due to their extremely low Froude num-
bers. In spite of the adverse way that ALPEX data have
to be treated, the similitude of the point distributions
and the high valued correlation coefficients pertaining
to PYREX and ALPEX is evident, and worth consid-
ering as an additional experimental corroboration of the
functional dependence of the pressure drag on the
Froude number prescribed by the linear theory when
they are calculated and normalized as in the present
analysis. The impossibility of calculating the average
value of the scaling function G, for ALPEX conditions
is regrettable, but this was caused by an inappropriate
data format.

The modeling of two- and three-dimensional flows
around mountain barriers, based on nonlinear equations,
have contributed to some understanding of the depen-
dence of the pressure drag on the Froude number. Mir-
anda and James (1992) used a three-dimensional non-
hydrostatic numerical model in terrain-following coor-
dinates to study different flows around different circular
bell-shaped mountains. They present a curve of the total
pressure drag normalized by the linear hydrostatic drag
as a function of Froude number, which shows a well-
defined peak at Fr = 1. Many substantial arguments
enable the comparison of their results with PYREX ex-
perimental data, such as a) the mountain is kept circular
while the Pyrénées range is best fitted by an elliptic
shape having aspect ratio y = 1/5; b) rotational, fric-
tional, and turbulence effects are not included (experi-
mental data cannot be cleared of these effects); c) the
nature of the total drag, expressed in unit of force (N),
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Fic. 13. The normalized total wind intensities at 500 m MSL as a function of the Froude
number for northerly (&) and (b) and southerly (c) and (d) flow categories, deduced from mea-
surements at (a) Port la Nouvelle and (d) Cap Creus on the east side and (b) and (c) Pamplona
on the west slide of the Pyrénées. The solid line curve is deduced from Eq. (17) in the absence
of the Coriolis effect (Ro = ), and the dashed line curve is deduced from Eqg. (18) when the

Coriolis effect is taken into account (Ro < 1).

differs to a great extent from the drag per unit of area
expressed in units of pressure (Pa), as was measured in
PYREX and ALPEX. Olafsson and Bougeault (1996)
used a primitive equation in the hydrostatic, terrain-
following coordinates, limited-area PERIDOT model,
formerly operational at Météo-France, to simulate dif-
ferent flows around en elliptic mountain having vy =
1/5. Only turbulence effects were included. The drag
per unit of areais calculated along atransect of 240 km
and normalized by pNVH?2. The curve of the normalized
drag versus the inverse of Froude number has a well-
defined peak at Fr = 1 and somehow resembles the
curve of Miranda and James (1990, 1992), if the sub-
stantial differences between the experiment conditions
are ignored and the abscise axis is inverted. PYREX
conditions are better approached by Olafsson (1996) and
Olafsson and Bougeault (1997) who, using the same
modelization as Olafsson and Bougeault (1996), also
introduced rotation and friction. The effect obtained is
impressive—the amplitude of the curves of the nondi-
mensional drag per unit of area in the central part of

the elliptical mountain, calculated with turbulencein the
range 0.5 = Fr-! = 4.5, are reduced by factors 0.74
when the Coriolis effect isintroduced and by 0.42 when
both rotation and friction effects are included. The re-
duction of the nondimensional total drag is even more
noticeable: 0.56 and 0.28, respectively. This behavior
is discussed in Olafsson (1996) and Olafsson and Bou-
geault (1997) and we shall not reproduce his argumen-
tation. The flattening of those curves is equivalent to
an approach to the linear drag behavior described in our
formulation [Egs. (9) and (10)]. The final adjustment of
Olaffson (1996) and Olafsson and Bougeault (1997)
curves to PYREX points remains a matter of scaling
that is strongly dependent on the subjective parametri-
zation, as explained previously.

b. Regional winds in the edges of the Pyrénées

In the present section, the experimental wind data
measured near the western and eastern sides of the Pyr-
énées will be compared with the values on the edges of
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an elliptical mountain, obtained by Buzzi and Tibaldi
(1977) for Ro < 1 and v = 1, Smith (1980) for Ro =
o and y = 1, and Philips (1984) for Ro = « and any
v, using models based on the linear theory.

In the linear theory, the total wind field is considered
a superposition of the incoming flow (the average wind
field) and the wind (the wind field perturbation). Using
the coordinate system previously defined for a linear
flow, the expression for the total wind velocity at ground
level FF(x, y, 0), normalized by the normal component
V of the incoming wind velocity taken at 3000 m MSL,
is given by

FF(x, y, 0)

Vv
(14)

where v'(x, y, 0) and u’(x, y, 0) are the perturbations of
the horizontal wind components. The wind perturbation
for an incoming flow normal to the principal axis of the
mountain range (U = 0, tang = 0) and without Coriolis
effect (Ro = =), calculated by Smith (1980) for a cir-
cular bell-shaped mountain (y = 1) and by Phillips
(1984) for a family of elliptical mountains (any v), is

2

N v'(% Y, 0)
\Y

1

N 9+u(x,y,0)
\ \

v'(X,y, 0) = —hNCp_(x, y, 0) (15)
u'(x, y, 0) = —hNCpy,(X, ¥, 0))
where
"X, y, 0)O
pr(X, y' O) — M
poVNH
PLx, ¥, O] 1o
_ R 1 ]l
Cpy, (%, Yy, 0) = pVNH T

where p’(x, y, 0) is the pressure perturbation in the pres-
ence of an elliptical terrain field h(x, y), as defined in
Koffi et al. (1998), and pi(X, y, 0) is the pressure per-
turbation due to a terrain hx(x, y) = h(y, xX), which isa
reflection of the original barrier about the line x = .
For normal incoming flows U = 0, the total wind
velocities at the points (=b, 0, 0) are calculated, re-
placing the values v'(=b, 0, 0) = 0, u'(=b, 0, 0) =
—hNCp,,,(*b, 0, 0), and Fr-* = NH/V in Eq. (14).

FF(+b, 0,0) Cpy,(+b, 0, 0)?]**
T—{l-l-—':r } 17)

When the Coriolis effect is taken into account and
Ro <« 1, the flow in the vicinity of the mountain be-
comes quasi geostrophic. Thewind velocity in the lateral
edges of a circular mountain (y = 1) is given by the
following equation, deduced from Buzzi and Tibaldi
(1977),
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Cpy,(*b, 0, 0)

Fr

FF(=b, 0, 0)
R
Vv

} . (18

In Eqg. (18), the plus sign preceding the ratio is for
deflections leftward of the incoming flow direction and
the minus sign is for rightward deflections. Equations
(17) and (18) give the explicit dependence of the nor-
malized total wind velocity on Fr on both sides of the
mountain, when the flow is normal to the mountain
range.

Figure 13 presentsthe experimental values of theratio
FF/V, measured between 100 and 500 m above ground
level as a function of the Froude number, during the
appearance of the tramontana and cierzo winds (Figs.
13a,b) and bochorno and marin—autan winds (Figs.
13c,d). The curves deduced from Egs. (17) and (18) for
normal incidence (¢ = 0), using the respective values
Cp,s(=b, 0, 0) = 0.2 and Cp,(=b, 0, 0) = 0.35 given
by Phillips (1984), are also plotted for comparison. In
the absence of the Coriolis effect, the flow predicted by
Eq. (17) on both sides of the barrier is symmetric, and
the curves for Ro = o areidentical in al the cases. On
the other hand, the asymmetry expected in Eq. (18)
when the Coriolis effect istaken into account isreflected
by the differences between the curves for Ro << 1 in
Figs. 13a and 13c calculated with the positive sign, and
in Figs. 13b and 13d calculated with negative sign.

In spite of systematic departures of the data points
from the curvesin Figs. 13aand 12c¢, it is clear that the
experimental values are in general agreement with the
linear theory predictions. Indeed, the distribution of the
data points above the curvesin Fig. 13aand below them
in Fig. 13c is explained by the bias introduced to the
flow by the synoptic wind that, on the average, bears
45° to the west of normal incidence for northerly aswell
asfor southerly flow categories. During northerly flows,
the DI provides a positive bias to the tramontana wind
in Port la Nouvelle (east side of the Pyrénées) and a
negative bias to the cierzo wind in Pamplona (west side
of the Pyrénées). This bias enhances the asymmetry
imposed to the flow by the Coriolis effect and is clearly
demonstrated by Koffi et al. (1998) using the linear
theory. However, the opposite tendency should be ob-
served for the southerly category, where the linear the-
ory predicts relatively weak wind perturbations for all
the Fr corresponding to the data. But in this case, the
systematic bias of the DI on the datais masked, probably
because it is embedded in experimental errors and other
dynamic effects.

The asymmetry mentioned above decayswith altitude
as shown in Fig. 14, which presents the averaged dif-
ference of the wind velocities in Port la Nouvelle (east
side) and Pamplona (west side), for all |OPs of northerly
and southerly categories (Fig. 14a,b, respectively). The
standard deviations in Fig. 14 clearly demonstrate that
the enhancement of the asymmetry due to the DI is
significant for northerly flows (Fig. 14a), while the
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Fic. 14. Dependence on altitude of the difference of the total wind intensities between (a)
Port la Nouvelle and Pamplona and (b) Pamplona and Cap Creus, for northerly and southerly
flow categories, respectively. The horizontal bars represent the standard deviation of the mea-

surements.

masking effect for southerly flow is composed in the
error range (Fig. 14b). The error range at low levelsis
higher for the southerly than for the northerly flow be-
cause the winds during southerly flows were faster.

The decay of the flow asymmetry with altitude is an
experimental confirmation of the declination of the
mountain blocking effect with altitude, which is not
attested by the implementations of the linear theory in
Smith (1982), Philips (1984), and Koffi et al. (1998),
but is demonstrated by Olafsson (1996, Fig. 5.4) using
the three-dimensional nonlinear PERIDOT model.
While the critical level was previously identified and
located in section 5 using the relation of Hunt and Sny-
der (1980) and in section 6b using the correlation be-
tween the wind and the pressure drag, the asymmetry
decay in Fig. 14ais an additional and independent |o-
cation of the critical level at about 2100 m MSL. Quan-
titatively, this estimation of the critical level altitudeis
in agreement with the values obtained previously, con-
sidering the error involved, as given by the standard
deviations.

In fact, Fig. 14 synthesizes the main features of the
flow in the vicinity of the Pyrénées. a separating layer
between the air mass flowing with undisturbed hori-
zontal direction above and the blocked flow below. The
blocked northerly flow is asymmetric, with stronger
wind velocities on the eastern side than on the western.

8. Conclusions

The PYREX intensive operational program had pro-
vided an extensive database, which was used in the pres-
ent work to describe the airflow around the Pyrénées
and to evaluate the applicability of the linear theory to
stable flows, blocked by a relatively large mountain
range.

The thermodynamic characteristics of incoming flows

were defined in terms of Froude and Rossby numbers
and the direction of incidence (DI) of the wind. Here,
Fr and Ro were found linearly correlated and their com-
bination corresponded to blocked flow in all the cases.
The DI was used to classify al the cases in northerly
and southerly incoming flow categories. In both cate-
gories, the incoming flow was not purely normal to the
main axis of the mountain range, generally bearing to
the west.

In the vertical direction, the flow is clearly separated
into two regimes by a separating layer located at an
altitude of about two-thirds of the way to the top of the
mountain range. Above the separating layer, the hori-
zontal wind is undisturbed. Below the separating layer,
winds that are well known by their regional names are
induced when the flow is perturbed by the blocking
effect of the topographic barrier. Due to the wind per-
turbation, horizontal winds during northerly flows are
stronger on the east side than on the west side, while
during southerly incoming flows, the horizontal wind
distribution is almost symmetric.

The pressure field perturbation is well correlated to
the pressure drag, calculated along a segment bisecting
the central part of the mountain range. Sincethe pressure
drag was found to be correlated to the Froude number
of theincoming flow, it was used to analyze the pressure
field dependence on the dynamic interaction of the in-
coming flow with the mountain range.

Clear correlation rules can be deduced from the anal-
ysis of the experimental data at different altitudes for
both categories of incoming flows. Therefore, since the
pressure drag can be easily determined using field mea-
surements at ground level, it becomes a powerful tool
for the prediction of winds around the Pyrénées.

The experimental data are in agreement with the lin-
ear theory predictions as follows.
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» The perturbation of the surface pressure field resem-
bles a bipolar distribution with a high pressure system
in front of the mountain and a low pressure system
behind it.

 The dependence of the drag, measured in the center
of the mountain, on Fr=*. It was possible to evaluate
the applicability of the linear theory implemented in
two models—a two-dimensional model, for which it
was possible to define quantitatively the effective
blocked area, and a three-dimensional model, for
which a scaling function that combines the DI, the
mountain shape, and the Coriolis effect was found
almost constant, with average value of 0.2 for all the
cases under study.

» The extension of the area affected by the blocking
effect, estimated to be 4.5-5 times the width of the
barrier. For the northerly flow category, it was even
possible to detect the rightward drift of the point of
strong deceleration due to the Coriolis effect and to
determine its location.

» The dependence of the wind velocities on Fr—* at the
edges of the barrier. The asymmetric deviation of the
flow is clearly demonstrated for northerly flows, while
for southerly flows it is considerably masked. The
flow asymmetry is induced by the Coriolis effect and
biased by the departure of the flow from normal in-
cidence, toward westerly DI for both categories. As
aresult of the combination of both effects, the asym-
metry is enhanced in northerly flows and reduced in
southerly cases, as predicted by the linear model in
Koffi et al. (1998). The feeble asymmetry in the south-
erly category is embedded in experimental errors and
other dynamic effect.
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