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1Dept. Fı́sica Aplicada, Universitat Politècnica de Catalunya, Manresa, Spain; 2Grup de
Meteorologia, Dept. Fı́sica, Universitat de les Illes Balears, Spain; 3Dept. Fı́sica Aplicada, Escola
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Abstract. The characteristics of low-level jets (LLJ) observed at the ‘‘Centro de Investigacion

de la Baja Atmósfera’’ (CIBA) site in Spain are analysed, focussing on the turbulence gen-
erated in the upper part of the jet, a feature that is still to be thoroughly understood. During
the Stable Boundary Layer Experiment in Spain (SABLES) 1998, captive balloon soundings

were taken intensively, and their analyses have highlighted the main characteristics of the jet’s
wind and temperature structure, leading to a composite profile. There are indications that the
turbulence has a minimum at the level of the wind maximum, with elevated turbulence in a

layer at a height between two and three times that of the LLJ maximum, but no direct
measurements of turbulence were available at these heights. In September 2001, a 100-m tower
at the same site was re-instrumented to give turbulence measurements up to 96.6 m above

ground level. All occurrences of LLJ below this height between September 2002 and June 2003
have been selected and significant turbulence above the LLJ has been found. Simulations with
a single-column turbulence kinetic energy model have been made in order to further investi-
gate the generation of elevated turbulence. The results correlate well with the measurements,

showing that in the layer above the LLJ, where there is significant shear and weakly stable
stratification, conditions are conducive to the development of turbulence.

Keywords: Elevated turbulence, Low-level jet, Nocturnal boundary layer, SABLES 98, Stable

boundary layer, Single-column model.

1. Introduction

At nighttime under clear-sky conditions and with weak synoptic winds, a wind
maximum close to the ground can exist, often referred to as a low-level jet
(LLJ). The maximum can exist for much of the night, with supergeostrophic
winds. Several factors influence the formation and persistence of this coherent
structure. The horizontal gradients of temperature imply a change of geo-
strophic wind with height, whichmay favour the formation of a low-level wind
maximum. These temperature gradients can be related to differential heating
on sloping terrain (Holton, 1967; Mahrt, 1981a), on heterogeneous terrain

* E-mail: laura@eupm.upc.edu

Boundary-Layer Meteorol (2006) 118: 379–400 � Springer 2006
DOI 10.1007/s10546-005-0608-y



(Wu and Raman, 1997), or to the sea-land wind regime (Källstrand, 1998),
among other factors.

On the other hand, the inertial oscillation can lead to supergeostrophic wind
values (Blackadar, 1957), and to aLLJ.ThemechanismproposedbyBlackadar
is most pronounced on the Great Plains of the U.S.A. (Zhong et al., 1996),
although Whiteman et al. (1997) distinguished between a LLJ formed in this
way and those associated with cold-air advection behind cold fronts.

The knowledge of wind behaviour at low levels, and in particular wind
maxima, is important in wind energy applications and for the transport and
dispersion of pollutants (Banta et al., 1998). Furthermore, enhanced vertical
shear modifies air-surface exchange (Darby et al., 2002), and Arritt et al.
(1997) and Wu and Raman (1998) found a correlation between wind maxima
and severe storm events.

Several studies have suggested that thewind shear above thewindmaximum
can generate elevated turbulence, particularly in the layer above the tempera-
ture inversion (Mahrt et al., 1979; Smedman, 1988; Smedman et al., 1993),
inducing a downwards transport of momentum, heat or scalars, that can be
sporadic or intermittent (Smedman, 1988; Parker and Raman, 1993; Banta
et al., 2002).

In our study we investigate the turbulence generated in the upper part of
the LLJ. In Section 2, an analysis of the characteristics of the observed LLJ
during the Stable Boundary Layer Experiment in Spain (SABLES 98; Cuxart
et al., 2000b) is made, using available captive balloon soundings. Section 3
shows the analysis of the new data available from the same site for the period
September 2002 to June 2003, where instrumentation on a 100-m tower
operated continuously and provided high-frequency data at up to 96 m
above ground level (a.g.l.), a height that is in some cases above the wind
maximum. In Section 4, a study of the LLJ prototype for the site is made
using a 1.5-order turbulence scheme. Finally, in Section 5, a summary and
conclusions are given.

2. Low-level Jet in the SABLES 98 Experiment

2.1. SITE CHARACTERISTICS AND INSTRUMENTATION

SABLES 98 experiment took place in September 1998 at the ‘‘Centro de
Investigacion de la Baja Atmósfera’’ (CIBA, 41 �49¢ N, 4�56¢ W). The CIBA is
located at the centre of the north Castillian Plateau (corresponding to the basin
of the Duero river), on a smaller plateau known asMontes Torozos, which is a
flat structure of 800 km2 at 840 m above sea level (and approximately 50 m
above the surrounding flat lands), where grains are grown. The Duero basin is
surrounded by high mountain ranges, located approximately 100 km north,
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east and south around the site, with the river flowing westwards to the sea (see
Figure 1). TheTorozosplateauhas a gentle slopeof 30 malong50 km from the
north-east to the south-west, and the north-west and south-east borders are
slightly above the level of the inner plateau.

An intensive campaign of captive balloon soundings was performed using
the AIR-3A tethersonde system, with a line of 1000 m, and the speed of ascent
and descent controlled by a manual dial on the winch; the sensors include dry-
bulb and wet-bulb thermistors, an aneroid capacitance barometer, a three-cup
anemometer with tachometer and a magnetic compass; samples were obtained
at a rate of one every 10 s. Furthermore, turbulence measurements on a 100-m
tower were made, with high-frequency data up to a height of 32 m.

2.2. OBSERVATIONS

The week 14–21 September 1998 was ideal for stable boundary-layer mea-
surements, since an anticyclone was fixed to the west of the Iberian Peninsula,
with very weak horizontal pressure gradients at low levels and clear skies. A
subsidence inversion was present at a height of 2000 m above sea level. The
nights had an approximate duration of 12 h.

Classification of the stability for this period is made following the pro-
posal of Mahrt et al. (1998), using sonic anemometer data at 5.8 m above the
ground for the interval 1800-0600 UTC, computing z/L using 5-min averages,
where z is the height and L is the Obukhov length. The value z/L = 0.06
separates the weakly stable regime from the moderately stable (or transi-
tional) regime, and z/L>1 defines the very stable regime. In Figure 2 the
nightly z/L proportions of each category are given and it is seen that the
moderate and strongly stable stratification predominate.

The captive balloon was operated continuously during this period, and 61
soundings are available. Forty-nine soundings have been used since they all
reach at least a height of 400 m andmany up to 800 m, with the first data point
under 9 m a.g.l. (under 5 m in 88%of the soundings), with a vertical resolution
between 1 and 7 m (at least in the first few metres in 86% of the soundings).

2.3. SOUNDINGS WITH A LLJ PRESENT

Twenty-eight of the forty-nine selected soundings (57%) show a well-defined
LLJ, fulfilling the requirement (Stull, 1988; Andreas et al., 2000) that there be
decreasing wind speed values of at least 2 m s)1 both upwards and downwards
of the maximum, although Banta et al. (2002) used a value of 1.5 m s)1. Here
the value of 1.5 m s)1 has been retained for windmaximabelow 40 mheight, in
order to avoid discarding interesting cases with maxima near the ground. In
Figure 3 several wind speed profiles are shown corresponding to different days
and hours; these profiles are typical of the whole dataset.
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Some characteristics from these selected soundings are given in Figure 4.
The height of the maxima is between 21 and 137 m, with 21.5% of cases
between 80 and 90 m a.g.l.; the speeds vary between 3.5 and 11.5 m s)1, with
25% having values between 7 and 8 m s)1. Finally, the wind direction is from
25 and 125 degrees (north-north-east and east-south-east), but in up to 43%
of cases it is from the east (between 80� and 100�) for the whole night. No
significant correlations have been found for these variables studied in pairs.

In order to systematize the available information, a composite sounding has
been constructed. To do so, the profiles have been normalized with respect to
the height of the windmaximum (hLLJ), and profiles with a vertical resolution
of 0.1hLLJ have been produced for the 28 soundings. The averages and
standard deviations are illustrated in Figure 5, for wind speed and direction,
potential temperature (using the average surface pressure of the site, 920 hPa,
as a reference value), Brunt-Väisälä frequency (NBV) squared and the gra-
dient Richardson number in finite differences. These have been defined as:

NBV
2 ’ g

�h

D�h
Dz

; ð1Þ

Ri ¼

g
�h

D�h
Dz

� �

DU
Dz

� �2

þ DV
Dz

� �2
; ð2Þ

Figure 2. Proportion of each stability type, for the period 14–20 September 1998 during the
SABLES 98 campaign, at a height of 5.8 m.
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where g is the gravity acceleration, �h denotes mean potential temperature,
and Dh, Dz and (DU, DV) are the increments in potential temperature, height
and wind speed between the different observational levels.

Figure 3. (a) Some wind speed profiles with a LLJ, from the balloon soundings made at
CIBA during SABLES 98. (b) Potential temperature related to the same soundings.
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We consider the averaged profiles as the composite sounding (Figure 5);
this has a wind maximum of 7.2 m s)1, with values of 5.2 m s)1 (2 m s)1 less
than the maximum) at 0.42hLLJ and 1.77hLLJ fulfilling the criterion we have
used for the selection. The wind direction is from the east up to a height of
more than 2.5hLLJ, indicating the likely orographic origin of this structure,
since no evidence of an inertial oscillation is found.

The potential temperature profile shows a significant mean gradient just
below the LLJ of approximately 2.3 K (the gradient dimensions are �C or K
because z/hLLJ is non-dimensional), and greater close to the ground (�3.6 K);
at above 1.6hLLJ the mean gradient is weaker and approximately constant

Figure 4. Histograms of height (a), speed (b) and direction (c) of the wind maxima. Data

obtained from the selected LLJ profiles, of the balloon soundings made at CIBA during
SABLES 98. Percentage of occurrences in each x-bin is shown along the vertical axis.
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with height (0.7 K). Mahrt et al. (1979) propose a value of around 1.4–
1.5hLLJ where this change of gradient occurs, very close to that found for the
SABLES composite.

Figure 5. Composite profiles constructed from individual profiles with a LLJ, obtained
from balloon soundings made at CIBA during SABLES 98. First, scaling the height with

the jet height for each individual sounding, then interpolating values to levels every 0.1hLLJ
and then averaging. Average (solid line) and standard deviation (dashed line) of wind speed
(a), wind direction (b), potential temperature (c), squared Brunt-Väisälä frequency (d) and
gradient Richardson number in finite differences (e).
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There is a slight change of curvature in the temperature profile at hLLJ,
which becomes evident in the N2

BV profile, locating the larger values of
stratification precisely at hLLJ and close to the ground; just above 1.4hLLJ the
standard deviation of N2

BV allows for the existence of non-stably stratified
layers as marginal cases. The internal waves of higher frequency, according to
this plot, would be confined to the layers very close to the ground and at the
inversion located at hLLJ.

It is customary to take a critical value of 0.5 or even larger for the gradient
Richardson number in finite difference form (Mahrt, 1981b; Stull, 1988), and
the average profile shows Ri>Ric everywhere except in the layer between 2
and 3hLLJ. There is, however, a large scatter, and values well below critical
can exist for the whole depth under study, with maximum variability near the
ground, and minimum variability at the layer in question between 2 and
3hLLJ. The maximum value of Ri is at hLLJ, where the strong vertical gradient
of temperature coincides with the weakest wind gradient, therefore producing
a layer with a small probability of sustained turbulence, as anticipated by
Mahrt et al. (1979). Smedman et al. (1993) found similar results for a LLJ
study over the Baltic Sea, including an estimate of the budget of the turbu-
lence kinetic energy (TKE). It is shown that the minimum production of
TKE is located at the height of the maximum wind speed, whereas the
maximum is somewhere above, like most of the SABLES 98 individual
soundings and the composite.

3. Experimental Evidence of Turbulence at the Upper Part of the LLJ

3.1. NEW INSTRUMENTATION AT THE CIBA SITE AND DATA SELECTION

In the preceding section some indirect indications of turbulence at the upper
part of the LLJ during the SABLES 98 experiment have been given, mostly
using the gradient Richardson number computed from the captive balloon
soundings. However, the large uncertainty associated with this quantity, as
can be seen in the large standard deviation values, does not allow us to reach
firm conclusions on the existence of turbulence above hLLJ. Furthermore, the
highest sonic anemometer was located at 32 m and no high-frequency tur-
bulence measurements were taken above hLLJ.

As of September 2001, the 100-m CIBA tower was fully re-instrumented,
and sonic anemometers were installed at 5.6, 19.6, 49.6 and 96.6 m height,
together with traditional measurements of wind at 2.2, 9.6, 34.6, 74.6 and
98.6 m and of temperature at 0.0, 2.3, 10.0, 10.5, 20.5, 35.5, 97.0 and 97.5 m,
and moisture at 0.0, 10.0, and 97.0 m. Since the LLJ was often located below
96.6 and 49.6 m (location of the two highest sonic anemometers) during
SABLES 98, the available data base is explored to identify significant events.
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Data between 1800 UTC and 0600 UTC have been chosen and quality
control performed. Variances and covariances have been computed using
5-min averages and then have been averaged over 30-min periods to reduce
random flux sampling errors. All the conventional data have also been
averaged over 30-min periods. A total of 6912 30-min averages have finally
been used for the present analysis, corresponding to 288 days. However, no
soundings are available, unlike in SABLES 98.

3.2. SELECTION OF THE WIND MAXIMA

Wind profiles have been constructed using 30-min average values from wind
sensors at 2.2, 5.6, 9.6, 19.6, 34.6, 49.6, 74.6, 96.6 and 98.6 m a.g.l. Correct
correspondence between the different types of wind sensors was checked
beforehand. We found that there are a large number of situations with a wind
maximum above 34.6 m with decreasing values at the top levels of the tower.
In order to have occasions with turbulent data above the wind maximum,
profiles with wind maxima at 34.6, 49.6 or 74.6 m height have been analysed,
although several restrictions have been imposed:

(i) the wind speed at 2. 2 m must be below 2 m s)1, to correspond with
situations in SABLES 98;

(ii) the wind maximum must be more than 2 m s)1 greater than the 2.2-m
value (up to 3 m s)1 if the maximum is at 74.6 m);

(iii) the wind at 98. 6 m must be at least 1 m s)1 smaller than the maximum
(0.5 m s)1 if the maximum is at 74.6 m, due to the proximity of the
levels).

These restrictions provide a subset of 33 profiles with wind maxima at
34.6 m, a subset of 89 profiles with wind maxima at 49.6 m, and a subset of
31 profiles with the maxima at 74.6 m. The number of profiles is low com-
pared with the total available, but the characteristics of the selected profiles
are very close to those studied in SABLES 98. In fact, all the selected profiles
with persistent wind maxima correspond to a synoptic situation very similar
to the dominant one in SABLES 98 – that is, a high pressure system over the
Atlantic ocean, with its centre near the Iberian Peninsula. In most of the cases
(77.1%), the wind maximum is formed by 0100 UTC or later (particularly,
40.5% of cases are in the period between 0300 and 0500 UTC).

3.3. CHARACTERISTICS OF WIND PROFILES

Figure 6 shows the average wind speed profile and the standard deviations
when the maximum is at 49.6 m height, with the wind value scaled by its
maximum value. The deviation is small and the shape is well-defined. Profiles
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have also been constructed for maxima at 34.6 and 74.6 m (not shown), and
the results are very similar.

In Figure 7 the histograms of speed and direction of the wind maxima for
the three levels together are shown. The wind speed is always below 9 m s)1

and above 4 m s)1 (the latter value by construction), whereas the predomi-
nant directions are between 30� and 180�, with more than 30% of cases
between 60� and 90�, that is from the eastern direction, giving similar results
as those found for the SABLES-98 experiment, but now with more occur-
rences from the south-east.

The thermal stability is computed using the criterion of Mahrt et al. (1998)
as in Section 2, but now calculating the number of z/L occurrences in each
stratification, from September 2002 to June 2003 with the presence of a
selected wind maximum. The results are found in Table I, where it is clear
that the moderate to strong stratification predominates for the selected cases.

3.4. CHARACTERISTICS OF THE TURBULENCE

The profiles of turbulence variables are studied for the selected cases.
Table IIa gives the percentages at which the measurement of the turbulent

Figure 6. Average wind speed profile and standard deviation when there is a wind maxi-
mum at 49.6-m height. The wind profiles have been built using 30-min average values for
all the levels where a wind sensor is available (2.2, 5.6, 9.6, 19.6, 34.6, 49.6, 74.6, 96.6 and

98.6 m height) at the 100-m CIBA tower (September 2002 to June 2003). The average wind
profile has been computed from 89 selected shapes, showing a wind maximum at 49.6 m,
with the wind value scaled by the maximum value.
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kinematic heat flux (�w0h0) is larger for every recording height. In general, the
largest value is found close to the ground, although there are a significant
percentage of cases (between 6.8 and 15.2%) where the largest value is found
above the wind maximum. It is also interesting to note that the heat flux is
never a maximum at the 49.6 m height where the wind maximum is located,
suggesting that turbulence is weak in the nose of the wind maximum.

In Table IIb, the same computations are given for turbulence kinetic
energy (TKE) and between 31.5% and 45.5% of the times the maximum is
located above the wind maximum, therefore supporting the hypothesis of
elevated turbulence above the LLJ, most likely due to the production by wind

Figure 7. Histograms of speed (a) and direction (b) of the wind maxima, observed at
34.6-m, 49.6-m or 74.6-m height. 30-min average data were used, from the 100-m CIBA

tower during the period September 2002 to June 2003. Percentage of occurrences in each
x-bin is shown along the vertical axis.

TABLE I

Percentages of each stability type.

Maximum wind at height of: Unstable Weakly stable Transition Very stable

34.6 m 3.0 0.0 54.6 42.4

49.6 m 3.4 1.1 48.3 47.2

74.6 m 10.0 0.0 50.0 40.0

30-min average data at a height of 5.6 m were used from the 100-m CIBA tower during the
period September 2002 to June 2003, when a wind maximum at 34.6-m, 49.6-m or 74.6-m
height was observed.
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shear. It is also interesting to note that the TKE is rarely a maximum at the
wind maximum at (49.6 m) consistent with the idea that this layer has a
minimum production of TKE by shear. When the wind maximum is at
34.6 m, the occurrence of the maximum TKE is greater at 96.6 m (2.8hLLJ)
than at 49.6 m (1.4hLLJ), more or less consistent with the findings of Section 2
and the results of Smedman et al. (1993).

Let us now concentrate on those cases when the wind maximum is at
49.6 m, for the simple reason that this is the only level at which there is
simultaneous wind and turbulence data. It has been seen that the kinematic
heat flux (�w0h0) at the first three levels (5.6, 19.6 and 49.6 m) diminishes with
height in 43.8% of cases and never behaves in an upside-down manner; this is
a pattern that is well in correspondence with a minimum of turbulence at
hLLJ. For the same analysis using turbulence kinetic energy, quite different
results have been obtained: in 20.2% of cases the TKE behaves in a tradi-
tional manner and in 9.0% it is upside-down. Energy profiles do not behave
as regularly as those of heat flux, and there are many cases with maximum or
minimum TKE at the 19.6-m height; this is consistent with previous studies,
such as Mahrt and Vickers (2003).

Concluding the analysis of turbulence data, the average profile of standard
deviation of vertical velocity rw is shown in Figure 8, scaled by the 5.6-m
value. The tendency is for minimum values at hLLJ and to increase aloft, and
in Figure 8a it is clear that a maximum value above the wind maxima occurs
at the 2.8hLLJ level.

TABLE II

(a) Percentages at which the measurement of turbulence kinematic heat flux (�w0h0) is lar-
ger for every recording height. (b) Same as (a) except for turbulence kinetic energy.

(a) Maximum wind at: Maximum kinematic heat flux (�w0h0) is at height of:

5.6 m 19.6 m 49.6 m 96.6 m

34.6 m 66.6 18.2 6.1 9.1

49.6 m 49.4 43.8 0.0 6.8

74.6 m 48.4 32.2 9.7 9.7

(b) Maximum wind at: Maximum TKE is at height of:

5.6 m 19.6 m 49.6 m 96.6 m

34.6 m 33.3 21.2 18.2 27.3

49.6 m 21.3 38.2 9.0 31.5

74.6 m 38.7 9.7 12.9 38.7

30-min average data were used, from the 100-m CIBA tower during the period September 2002
to June 2003, when a wind maximum at 34.6 m, 49.6 m or 74.6 m was detected.
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4. Simulation of the LLJ with a TKE Single-column Model

4.1. THE TURBULENCE SCHEME

A 1.5-order turbulence scheme, described in Cuxart et al. (2000a), is imple-
mented in the research numerical model Meso-NH (Lafore et al., 1998), in a
three-dimensional (3D) implementation as a sub-grid model for large-eddy
simulation, and in a one-dimensional (1D) implementation for mesoscale
modelling. It is the basis for the scheme in the HIRLAMmodel (Unden et al.,
2002), and it is used for fog forecasting in a single-column model used by the
Spanish Weather Service (Terradellas and Cuxart, 2001).

In the 1D framework, the scheme uses the classical turbulence kinetic
energy (e) evolution equation,

@e

@t
¼ � @ �weð Þ

@z
� u0w0

@U

@z
� v0w0

@V

@z
þ g

�hv
w0hv

0 � @

@z
C2mle

0:5 @e

@z

� �
� Ce

e1:5

l
; ð3Þ

parameterizing the turbulence and pressure transport terms through a dif-
fusion equation and expressing the dissipation term as a function of TKE and
characteristic dissipation length (Kolmogorov, 1942). The same formulation
is taken for both the transport and dissipation lengths (l ).

As described in Cuxart et al. (2000a), fluxes derived from a complete
second-order system are written, for a dry atmosphere,

u0w0 ¼ �CMFle
1=2 @U

@z
; ð4Þ

Figure 8. (a) Average and standard deviation of rw, scaled by its 5.6-m value. 30-min aver-
age values were used, from the 100-m CIBA tower during the period September 2002 to

June 2003, when a wind maximum at 34.6-m was observed. The dashed line shows the
wind-maximum height. (b) The same when a wind maximum at 49.6-m was detected.
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v0w0 ¼ �CMFle
1=2 @V

@z
; ð5Þ

w0h0 ¼ �CHFle
1=2 @

�h
@z

/3; ð6Þ

where the function /3 plays the role of an inverse turbulence Prandtl number
and, in a dry single-column framework, is given as a stability function;

/3 ¼
1

1þ C1R1D
; ð7Þ

R1D ¼
g

hvref

� �
l2

e

@ �hv
@z

: ð8Þ

The above constants are taken as: C2m=0.40, Ce=0.70, C1=0.139,
CMF=0.067, CHF=0.167.

The only free parameter is the turbulence mixing length, l. Following
Bougeault and Lacarrère (1989), this is computed as the free path of a par-
ticle upwards (lup) and downwards (ldown) considering that its initial energy is
the turbulence kinetic energy of the starting level, and that it can travel until
this energy is completely lost against the background buoyancy field or until
it reaches the ground. In the present scheme, a unique length is computed for
both the mixing and the dissipation.

The formulation reduces to a proposal of Deardorff (1980) for stable
layer, except for a constant,

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e

g

hvref

@h
@z

:

vuuut ð9Þ

Finally, the mixing length is computed as:

le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lupldown

p
: ð10Þ

This proposal has been tested for dry convectively-driven atmospheric
boundary-layer regimes in Cuxart et al. (2000a), and its extension in the cloudy
planetary boundary layer (PBL) in Sánchez and Cuxart (2004). Its application
for the strongly stably stratified PBL by Vukelic and Cuxart (2000) and Co-
nangla et al. (2002) showed satisfactory behaviour, but for a weakly stable case
such as the first GABLS (GEWEX Atmospheric Boundary Layer Studies, a
program of the Global Energy and Water Cycle Experiment of the World
Meteorological Organization; Holstlag, 2003) intercomparison (Cuxart et al.,
2005) and for neutrally stratified flows it overestimates mixing and requires a
limitation on the maximum values allowed.

TURBULENCE IN THE UPPER PART OF THE LLJ 393



In this study, the near-surface measured turbulent fluxes are taken as
lower boundary conditions, and a simple longwave radiation scheme is
applied (Pielke, 2002).

The horizontal structure of the boundary layer is introduced through
external dynamic forcings, estimated from a mesoscale model, using pressure
gradient, horizontal advection and mass divergence, which allows us to
estimate the vertical velocities (Terradellas and Cuxart, 2001).

4.2. ANALYSIS OF A STATIONARY LLJ

We have selected the period 0035-0445 UTC of the night of 20–21 Sep-
tember 1998 of the SABLES 98 experiment for a quasi-stationary model
simulation. The average surface-layer kinematic heat flux was )5.7 ·
10)3 K m s)1, with a friction velocity 0.08 m s)1. The synoptic and meso-
scale advection estimated from the operational Spanish HIRLAM models
was very weak. Three captive balloon soundings are available for this
period, launched at 0052 UTC, 0157 UTC, 0258 UTC respectively, with
very similar characteristics: wind maxima of 8–9 m s)1 at around 65 m
a.g.l., from the east with a gentle turning clockwise in time. The potential
temperature profile reveals a strong inversion near the ground and a change
of gradient above, with approximate values of 7.9 · 10)2 K m)1 and 8.4 ·
10)3 K m)1, respectively for the 0052 UTC sounding; some layering
developed later.

The initial profiles for the simulation are those from the 0052 UTC
sounding (Figure 3); we perform a 3-h simulation run, using a time step of
10 s and a vertical resolution of 10 m. Mesoscale and synoptic advection is
not taken into account. Average observed vertical surface fluxes are im-
posed and a geostrophic wind (2 m s)1, direction 100�) is taken. The
behaviour of the simulation during the first half hour is almost insensitive
to the values of the geostrophic wind, and the spin-up of the model takes
place in the first 10 min. Therefore we will first analyse here the period of
15–30 min after the start to avoid the influence of varying the geostrophic
wind, and we will analyse in the next section the sensitivity to this
parameter.

In Figure 9a it can be seen that the main features of the LLJ are repro-
duced. The model provides vertical profiles of the turbulence magnitudes
such as the fluxes (Figure 9b) or the TKE budget (Figure 9c), thus comple-
menting the information given by the soundings. Two distinct turbulent
layers are shown separated by a minimum at the level of the wind maximum.
The lower layer extends from the ground to the wind maximum, with
diminishing values with height, in a way that could be described as tradi-
tional, although a secondary maximum is present above 30 m, where
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evidence of layering seems to exist. The model links the heat flux to the TKE,
and the corresponding heat flux profile basically follows TKE characteristics,
a fact that is not always found in observations, and that might be seen as a
limitation for TKE models.

The upper layer extends from the wind maximum to about 200 m with
significant turbulence, a layer with stronger wind shear and weaker stability

Figure 9. (a) Profiles of potential temperature, wind speed and wind direction, (b) kine-

matic heat flux, turbulence kinetic energy and (c) budget terms as seen in the model. The
initial profiles for the simulation are those from the 0052 UTC sounding (Figure 3). Aver-
age results for the period 15–30 min after initiation are shown here.
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than the underlying one. The largest TKE value is at approximately 145 m,
which is 2.2 times the height of the wind maximum. This description fits well
with the observations corresponding to lower LLJ from the tower and
indications given by the gradient Richardson numbers from the soundings.

The turbulence (Figure 9c) is generated by wind shear in the entire column
and the destruction is due to dissipation (around 70%) and negative buoy-
ancy (around 30%). Here the buoyancy contribution is significantly larger
than that for a weakly stable case, such as the first GABLS intercomparison
exercise. The vertical turbulent transport is small for the whole column. All
the described features are very similar to those we have mentioned regarding
Smedman et al. (1993) for a LLJ over the Baltic Sea.

4.3. SENSITIVITY TO THE PRESCRIBED GEOSTROPHIC WIND

When a longer simulation is made, the results become sensitive to variations
in the prescription of the geostrophic wind (vg) at low levels (see Figure 11).
A realistic simulation after 3 h is obtained through a prescription of a change
with height of vg as seen in Figure 10 – case 1. (A vertical variation of 4 m s)1

in the layer between 150 and 350 m a.g.l is taken, consistent with the thermal
wind associated with the climatologically observed temperature difference
across the northern Duero basin). The final profiles are quite stationary for
the wind and temperature and have enhanced turbulence in the upper part of
the LLJ. If vg is considered constant with height, the wind maximum is kept
but the main consequence is the progressive loss of the shear above the wind

Figure 10. Speed and direction of the geostrophic winds used in the simulations.
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maximum. It seems that the model needs this vertical variation (module and/
or direction) of vg to sustain in time the turbulence in the upper part of the
LLJ. Since vg is a measure of the horizontal pressure gradient, it is likely that
the pressure field near the surface is different from that at higher levels, due to
local effects, in a way that an adjustment layer between the two layers might
partially explain the modelled feature.

The prescription of vg at the beginning of the night is also a key factor for
the formation of the LLJ. Starting with a neutral profile at sunset it is nec-
essary to impose a vertical variation on vg to generate a LLJ, which might
also as well support the hypothesis of the influence of local effects in the
formation of the observed feature in the CIBA site. Once the LLJ is formed,
its evolution is as described above for the stationary case.

5. Summary

The study of captive balloon soundings from the SABLES 98 experiment
showed that LLJs are often observed at the CIBA under certain synoptic
conditions. Their characteristics include a wind maximum between 21 and
137 m, with 21.5% of cases between 80 and 90 m, a maximum speed in the
3.5 to 11.5 m s)1 range, with 25% of cases between 7 and 8 m s)1, and a
direction varying between 25� and 125�, with 43% of cases in the 80–90�
range, without evidence of any inertial oscillation.

Figure 11. (a) Simulated profiles of wind speed and wind direction and (b) turbulence ki-
netic energy using different pressure gradients. The initial profiles for the simulation are
those from the 0052 UTC sounding (Figure 3); the imposed geostrophic winds are seen in

Figure 10. Average results for the period 2 to 3 h after initiation are shown here.
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A composite profile has been constructed from the ensemble of cases,
using the height of the wind maximum (hLLJ) as a normalizing quantity. It
has a wind direction from the east at up to 2.5hLLJ, and a strong vertical
temperature gradient close to the ground. At hLLJ there is a significant change
in the strength of stratification, and at 1.6hLLJ stratification is very weak. At
hLLJ the Brunt-Vaisala frequency is a maximum and turbulence is minimal,
whereas at the layer between 2 and 3hLLJ there is a minimum value for the
Richardson number, indicating the likely presence of elevated turbulence.

Observations from the re-instrumented tower at the CIBA site, during
September 2002 to June 2003, have been explored to study similar events to
those detected in SABLES 98, since continuous turbulence measurements are
available for up to 96.6 m height. LLJs with heights equal to or lower than
74.6 m have been analysed for conditions similar to those found in SABLES
98 and observations indicate that the turbulence is minimal at hLLJ and that
there is elevated turbulence at the upper part of the LLJ, usually greater at
2.8hLLJ than at 1.4hLLJ. Observations also indicate that the heat flux profile is
more regularly varying with height than TKE or momentum flux profile.

To extend the study of the upper part of the LLJ, a simulation using a
TKE model has been made. The run based on an observed stationary case
out of the SABLES 98 database has shown that there is sustained turbulence
at the level of interest, generated by strong shear together with weakly stable
stratification. The results are qualitatively similar to the observations,
although the simulation provides TKE and heat and momentum fluxes more
coupled than in reality.

For a prognostic run, the formation and maintenance in time of elevated
turbulence require a vertical variation of the geostrophic wind. This feature
might be justified by vertical variation of the pressure field with height, since,
close to the ground, local effects modify the field in respect to the layers
above. Nevertheless, the origin of the LLJ at the CIBA is still an open
question that should be further studied through high resolution mesoscale
simulations in order to better determine the forcings at play in the process.
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