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Abstract. The interactions among several stable-boundary-

layer (SBL) processes occurring just after the evening tran-

sition of 2 July 2011 have been analysed using data from

instruments deployed over the area of Lannemezan (France)

during the Boundary Layer Late Afternoon and Sunset Tur-

bulence (BLLAST) field campaign. The near-calm situation

of the afternoon was followed by the formation of local shal-

low drainage flows (SDFs) of less than 10 m depth at dif-

ferent locations. The SDF stage ended with the arrival of

a stronger wind over a deeper layer more associated with

the mountain-plain circulation, which caused mixing and de-

struction of the SDFs. Several gravity-wave-related oscilla-

tions were also observed on different time series. Wavelet

analyses and wave parameters were calculated from high res-

olution and accurate surface pressure data of an array of mi-

crobarometers. These waves propagated relatively long dis-

tances within the SBL. The effects of these phenomena on

turbulent parameters (friction velocity and kinematic heat

flux) have been studied through multi-resolution flux decom-

position methods performed on high frequency data from

sonic anemometers deployed at different heights and loca-

tions. With this method, we were able to detect the different

time-scales involved in each turbulent parameter and sepa-

rate them from wave contributions, which becomes very im-

portant when choosing averaging-windows for surface flux

computations using eddy covariance methods. The extensive

instrumentation allowed us to highlight in detail the peculiar-

ities of the surface turbulent parameters in the SBL, where

several of the noted processes were interacting and producing

important variations in turbulence with height and between

sites along the sloping terrain.

1 Introduction

A theoretical understanding of stable boundary layers (SBLs)

is still an important and unachieved challenge (Mahrt, 2014),

especially for numerical weather prediction (NWP) purposes

(Van de Wiel et al., 2003; Baklanov et al., 2011; Seaman

et al., 2012; Holtslag et al., 2013; Davy and Esau, 2014;

Fernando et al., 2015). NWP models have problems rep-

resenting SBLs (Holtslag et al., 2013; Steeneveld, 2014),

which are related, for example, to the planetary bound-

ary layer (PBL) evening transitions (Lapworth, 2015), min-

imum temperatures, low-level winds (Cuxart, 2008) and fog

(Van der Velde et al., 2010; Román-Cascón et al., 2012)

or air-quality (Andrén, 1990; Baklanov et al., 2009) fore-

casts. Among the reasons for these difficulties is the ex-

istence of the so-called submeso or submesoscale motions

(Mahrt, 2009) that coexist with weak or very weak sur-

face fluxes conditions (Mahrt et al., 2012). These motions

(which include wave-like motions in the SBL) do not be-

long to the mesoscale nor to turbulent or micrometeorog-

ical scales. They are usually defined as submeso motions

(Mahrt, 2014), comprising scales of less than 2 km, although

this limit can be quite subjective. The separation (spectral

gap) of these non-turbulent motions from turbulence is not

always clear. Therefore, wrong estimations of surface turbu-

Published by Copernicus Publications on behalf of the European Geosciences Union.



9032 C. Román-Cascón et al.: Interactions among drainage flows, gravity waves and turbulence

lent fluxes are common in SBLs (Vickers and Mahrt, 2003;

Voronovich and Kiely, 2007; Viana et al., 2009, 2012), espe-

cially over heterogeneous or complex terrain (Martínez et al.,

2010; Seaman et al., 2012), where the interactions between

local features and these phenomena complicate the analysis.

The processes involved with the formation of these structures

are hard to isolate, and the appearance of these motions is of-

ten sporadic and unexpected in many cases.

Some small-scale gravity waves (GWs) and drainage flows

can be included in the submeso motions; they can signifi-

cantly change the stable and typical conditions of calm and

clear nights through the generation of intermittent turbulence

in the SBL (Nappo, 1991; Sun et al., 2002, 2004, 2012; Van

de Wiel et al., 2003; Mahrt, 2011, 2014; Vindel and Yagüe,

2011). They can also change the vertical and horizontal gra-

dients of scalars and consequently the turbulent fluxes ob-

served near surface. The theoretical study of these phenom-

ena has been demonstrated to be very complex (Stull, 1988;

Sorbjan, 1989; Fernando and Weil, 2010; Mahrt, 2014; Sun

et al., 2015b), and some approximations done with labora-

tory experiments (Hopfinger, 1987; Riley and Lelong, 2000;

Ohya et al., 2008) do not include troublesome factors of the

real atmosphere. Therefore, the understanding of these pro-

cesses through the observational analysis of real case studies

becomes very important, especially when high-quality mi-

crometeorological data are available for this purpose.

On the one hand, GWs are formed by buoyancy forces

when air parcels are vertically displaced from their original

equilibrium state (Nappo, 2012). They have been observa-

tionally analysed using different approaches (Ralph et al.,

1997; Doyle and Durran, 2002; Viana et al., 2009, 2010,

2012; Sun et al., 2012; Román-Cascón et al., 2015a). All

these studies illustrate the difficulties in determining the ori-

gin and formation mechanisms of GWs, their importance as

sources of momentum and heat transport (Sukoriansky et al.,

2009; Fernando and Weil, 2010) and the necessity of their

accurate parameterization in NWP models (Fritts, 2003; Kim

and Hong, 2009; Belušić and Mahrt, 2012; Nappo, 2012; Sun

et al., 2015b).

However, detailed analyses of the impact of GWs on sur-

face turbulence have received little attention in the literature

(Viana et al., 2009; Sun et al., 2015b). In some cases, they

have been shown to be structures that are effective at gen-

erating intermittent turbulence (Einaudi and Finnigan, 1993;

Smedman et al., 1995; Román-Cascón et al., 2015a), while

other studies highlight the important turbulence-suppressing

effect that they can cause (Viana et al., 2009). In either

case, the ubiquity of GWs in the SBL over a wide variety

of scales (Belušić and Mahrt, 2012), and the presence of

other turbulent and non-turbulent motions makes the study

of these wave-turbulence interactions very complex (Belušić

and Mahrt, 2008; Mahrt, 2009). As stated in Sun et al.

(2015b), complete understanding of wave-turbulence inter-

actions is an important challenge that yet remains elusive.

On the other hand, drainage flows are thermal circula-

tions generated by the differential cooling between surface

air masses in sloped or complex terrain under low synoptic

forcing, when local conditions gain importance (Whiteman,

2000; Monti et al., 2002; Soler et al., 2002, 2014; Adachi

et al., 2004). They are also typical SBL motions and mani-

fest as sudden changes in wind direction, a temperature drop

(due to the cooler current) or increasing winds at certain

heights, among other effects (Yagüe et al., 2006; Viana et al.,

2010; Udina et al., 2013). Several field campaigns have re-

cently increased interest in these thermal circulations at dif-

ferent scales: e.g. METCRAX 2006 (Whiteman et al., 2008),

COLPEX (Price et al., 2011), PCAPS (Lareau et al., 2013)

or METCRAX II (Lehner et al., 2015b).

Drainage flow definitions include a wide range of possi-

ble spatial scales (Bossert and Cotton, 1994; Martínez et al.,

2010). Katabatic and mountain-plain flows are mountain-

scale phenomena across and along valleys respectively, while

density currents are usually associated with relatively flat ter-

rain. Mountain breezes or katabatic winds (Whiteman, 2000)

have been studied in many zones of the world (e.g. the Alps,

Rotach et al., 2004; Nadeau et al., 2013, or Salt Lake Val-

ley, Doran et al., 2002; Monti et al., 2002). However, shal-

low drainage flows (SDFs) or density currents have been less

studied (Mahrt et al., 2001; Soler et al., 2002; Udina et al.,

2013; Oldroyd et al., 2014; Lehner et al., 2015a), in part be-

cause of their smaller scale, that often makes them more diffi-

cult to detect. Their proximity to the surface and their ability

to change the surface conditions make them important and

interesting phenomena worthy of analysis in SBL studies.

This article deals with an SBL case study characterized by

SDFs generated at different locations just after the near-calm

situation of the evening transition during the Boundary Layer

Late Afternoon and Sunset Turbulence (BLLAST) field cam-

paign. These SDFs are later broken up by the arrival of a

larger-scale and deeper mountain-plain wind, causing mix-

ing among different layers close to the surface. At the same

time, several wave-like oscillations were detected in different

time series, related to the passage of GWs. Although these

phenomena are common in SBLs, it is not easy to find clear

evidence of their existence given the fine horizontal and ver-

tical resolutions required for such observations. Thus, only

a few studies have reported in detail cases like the one here

presented, as for example in Sun et al. (2015a).

In this work we try to elucidate the physical mechanisms

behind these evening transition processes, which was one

of the goals of BLLAST campaign. Moreover, the analy-

sis techniques employed to carry out this study have been

shown to be appropriate for performing detailed studies

of these local nocturnal-boundary-layer processes. Firstly,

phase differences and wavelet analyses were performed on

high-resolution pressure data from an array of microbarom-

eters in order to analyse the detected GWs. Subsequently,

a comparison of the effects of SDFs, mountain-plain winds

and GWs over surface turbulence have been performed us-
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ing multi-resolution flux decomposition (MRFD) methods.

The availability of several sonic anemometers at different

sites and heights allowed us to explore the spatiotemporal

behaviour of turbulence in detail. MRFD is also used to eval-

uate the relevant scales of turbulence and to separate them

from larger-scales, like the observed GWs.

This paper is divided as follows: Sect. 2 explains in detail

the BLLAST field campaign, the features and location of the

instrumentation and the techniques employed to carry out the

study; Sect. 3 presents results in several subsections; Sect. 4

summarises the article and highlights the more important re-

sults and conclusions, while also making recommendations

for future studies.

2 Data and methodology

2.1 BLLAST

The BLLAST field campaign (Lothon et al., 2014) took place

in Lannemezan (43◦07′ N, 0◦21′ E, 600 m above sea level,

a.s.l.) and its surroundings from 14 June to 8 July 2011. The

main objective was to study boundary-layer processes gov-

erning the late afternoon transition. The site is located on the

plateau of Lannemezan, approximately 40 km North from the

Pyrenees main massif, in a quite heterogeneous area (hilly

with different land uses). Numerous international researchers

deployed a dense array of meteorological instrumentation.

Intense observational periods (IOPs) were identified as days

with fair weather and weak synoptical forcing. On these

days, additional measurements were performed: tethered bal-

loons, aircrafts, unmanned aerial vehicles (UAVs) flights or

extra soundings. A total of 12 IOPs resulted from the field

campaign. The paper focuses on a case study corresponding

to the 2 July 2011 (IOP 10), specifically the period corre-

sponding from approximately 18:00 to 22:00 UTC. The ob-

servation of GWs, shallow flows and mountain-plain winds

over these hours makes this day very interesting. Differ-

ent sites with several research objectives and instrumenta-

tion were defined during the BLLAST field campaign around

Lannemezan. Figure 1 shows an approximate location of the

sites where instrumentation used in the present study was de-

ployed. Table 1 is a summary with information about these

sites and Table 2 specifies the instruments used at each site.

Lothon et al. (2014) include a more detailed description of

all these sites.

Drainage flows were mainly investigated at the divergence

site (additionally at the micro and edge areas), while the

GWs analysis from surface pressure records was mainly per-

formed using high-resolution and accurate data from an ar-

ray of three microbarometers deployed at the micro area. Fi-

nally, the analysis of surface turbulent parameters was inves-

tigated using data from sonic anemometers installed at dif-

ferent heights on an 8 m tower at the divergence site and at

the edge area, which in turn was composed of three different

sites (the wheat site, grass site and the border between these

two sites, renamed “boundary site” in this study to avoid con-

fusion).

2.2 Methodology

The relevant physical processes studied in this work have

been analysed through the combination of several techniques

applied to measurements from different instruments. Initial

comparisons were made among time series of atmospheric

variables from instrumentation located at several heights and

locations. It is instructive to compare the behaviour of these

records among sites because they can sometimes suggest

some very local processes happening at a certain site but not

at another. Moreover, more complex techniques have been

applied and explained in the next three subsections.

2.2.1 Wavelet and phase differences analyses

Wavelet transforms are powerful spectral tools for the analy-

sis of time series used in diverse scientific areas, especially in

geophysics. In this study, they have been applied to surface

pressure time series from three microbarometers. The results

are very useful for detecting energy peaks during specific pe-

riods. This analysis can be used to identify coherent struc-

tures (GWs) when the energy increase remains almost con-

stant for a specific range of periods and during a relatively

long time interval. Descriptions of different wavelet trans-

forms are numerous in the literature (Daubechies, 1992; Tor-

rence and Compo, 1998). In this work we employ the Morlet

wavelet, a complex function consisting of a plane wave mod-

ulated by a Gaussian function (Torrence and Compo, 1998;

Cuxart et al., 2002; Viana et al., 2009).

Moreover, wave parameters (wavelength, phase speed and

direction of propagation) have been evaluated using phase

differences analysis (Terradellas et al., 2001; Viana et al.,

2009). This method is based on the time differences observed

in the wavelet spectral energy peaks of an atmospheric vari-

able measured at least at three different sites at the surface.

In this case, it has been applied over surface pressure time

series of three PAROSCIENTIFIC (model 6000-16B) micro-

barometers (Cuxart et al., 2002), with accurately determined

positions. These microbarometers were configured in a trian-

gle with a separation of approximately 150 m, sampling at a

rate of 2 Hz, which allowed a resolution of 0.002 hPa.

2.2.2 Multi-resolution flux decomposition

Multi-resolution flux decomposition (MRFD) (Howell and

Mahrt, 1997; Vickers and Mahrt, 2003) is a multivariate

and multiscale statistical tool based on the Haar transform

(Haar, 1910). It represents a simple orthogonal decomposi-

tion whose spectra satisfy Reynolds averaging at every scale.

It has been shown to be a powerful tool for turbulence stud-

ies, since it allows the separation of turbulent eddies from

possible non-turbulent motions of larger scales when a spec-
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Figure 1. (a) Topographic map of Pyrenees area around BLLAST. (b) Topographic map of BLLAST area. (c) Aerial view of BLLAST sites

(except area 2). NOTE – panels (a) and (b) from Routine ASTER Global Digital Elevation Model from NASA Land Processes Distributed
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Table 1. Characteristics of BLLAST sites considered in this study.

Super Area Area Site Location Height a.s.l.

SUPER-AREA 1 micro area micro A site 43◦07′ 26.8′′ N 00◦21′46.9′′ E 602 m

micro B site 43◦07′25.9′′ N 00◦21′53.1′′ E 600 m

micro C site 43◦07′22.2′′ N 00◦21′49.2′′ E 601 m

skin-tower site 43◦07′25.1′′ N 00◦21′50.4′′ E 600 m

60 m tower Site 43◦07′27.1′′ N 00◦21′45.1′′ E 602 m

divergence area divergence site 43◦07′39.1′′ N 00◦21′56.3′′ E 590 m

tethered site 43◦07′40.6′′ N 00◦22′03.1′′ E 594 m

edge area grass site 43◦07′52.5′′ N 00◦21′33.9′′ E 582 m

wheat site 43◦07′56.1′′ N 00◦21′37.3′′ E 582 m

boundary site 43◦07′54.1′′ N 00◦21′35.6′′ E 582 m

SUPER-AREA 2 area 2 corn site 43◦05′25.1′′ N 00◦21′29.6′′ E 646 m

moor site 43◦05′24.9′′ N 00◦21′42.6′′ E 646 m

tral gap (or minimum of energy of the spectrum) is well de-

fined (van den Kroonenberg and Bange, 2007; Viana et al.,

2009, 2010).

In Sect. 3.3, MRFD has been applied to time series of dif-

ferent magnitudes (u,v,w for the friction velocity (Eq. 1)

and w and θ for the kinematic heat flux (w′θ ′)).

u∗ = [(−u′w′)
2
+ (−v′w′)2]0.25 (1)

These time series are decomposed into averages of dif-

ferent timescales. The multi-resolution coefficients at every

step of the sequence are interpreted as contributions to the to-

tal flux from the structures of the corresponding timescales.

We work with temporal windows ranging from 0 to 13.6 min

in duration with a 1 min overlap. Finally, a running mean

of 3 min is applied over the obtained flux value, in order to

smooth the final figures.

2.2.3 WRF model

Although the analysis presented in this study is mainly obser-

vational, the Weather Research and Forecasting (WRF-ARW

v3.5.1) model has been used as a complement for the deter-

mination of the origin of the wind observed at 20:30 UTC,

since this question could not be resolved solely with the

available observational data.

The WRF model is a mesoscale NWP system used for

operational and research purposes (Skamarock et al., 2008)

which allows the use of several physical parameterizations.

In this study, three two-way nested domains centred in Lan-

nemezan (France) were used, with a horizontal resolution
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Table 2. Instrumentation used in each site.

Area Site Instruments

Micro area micro A site microbarometer PAROSCIENTIFIC

micro B site microbarometer PAROSCIENTIFIC

micro C site microbarometer PAROSCIENTIFIC

skin-tower site 8 m tower site (thermometers, wind vanes)

60 m tower site 60 m tower site (thermometers, wind vanes)

Divergence area divergence site 8 m tower (thermocouples, sonic anemometers)

tethered site tethered balloon (thermometers, wind vanes)

Edge area grass site 8 m tower (thermometers, sonic anemometers and P from LI-7500)

wheat site 8 m tower (thermometers, sonic anemometers)

boundary site sonic anemometer

Area 2 corn site pressure data from LI-7500 barometer

of 9, 3 and 1 km respectively and 50 vertically distributed

terrain following eta levels. The model was initialized at

00:00 UTC of 2 July with NCEP-FNL (National Centers for

Environmental Protection – final) operational global analy-

sis data (1◦ resolution). It ran for 30 h (6 h of spin up) with

a time step of 30 s. The Yonsei University scheme was used

for the PBL parameterization and MM5 similarity for the sur-

face layer scheme. The Noah Land Surface Model was used

with input land use and soil category data from USGS. The

rapid radiative transfer model (RRTM) and Dudhia schemes

were selected for the representation of radiation (longwave

and shortwave respectively) and the WRF single-moment 3-

class parameterization was used for the microphysics.

3 Results and discussion

3.1 General analysis

The 2 July 2011 was characterized by a weak surface pres-

sure gradient over the south of France, which led to the

predominance of light northerly winds during the afternoon

(mixed stage in Fig. 2a) and a near-calm period approxi-

mately one hour before astronomical sunset, which occurred

at 19:40 UTC. The wind speed decreased close to the sur-

face around 18:55 UTC, with values below 0.5 m s−1 at the

divergence site (Fig. 2a, near-calm stage). This site will be

the reference site for the SDF analysis due to the availability

of six sonic anemometers from 0.8 to 8 m above ground level

(a.g.l.). This situation of near-calm is propitious for the ap-

pearance of surface drainage flows (SDFs) with a markedly

SSE–SE component in the BLLAST area, which is the di-

rection of most of the local slopes where the instrumentation

of the field campaign were deployed. These density currents

are caused by the differential cooling between near-surface

air masses at different locations in sloped terrains. In partic-

ular, up to 4 days of the BLLAST field campaign showed

SDFs after the near-calm period of the afternoon. The sharp
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Figure 2. Time series from sonic anemometers and thermocou-

ples measurements at the divergence site. (a) Wind speed (m s−1).

(b) Wind direction (◦). (c) Temperature (◦C). Note that filtered sur-

face pressure from the micro A site is overlaid for reference with a

thin dotted black line.

wind direction turning of this case study was well observed

close to the surface at around 18:55 UTC (Fig. 2b) close

to the surface, while measurements at higher heights (more

than 8 m a.g.l., not shown) indicated a more gradual turning

with time until 20:00–20:30 UTC. The wind direction veer-

ing near the surface was accompanied by a marked wind

speed increase. Stronger winds were encountered at lower
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Figure 3. Wind speed (a) (m s−1) and wind direction (b) (◦) verti-

cal profiles during shallow drainage flow (SDF) stage at 19:15 UTC

(blue line) and during mountain-plain wind stage at 20:30 UTC (red

line). Measurements from the divergence site and 60 m tower site

instruments.

levels with maxima close to the surface (around 2–3 m a.g.l.)

and wind intensity decreasing with height. This is the clear

picture of a slight SDF blowing from more elevated terrains

to lower elevations in a layer close to the ground. The onset

of this SDF coincides with the establishment of a surface-

based thermal inversion (Fig. 2c), although a more dramatic

decrease in temperature is observed at the lowest levels ap-

proximately when the SDF arrives (18:40–19:00 UTC), as

is expected when a cold density current appears. This de-

crease was especially noticeable at very low levels (below

1 m a.g.l.), which caused the enhancement of the tempera-

ture gradient between the ground and higher heights and the

correspondent increase of stability close to the surface. The

formed SDF was decoupled from the above flow by an up-

per low-wind layer and by the wind direction differences

with height (blue line in Fig. 3). Nevertheless, surface hetero-

geneities and differences in local slopes between BLLAST

sites led to differences in thickness and persistence of the

SDFs from one location to another (Fig. 4), even blocking

its formation at some places (as grass and wheat sites, both

at the edge area) where these SDFs were poorly observed or

lasted only for a few minutes.

The SDF stage ended between 20:00 and 20:30 UTC with

the arrival of a stronger and deeper wind from SE (Fig. 2a

and red line in Fig. 3, mountain-plain wind stage). This in-

crease in wind was more noticeable at 45 and 60 m a.g.l. (not

shown) and caused the breaking of the SDF and mixing (in-

crease in temperature) at lower levels (Fig. 2c). The WRF

model has been used to determine the origin and characteris-

tics of this wind. Results from this mesoscale model simula-

tion indicate that the wind was originated in the southerly lo-

cated Pyrenees mountains and channelled through the valleys

(not shown). The depth of this wind is shown in Fig. 5, where

maximum in wind speed is observed around 80 m a.g.l. This

is a clear indicator of the relatively shallow nature of this flow

(compared to winds more related to synoptic scales). There-
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Figure 4. Wind speed (m s−1) measured at different heights at the

grass site (a), wheat site (b) and skin-tower site (micro area) (c).

fore, SDFs were disrupted by the arrival of another drainage

flow, deeper, stronger and with different characteristics than

the former. However, the WRF simulation was neither able to

resolve the SDFs nor the GWs observed during these periods.

3.2 Pressure observations

The previously described situation of decoupled layers in

the lower PBL favours the formation of GWs generated by

wind shear in a stable environment. The formation of the

SBL around 18:00 UTC is characterized by an increase in

the wave-like behaviour of the absolute and filtered pressure

records from microbarometers (Fig. 6a, b). Regarding the

filtered pressure, periods greater than 45 min have been re-

moved (Fig. 6b) using a high-pass Butterworth filter, in order

to avoid the pressure tendency and the diurnal cycle.

Two different events can be isolated from the energy in-

creases observed in the wavelet analysis (Fig. 6c). The first

one corresponds to almost four cycles of 20–25 min of period

observed during the SDF stage (from 19:00 to 20:25 UTC

approximately, red boxes in Fig. 6a–b). The second event

is characterized by several oscillations of shorter periods

with two notable cycles of greater amplitude from 20:30 to

21:30 UTC, i.e. after the destruction of the SDF by the arrival

of the deeper wind (dashed purple boxes in Fig. 6a–b). Wave

parameters for these wave-like structures have been evalu-

ated using phase differences analysis (see Sect. 2.2.1) and
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Table 3. Gravity waves parameters evaluated from filtered surface pressure records of three microbarometers. Uncertainty is indicated inside

brackets (range of values). Note how uncertainty is lower for wave event 2.

Time (UTC) Period (min) Wavelength (km) Phase speed (m s−1) Direction of propagation (◦)

Wave event 1 1925–2000 20–25 not well defined not well defined not well defined

2005–2025 22–24 [23–30] [17–19] [80–90]

Wave event 2 2035–2055 10.5–12 [12–15] [18–20] [75–95]

2105–2130 16–21 [7–10] [6–9] [32–42]
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Figure 5. WRF wind speed (m s−1) over Lannemezan from

17:00 UTC of 2 July to 02:00 UTC of 3 July from surface to

2000 m a.g.l. The results indicate the appearance of the mountain-

plain wind with maximum speed at around 80 m a.g.l.

are shown in Table 3. Both events are analysed in depth in

the next subsections.

3.2.1 Wave event 1 (19:00 to 20:25 UTC, SDF)

Wave parameters have been evaluated from phase differ-

ences analysis (see Sect. 2.2.1), knowing the exact position

of each microbarometer (Terradellas et al., 2001; Viana et al.,

2009). This method is based on the differences between wave

phases of the three filtered pressure records (one for each

microbarometer). These differences are calculated for a de-

termined time period and attending to different wave peri-

ods. Thus, for selected ranges of time and wave periods, we

obtain specific ranges of wave parameters. The shorter this

range of values is (for example for wavelength), the more

monochromatic a wave is. This evaluation indicates that val-

ues for the first part of Event 1 are not well defined (Ta-

ble 3, from 19:25 to 20:00 UTC), meaning that these oscilla-

tions are not clear enough due to the superimposition of other

structures and motions, which is a common feature of the real

atmosphere. Only the third cycle (from 20:05 to 20:25 UTC)

shows a shorter range of wave parameters (Table 3), indi-

cating clearer wave structures with well-defined parameters:

direction of propagation from W towards E, phase speed of

around 18 m s−1 and approximate wavelength between 23

and 30 km. On the other hand, all of these oscillations (cy-

cles) of surface pressure were also observed at area 2 and

at the edge area (Fig. 7), which were located respectively at

3.8 km (to the south) and 1 km (to the north) from the micro

A site. The resolution and accuracy of the barometers (LI-

7500 barometers, except the microbarometers at the micro

site) located at these sites were not the most appropriate to

apply phase differences analysis. However, they were used

to confirm that these wave-like oscillations were not con-

fined to one specific place and that they were not limited to

local SDFs, only observed at some places. Additionally, ter-

rain height variance among sites (up to 70 m of difference be-

tween area 2 and the edge area, see Table 1) and the existence

of some buildings and forests between sites indicate that the

propagation of SDFs was perturbed, while the propagation

of the wave-like motions in the pressure signals is clearly

observed. With these outlines, the hypothesis that GWs are

generated at the top or within the SDF is therefore discarded,

while propagation of GWs in a deeper layer becomes more

likely.

Figure 8a, b shows vertical profiles of both wind speed

and wind direction obtained from the combination of mea-

surements from the descent of a tethered balloon from 19:52

to 19:58 UTC and tower measurements at 19:55 UTC. These

profiles indicate a relatively strong wind shear not only at

very shallow levels (as seen before due to the SDF), but also

up to 100 m a.g.l., with winds blowing from S–SE at surface

and from NE above 50 m a.g.l. Note also the slight low-level

jet (LLJ) around 100 m a.g.l. The Brunt Väisälä (BV) fre-

quency (Fig. 8d) has been calculated using temperature data

from these sources (Fig. 8c) and it shows continuous sta-

ble conditions (SBLs) up to approximately 200 m a.g.l. This

means that, theoretically, the GWs observed by the micro-

barometers could propagate from surface up to this height

and are trapped in this layer.

It is difficult to explain the physical mechanism leading to

the formation of the observed GWs with the available data,

therefore, several hypotheses are offered. The first one is the

intense wind shear (both in direction and speed of the wind)

between layers in the lowest atmosphere. The convergence of

SDFs from S–SE and the previous NE winds or the interac-

tion of these shallow flows with the complex orography in a

www.atmos-chem-phys.net/15/9031/2015/ Atmos. Chem. Phys., 15, 9031–9047, 2015
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Figure 6. Absolute (a) and filtered (b) surface pressure (hPa) mea-

sured by microbarometer A. (c) Morlet wavelet-based energy den-

sity (hPa2 s−1). Wave event 1 is indicated with red rectangles (black

in c) and wave event 2 with dashed black rectangles. Note: these fig-

ures are almost identical for microbarometers B and C.

region located more to the south are other hypotheses for the

GWs generation. Besides this, other factors such as the LLJ

developed at 100 m a.g.l. could also be involved on the GWs

generation.

Wave-related oscillations in other surface parameters

(wind speed, wind direction and temperature) were also ob-

served at all the locations (see Figs. 2 and 4), which indi-

cate the effect of the GWs by alternating horizontal diver-

gence and convergence patterns. Although the agreement be-

tween surface pressure and other parameters oscillations is

quite good in some cases, linear polarization equations have

been not applied to these records because of the existent

difficulties when trying to isolate “clean” records in a real

atmosphere like the case presented here. These difficulties

have also been reported in other works (Nappo, 2012; Mahrt,

2014; Sun et al., 2015b).
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Figure 7. Absolute pressure (hPa) observed at three different sites

of BLLAST: micro A site at the micro area (black line), the corn site

at the SS2 area (red line, 3.8 km S from the micro A site) and the

grass site at the edge area (blue line, 1 km NNW from the micro A

site). Note that 4.45 (3.6) hPa have been added (subtracted) to the

original value at the corn site (grass site) in order to compare the

figures.

3.2.2 Wave event 2 (20:30 UTC onwards,

mountain-plain wind)

Evaluated parameters for the second wave event show dif-

ferences compared to the first one. In this case, the event is

characterized by values with little variation (Table 3), espe-

cially for the two noteworthy oscillations which caused the

highest energy signal observed in the wavelet energy analy-

sis. This indicates a clear propagation and an absence of per-

turbations from other motions. These surface pressure oscil-

lations were also observed at sites separated more than 4 km

(Fig. 7), which also gives an idea of their horizontal propa-

gation.

The higher amplitudes observed in the surface pressure

compared to wave event 1 could be due to changes in the

depth of the duct layer or stable layer where the GWs were

propagating (Román-Cascón et al., 2015a) (see also com-

ment in Román-Cascón et al., 2015d). That is, the Brunt-

Väisälä frequency vertical profile at this stage is likely dif-

ferent than the one shown in Fig. 8 (at 19:55 UTC), but this

fact could not be checked due to the unavailability of tethered

balloon or radio-sounding data after 20:00 UTC.

The oscillations observed in surface pressure from

20:35 UTC onwards are related to oscillations in other pa-

rameters, such as wind speed (Fig. 2a), wind direction

(Fig. 2b) or temperature (Fig. 2c). The wind during this stage

is characterized by a wave-like behaviour related to the pas-

sage of the GWs, as is observed when compared to filtered

surface pressure records (dotted black line in Fig. 2a and b).

Although the oscillations in wind speed have approximately

the same period as the oscillations in pressure, the agreement
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Figure 8. Vertical profiles considering combinations of measure-

ments from 8 m tower measurements (from 1 to 8 m a.g.l.), 60 m

tower measurements (15 m a.g.l.) and the tethered balloon’s de-

scent measurements (from 30 m up to 300 m a.g.l.) approximately at

19:55 UTC. a) Wind speed (m s−1). (b) Wind direction (◦). (c) Tem-

perature (◦C). (d) Brunt Väisälä frequency (NBV) (s−1).

between maxima and minima of both variables is not con-

stant, while the turning of wind speed due to the GWs is more

obvious. In this case, maxima in surface pressure coincides

with turnings of wind to the south and minima in pressure

with turnings to the east direction. These oscillations have

an approximate amplitude of 30–45◦. Regarding temperature

close to the surface, oscillations of several degrees of ampli-

tude were also observed at different heights and sites (see for

example Fig. 2c at the divergence site). These oscillations are

again moderately correlated to surface pressure, as in wave

event 1. The variations in temperature and wind caused by

the GWs at some levels led to a complex evolution of the

gradients of these parameters with height, which in turn be-

comes very important for the surface fluxes and turbulence

close to the surface, analysed in the next section.

3.3 Surface turbulence: height differences

The dependence of turbulent parameters on height has been

analysed using sonic anemometers at three heights (0.80, 2

and 8 m a.g.l.) installed in an 8 m tower at the divergence

site. Large differences were observed in wind and temper-

ature records between near-ground and upper levels (Fig. 2)

during the studied period due to the microscale and local be-

haviour of the SDFs observed at some locations. The turbu-

lent parameters were affected by these differences, and the

general evolution shows several peculiarities which are anal-

ysed hereinafter through MRFD techniques.

For a clearer interpretation of Figs. 9 to 12, one must keep

in mind that the x axis shows the time in UTC and vertical

axis indicates temporal scales, while the colour bar shows
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Figure 9. Multi-resolution flux decomposition (MRFD) of the

friction velocity (m s−1) at 0.8 m a.g.l. (a), 2 m a.g.l. (b) and

8 m a.g.l. (c) at the divergence site.

the magnitude of the friction velocity or kinematic heat flux.

Therefore, colours indicate the contribution of different tem-

poral scales to the total value of each turbulent parameter.

3.3.1 Friction velocity

A wide range of temporal scales contributed to the friction

velocity (Fig. 9) during the mixed stage (until 18:30 UTC ap-

proximately). However, the smallest scales (below 1 s) were

more predominant at 0.8 m a.g.l. than at 8 m a.g.l., due to the

effect of the surface ground generating very small eddies.

Moreover, larger scale eddies (from 10 to 800 s) were more

relevant at 2 and 8 m a.g.l.

The near-calm stage was especially noticeable at the low-

est level (0.8 m a.g.l.), where a decrease for timescales below

200 s is clearly observed (around 18:45 UTC), as a conse-

quence of the decrease in wind and stabilization of the layers

very close to the ground. There is still an observed peak for

contributions from larger scales (more than 300 s), which is

probably the result of larger eddies from the residual layer

still present above.
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a) Kinematic heat flux (w´θ´) - 0.80 m
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Figure 10. Multi-resolution flux decomposition (MRFD) of kine-

matic heat flux (K m s−1) at 0.8 m a.g.l. (a), 2 m a.g.l. (b) and

8 m a.g.l. (c) at the divergence site.

The formation of the SDF after the near-calm stage

(around 19:00 UTC) enhanced the turbulence very close to

the surface (0.8 m a.g.l.). However, friction velocity values

remained very low for almost all scales at 2 m a.g.l. (SDF

maximum of wind), while some turbulence is observed at

8 m a.g.l. This indicates the generation of turbulence by the

SDF very close to the ground and above the shallow flow, but

not in the middle of the flow (see also comment on Román-

Cascón et al., 2015d). This is the result of the SDF wind

profile (Fig. 3), with maximum around 2–3 m a.g.l. and with

wind speed shear vanishing right at this maximum.

A wave-like pattern is also observed in the evolution at

this stage; i.e. the friction velocity MRFD analysis shows al-

ternating increases and decreases for scales between 0.5 and

20 s, especially at 0.8 m a.g.l. (Fig. 9a). This pattern is associ-

ated with the GW-related oscillations seen in the wind speed

time series.

The SDF wind shear from 2 to 8 m a.g.l. disappeared

around 20:00 UTC, when wind speed at all levels converged

to the same value. This is translated to an increase in the fric-

tion velocity at 2 m a.g.l., where the minimum was observed

during the previous SDF stage. The decrease in wind shear
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Figure 11. Multi-resolution flux decomposition (MRFD) of the fric-

tion velocity (m s−1) at grass (a), wheat (b) and boundary (c) sites

(located at the edge area and at 2 m a.g.l.).

above 2 m a.g.l. also caused an observed decrease in turbu-

lence at 8 m a.g.l. around 20:00 UTC. Later on, the arrival of

the mountain-plain wind caused the complete destruction of

the SDF, and the wind shear at low levels decreased consid-

erably. In this case, the mountain-plain wind generated tur-

bulence more effectively at all levels, without the clear mini-

mum observed in the SDF stage.

Contributions to the friction velocity from larger scales

are also observed from 19:30 UTC onwards, associated with

the GWs analysed in Sect. 3.2.1. In this case, contributions

from 60 to 800 s are separated from smaller scale turbu-

lence (around 2 s) by the spectral gap at 20–60 s approxi-

mately. That is, the absence of a continuous signal in the

MRFD indicates that these contributions to the friction ve-

locity are due to different mechanisms. Since wave scales

are not supposed to contribute significantly to the turbulent

mixing, these scales should not be included in a total flux

calculation, and an averaging window of no more than 20–

60 s should be used during this period. However, there is still

an open question about the possibility that some of these con-

tributions to the friction velocity from scales between 60 to

Atmos. Chem. Phys., 15, 9031–9047, 2015 www.atmos-chem-phys.net/15/9031/2015/
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a) Kinematic heat flux (w´θ´) - Grass site
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Figure 12. Multi-resolution flux decomposition (MRFD) of kine-

matic heat flux (K m s−1) at grass (a), wheat (b) and boundary (c)

sites (located at the edge area and at 2 m a.g.l.).

800 s are in fact also turbulence, but are generated by the

GWs themselves, in which case they should be included in a

total turbulent flux calculation. In any case, the conclusions

obtained from this case study and from this data set should

not be applied to other data sets, due to the complexity of

the studied event and local features (see comment in Román-

Cascón et al., 2015c).

3.3.2 Kinematic heat flux

Kinematic heat flux at different heights (Fig. 10) changes

from upwards to downwards at different times. This change

happens first at the lower level and then more than half an

hour later at 8 m a.g.l., as result of the progressive stabiliza-

tion of the layers upwards from the surface. After this mo-

ment (and already with negative fluxes), there is an increase

in the negative fluxes observed at 18:15 UTC, especially at

0.8 and 2 m a.g.l. and of scales between 1 and 100 s (green

colours in Fig. 10a and b), as a consequence of the increase in

the temperature gradient of the low levels. Later on, the kine-

matic heat flux magnitude decreases again (yellow colours in

Fig. 10), which is directly related to the strong decrease in

wind speed during the near-calm period.

The SDF stage is characterized by an increase in the con-

tribution of small scales (around 1 s) to the surface kinematic

heat flux very close to the ground (at 0.80 m a.g.l., green and

blue colours in Fig. 10a from 19:00 to 20:00 UTC) due to

the SDF-related increase in friction velocity seen in the pre-

vious section. However, at 2 and 8 m a.g.l., this stage is char-

acterized by very low kinematic heat fluxes (near 0, orange

colours) because both temperature and wind gradients are

smaller at these heights.

Considering the height of 0.8 m a.g.l. (Fig. 10a), it should

be noted that the temporal scales (around 1 s) contributing

to the turbulence in this SDF period are smaller when com-

pared to the scales observed before the arrival of the density

current. The mean wind speed at 0.8 m a.g.l. (not shown) was

of approximately 1 m s−1 from 18:00 to 18:30 UTC and of

1.5 m s−1 during the SDF stage (19:00 to 20:30 UTC). If we

apply the frozen eddies hypothesis of Taylor (Stull, 1988) to

convert temporal scales to length scales for both periods, we

obtain approximate eddy sizes of 5 and 1.5 m respectively. In

fact, the turbulence generated near surface due to the SDF is

observed only in the lowest levels, but not at higher levels,

while during the period previous to the near-calm situation

(18:00 to 18:30 UTC), this increase in turbulence was also

observed at 2 m a.g.l. and up to 5 m a.g.l. (not shown). The

same can be concluded from friction velocity MRFD (Fig. 9)

and it is indicative of the small eddies generated by the SDF

by friction with the ground compared to the predominant ed-

dies during low-winds-stable situations (period previous to

the near-calm situation).

Finally, the arrival of the mountain-plain wind causes an

increase in temperature at all levels except 8 m a.g.l. (Fig. 2c),

meaning that the wind is causing mixing among the low-

est levels and breaking the SDF. That is, air from aloft is

brought to lower levels, and therefore the temperature in-

creases, but this increase is progressive with height; it takes

place sooner and it is more pronounced at higher heights, en-

hancing the temperature gradient between levels located very

close to the ground. This fact and the increase in wind lead

to an enhancement of the negative surface kinematic heat

fluxes at 0.8 m a.g.l. (blue colours in Fig. 10a) at 20:15 UTC.

However, the mixing at the highest level (8 m a.g.l.) causes

the homogenization of the layer, and therefore the heat flux

does not increase (Fig. 10c) at 8 m a.g.l. Later on, several

increases and decreases in the heat flux are observed (es-

pecially at 0.80 m a.g.l.), corresponding to the wave-like be-

haviour of this period. As seen in the friction velocity MRFD,

the turbulent scales are well separated from non-turbulent

motions by a spectral gap around 10 s. Again, the selection of

a higher averaging window could cause an overestimation of

the fluxes, since large scales could be associated with GWs.
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3.4 Surface turbulence: site differences

The difficulties estimating surface fluxes over heterogeneous

terrain are well known, especially during very stable situa-

tions. In this section we compare the evolution of turbulent

parameters through MRFD performed over measurements of

three nearby sonic anemometers located at the so-called edge

area. These instruments were strategically deployed on dif-

ferent land use sites and separated around 60 m among them,

allowing us to analyse the effect of the different roughness

lengths and land use over surface turbulence. These sonic

anemometers were installed at 2 m a.g.l. over grass (10 cm

height approximately), wheat (80 cm height approximately)

and over the border between them. This border (boundary

site) was composed by denser vegetation (harder) and a small

ditch (see van de Boer et al., 2014, and comment on Román-

Cascón et al., 2015c, for more information and figures about

the edge area).

3.4.1 Friction velocity

The near-calm period is observed at all the places some min-

utes before 19:00 UTC but with slight differences in the start-

ing time (Fig. 11). The SDF was not effectively formed at

the edge area (see Fig. 4a, b), and therefore, a clear related

increase in surface turbulence was neither observed at the

grass site, nor at the wheat site. However, a certain increase in

turbulence is observed at the boundary between these places

(Fig. 11c from 19:00 to 19:45 UTC) that reveals the turbu-

lence enhancement effect of this border.

The wind records at the grass site were clearly charac-

terized by a wave-like behaviour during this stage with a

maximum observed at the lowest levels (less than 5 m a.g.l.)

around 19:30 UTC; this indicates an attempt of settling of

some SDFs (see Fig. 4a). This increase in wind does not

cause a direct increase in mechanical turbulence at the grass

site (Fig. 11a), but it does it over the boundary site (Fig. 11c).

This increase is possibly a consequence of the crash between

a shallow flow from SE (from the grass site) and the denser

and higher vegetation at the boundary site. Beyond this point

(at the wheat site) this increase is again not observed, except

for very small scales (below 1 s). This fact is contrary to the

processes observed at the grass site, where these small con-

tributions were almost suppressed from 18:30 to 20:15 UTC,

as a result of very low winds observed at the grass site during

this period. These low winds observed at the grass site could

be in turn affected by the maize field located upwind (to the

south, see comment on Román-Cascón et al., 2015b).

With the arrival of the mountain-plain wind around

20:15 UTC, the turbulence slightly increases at the grass and

wheat sites, while there is a marked increase at the bound-

ary site (Fig. 11c), highlighting again the important effect

of this obstacle between both places generating turbulence.

In this stage, the very small-scale turbulence increase was

observed at both sites, although it is more noticeable at the

wheat site. The important increase in wind observed at the

grass site some minutes before 20:30 UTC (Fig. 4a) is the

cause of this enhancement observed in the friction velocity

MRFD. However, reasons for the specific scale-contributions

in this case are difficult to determine and are probably related

to the roughness length of the different surfaces. It seems

that unlike in the SDF stage, the grass roughness is acting

efficiently in the generation of turbulence, mainly because of

the important increase in wind speed observed at 2 m a.g.l. at

20:25 UTC (Fig. 4a), where the wind changes radically with

the arrival of the mountain-plain wind.

Finally, the effects of the observed GWs are also present

at all the sites, with important large-scale contributions for

scales higher than 100 s and especially for scales of the order

of minutes, as seen also before at the divergence site (Fig. 9).

However, the GWs effects are not only observed over these

large-scale contributions; there is a clear wave-like behaviour

in turbulent scales (intermittent turbulence) during the whole

period, with maximum followed by minimum contributions

for all the involved scales. This is the result of the alternating

horizontal divergence and convergence patterns of the SBL

caused by the waves. That is, the oscillations observed in

temperature and wind profiles at different heights are causing

alternating increases and decreases in the temperature and

wind gradients, which is consequently translated into these

changes in surface fluxes.

3.4.2 Kinematic heat flux

Large differences have also been found among surface kine-

matic heat fluxes analysed at these three nearby but different

places (Fig. 12). It is interesting to note that the kinematic

heat flux changes from upward to downward considerably

later at the wheat site than at the other sites. The wheat was

drier in this season, and therefore the daytime convection is

more intensive, and the decay takes longer. Consequently, the

increase in negative surface kinematic fluxes due to the sta-

bilization of the layer around 18:00 UTC at the other sites

is not observed at the wheat site. The characteristics of the

wheat canopy could also play a role limiting the effect of the

radiative cooling by the wheat itself.

The near-calm period just before 19:00 UTC is well ob-

served at all sites, especially at the grass site, where the diffu-

sion of heat was almost completely suppressed for all scales.

Later on, during the SDF stage, there is a tendency toward

very small kinematic heat fluxes over wheat and grass sur-

faces (yellow colours), while an increase in the negative heat

fluxes is observed at the edge between the sites (the bound-

ary site, Fig. 12c), as also seen and explained in the previous

section (greater friction velocity).

The consequences of the arrival of the mountain-plain

wind are also very different depending on the site. Contrary

to expected, a reduction of the surface fluxes is observed

when the wind increases, and only small scales are contribut-

ing to diffuse the heat downward at the grass site (yellow
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colour below 3 s versus orange colour for contributions be-

tween 3 to 60 s, from 20:15 UTC onwards). Although the

mechanical turbulence slightly increased at this time (Fig. 11

at 20:15 UTC), the kinematic heat flux drop was probably

caused by the mixing that occurred at higher levels, leading

to a reduction of the temperature gradient. In contrast, the ef-

fect of the mountain-plain wind over the wheat site was to

cause the enhancement of the negative kinematic heat fluxes,

the explanation of which is hard to determine, since the tem-

perature gradient behaviour was similar at the grass site (not

shown).

The gap between turbulent and larger scales is very well

defined at these sites during the whole period. There are clear

alternations between positive and negative values (red and

blue colours) of large scales, which is a distinctive character-

istic of GWs (Viana et al., 2009, 2010). The spectral gap is

especially well marked at the boundary site (Fig. 12c), where

a change from negative (turbulence) to positive contributions

(probably related to waves) is observed around 60 s from

19:00 UTC onwards. In this case, an inappropriate choice of

the averaging interval when using eddy covariance methods

to estimate turbulent parameters could lead to an important

underestimation or even be the cause of the counter-gradient

fluxes found sometimes in SBLs.

4 Summary and conclusions

Several stable-boundary-layer processes occurring along the

afternoon and evening transition during the 2 July 2011 (IOP

10) of the BLLAST field campaign have been analysed in

detail taking advantage of the large amount of accurate and

high frequency instrumentation deployed over the area of

Lannemezan (France).

Shallow drainage flows (SDFs) were formed just after

the near-calm period of the afternoon at different locations

due to small local slopes. The formation of these density

currents led to untypical wind profiles, with maxima in

wind speed around 2–3 m a.g.l., decreasing winds with height

and marked changes in wind direction among different lev-

els. These SDFs (not observed at all the sites due to het-

erogeneities of the area) were eroded by the arrival of a

mountain-plain wind. This deeper wind was more associated

with the scale of the Pyrenees and caused partial mixing and

the establishment of new wind and temperature profiles.

Time series of pressure, wind and temperature showed

a wave-like pattern during the SDFs stage and during the

mountain-plain wind. The availability of precise and high-

frequency data of surface pressure from an array of micro-

barometers allowed us to evaluate wave parameters, which

indicated a shorter (more precise) range of values for grav-

ity waves (GWs) parameters during the mountain-plain wind,

with smaller wavelengths and phase speeds. These GWs

were observed at different locations, indicating a non-local

character and a clear propagation. Tethered balloons and

tower measurements indicated stable stratification at least up

to 200 m a.g.l., wind direction changing with height and even

a weak LLJ around 100 m a.g.l. This wind shear or even the

LLJ effects are proposed to be involved in the generation of

these GWs, which in any case were trapped within the SBL.

However, the effect of the nearby hilly terrain could also be

important.

Finally, the effects of these different processes on the

surface turbulent parameters (friction velocity and kine-

matic sensible heat flux) have been studied in detail us-

ing multi-resolution flux decomposition (MRFD) techniques

from sonic anemometers data installed at different heights

and sites. The microscale and shallow nature of some of these

processes is underscored by the differences found at several

heights. The selection of the height of the sensor could lead

to underestimations of surface fluxes or turbulent parame-

ters when density currents are present in very shallow layers,

specially if sonic anemometers are located at the SDF wind-

maximum height (minimum in turbulence). The dependence

of these turbulent parameters on the land-use and terrain is

also highlighted through the comparison among the MRFD

at the grass and wheat sites, and at the boundary between

both sites.

MRFD is shown to be a powerful tool to determine the

averaging-window needed to compute turbulent parameters

or fluxes from the spectral gap observed between turbulent

and larger-scale motions, as done in Nappo et al. (2008);

Durden et al. (2013), where GWs scales are removed from

the flux computation in order to avoid overestimation of

fluxes. Otherwise, possibly wrong estimations of momentum

(overestimation) and heat (overestimation, underestimation

or even false counter-gradient) turbulent fluxes can be as-

sumed. However, there is still an open question about the pos-

sible overlapping between wave scales and wave-generated

turbulence (separated by a spectral gap from turbulence of

smaller scales created by other mechanisms). In this case,

part of these larger scales should be definitely included (Ver-

cauteren and Klein, 2015), since their turbulent behaviour

would contribute to the diffusion of scalars. These consider-

ations must be taken into account, especially when analysing

SBLs over heterogeneous terrain and during the evaluation

of numerical models performance with field measurements.

Acknowledgements. This research has been funded by the Spanish

Government (projects CGL2009-12797-C03-03, CGL2011-13477-

E and CGL2012-37416-C04-02). The BLLAST field experiment

was made possible thanks to the contribution of several institutions

and supports INSU-CNRS (Institut National des Sciences de

l’Univers, Centre national de la Recherche Scientifique, LEFE-

IDAO program), Météo-France, Observatoire Midi-Pyrénées

(University of Toulouse), EUFAR (EUropean Facility for Airborne

Research) and COST ES0802 (European Cooperation in the field

of Scientific and Technical). The field experiment would not have

occurred without the contribution of all participating European and

American research groups, which all have contributed significantly.

www.atmos-chem-phys.net/15/9031/2015/ Atmos. Chem. Phys., 15, 9031–9047, 2015



9044 C. Román-Cascón et al.: Interactions among drainage flows, gravity waves and turbulence

BLLAST field experiment was hosted by the instrumented site

of Centre de Recherches Atmosphériques, Lannemezan, France

(Observatoire Midi-Pyrénées, Laboratoire d’Aérologie). BLLAST

data are managed by SEDOO, from Observatoire Midi-Pyrénées.

The tower equipment was supported by CNRS, University of

Toulouse and European POCTEFA FluxPyr program and FEDER

program (Contract 34172 – IRENEA – ESPOIR). The corn and

moor stations were funded by the CNRS INSU and Météo-France

and implemented by the CNRM-GAME team GMEI/4M. The

edge site measurements were financed by the DFG (Deutsche

Forschungsgemeinschaft) project GR2687/3-1 and SCHU2350/2-1.

Gert-Jan Steeneveld contribution was supported by the NWO-

VENI grant 863.10.010.

Edited by: R. J. Beare

References

Adachi, A., Clark, W. L., Hartten, L. M., Gage, K. S., and

Kobayashi, T.: An observational study of a shallow gravity cur-

rent triggered by katabatic flow, Ann. Geophys., 22, 3937–3950,

doi:10.5194/angeo-22-3937-2004, 2004.

Andrén, A.: Evaluation of a turbulence closure scheme suitable for

air-pollution applications, J. Appl. Meteorol., 29, 224–239, 1990.

Baklanov, A. A., Grisogono, B., Bornstein, R., Mahrt, L., Zilitinke-

vich, S. S., Taylor, P., Larsen, S. E., Rotach, M. W., and Fer-

nando, H.: The nature, theory, and modeling of atmospheric

planetary boundary layers, B. Am. Meteorol. Soc., 92, 123–128,

2011.

Baklanov, A. A., Grimmond, S., Mahura, A., and Athanassiadou,

M.: Meteorological and Air Quality Models for Urban Areas,

Springer, 140 pp., 2009.
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