NEAR MONOCHROMATIC DUCTED GRAVITY
WAVES ASSOCIATED WITH A CONVECTIVE
SYSTEM CLOSE TO THE PYRENEES

Carlos Roman-Cascon!, Carlos Yagiie!, Samuel Viana?, Mariano Sastre!, Gregorio

Maqueda?, Marie Lothon?, Ifiigo Gomaral->

(1) Dept. de Geofisica y Meteorologia. Universidad Complutense de Madrid, Spain.
(2) AEMET, Spain.
(3) Dept. de Astrofisica y Ciencias de la Atmosfera. Universidad Complutense de
Madrid, Spain.
(4) Universite de Toulouse, Laboratoire d’Aérologie — CNRS UMR 5560, France.

(5) Instituto de Geociencias (IGEQO), UCM, CSIC, Spain.

Revision submitted to
0. J. R. Meteorol. Soc.

11 June 2014



I Correspondence to: Carlos Roman-Cascon. Dpto. Geofisica y Meteorologia.
Universidad Complutense de Madrid. Facultad de CC. Fisicas. Avda. Complutense s/n.
28040 Madrid. Spain. E-mail: carlosromancascon@ucm.es

Abstract (234/300 words)

Near monochromatic gravity waves (GWSs) associated with a mesoscale convective
system (MCS) were detected during the Boundary Layer Late Afternoon and Sunset
Turbulence (BLLAST) field campaign in Lannemezan (France) on 21 June 2011. These
GWs are analysed using available instrumental data (e.g. an array of microbarometers, a
microwave system Humidity And Temperature PROfiler (HATPRO) and an ultra-high
frequency (UHF) wind profiler). Pressure oscillations of up to 0.5 hPa were recorded
after a pronounced pressure drop of 1.4 hPa, identified as the MCS weak low. Wavelet
analysis and evaluated wave parameters confirm the occurrence of such GWs (period ~
9 minutes, horizontal wavelength ~ 7 km) which propagated from southwest to
northeast, i.e. in the same direction of propagation as the MCS. Observational evidence
suggests the downdrafts associated with the rear-inflow jet at the weak low zone of the
MCS as the most likely generator mechanism of the GWs. However, the complex
orography and proximity of the Pyrenees to the field campaign could also play an
important role. Wave propagation was possible through the ducting mechanism,
favoured by the existence of a critical level in a wind sheared environment around 2000
m above ground level. Wave-like motions related to the GWs passage were also
observed in other atmospheric parameters close to the surface and within the lower
troposphere. The GWs effects on the surface fluxes have also been analysed through

Multi-Resolution Flux Decomposition (MRFD) methods.
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1. Introduction

Waves in fluids are manifested by oscillations of fluid particles moving with a slight
phase difference among them and their neighbouring particles (Nappo, 2012). They are
named gravity waves (GWs) when the restoring force of gravity acts to recover the
equilibrium state after the destabilisation caused by some trigger mechanism (e.g.
orography) in a stable stratified fluid. In the atmosphere, air parcels acquire vertical
component of motion after this destabilization and tend to oscillate while trying to
recover their initial state.

Although the mechanisms generating GWs are varied and complex, several triggering
factors have been proposed in the literature: (i) geostrophic adjustment (e.g. Luo and
Fritts, 1993), (ii) topography (e.g. Nastrom and Fritts, 1992), (iii) jet streams (e.g. Fritts
and Nastrom, 1992), (iv) wind shear (e.g. Merril and Grant, 1979), (v) katabatic flows
(e.g. Viana et al., 2010), (vi) convective currents (e.g. Lane and Reeder, 2001) and (vii)
downdrafts (e.g. Jewett et al., 2003).

When the atmospheric conditions are appropriate, the formed waves propagate towards
some directions (preferably in the main wind direction); then they weaken in time and
finally they transfer their energy to the main flow (Nappo, 2012) or dissipate through
turbulence (Einaudi and Finnigan, 1993; Smedman et al., 1995). In fact, these GWs
have frequently been associated with intermittent turbulence during night-time in the

Planetary Boundary Layer (PBL) (Chimonas, 1999).



With the exception of the PBL, the atmosphere is nearly always stably stratified.
Therefore, GWs can frequently occur with a wide variety of characteristics (Nappo,
2012). Once the wave is formed, an additional mechanism is needed for its maintenance
and propagation. In some cases, the trigger mechanism is continuous and provides
enough energy to continue generating GWs, for example in cumulonimbus clouds,
where convection is strong and persistent (Lindzen and Tung, 1976). In other cases, the
thermal and/or dynamic profiles of the atmosphere may favour the horizontal
propagation of the GWs in a layer known as wave duct. This is similar, in some way, to
the use of the Scorer parameter in trapped orographically generated GWs (Mountain
Waves), which has been widely used in numerous works (Doyle and Durran, 2002). to.
Thus, a duct layer is formed for certain GWs when stratification and wind conditions
(which are included in the Scorer parameter) is larger than the horizontal wavenumber
of the concerned wave. The ducting mechanism was studied by Lindzen and Tung
(1976) and has been identified in several observational studies (e.g. Ralph et al., 1993,
1997; Monserrat and Thorpe, 1996; Doyle and Durran, 2002; Viana et al., 2009).

Scientific interest in atmospheric GWs has remarkably increased during the last years
(Fritts and Alexander, 2003; Nappo, 2012). On one hand, GWs are an important source
of energy and momentum transport in the atmosphere and thus need an accurate
parameterisation in Numerical Weather Prediction (NWP) models (Fritts and Alexander,
2003). On the other hand, GWs appear to influence the formation and evolution of
convective systems (e.g. Uccellini, 1975; Balachandran, 1980; Nicholls and Pielke,
2000). In addition, GWs can also produce widespread damage due to their associated
wind gusts, which represent a potential threat for aviation during landing and take-off

manoeuvres (Fujita and Caracena, 1977; Manasseh and Middleton, 1995; Miller, 1999,



2000). In some cases, GWs associated with weak low zones of mesoscale convective
systems (MCSs) (Fig. 1 in Houze et al. 1989) can also produce dangerous wind gusts at
the surface in regions of the MCS where no severe winds are expected (Loehrer and
Jonhson, 1995; Bernardet and Cotton, 1998; Coleman and Knupp, 2009).

A wake low is a relative surface pressure minimum observed at the rear part of a MCS
during its mature or dissipation stage, near the back edge of the trailing stratiform
precipitation region. Together with the weak low, the thunderstorm surge and the
thunderstorm high have also been identified as MCS features (Fujita, 1955; Johnson,
2001). The decrease in surface pressure associated with wake lows can be considerably
important, reaching several hPa in a few minutes (Fujita, 1963; Schneider, 1990). The
reasons for such quick and intense pressure drop have been discussed over years (Fujita,
1955, 1963; Pedgley, 1962; Williams, 1963; Johnson and Hamilton, 1988), and
conclusions from these studies agree that the subsidence due to the descending rear-
inflow jet at the rear part of MCSs causes an adiabatic warming that makes the surface
pressure to decrease (Johnson and Hamilton, 1988). This pressure drop and its
subsequent increase have been observed in many squall lines, bow echoes or MCSs in
general (Johnson, 2001; Loehrer and Johnson, 1995). Some of these studies have related
observed GWs to wake lows. For instance, Bosart and Seimon (1988) analysed a case
study of an intense GW related to a squall line weak low, which caused strong
fluctuations in pressure and intense wind gusts at surface. Bauck (1992) also studied
large pressure drops of 3-6 hPa associated with long-distance propagating GWs, which
caused important vertical displacements and intense wind gusts.

However, the presence of clear and stable oscillations in the surface pressure records

over a few wave cycles associated with these weak lows has been reported less



frequently in the literature, mostly due to the lack of precise, high resolution pressure
data. This work presents a singular and comprehensive observational study of near
monochromatic and ducted GWs associated with the weak low of a MCS detected in a
highly instrumented site near the Pyrenees. Among the measurements used, the
combination of data from three high resolution microbarometers, an ultra-high
frequency (UHF) wind profiler and a microwave system Humidity And Temperature
PROfiler (HATPRO) radiometer has allowed us to perform a deep analysis and to offer
substantiated hypotheses about the origin, propagation and effects of the GWs.

The paper is divided as follows: section 2 introduces the Boundary Layer Late
Afternoon and Sunset Turbulence (BLLAST) field campaign and explains in detail the
data used for the analysis. Results are provided in section 3 and the main conclusions

and a short summary conclude the work.

2. Data and site

Data used in this study have been obtained from different meteorological instruments
deployed around the Centre for Atmospheric Research (CRA, Centre de Recherches
Atmosphériques in French, 43° 07°N, 0° 21’E, 600 m above sea level (ASL)) site in
Lannemezan (France) during the BLLAST field campaign. This site is located over the
Plateau of Lannemezan, approximately 40 km away from the Pyrenees Mountains
(Figure 1(a)). The BLLAST field campaign (Lothon et al., 2014) was carried out from
14 June to 8 July 2011. A large amount of instrumentation was deployed over the area
with the main aim of improving the knowledge of the late afternoon transition in the
PBL. One of the objectives of the field campaign was to learn more about GWs that

could be developed during the evening transition to the nocturnal boundary layer. Fair



weather days were preferred to analyse due to the better development of the convective
boundary layer and a clear view of the evolution of the residual and stable nocturnal
boundary layers later developed. However, several rainy and stormy days occurred
during the field campaign, and this study focuses on one of them. Besides the
instrumentation from BLLAST field campaign, additional barometers located at the
surroundings of Lannemezan (Pic du Midi observatory and Tarbes-Lourdes-Pyrénées
Airport (LFBT)) were used to determine the horizontal propagation and generation of
the analysed GWs. The sites used to track the GWs propagation has been named from A
to E according to their distance from site A (Table I and Figure 1(b)). Note that site D
corresponds to the Pic du Midi Observatory. This astronomical and meteorological
observatory is situated approximately 25 km SW from Site A at 2877 m ASL at the Pic
du Midi, which is a sharp mountain detached some kilometres to the N from the
Pyrenees massif main line of the Spanish-French border, where the highest peaks are
located.

A triangular array of three high resolution PAROSCIENTIFIC microbarometers (Model
6000-16B) (Cuxart et al., 2002), separated about 150 m and at 1 m above ground level
(AGL) was deployed at site A in Lannemezan with the objective of studying gravity
waves. The triangular configuration was used to characterize wave events by methods
based on wavelet decompositions (Torrence and Compo, 1998; Terradellas et al., 2001;
Viana et al., 2009, 2010, 2012), allowing the calculation of wave parameters (period,
wavelength, phase velocity and direction of propagation). A sampling rate of 2 Hz was
used, which enabled a resolution of around 0.002 hPa. As described above, surface
pressure measurements from other barometers placed at different locations (sites B, C

and E) were also used. Although the available resolution, accuracy and sampling rate of



these instruments were significantly lower than those for the microbarometers, they
were quite useful to determine the extension and propagation of the GWs.

In order to determine the duct layer where the GWs were propagating, the vertical
wavenumber (m) (see section 3.3 and Eq. 1) was calculated using wind measurements
from an UHF wind profiler and temperature measurements from HATPRO radiometer.
The UHF wind profiler, a PCL1300 UHF profiler manufactured by Degreane Horizon,
is a pulsed Doppler radar working with a transmitted frequency of 1274 MHz and a
peak power of 2.5 kW. This instrument worked with a good temporal resolution (3.5 — 6
minutes) and offered two modes: the low mode and the high mode. The low mode was
based on a 150 m pulse length, and on 95 level gates spaced every 75 m starting at 100
m from the radar. Although the high mode offers measurements at higher levels, the low
mode data were used in this study for the calculation of the vertical wavenumber (m)
due to the higher radial resolution and because the GWs detected in this work
propagated mainly below 2000 m AGL. Wind profiles from UHF measurements were
compared to measurements from another UHF wind profiler located 5 km apart from
the former. This comparison (not shown) served as an additional quality control data.
Both UHFs showed similar values but with a coherent time lag among observations,
which agreed with the storm direction and speed of propagation.

The HATPRO profiling passive microwave radiometer (Lohnert ef al., 2009; Lohnert
and Maier, 2012) is able to measure temperature and humidity with high temporal and
spatial resolution. The instrument admits two different scanning modes: full troposphere
and PBL profiling. Although the vertical resolution of the PBL profiling is higher, the
full troposphere profiling mode has been used in this study due to the higher temporal

resolution (~ 2.5 minutes). The analysis of the MCS covers the period from 2000 UTC



to 2200 UTC of 21 June 2011, while the GWs were observed from 2125 UTC to 2205
UTC. Quality control flags for HATPRO radiometer data indicated unreliable
measurements for periods from 2000 UTC to 2100 UTC due to high values of liquid
water path (rain), which meant that these data could not be used. Rain was weaker from
2100 UTC to 2130 UTC and the quality control flags indicated reduced quality data,
which had to be used with caution. However, from 2130 UTC onwards, the data showed
the highest quality level and since these data did not show appreciable differences with
data from 2100 UTC to 2130 UTC, data from 2100 UTC onwards was used for the
calculation of the vertical wavenumber. Nevertheless, for the analysis of temperature
oscillations related to the GWs passage, only temperature fluctuations produced during
the highest quality data period were taken into account.

Additional measurements from higher frequency instruments (Table II) were used to
detect oscillations on other meteorological parameters, to analyse the meteorological
conditions near surface and to perform Multi-Resolution Flux Decomposition (MRFD;

Howell and Mabhrt, 1997; Viana et al., 2009) methods.

3. Results and discussion

3.1. Mesoscale convective system overview

The analysed GWs were associated with a MCS which crossed the experimental area
from 2000 UTC to 2200 UTC of 21 June 2011 (Figures 2 and 3). Figures 2 (a, b) show
an overview of the convective activity during the afternoon over different regions over
and around the Pyrenees, with several thunderstorms formed at the northern and
southern sides of the mountains. Operational forecasters at the Spanish National

Weather Service (AEMET) reported auspicious conditions for deep, severe and



organised convection over the northeast area of the Iberian Peninsula due to the
existence of a pre-frontal unstable line. An extensive and organised convective system
finally developed during the afternoon ((Figure 2(b,c) and Figure 3(a,b)) very close to
the Pyrenees. These figures show a well-defined convective line of more than 150 km
composed by several individual thunderstorms that crossed the Pyrenees and caused
intense precipitation over different areas. This MCS moved from SW to NE while
weakening (see evolution of precipitation in Figure 2) and reached Lannemezan at 2000
UTC. The rain gauge at the experimental site reported a total precipitation of 5.9 mm
from 2015 UTC until 2130 UTC (Figure 6(b)), although some drizzle was also reported
until 2200 UTC according to RADAR images and flag indicators of HATPRO
radiometer.

Although a detailed analysis of the MCS structure and processes is beyond the scope of
this study, the evolution in surface pressure observed at site A from 1945 UTC onwards
(thick line, Figure 4(a)) is consistent with the following processes associated with the
typical structure of MCSs and squall lines (Johnson and Hamilton, 1988 (see their
Figure 25); Johnson, 2001). a) The increase in surface pressure from 1945 UTC to 2030
UTC has been identified as the thunderstorm high or mesohigh. This increase in
pressure was caused by the cooling from evaporation of the rain during the former and
more active part of the MCS. b) The pressure drop at 2105 UTC has been associated
with the weak low at the rear part of the MCS, in a region of stratiform precipitation
(Figure 2(e, 1)). This decrease in pressure was a consequence of the adiabatic warming
(decrease in density) caused by downdrafts associated with the descending rear-inflow
jet of the storm (Johnson and Hamilton, 1988). The decrease of the rain rate at these

times could also contribute to the pressure drop through the cease of the evaporation



(cooling) of the rain at these times. The commented downdrafts were in turn favoured
by the cooling effect due to the precipitation evaporation at higher levels (Lindzen,
1974; Raymond, 1975; Jewett et al., 2003), but since at that point there was not enough
evaporative cooling to compensate the adiabatic warming caused by the downdrafts, a
net warming occurred and a rapid decrease was observed in the surface pressure
records.

Figure 4(a) shows surface pressure (thin line) measured at the Pic du Midi Observatory
(site D). The fact that the surface pressure variations are not observed at site D
compared to site A indicates that the main contributions were due to processes occurring
below the height of the Pic du Midi Observatory. Nevertheless, part of the surface
pressure drop due to the weak low was also slightly observed at site D at 2050 UTC.
This fact indicates that the adiabatic warming could be produced not only below 2877 m

ASL, but also at higher levels.

3.2. Gravity waves analysis

The most interesting feature of this event, from our point of view, was observed in the
surface pressure records of the microbarometers (thick line, Figure 4(a)). At 2105 UTC,
surface pressure from the three microbarometers showed a drop of 1.4 hPa in a few
minutes followed by several fluctuations of 0.4-0.5 hPa from 2125 UTC to 2205 UTC.
A 45-minutes Butterworth high pass filter has been applied to the microbarometers data
to remove the synoptic tendency and the daily cycle, so that only higher frequency
fluctuations in surface pressure are considered (Figure 4(b)). Figure 4(c) shows the
wavelet energy per period and time unit: a clear energy increase is appreciated during

the wave-like event centred in periods of around 9 minutes. It is worth mentioning that



most case studies of GWs related to convective activity described in the literature have
longer periods (e.g., Lindzen, 1974; Ucellini, 1975; Alexander et al., 2000) than the
GWs analysed here. Subsequently, wave parameters (Table III) have been evaluated
from the filtered surface pressure records using the exact location of the three
microbarometers and phase differences analysis (Terradellas et al. 2001). This
calculation has been done for the range of periods and times where the wavelet analysis
showed the strongest signal, i.e. from 21.30 UTC to 21.45 UTC and for periods between
8 and 10 minutes. These parameters show a short range of values, which suggest a
nearly monochromatic wave event. For the 9-minutes period, they indicate a wavelength
of 7 km approximately, a phase speed of around 12.5 m s!' and a direction of
propagation of 50° approximately (from SW to NE). After calculating the direction of
propagation, it seems reasonable to assume that these GWs were formed somewhere
SW from the microbarometers location (site A) and that propagated in the storm’s
moving direction. Data from several barometers located at different distances from site
A have been analysed in order to track the GWs propagation. Figure 5(a) shows the
filtered pressure from measurements of neighbouring barometers in Lannemezan and
Figure 5(b) shows the same at further locations (see Figure 1(b) and Table I for
locations). According to these data we can affirm that the wave propagated for at least 5
km (presumably more distance) and was firstly detected at site C (at the southernmost
barometer in Lannemezan), which proves that the GWs propagation had a northward
component of movement, in accordance with wavelet-derived parameters. Surface
pressure from further locations (sites D and E) do not show apparent GWs oscillations.
However, a decrease in surface pressure followed by an increase is clearly visible and

could be an indicator of the passage of the weak low. This surface pressure drop was



observed at site D approximately 25 minutes before than at site A, and at site E 10-15
minutes later than at site A. According to the location of these instruments, these time
lags amongst the observations agree relatively well with the speed of the storm
(estimated to be 15 m s'! approximately from RADAR images). It should be noted that
site D corresponds to the Pic du Midi Observatory, situated over 2800 m ASL. Since
GWs have been determined to propagate mainly below 2000 m AGL (or 2600 m ASL)
(as will be shown later), this could also be one of the reasons why these wave-like
motions were not observed in the surface pressure records of the barometer at site D.
Moreover, the fact that the wake low was observed at site E but not the GWs
oscillations suggest that not all the directions from the source area were favourable for
the wave propagation.

We therefore conclude that the GWs were formed somewhere between 4 km (site C)
and 25 km towards the SW direction from site A. The 25 km limit has been imposed due
to the no-observation of the GWs at site D and since there are mountains higher than the
top height where the wave propagation was feasible from this limit towards the SW
direction. Vertical velocity measured by the UHF wind profiler (Figure 6(a)) shows a
region of strong negative velocities from 2100 UTC to 2130 UTC from surface to 2500
m AGL approximately and a more specific region of even stronger vertical velocities (-9
m s to -10 m s!) around 1500 - 2500 m AGL from 2115 UTC to 2125 UTC. Although
it is hard to disentangle whether the UHF vertical velocities were caused by air
downdrafts, by the velocity of the rain drops or by the combination of both effects, these
stronger vertical velocities do not coincide with the maximum rain rates observed at the
site according to the information provided by the rain gauge (see Figure 6(b)) and

RADAR images (Figure 2). Therefore, these negative vertical velocities can indicate



downdrafts regions of the MCS and, as commented before, have been related to the
surface pressure drop and proposed to be responsible of the GWs initiation.

The association between GWs and weak lows has been previously documented in
several studies and agrees quite well with the case study presented herein. However, it is
difficult to point out whether the processes associated with the weak low zone of the
MCS were the only ones involved in the GWs formation. The possible topographic
effect of this mountainous area could play an important role in the final formation of the
GWs. The Pic du Midi is the closest high mountain of the Pyrenees from Lannemezan
in the SW direction, although it is detached from the main line of the highest peaks that
are around the France-Spain border. Since GWs were propagated in a layer below 2000
m AGL and they were not observed at site D, we can conclude that the main mountain
massif of the Pyrenees (located farther south from the Pic du Midi, see Figure 1) was
not directly involved in the GWs formation. On the other hand, the GWs formation
could have been influenced by the combination of the effects of the wake low
downdrafts and the orography between Pic du Midi and Lannemezan, i.e.: by the lee
side of the Pic du Midi, by lower mountains between the Pic du Midi and Lannemezan
or even by the southern border of the Plateau of Lannemezan. However, the specific
role of the mountains is very difficult to determine with the available data. Specific
numerical simulations with simplified 2D and 3D models or even with NWP models

could add valuable information to this point.

3.3. Wave ducting
A mechanism which favours the GWs maintenance and propagation should exist when

there is not a continuous source of energy. It is known as wave ducting and occurs when



a reflecting layer at some height cause the vertical wave reflection, thus allowing the
horizontal propagation of the GWs trapped between two levels in a layer known as duct
layer (Lindzen and Tung 1976). According to the wave ducting theory, the properties of

a wave duct can be obtained from the Taylor-Goldstein equation (Nappo, 2012):

-+ mPw' = 0 (1)

Where w’ is the perturbation of the vertical velocity (w), z is the height and m is the

vertical wave number, defined by:
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is the square of the Brunt-Viisild frequency, ¢; = c—U the intrinsic phase velocity (c)
relative to the mean flow (U), U.: is the second derivative with respect to height of the

mean wind in the direction of propagation of the wave, ki is the horizontal wavenumber

(kn= (2 m) / A, where A is the wavelength of the GWs) and H is a height scale of the

atmosphere, sufficiently large for neglecting the fourth term on the right-hand of Eq.
(2). The vertical wavenumber (m) will show real values in regions where the horizontal
propagation of the wave is favoured, and therefore, positive values of m? will indicate a
possible duct layer while negative values will indicate regions where the waves become

evanescent. Hatched areas in Figure 7 indicate negative values of m?, while non-hatched



areas denote positive values of m?. These values have been calculated using quality-
controlled temperature profiles from HATPRO radiometer, wind from UHF wind
profiler and the values of wave parameters evaluated in section 3.2 for ki and c. The
phase speed of the GWs has been assumed as constant (¢=12.5 m s’!), as well as the
horizontal wavenumber (kn =8.3 x 10 m, corresponding to a wavelength of 7500 m).
The direction of propagation of the GWs (50°) was used for projecting the horizontal
wind in this direction. Positive values of m? show a well-defined layer where the wave
propagation was possible, determined by an intense wind shear existent above 2000 m
AGL approximately (Figure 7), which served as an effective reflecting layer with a
critical or steering level, i.e. a level wherein the wind speed of the main flow equals the
phase speed of the GWs (Lindzen and Tung (1976)). In this case, the bottom layer of the
wave duct was the ground.

Calculated values of m? are positive for the whole available vertical profile also before
the arrival of the pressure drop or weak low and prior to the record of the wave-like
motions in surface pressure, however, it was just after the arrival of this weak low (after
2115 UTC) when the GWs were detected, coinciding with a confinement of the duct
layer (where m? shows positive values) in the lowest atmospheric levels. Figure 7 also
shows the horizontal wind speed for the event and it proves that the duct layer defined
between surface and approximately 2000 m AGL was mainly determined by the wind
profile, with an intense wind shear existent at the rear part of the MCS, just behind the
wake low.

On the other hand, a further exploration of the filtered pressure records and wavelet
analysis (Figure 4(b,c)) shows a temporary decrease in the period (from 9 to 6 minutes)

of the wave-like disturbances at 2145 UTC, which coincides with a narrowing of the



duct layer where the wave was able to travel (Figure 7). This narrowing was in turn
conditioned by the position of the critical level found around 2000 m AGL, which
temporarily descended from 2000 to 1800 m AGL approximately. This coincidence
suggests that the thickness of the duct layer could have influenced the frequency of the

concerned GWs.

3.4. GWs effects close to the surface and in the lower troposphere

GWs perturb the environment where they propagate and cause oscillations in other
meteorological parameters besides surface pressure. The relative phases and amplitudes
of these parameters are described by polarization equations from the linear wave theory
(see for example Fritts and Alexander, 2003; Nappo, 2012). In this case study,
temperature and humidity oscillations associated with the passage of the GWs were
observed in the lower troposphere (Figure 8). A certain phase lag is observed between
these oscillations and surface pressure fluctuations, in agreement with the expected n/2
phase relationship from the linear wave theory. However, due to the non-perfect
monochromaticity of the GWs and the low time resolution of the HATPRO radiometer

measurements, it is difficult to assess how closely this polarization relation is fulfilled.

The observed oscillations suggest propose that the air parcels were vertically narrowed
(maxima of pressure) and spread (minima of pressure) alternatively by the action of the
GWs. The vertical narrowing of the layer caused displacements of upper air parcels
(colder and with higher relative humidity) to lower layers and the spreading associated
with minima of surface pressure caused the contrary. Near saturation values of relative

humidity indicate approximately the position of the cloud base; the oscillations detected



in these records (around 3500 m AGL) suggest that the GWs could shape and produce a
wave-like cloud base. The effect of the GWs was also noted in wind measurements
below 2000 m AGL: this layer was characterized by light winds and slight and
alternating changes in wind direction (not shown).

Higher frequency data from instruments at site A were used to check whether the
oscillations in these meteorological parameters were also encountered near surface. A
combination of cooling produced by the evaporation of the rain water at the surface and
radiative cooling during sunset most likely caused the formation of a surface-based
temperature inversion from 2000 UTC onwards (Figure 9). Later, the arrival of the GWs
to the site caused oscillations in wind speed, wind direction, temperature and vertical
velocity measurements at different heights close to the surface. Figure 10 shows
examples of the relationships found among surface pressure and other surface
parameters at 45 m: (a) wind speed projected in the same direction of propagation of the
GWs (50°), (b) wind direction, (c¢) temperature and (d) vertical velocity perturbation
(Eq. 3), where the mean of the vertical velocity has been calculated from 2115 UTC to

2200 UTC.

w=w-w
3)
The observed oscillations in the wind speed projected in the same direction than the
GWs have the same periodicity than the surface pressure records. This suggests that the
effect of the GWs during narrowings (maxima in pressure) was to force the main flow

to approach their own direction of propagation, as can be also seen in the changes in



wind direction (closer to southwest during maxima). This relation between wind and

pressure can be obtained from the polarization equations (Nappo, 2012):

Where c is..., rho....
It can be seen that if ¢ is larger than wind u and p are in phase as it has been found for

our data. This relationship was also found in Viana el at. (2009).

Although some temperature oscillations near to the surface seem also to be related to
the GWs effect (Figure 10c), these oscillations are more difficult to study further, since
they are also affected by small changes in wind direction (local advection) in a highly
heterogeneous terrain and not only by the vertical narrowing/spreading of the layer
affected by GWs. Finally, changes in the perturbation of the vertical velocity measured
by a sonic anemometer at 45 m are also observed, as seen in other studies (Viana et al.
2009; Birch et al. 2013). Maxima in pressure correspond to minima in the vertical
velocity measurements and vice versa.

Surface pressure records and oscillations observed in these parameters at other heights
have also been compared (not shown), and in some cases they show similar agreements
than for 45 m measurements. Although some of these relations agree qualitatively well
with the phase relationships obtained from the polarization equations (mainly the phase
between pressure and wind), other phase relationships are not achieved, in accordance
with the results obtained in Viana et al. (2009). As Nappo (2012) pointed out, turbulence
in the surface layer affects wave perturbations, and although for simplicity, linear theory
is applied to these waves, gravity waves in the planetary boundary layer are seldom

linear (Finnigan, 1988) and consequently the theoretical phase relationships are difficult



to observe. Anyway, a detailed analysis of the linear polarization equations is out of the
scope of this study and difficult to perform in the real atmosphere.

In addition, MRFD analysis has been applied to high-frequency data from a sonic
anemometer located at 2 m AGL in order to study the effects caused by the propagation
of the GWs on the surface fluxes. The MRFD method (Howell and Mahrt, 1997) is
applied when attempting to distinguish the contribution of the different temporal scales
to the fluxes and it usually allows separating turbulence from larger-scale contributions
to the fluxes, such as gravity waves. Each vertical section of these figures shows the
MRFD analysis performed every 60 s, using time series of 820 s and gradually dividing
these time series until time series of 0.1 s. A running mean of 5 minutes has been
applied to the MRFD results for smoothing. High values of friction velocity are
observed in Figure 11 (a) until 2045 UTC, due to relatively high winds associated with
the passage of the more active part of the MCS, with important contributions of scales
between 1 s and 300 s (turbulent). Afterwards, the turbulence decays significantly as a
consequence of the decrease in wind speed and the stabilization of the layer. The formed
surface based thermal inversion caused an increase in the vertical heat flux (Figure 11
(b)) around 2130 UTC. Although the turbulence remained relatively weak during the
GWs propagation over the site, it increased with the GWs arrival at 2120 UTC,
probably due to the effect of the GWs generating turbulence by non linear effects and
the oscillations in wind speed.

In addition, an increase in the contribution to the friction velocity and heat flux occurred
for temporal scales larger than 300 s during the wave event. These temporal scales
coincide with the order of magnitude of the calculated period of the GWs (around 9

minutes). It should also be noted the positive values encountered for the vertical heat



flux observed during the wave event, frequently known as counter-gradient fluxes when
they are found in stable environments, since they indicate an upward heat flux. Counter-
gradient fluxes have been associated with wave breaking activity during stable
conditions in the PBL (Nai-Ping et al., 1983; Yagiie and Redondo, 1995; Chimonas,
1999). In this case, these counter-gradient fluxes from higher temporal scales coincided
with the GWs and coexisted with the co-gradient (positive vertical heat fluxes) turbulent

heat fluxes from lower temporal scales.

4. SUMMARY AND CONCLUSIONS

Near monochromatic GWs associated with a MCS were detected on 21 June 2011
during the BLLAST field campaign in Lannemezan (France). These GWs have been
analysed in detail taking advantage of the large amount of available data. The clearest
manifestation of these GWs was observed in the surface pressure records measured by
an array of three high resolution microbarometers, showing clear sinusoidal oscillations
of 0.4-0.5 hPa. Wavelet analysis has been performed and wave parameters have been
evaluated, suggesting the occurrence of GWs propagating from SW to NE with around
9 minutes of period, a wavelength of 7 km and, a phase speed of around 12.5 m s,
These wave-like motions were preceded by a surface pressure drop of 1.4 hPa, which
has been identified as the weak low of the MCS. The location of the pressure drop at the
rear part of the MCS, the negative values of vertical velocity measured by the UHF
wind profiler and the resemblance to the structure of many other documented MCSs
support this weak low hypothesis.

The downdrafts related to the wake low have been proposed to be the most likely

mechanism responsible of the GWs initiation in a stable stratified atmosphere. GWs



tracking was performed with additional barometers placed at different locations and
showed that not all the directions were favourable for the wave propagation. Although
the orography between the Pic du Midi and Lannemezan could have played an
important role in the final formation of the GWs, this effect could not be further
analysed due to the lack of measurements between the Pic du Midi and Lannemezan.
The propagation of the GWs in the SW-NE direction was favoured by the existence of a
duct layer defined by positive values of m? (vertical wavenumber) between surface and
2000 m AGL. The thickness of the duct layer was mainly determined by the wind
profile, characterized by a wind sheared zone with a critical level around 2000 m AGL.
This critical level caused the vertical reflection of the GWs and permitted their
horizontal propagation. The uncommon properties of these GWs compared to those
usually associated with convection seemed to be possible in part by the relatively low
position of the wind shear and the critical level, i.e. these observations suggest some
proportionality between the position of the critical level and the dimensions and
properties of the GWs.

The GWs effects were also observed in the wind, temperature and humidity time series
close to the surface and within the lower troposphere. The contributions of the different
temporal scales to the surface fluxes (evaluated through MRFD analyses) were also
affected by the GWs passage, which produced an increase in turbulence at certain
moments, important contribution to the fluxes from larger temporal scales and counter-
gradient fluxes.

Although a detailed analysis was possible in this study, some questions still remain
open, especially those concerning the GWs origin and the role of the orography.

Numerical simulations and the observational analysis of similar case studies at this site



as well as at other locations not affected by mountains would add valuable information

to these unresolved questions.
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Table I. Information about sites of barometers used to track the GWs propagation.


http://dx.doi.org/10.1007/s10546-009-9420-4
http://dx.doi.org/10.1175/1520-0493(2001)129%253C0159:HRAROO%253E2.0.CO;2

Site

Original site

Location

Distance and direction
from Site A

Time resolution /
resolution

Site A

Site B

Site C

Site D

Site E

Microbarometer A
BLLAST

Edge site
BLLAST

Moor site
BLLAST

Pic du Midi Obs.

LFBT Airport

43°07°25.5” N
00°21°479”E

43°07°53.4” N
00°21°352”E

43°05°24.5” N
00°21°42.6” E

42°56°07.6” N
00°08°24.2” E

43°10°59.7” N
00°00’ 06.1”W

Reference site

1 km NNW

4kmS

25 km SW

30 km WNW

0.5s/0.002 hPa

0.05s(av 10s)/
0.0001 hPa (LICOR)

10 s (av 1 min) /
0.01 hPa

1 min/ 0.1 hPa

1 min/ 0.1 hPa

Table II. Information about additional instruments located close to the surface.

Instrument

Model

Height (AGL) Freq.




Thermometers

Anemometers

Sonic
anemometers

- Campbell HMP45 thermo-hygrometers 2,15, 30, 45, 60 m

- Wind monitor Young 05103 I5m
- Vector Instrument W2009 wind vane 45 m
- Campbell Csat3 3D 45 m
- METEK USA 1 - (used for MRFD) 2m

0.1 Hz

0.1 Hz
0.1 Hz

10 Hz
20 Hz

Table III. Wave parameters calculated from wavelet analysis.

Wave parameter

Range of values from 2130 UTC to 2145 UTC




Period
Wavelength
Phase speed

Direction of propagation

[7—-11] min
[6500 — 8000] m
[12—-14] ms’!
[45—60]°

Figure captions.



Figure 1. a) Geographical location of the BLLAST field campaign site (Lannemezan)
and surroundings. Land topography given in light-green to dark-red shadings (in
meters). (b) Zoomed area (dashed rectangle from (a)) with locations of barometer sites
used to track the GWs propagation. Source: The Global Land One-km Base Elevation

Project (GLOBE).

Figure 2. RADAR composites of cumulative precipitation (mm) over the 15 minutes
preceding each hour between 1700 UTC and 2200 UTC (a to e). Sites A and D are

marked with black points.

Figure 3. Satellite images at (a) 1800 UTC, (b) 1900 UTC and (c) 2000 UTC on 21
June 2011. Figures a and b from visible satellite images of Meteosat RGB Segment 5.
Figure ¢ from AVHRR Channel 4 (thermal) of NOAA 16 satellite (Copyright NERC

Satellite Receiving Station, Dundee University, Scotland, http://www.sat.dundee.ac.uk).

Figure 4. a) Surface pressure (hPa) measured by microbarometer A in Lannemezan
(Site A, thick line) and by the barometer (+225 hPa) at the Pic du Midi Observatory

(Site D, thin line) for 21 June 2011. b) Microbarometer A filtered pressure (hPa). c)

Wavelet energy density per period and time unit (hPa? s!).

Figure 5. a) Filtered surface pressure (hPa) at nearby locations in Lannemezan: site A
(red thin line), site B (blue dashed line) and site C (black thick line). b) Idem for further

locations: site D (blue thin line) and site E (black thick line).



Figure 6. a) Vertical velocity (m s') measured by the UHF wind profiler at site A.
Surface pressure time series from microbarometer A is overlayed for reference (black

line). b) Rain measured at site A (mm).

Figure 7. Wind speed (m s™') measured by the UHF wind profiler at site A. Hatched
areas indicate negative m? values, while non-hatched areas indicate positive m? values,
marking the duct layer. Surface pressure time series from microbarometer A is

overlayed for reference (red line).

Figure 8. (a) Temperature (K) and (b) relative humidity (%) measured by HATPRO
radiometer. Surface pressure time series from microbarometer A is overlayed for

reference (black line).

Figure 9. Potential temperature profiles from 60m tower measurements at different
times (2000 UTC, solid black line; 2015 UTC, dashed blue line; 2030 UTC, dotted red

line; 2045 UTC, dashed-dotted green line).

Figure 10. Time series of meteorological parameters at 45 m (dashed black line) and
surface pressure (solid blue line) during the GWs event. a) Wind speed projected in the
same direction of GWs propagation (m s™'). b) Wind direction (°). ¢) Temperature (°C).

d) Vertical velocity perturbation (m s!)



Figure 11. Multi-Resolution Flux Decomposition (MRFD) of (a) friction velocity (m
s1) and (b) heat flux (K m s') at 2 m AGL. Surface pressure time series from

microbarometer A is overlayed for reference (black line).
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