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Abstract A sequence of eight atmospheric density current fronts occurred in consecutive
days are identified and analyzed using micrometeorological time series and numerical sim-
ulations. Observations were collected in the context of the INTERCLE project, which took
place from September 2002 to November 2003 at the CIBA (Research Centre for the Lower
Atmosphere) site located over the northern Spanish plateau. Numerical simulations used the
Weather Research and Forecast (WRF) model with fine horizontal resolution (1 km). Both
observations and simulations agree that the arrival of the density currents are characterized
by a sharp change in temperature, wind velocity, wind direction and specific humidity and
a source of intermittent turbulence. However, comparison between model and observations
shows that the model predicts the intrusion of the density currents earlier than is observed. In
addition, wavelet techniques applied to the data help distinguish the different scales present
in the events, and therefore can reveal traces of gravity waves induced by the arrival of the
density currents.

Keywords Density currents - Gravity waves - Intermittent turbulence - Nocturnal boundary
layer - Numerical simulation - Wavelet transform

1 Introduction

As demonstrated by several studies and experimental campaigns (Cuxart et al. 2000; Poulos

et al. 2002; Yagiie et al. 2007) the dynamics and properties of the nocturnal boundary layer
(NBL), mainly over complex terrain, are difficult to predict due to typical global intermittency
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phenomena. Global intermittency or bursting, defined by Mahrt (1989) as the organization
of turbulence in patches of eddies with large intervening areas of little turbulence activity,
is a common characteristic of the NBL under clear-sky conditions (Nappo 1991; Mahrt
1999; Soler et al. 2002; Sun et al. 2002, 2004; Sun 2011; Terradellas et al. 2005). Despite
the small fraction of the total time, such events occupy only the 20 % (Nappo 1991), the
turbulence generated during these sporadic instability events becomes the primary mechanism
for dispersion, and accounts for a major portion of the nighttime vertical transfer of heat,
moisture and momentum (Coulter and Doran 2002). Several physical phenomena that may
trigger intermittent turbulence and influence the structure and dynamics of the NBL have
already been identified as wave instabilities (e.g., Blumen et al. 2001; Balsley et al. 2002;
Fritts et al. 2003; Newsom and Banta 2003; Sun et al. 2004; Meillier et al. 2008; Viana et al.
2010; Udina et al. 2013), elevated jet maxima (e.g., Acevedo and Fitzjarrald 2003; Prabha
et al. 2007; Cuxart and Jiménez 2007; Banta 2008) and density currents, sometimes called
gravity currents or buoyancy currents (Sun et al. 2002; Adachi et al. 2004; Mayor 2011;
Udina et al. 2013).

Here, we focus our study on gravity flows created by differences in the density of two
adjacent fluids. They may occur in the atmosphere as a consequence, for example, of cold
thunderstorm outflows or mesoscale circulations such as sea-breeze fronts and drainage
flows, also known as katabatic winds, often originating and driven by topographical features
in the absence of strong synoptic-scale forcing (Barry 1992; Mahrt et al. 2001; Soler et al.
2002; Maguire et al. 2006; Yagtie et al. 2007; Martinez and Cuxart 2009). Although several
authors indicate that high-resolution mesoscale simulations are needed to better determine
the origins and the structure of these mesoscale disturbances, little effort has been made in
modelling them around the range of the meso-y scale. Thus, in this study, starting from an
observational analysis in the context of the INTERCLE project (Estudio y parametrizacién
de los intercambios de calor, humedad y momento en la Capa Limite Estable), we combine
observations collected in the atmospheric boundary layer (ABL) with mesoscale meteoro-
logical modelling results. We use the Weather Research and Forecast (WRF) model with fine
horizontal resolution (1 km), as some studies (Hu et al. 2010; Shin and Hong 2011; Arnold
et al. 2012; Seaman et al. 2012) have stressed the importance of using high horizontal and
vertical resolutions to capture ABL processes.

On the other hand, the arrival of density currents with sudden variations of different mete-
orological variables may result in vertical displacement of air parcels from their equilibrium
position, which has been shown to be a common source of internal gravity waves (IGWs)
(Chemel et al. 2009). These act as a modulator of the gravity current and may produce events
of intermittent turbulence (Soler et al. 2002; Sun et al. 2002; Terradellas et al. 2005; Viana
et al. 2009; Udina et al. 2013).

In recent years, to explore the aforementioned disturbances, Terradellas et al. (2005) and
Viana et al. (2010), inter alia, showed that the wavelet method is a useful tool to identify
and to analyse low frequency coherent structures such as gravity waves or density currents,
and also higher frequency phenomena such as intermittent small scale turbulence. Knowl-
edge of the dynamics of coherent structures and their interaction with turbulence is essen-
tial to improve our understanding of the mechanisms that govern the very stable boundary
layer.

In the context of the INTERCLE project, we analyzed a large dataset containing mea-
surements performed at different levels of the CIBA (Centro de Investigacién de la Baja
Atmosfera) tower (Conangla et al. 2008) with the aim of, (i) selecting intermittent turbulent
episodes related to the intrusion of density currents; (ii) inferring which mesoscale circu-
lations are associated with the density current irruptions using mesoscale meteorological
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simulations, and (iii) exploring the formation of gravity waves induced by the density current
using wavelet analysis.

The article is organized as follows: details of data collection, the studied area and a descrip-
tion of the wavelet method are presented in Sects. 2 and 3, respectively. The meteorological
model, the Weather Research and Forecast (WRF), and the physical options used in this study
are described in Sect. 4. Results provided by observations and simulations are presented in
Sect. 5, including a brief description of the analyzed period and the arrivals of the density
currents (5.1), the evaluation of the model against the tower and surface stations measure-
ments (5.2), the vertical structure of the density current and the mesoscale fields overview
(5.3). Finally, observed gravity waves are examined and discussed in Sect. 5.4 with particular
emphasis on assessment of the information obtained using the wavelet method. A summary
and our concluding remarks are given in Sect. 6.

2 Description of the Research Site and Data

The data used in this study were collected at the CIBA facilities. The CIBA is located in the
central area of the Upper Duero basin, at 41°49'N, 4°56'W. Several atmospheric boundary-
layer experiments have been performed there, e.g. SABLES98 (Cuxart et al. 2000) and
SABLES2006 (Yagiie et al. 2007), in order to study the properties and typical features of
the stably-stratified nocturnal boundary layer, such as intermittent turbulence, slope flows,
down-valley winds, low-level jets (LLJs) and gravity waves (Cuxart et al. 2000; Terradellas
et al. 2001; Cuxart 2008; Bravo et al. 2008; Viana et al. 2007, 2009; Udina et al. 2013).

The Duero basin is surrounded by high mountain ranges at a distance of approximately
100 km to the north, east and south of the site (Fig. 1a), with the river flowing westwards
towards the Atlantic (Fig. 1b). The CIBA sits on a small plateau known as Montes Torozos,
which is a nearly flat area of 800 km?, 840 m above sea level (a.s.1.) and approximately 50 m
above the surrounding flat lands (Fig. 1b). Its central part is flat to the eye, but has gentle
slopes (<1°) leading down to the Duero River. The plateau has a gentle downward slope of
about 30 m along a stretch of 50 km from the north-east to the south-west, with the north-west
and south-east borders slightly above the level of the inner plateau (Cuxart et al. 2000; Bravo
et al. 2008).

The laboratory’s main facility is a 100-m high mast equipped with fast-response sonic
anemometers and a set of conventional sensors that measure wind speed and direction, air
temperature and relative humidity at different heights (Table 1), as well as soil temperature and
atmospheric pressure at the surface. A detailed description of the calculation of fluctuations
can be found in Conangla et al. (2008).

3 Wavelet Methods

Here, we summarize the wavelet tools that are used to estimate kinetic energy and fluxes
from time series of high-frequency meteorological data recorded under stable conditions. A
description of the wavelet theory and application methods can be found in many reference
works, e.g. Daubechies (1992), Torrence and Compo (1998) and Terradellas et al. (2005).

From the general principle that the wavelet transform fulfils energy conservation for the
whole series (Mallat 1999), Terradellas et al. (2001) defined the energy density per time and
scale unit of the time series f(¢) at the scale parameter s and time 7y as,
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Fig. 1 a Nested model domains D1, D2, D3 with 9-, 3- and 1-km resolutions, respectively; geographical
location of the CIBA site; topography and emplacement of 15 surface meteorological stations within the
domain D2 numbered from 1 to 15. b Detailed topography of the inner domain D3 with 40-m terrain height
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Table 1 Main instrumentation installed on the 100-m mast

Instrument Heights (m) Sampling rate (Hz)
Metek USA-1 sonic anemometers 5.6, 19.6, 49.6, 96.6 20
Wind vanes 9.6, 34.6, 74.6, 98.6 5
Cup anemometers 2.3,9.6,34.6,74.6, 98.6 5
Platinum resistance thermometers 2.3,10.5, 20.5, 35.5,97.5 1
Humidity sensors 10, 97 5
2
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where Fy;, is the wavelet transform of the function f(¢) at the scale parameter s and time 7
and W (¢) is the Fourier transform of the mother wavelet. The integration over time and scale
parameter in Eq. 1 for time series of wind components allows estimation of turbulent kinetic
energy.

Similarly, Cuxart et al. (2002) defined what can be considered as the flux density,

2 Fy,Gi
(f8)st = — —2, 3)

C 1] S
where Gy, is the wavelet transform of the function g(¢) at the scale parameter s and time 7y
and (*) denotes complex conjugation. Integration of Eq. 3 allows estimation of the turbulent
fluxes.
In the present study, the Morlet function—a plane wave with a Gaussian modulation—
was chosen, because it is well suited to the analysis of series with oscillatory behaviour. Its
expression is,

11  (t—1 1(t—1 \°
w0 = grgmee|o(50) e 5 (5) ] @

where wy is a non-dimensional parameter, usually called the base frequency. The scale para-
meter s is not the most appropriate magnitude to define the characteristics of an oscillation,
because its value is meaningful only when associated with a particular mother wavelet.
Meyers et al. (1993) derived the relationship between scale parameter and equivalent Fourier
period for the Morlet wavelet,

1 4T1s
T=—-=——" 5)

f w0+,/2+a)(2)

Introducing this expression to Eqs. 1 and 3, the specific contribution of a period to the total
energy or flux is,
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Table 2 Model configuration options used for WRF simulations

Domain 1 Domain 2 Domain 3
Horizontal grid 9 km 3 km 1 km
Dimensions (x, y, z) 88, 82, 48 145, 145, 48 154,112, 48
Initial and boundary conditions ECMWF 0.125 x 0.125° every 6 h
Simulated period From 0000 UTC 3 July 2003 to 1200 UTC 11 July 2003
Radiation Dudhia scheme for shortwave radiation. RRTM for longwave radiation
Land surface NOAH land-surface model (4 subsoil layers)
Microphysics New Thompson et al. scheme
PBL Mellor—Yamada—Janjic scheme (MYJ)
Surface layer Eta surface-layer scheme
) o lds| 1 ST | Fuo’
S = (P | 7| = & e ©)
Ywp+,/2+ wé
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4 Numerical Model

Simulations were made with the WRF modelling system, a state-of-the-art mesoscale numer-
ical weather prediction system. We used version 3.3.1 with the Advanced Research WRF
(ARW) dynamics solver designed for both research and operational applications (Skamarock
et al. 2008). It is a fully-compressible non-hydrostatic model, with a terrain-following ver-
tical coordinate; the horizontal and vertical grid staggering is of Arakawa C-grid type. The
model configuration (Table 2) consists of three domains centred on the location of the CIBA
meteorological tower, with horizontal resolutions of 9, 3 and 1 km (Fig. 1a). Domains 1 (9
km), 2 (3 km) and 3 (1 km) are run in two-way nesting from 0000 UTC 3 July to 1200 UTC
11 July 2003 and the first 12 h are treated as spin-up. Fields are saved every 5 min.

The analysis focuses on domains 2 and 3 (Fig. 1) since their high resolution (3 and 1 km,
respectively) allows the details of the flow over the Duero basin and Montes Torozos plateau
to be captured. In the vertical, 48 sigma levels are used from the ground up to 100 hPa for all
the domains with the first level 2 m above the surface, and the first 13 levels all within the first
100 m. Initial and boundary conditions are taken from the ERA-Interim analysis from the
European Centre for Medium Range Weather Forecasts (ECMWF) which has a horizontal
resolution of 0.125° and the boundary conditions are forced every 6 h.

The physics package includes the rapid radiative transfer model (RRTM) scheme for long-
wave radiation (Mlawer et al. 1997), the Dudhia scheme for shortwave radiation (Dudhia
1989), the New Thompson microphysics scheme (Thompson et al. 2004), the Noah land-
surface scheme (Chen and Dudhia 2001) and no cumulus parametrization is used as the
resolution is fine enough to resolve convective eddies. For the planetary boundary-layer
(PBL) parametrization we select the Mellor—Yamada—Janjic (MYJ) scheme (Janji¢ 1990,
1996, 2002) and for the surface layer, the Eta scheme. Here, special emphasis is devoted to
PBL parametrizations as they play an important role in PBL meteorological fields simulated
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by the model. The MYJ scheme uses the 1.5-order (level 2.5) local turbulence closure model
of Mellor and Yamada (1982) to represent turbulence above the surface layer, and determines
eddy-diffusion coefficients from the turbulent kinetic energy (TKE) forecasted by the model.
Several studies have compared different PBL parametrizations in the WRF model (Hu et al.
2010), showing that local TKE closure schemes perform better than first-order approaches
(Shin and Hong 2011; Udina et al. 2013).

Currently, each PBL parameterization is tied to a particular surface-layer scheme in the
WRF model, therefore the Eta surface-layer scheme (Janji¢ 1996, 2002) based on similar-
ity theory (Monin and Obukhov 1954) is coupled to the MYJ model. The scheme includes
parametrization of the viscous sub-layer; over water surfaces, the viscous sub-layer is para-
metrized explicitly following Janjic (1994). Over land, the effects of the viscous sub-layer
are taken into account through a variable roughness length for temperature and humidity as
proposed by Zilitinkevich (1995). The Beljaars (1994) correction is applied in order to avoid
singularities in the case of free convection and vanishing wind speed (and consequently ).
The surface fluxes are computed by an iterative method.

5 Results
5.1 Overview of the Period and Arrival of the Density Current

After exhaustive analysis of the CIBA database derived from the INTERCLE experiment, we
used observations made on eight consecutive nights (from 3 to 10 July 2003) to characterize
the arrival of a sequence of density currents at the site and to examine the generation of
gravity waves for some of the events. During this period, the synoptic situation over the
Iberian Peninsula was dominated by an anticyclone with a weak horizontal pressure gradient.
Under these conditions, the overviews of each night using data from different levels of the
tower show similar evolution for all nights, as we can see in Fig. 2, which presents the time
evolution at the CIBA tower for the eight consecutive nights, from 1800 UTC to 0600 UTC. In
addition, to see in detail the transition from day to night and the arrival of the density current
with an abrupt shift in the mean meteorological variables, Fig. 3 presents their evolution from
1200 UTC on 6 July 2003 to 1200 UTC on 7 July 2003, as a representative example of the
period.

An early temperature inversion (Figs. 2, 3a) develops close to the surface along with light
north-westerly winds (Figs. 2, 3b,c) just after sunset. However, this situation persists for only
a short time, as approximately 1 h later, the wind speed increased abruptly at all levels but
most markedly at the highest level of the tower, by nearly 10 ms~! at 98.6 m (Figs. 2, 3b) and
the wind direction veered significantly towards a north-easterly direction (Figs. 2, 3c). The
surface temperature inversion was greatly affected as the sudden change in wind speed and
wind direction was accompanied by a rapid fall in temperature, especially at the upper levels
(Figs. 2, 3a), which caused a weakening of the thermal inversion after the onset of the density
current at the lower levels. These changes suggest the arrival of a cold gravity current from
the north—east sector that displaced the air at these levels and forced it upwards, as an updraft
current, which is clearly noticeable in the vertical wind-speed measurements, as we will see
in Sect. 5.5 below. In addition to these changes, the specific humidity increased at all levels
(Figs. 2, 3d), suggesting the arrival of a cold and moist gravity current from the north—east
whose origin could have been a diurnal sea breeze originating in the Bay of Biscay in the
Cantabrian Sea. This suggestion is supported by the WRF mesoscale simulations presented
in the regional scale analysis in Sect. 5.3 below. However, due to the complex topography
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Fig. 2 Time series for eight consecutive nights (3—10 July 2003) from 1800 UTC to 0600 UTC of: a air
temperature; b wind speed; ¢ wind direction, where wind direction values are switched from 000-360 to -180-
000-180 with the negative values corresponding to the western quadrant; d specific humidity measured at the
different levels of CIBA tower (all averaged over a 5-min period)

of the area, this cold and moist flow is reorganized as a set of drainage flows that interact
and become an organized north-easterly flow within the Duero basin (Bravo et al. 2008;
Cuxart 2008; Martinez et al. 2010). As this coherent structure is also associated with local
thermal and shear instabilities (Einaudi and Finnigan 1993; Sun et al. 2002), their effect can
also be seen in the TKE and turbulent sensible heat-flux time history, which we calculated
every 5 min using the Reynolds decomposition method (Fig. 3e,f) corresponding to 6 July
as an example. The values of these quantities increase abruptly with the onset of the density
current.

5.2 Meteorological Model Evaluation
The WRF meteorological model is used here to compare observations from the CIBA tower

(Sect. 5.2.1) and from meteorological stations on the ground distributed over the D2 domain
(Sect. 5.2.2) with model simulations at the corresponding nearest grid points.
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Fig. 4 Comparison between time series of model simulation (5-min results) and measurements from the
highest level of the CIBA tower for all period considered; a air temperature, b wind speed, ¢ wind direction
and d specific humidity

5.2.1 Evaluation at the CIBA Site

The WRF model is evaluated at the CIBA site by: (i) comparing the measured meteorological
variables and model results (Figs. 4, 5) in order to analyze the capacity of the model to forecast
the density current intrusion and the behaviour of the meteorological variables during its
arrival; and (ii) comparing model results and observations from the whole period evaluated,
that is from 3 July 2013 at 1200 UTC to 11 July 2013 at 1200 UTC, to analyze the model
performance quantitatively.

Daily comparisons of model results with observations for the whole period analyzed
indicate that the correspondence of the model to the observations is similar every day.
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To summarize this information,

in Fig. 4 we only present the comparison for the highest

level of measurement, the level at which the arrival of the density current is most significant.
In addition, to show the model performance in detail, Fig. 5 shows the comparison only for
a representative period: from 5 July at 1200 UTC to 7 July 2013 at 0000 UTC. The results
show that the model captures the onset of the density current with the corresponding abrupt
temperature decrease (Figs. 4, 5a), although its arrival is predicted approximately 90 min
early. These results agree with those found in Udina et al. (2013), where the capacity of the
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WRF model to simulate gravity waves was compared to using two PBL schemes: the MYJ
and Yonsei University (YSU). The model also slightly underestimates maximum tempera-
tures and overestimates minimum temperatures, mainly at the highest measurement level.
For wind velocity (Figs. 4, 5b), the model also predicts the arrival early, but is capable of
predicting the sharp increase and maintains the high wind speeds at the higher levels of the
tower, although the maximum value is overestimated. Moreover, the model captures the shift
in wind direction from north—west to north—east at the arrival of the density current, but it
also predicts the event too early (Figs. 4, 5c). The model also catches the sharp increase in
humidity at 97 m (Figs. 4, 5d), but again it tends to predict it early. Overall, it overestimates the
numerical values, mainly in the second part of the period where it overestimates the maximum
values.

To evaluate the model performance quantitatively and globally over the simulated period,
we have calculated several statistics taking 5-min model results and 5-min averaged Reynolds
observations. The mean bias (MB) and the root-mean-square error (RMSE) were calculated for
wind speed; whilst the mean bias and the mean absolute gross error (MAGE) were calculated
for temperature, wind direction and specific humidity, according to Tesche et al. (2002). The
values are summarized in Table 3. For temperature, overall MAGE is below the benchmark
while MB indicates that the model tends to underestimate the temperature, mostly at medium
and higher levels where the values are far from the benchmark. The statistics show that the
model tends to underestimate wind speed, especially at the higher levels; although the values
are slightly below or within the benchmark. Wind direction is not well predicted by the model;
MAGE is far from the benchmark mainly at the lower levels whilst MB values are slightly
below the benchmark. These results agree with those of Jiménez et al. (2010) who found
that areas with more complex terrain show larger systematic differences in wind direction
between model predictions and observations, and these differences depend on wind speed:
the greater the wind speed, the smaller the differences in wind direction. Finally, specific
humidity is quite well predicted by the model as MAGE is overall below the benchmark; MB
is within the target values and, overall, the model tends to overestimate the specific humidity.

Table 3 Statistics for air surface temperature, wind speed, wind direction and specific humidity based on
CIBA tower values

Statistic Benchmark Levels and values

Temperature (K) 2.3 m 10.5m 20.5 m 355m 97.5 m
MAGE <2 1.43 1.48 1.50 1.53 1.87
MB <*0.5 -0.46 -0.98 -1.12 -1.21 -1.46
Wind speed (m s 2.3 m 9.6 m 34.6 m 74.6 m 98.6 m
RMSE <2 1.04 1.37 1.71 1.94 2.03
MB <*0.5 -0.37 0.01 -0.45 -0.45 -0.34
Wind direction (°) 9.6 m 34.6 m 74.6 m 98.6 m
MAGE <30 42.02 40.58 38.35 38.25
MB <+ 10 -13.68 -13.78 -14.70 -15.26
(Sgpicglfl)c humidity 10m 97 m
MAGE <2 1.68 1.84
MB <t1 1.62 1.79

The benchmarks for the statistics are proposed by Tesche et al. (2002) to validate meteorological simulations
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Table 4 Statistics for surface temperature, wind speed and wind direction, based on surface stations values

Statistic Benchmark  Values
Temperature (2 m) K MAGE <2 1.90
MB <=0.5 1.40
Wind speed (10 m) m s™ RMSE <2 1.40
MB <+0.5 0.31
Wind direction (10 m) (°) MAGE <30 64.20
MB <+0.5 12.80
Specific humidity (2 m) gkg'  MAGE <2 1.59
MB <=1 1.44

The benchmarks for the statistics are proposed by Tesche et al. (2002) to validate meteorological simulations

5.2.2 Evaluation at Domain D2

Before analyzing the thermal circulation patterns predicted by the model in the D2 domain,
we evaluate the results against observations from 15 ground stations covering this domain
(see Fig. 1a). D2 is centred on the CIBA site and covers the area within a radius of 250 km,
including the nearest mountain ranges. The statistics were calculated from hourly values for
the whole period studied. Temperature at 2 m, both wind speed and direction at 10 m, and
specific humidity at 2 m were chosen to calculate the statistics. The values are summarized
in Table 4. The statistics indicate that temperature, wind velocity and specific humidity are
quite well predicted by the model as the corresponding statistics are overall slightly below or
within the benchmarks, but in this case MB is positive, indicating that the model overestimates
these variables. For wind direction, the statistics are worse, compared to those reported and
discussed above.

5.3 Vertical Structure of the Density Current

Analysis of the arrival of the sequence of density currents that occurred from 3 to 10 July 2003
shows that their characteristics are very similar; therefore, again, we only consider the most
representatives nights of the period studied: 5 and 6 July 2003. From the model results, we
infer the vertical structure of the density currents (as we had no measurements above 100 m)
as well as the mesoscale overview of the wind and temperature fields. This information could
be very useful for a detailed study of the flow and the thermal circulation associated with the
density current. Time—height diagrams of wind speed and direction as well as of temperature
(Fig. 6) show similar behaviour on both days. Before the arrival of the density current, the
model predicts westerly winds; after the intrusion, an easterly current about 450 or 350 m
thick [corresponding to 5 and 6 July, respectively; Fig. 6a (top and bottom)] is established
with a sustained speed of around 10 m s~! until nearly midnight. As the night progresses, the
thickness of the current decreases and, although the wind direction continues to be from the
eastern sector, wind speed begins to decrease especially in the first 100 m. With the arrival of
the density current, the vertical thermal structure predicted by the model (Fig. 6b) changes
completely; a strong temperature inversion occurs with cold air confined to a layer rising up
to a height of 400 or 300 m (corresponding to 5 and 6 July, respectively). After the entrance
of the density current, a warm layer is located at a height of approximately 400 or 300 m,
respectively (Fig. 6b) since, as the cold current advances, it forces the warm air upwards, just
as with the advance of a cold front.
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Fig. 6 Time-height diagram at the CIBA site for the nights of 5 July 2003 (top) and 6 July 2003 (bottom) of:
a simulated wind speed (shaded) and horizontal wind direction (vector) and b simulated potential temperature,
using 5-min model results

5.4 Overview of Mesoscale Fields

In order to obtain a detailed picture of the flow and the thermal circulation patterns associated
with the sequence of density currents, we analyze the mesoscale overview of the wind,
temperature and humidity fields (which cannot be inferred from measurements at one specific
site). In this way, in Fig. 7a (left) we see that on 6 July 2003 at 1600 UTC, a cold mass of
air from the Cantabrian Sea started moving south-westward far from the CIBA site. Over the
following hours, the flow accelerated as it passed over the mountain ranges before arriving at
the CIBA site (Fig. 7a, right). This occurred during the transition from day to night, coinciding
with the beginning of the establishment of the NBL. From 1600 to 2000 UTC, we also see
how the near-surface air temperature falls as the flow moves from north-east to south-west
due to the movement of the density current itself. This fall in temperature is also affected,
however, by ground radiative cooling that enhances the movement of the current over the
mountain slopes located to the north-east of the CIBA site (Fig. 1) via the generation of
katabatic flows (Fig. 7b). In Fig. 7c we can likewise see how near-surface specific humidity
increases as the moist flow advances from the Cantabrian Sea to the CIBA site. At 100 m
a.g.l., the behaviour of the air mass is similar, reaching wind speeds above 10ms~! (not
shown). Although these figures correspond to the 6 July 2003, a similar pattern was found
during all the periods analyzed.

All our results seem to indicate that the density currents reaching the CIBA site during the
eight sequenced days all follow a similar pattern. The flow originated over the Cantabrian
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Fig.7 Second domain model results for 5 July 2003 at 1600 UTC (left) and 2000 UTC (right) of: a 10-m wind
speed (shaded) and 10-m horizontal wind vectors, b 2-m air temperature (shaded) and 10-m horizontal wind
vectors, ¢ 2-m specific humidity (shaded) and 10-m horizontal wind vectors. Black contour lines correspond
to 800-m terrain height

Sea and was strongly perturbed by topographical features as it crossed the mountain range
located to the north-east of the D2 domain. The flows over sloping terrain were accelerated
due to pressure and temperature gradients. So, both the entrance of the sea breeze and the

@ Springer



210 M. R. Soler et al.

katabatic flow constituted the origin of the cold density current that moved rapidly as the
surface cooled. The topographical effects become even more decisive and the air mass from
the north—east accelerated even more so in the model. This would also explain why the model
anticipated the event, since it overestimates the cooling rate (as shown by the ground station
statistics). So, this cold and moist gravity current moved rapidly with enhanced turbulence.
Sun et al. (2002) and Udina et al. (2013) similarly analyzed a wind surge and a temperature
fall that revealed the passage of a density current associated with intermittent turbulence.

5.5 Observed Gravity Waves

To analyze the possibility of the density currents inducing gravity waves, we carried out a
detailed study of the temperature and velocity components measured by the sonic anemome-
ters on the CIBA tower. Our results show the following common characteristics for all the
days analyzed: (i) the arrival of the density current is characterized by a sudden increase
in vertical velocity, clearly visible in the highest measurements, and a sudden decrease in
temperature, clearly visible at all levels; (ii) the onset of the density current is followed by a
period of intense turbulent activity.

After the phase of intense turbulence, however, traces of internal gravity waves were only
detected on two nights: 5 and 6 July 2003. On those nights, the temperature and vertical
velocity measurements (Fig. 8a, b corresponding to 5 July 2003) show periods of lower
amplitude oscillations (A and B) clearly seen at the highest level of the tower for temperature
and less evident in vertical velocity. The most likely reason for these oscillations is a gravity
wave induced by the arrival of the density current that forces the air to rise and causes the
air parcels to cool. However, a parcel of air displaced upwards in the stable boundary layer
will encounter a restoring force due, precisely, to the stability; the parcel will then accelerate
downwards, leading to the warming of the air parcel. This process can create the oscillatory
behaviour observed before 2100 UTC (A) and after 2115 UTC (B) with time periods of
around 6.5 and 8 min, respectively. In addition, the temperature oscillations occur around 1.6
(A) and 2 (B) min ahead of the vertical velocity oscillations (Fig. 8c); values that are near
a quarter of the estimated wave periods (about 6.5 and 8 min, respectively). These results
are consistent with linear wave theory, which predicts that temperature and vertical velocity
oscillations should be £90° out of phase. The Brunt—Viisilad frequency as estimated from
vertical profiles of potential temperature was around 0.022s~!, which is higher than the
frequency of the observed wave (about 0.0025 and 0.0020s~!), implying that the observed
propagating wave was an internal gravity wave (Gill 1982).

The arrival of the density currents was also analyzed employing the wavelet method
described in Sect. 3, using a 6-base-frequency Morlet function with integration up to a
30-min period. The numerical results calculated from the data obtained from sonic anemome-
ters located at different levels on the CIBA tower between 1900 and 2200 UTC during the
period analyzed are presented as a detailed time—period representation of kinetic energy den-
sity per unit period (in m? s=3) and heat-flux density per unit period (K ms~2) in Figs. 9 and
10. As elsewhere, we only present results corresponding to some events: those corresponding
to 5, 6 and 8 July 2003. Figure 9a, corresponding to 5 July 2003, shows several peaks for low
periods, which can be attributed to bursts of turbulence, and an elongated coherent structure
detected at all levels, the energy of which was spread out over a wide spectral range. This
elongated structure, denoting a sudden change in the prevailing conditions (Terradellas et al.
2005), coincides with the gravity current that occurred at 2030 UTC, which also appears in
Fig. 9b at 2015 UTC and Fig. 9c at 2100 UTC (corresponding to 6 and 8 July 2003, respec-
tively). However, in Fig. 9a, as well as this structure, we see high values of kinetic energy
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Fig.8 Time series recorded at the highest level of the tower during 5 July 2003 of: a air temperature, b vertical
velocity, ¢ and d detailed time evolution of air temperature and vertical velocity. Temperature oscillations at
different time intervals, A and B, are labelled by a rectangle

density that are constrained to a relatively narrow range of periods centred on approximately
6.5 and 8 min, respectively, which correspond to the periods of the internal gravity waves
found from the measurements. In Fig. 9b we observe similar behaviour; besides the elongated
structure, we can also see high values of kinetic energy density constrained to a relatively
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Fig. 9 Time—period representation of kinetic energy density per unit period (in m? s~3) at different CIBA
tower levels during the night 5 July 2003 (a), 6 July 2003 (b) and 8 July 2003 (c)

narrow range of periods, centred at about 6.5 min, which matches with the internal gravity
waves found on 6 July 2003 from the measurements. Finally, in Fig. 9c we did not detect any
structure other than the gravity current from the tower measurements.

The capacity of wavelet-based techniques to analyze the separate contributions of different
spectral ranges to the total energy or fluxes enabled us to examine the physical reasons for the
alternation of the sign of the vertical heat-flux density per unit period depicted in Fig. 10a,b
(corresponding to 5 and 6 July 2003) mainly at the highest level. A plausible explanation
of this behaviour in the context of a density current is based on the following conceptual
model: adownward-moving cold air parcel warms adiabatically, reaching and then exceeding
its equilibrium level, becoming a downward warm current. Similarly, an upward-moving
warm air parcel cools adiabatically, exceeds its equilibrium level and becomes an upward
cold current. This double circulation is in close agreement with the continuity condition
(Terradellas et al. 2005).

6 Conclusions

Observations gathered from a 100-m meteorological tower located in Spain have allowed us
to detect and characterize a sequence of eight density currents observed in the late evening,
between 2000 and 2200 UTC, on eight consecutive days in July 2003. Their analysis has
showed that all the density currents have the following common features: (1) a sudden
decrease in air temperature; (2) an abrupt increase in wind speed; (3) a rapid shift in wind
direction; (4) a sudden increase in water vapour mixing ratio; and (5) a rapid increase in
turbulence intensity manifest as an increase of vertical velocity, TKE and vertical sensible
heat flux.

The results of our observations were complemented with model simulations, since a
single point of measurement is insufficient to analyze the origin of the cold density currents
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observed at the CIBA tower and the thermal flows driven by the complex topography of
the area studied. We have shown that the WRF model is capable of simulating the gravity
currents and their arrival, although it presents some discrepancies with measurements, mainly
the time gap, as the model predicts an early onset of the density current. The observations and
especially the model simulations support the hypothesis that the density currents originate
over the Cantabrian Sea and are strongly perturbed by topographical features when crossing
the mountain range located in the north—east part of the area studied. Therefore, the entrance
of the sea breeze and the katabatic flow were the origin of the cold and moist density currents
advancing southward from the Cantabrian Sea onto the northern Castile plateau.

Wavelet analysis applied to the measurements illustrated and proved that this method has
the capacity to distinguish the arrival of the density current, the different scales involved in
the event due to the different timing, the heights of the thermal instabilities and downdrafts
associated with this atmospheric disturbance, as well as the small-scale turbulence induced
by these processes. It has also been demonstrated that the wavelet method is a good technique
to detect the presence of gravity waves in the atmospheric boundary layer which, as in this
case, are induced by the arrival of a density current.
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