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Abstract

Submeso motions add complexities to the structure of the stable boundary layer. Such motions
include horizontal meandering and gravity waves, in particular when the large-scale flow is
weak. The coexistence and interaction of such submeso motions is investigated through the
analysis of data collected in Antarctica, in persistent conditions of strong atmospheric stratifi-
cation. Detected horizontal meandering is frequently associated with temperature oscillations
characterized by similar time scales (30 min) at all levels (2, 4.5 and 10 m). In contrast, dirty
gravity waves superimposed on horizontal meandering are detected only at the highest level,
characterized by time scales of a few minutes. The meandering produces an energy peak in
the low-frequency spectral range, well fitted by a spectral model previously proposed for
low wind speeds. The coexistence of horizontal and vertical oscillations is observed in the
presence of large wind-direction shifts superimposed on the gradual flow meandering. Such
shifts are often related to the variation of the mean flow dynamics, but also to intermittent
events, localized in time, which do not produce a variation in the mean wind direction and
that are associated with sharp decreases in wind speed and temperature. The noisy gravity
waves coexisting with horizontal meandering persist only for a few cycles and produce bursts
of turbulent mixing close to the ground, affecting the exchange processes between the surface
and the stable boundary layer. The results confirm the importance of sharp wind-direction
changes atlow wind speed in the stable atmosphere and suggest a possible correlation between
observed gravity waves and dynamical instabilities modulated by horizontal meandering.
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1 Introduction

The stable boundary layer (SBL) is determined by a complex mix of anisotropic and inter-
mittent turbulence and larger-scale processes that mainly includes non-stationary submeso
motions (Mahrt 2014). Even if progress has been made in understanding various aspects of
the SBL (for a review, see Sun et al. 2015a), the characteristics of interactions between turbu-
lence and submeso motions are yet poorly understood, but they represent a critical problem
for a correct estimation of the land-surface exchange and for improving numerical model per-
formance in stable conditions (Mahrt 2014; Nappo et al. 2014). The interaction between such
processes greatly influences turbulent energy and turbulent fluxes that are often weak, inter-
mittent and difficult to correctly parametrize (Sun et al. 2015a). As a consequence, numerical
models have difficulties in simulating the SBL, particularly in strongly stable conditions. As
a matter of fact, the behaviour of turbulent and non-turbulent motions in the SBL is not well
described by the classical theories of the atmospheric boundary layer (ABL) and this lack
of understanding increases with increasingly stable stratification (BelusSic and Giittler 2010;
Giittler and BeluSic 2012; Acevedo et al. 2014).

Submeso motions generally refer to any non-turbulent motions smaller than those tradi-
tionally classified as mesoscale. They include a complex mix of non-stationary and stochastic
processes of different natures (such as density currents, microfronts, gravity waves, and hor-
izontal meandering) on scales that separate the main turbulent eddies (in stable conditions
these may be restricted to a few metres) and the smallest mesoscale motions (*2 km) (Mahrt
2014; Sun et al. 2015a). Even if submeso motions exist under all atmospheric stratifications
with weak large-scale flow (Anfossi et al. 2005), they have a crucial influence on boundary-
layer structure under strong stratification because in these conditions turbulence production
is closely related to local short-term accelerations associated with submeso motions even at
large Richardson numbers (Mahrt 2011a; Mahrt et al. 2012).

Wave-like motions in the atmosphere are acommon phenomenon and are also a fundamen-
tal feature of the SBL (Nappo 2002). Among them gravity waves and horizontal meandering
require particular attention for their possible interaction and their role in intermittent turbulent
production in very stable conditions.

Gravity waves observed in the SBL are rarely linear and clean oscillations characterized by
constant amplitude and period. Instead, they are often solitary waves or occur in local packets
and consist of only a few cycles with changing amplitude and period. These non-stationary
and unstable ‘dirty’ waves frequently degrade and lead to a localized generation of turbulence
enhancing the intermittent character of turbulent transport of momentum, mass and energy
in very stable conditions (Nappo et al. 2014). Dirty waves cannot be easily parametrized and
hence they are not accounted for in numerical models. Further, the wave—wave interaction
and the interaction with turbulence may also be complicated by the possible interaction with
other types of submeso motions such as, for example, horizontal meandering.

Horizontal-meandering modes represent an important fraction of submeso motions mainly
observed near the surface in low-wind-speed and stable conditions. There is not a general
consensus on the physical causes responsible for horizontal meandering, which can include
pulsating drainage flows, surface pressure perturbations induced by mesoscale motions, and
internal gravity waves (Mahrt 2007).

Meandering generally refers to large oscillations of the horizontal velocity components,
often also associated with temperature oscillations (Mortarini et al. 2016a). Horizontal mean-
dering has a strong influence on the dispersion of pollutants, in particular for its role in
horizontal transport in the presence of weak vertical turbulent mixing (Mahrt and Mills 2009).
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Since dispersion models generally underestimate meandering, they tend to overestimate pol-
lutant concentrations (Anfossi et al. 2006; BeluSic and Giittler 2010). Moreover, although
meandering is normally associated with smooth oscillations in wind direction, sudden and
sharp wind-direction shifts are often superimposed (Mahrt 2008). Such sudden shifts may
produce strong directional shear associated with significant mixing events and represent a
serious problem for simulating nocturnal dispersion because their causes are unknown (Lang
et al. 2018).

Gravity waves and horizontal meandering often coexist and may interact in the very stable
boundary layer. Cava et al. (2017) analyzed a low-wind-speed stably-stratified night charac-
terized by the coexistence of linear gravity waves and horizontal meandering with similar
time scales, indicating the same triggering mechanism, i.e. the pressure perturbations. Both
submeso motions contributed to an increase in turbulent energy, especially in the vertical
velocity component. Mortarini et al. (2018) presented a complex analysis of a night-time
period where the development of a nocturnal low-level jet triggered both horizontal mean-
dering and gravity waves, and strongly influenced the turbulent mixing producing a layered
structure of the SBL. Both these studies confirmed the important role of submeso structures
in the production of intermittent turbulence during low-wind-speed regimes and very stable
conditions.

The aim of the present study is to investigate the coexistence and interaction of horizontal
meandering and gravity waves, rarely explored previously. Data collected above an Antarc-
tic ice sheet during an austral summer are analyzed in order to investigate the interactions
between different submeso motions and their influence on the turbulence field in stable con-
ditions. Antarctica represents an ideal site because of the persistent and strong stratification
of the ABL. To detect and characterize submeso motions different methodologies are com-
bined: a detection technique based on the evaluation of Eulerian autocorrelation functions,
specifically implemented for identifying submeso motions (Anfossi et al. 2005; Mortarini
etal. 20164, b); and the wavelet analysis applied for studying the nature of submeso motions,
their temporal evolution and their contribution in the production of intermittent turbulence
(Cava et al. 2017; Mortarini et al. 2018).

2 Experimental Set-Up

The analyzed dataset refers to a summer experimental campaign (from November 1993 to
February 1994) performed on the Nansen ice sheet in Terra Nova Bay, Victoria Land, Antarc-
tica (Fig. 1). The Nansen ice sheet is a permanently frozen branch of the Ross Sea, which
penetrates for 50 km into a region surrounded by complex topography. The site is prevalently
influenced by flow along the valley axis and by persistent conditions of stable thermal strat-
ification. The micrometeorological tower was located at 74°41'58”S, 163°30'50"E, in the
middle of a flat snowy homogeneous area (the star in Fig. 1). Wind velocity components (u,
v, w) and sonic anemometer temperature (6) were sampled at a frequency of 20.8 Hz at three
levels (2, 4.5, and 10 m) above the surface by symmetric 3-axis ultrasonic anemometers (Gill
Ins. Ltd.). Further details on the experimental campaign and the site characteristics can be
found in Cava et al. (2005, 2015).
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10km

Fig. 1 Satellite image of Terra Nova Bay, Victoria Land (Antarctica). The star indicates the position of the
micrometeorological tower located in the middle of a flat snowy homogeneous area on the Nansen ice sheet
(NIS). The red rectangle in the inserted map indicates the position of Victoria Land in the Antarctic continent

3 Data Analysis

In order to investigate the coexistence and interaction of different submeso motions and their
role in influencing the turbulent field in very stable conditions and in a flat and homogeneous
area, data were analyzed using different techniques. The first step was to detect wavelike
motions (Sect. 3.1) and then to study their spectral characteristics (Sect. 3.2); finally, the
interaction of horizontal meandering, gravity waves and intermittent turbulence was inves-
tigated through wavelet analysis of selected case studies (Sect. 3.3). Before applying the
Eulerian-autocorrelation-function detection technique and the spectral and wavelet analyses,
the velocity components were rotated into the local streamline reference system by apply-
ing a triple rotation for each 60-min time series. Moreover, linear detrending of the data
was applied only for the purpose of applying the Eulerian autocorrelation functions and the
wavelet and Fourier analyses, in order to remove non-stationarity due to synoptic-scale vari-
ations that may produce red noise in the low-frequency spectral range, altering the detection
of investigated submeso motions.

Finally, following Vickers and Mahrt (2006), for the filtering out of submeso contributions
turbulent statistics were evaluated on 5 min subsets and then averaged over 1 h.
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3.1 Detection of Submeso Motions

Submeso oscillations were detected in the hourly time series by applying a methodology
proposed by Anfossi et al. (2005), based on the evaluation of the Eulerian autocorrelation
functions of the main flow variables. In low-wind-speed and stable conditions the Eulerian
autocorrelation functions frequently present an oscillatory behaviour that can be described
by

R.(t) =x(t + r)x(t)/ox2 = exp(—pxt)cos(qyt) for x =u,v,w,0, (1)

where o2 is the variance of the variable x, the parameter p is related to the turbulence
decorrelation time scale, while the parameter ¢ defines the meandering time scale

T, =27/q. (2)

The ratio between the ¢ and p parameters defines the looping parameter m = ¢q/p,
which is crucial for meandering detection. Low values of m represent the absence of flow
meandering, while high values of m (> 1) indicate significant oscillations due to the submeso
motions. The Anfossi et al. (2005) technique consists in fitting the Eulerian autocorrelation
functions evaluated from the hourly time series with Eq. 1. The fitting procedure is based
on the non-linear least-squares function of the R software (R Core Team 2017; Bates and
Chambers 1992) that determines the non-linear least-squares estimates of the parameters of
a non-linear model. The non-linear least-squares function provides an estimate (first guess)
of the p and g parameters together with their standard error. The algorithm depends on the
choice of the starting estimates of the two parameters, p and ¢g. During the analysis we
estimate the p and g parameters by performing the fit with 30 different couples of starting
estimates, and then choosing the one that minimizes the residual standard deviation.

The Eulerian-autocorrelation-function technique applied to the 3-month dataset detected
meandering activity of the horizontal velocity components (i.e. m, > 1 and m, > 1) in
about 40% of analyzed hourly time series at all measurement levels, mainly during nocturnal
hours (between 1600 and 0600 local time). About 50% of the detected horizontal oscillations
were associated with temperature oscillations (i.e. m, > 1andm, > 1andmg > 1). A clear
dependence of detected horizontal-meandering episodes on surface features was not observed
and small differences in the percentage of occurrence were found in different sectors of flow
provenance. This behaviour suggests that oscillations due to horizontal meandering may be
triggered by various mechanisms on the Nansen ice sheet, i.e. by both orographic features
and by a horizontal temperature gradient (in particular above the sea sectors). Figure 2
shows the distribution of the obtained meandering time scales (Eq. 2) for detected hours.
Horizontal velocity components and temperature appeared to be characterized by similar T}
(with modes between 20 and 30 min) that remained almost constant at the different heights.
This result confirms that meandering of horizontal velocity components is often associated
with temperature oscillations, as observed by Mortarini et al. (2016a).

On the other hand, vertical oscillations were detected by the Eulerian-autocorrelation-
function technique only at the highest level in about 3% of the hours characterized by
horizontal meandering. The Eulerian-autocorrelation-function methodology was originally
implemented for identifying horizontal meandering motions (Anfossi et al. 2005), usually
persistent for many cycles in the time domain. Instead, as is frequently observed (e.g., Mahrt
2014), vertical oscillations in the boundary layer are often related to dirty waves that last
only a few cycles with variable amplitude and period.
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Detected vertical waves were characterized by T, of a few minutes (green dash—dotted
curve in Fig. 2a, top and right axes) and smaller than those of coexisting horizontal veloc-
ity components and temperature oscillations. These short time scales agree with typical
gravity-wave periods detected using other methods in the same dataset (Cava et al. 2015).
Cava et al. (2015) also observed a degradation of vertical oscillations close to the ground.
The observed disruption of gravity waves may be explained within the framework of the
hockey-stick-transition (HOST) approach proposed by Sun et al. (2012), who classified the
nocturnal turbulent mixing into weak and strong turbulent regimes depending on the rela-

tionship between wind speed and turbulence intensity (the square root of the turbulent kinetic

energy (e): Vikg = ((0,42 + 03 + 03,)/2)1/2 = ¢&!/2). The weak regime corresponds to low

wind speeds and turbulent eddies are generated by the local shear and do not directly interact
with the ground. Turbulence intensity increases only slowly with increasing wind speed until
it reaches a threshold value, and the strong turbulence regime prevails. In the strong regime,
the turbulence is generated by the bulk shear and its intensity systematically increases with
increasing wind speed. Because wind speed can readily exceed the corresponding threshold
value near the ground, the influence of resulting turbulent mixing on gravity waves increases,
producing less distinct vertical submeso oscillations at the lower levels (Sun et al. 2015b).

To verify the HOST transition in the analyzed dataset, the relationship between the wind
speed (V) and the bin-averaged VTkg at the three measurement levels in shown in Fig. 3. The
arrow marks the transition between the weak and strong turbulence regimes at the highest
measurement level. The observed wind-speed threshold (4.8 m s~!) is similar to the value
at 10-m height found by Sun et al. (2012). On the other hand, the transition between different
turbulent regimes is less evident at the lowest heights because of the ground influence that
increases the level of turbulent mixing contributing to the gravity-wave degradation close to
the ground.

@ Springer



Interaction of Submeso Motions in the Antarctic Stable... 157

1.5 T T T T T T T
10 m
=G 4.5m
==/\==2 m
X
~ 1+ - -’-@'
£ Sp
‘L; 7N %@—A
S /&
&
05} A.“@ i
A &
DN (“@f‘-o
Q'@--@
&
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Vms™)

Fig. 3 Relationship between the wind speed (V) and the bin-averaged turbulence intensity (VTgkg = e 1/2y at
the three measurement levels. The arrow marks the transition between the weak and strong turbulent regimes
at the highest measurement level, similar to the hockey-stick transition (HOST) observed in Sun et al. (2012).
This transition is less evident at the lowest levels because of the ground influence that increases the level of
turbulence mixing

The density distribution of wind speed relative to the detected cases of horizontal mean-
dering (Fig. 4) shows a peak of about 2.5 m s~ at the highest level and coincident peaks of
about 1.5 m s~! at the lowest levels. The red arrow indicates the wind speed relative to the
transition between the weak and strong turbulent regimes at the highest measurement level,
as detected in Fig. 3. Even if the greatest percentage of horizontal-meandering cases occurs
under a low-wind-speed regime, a non-negligible number of detected events are related to
moderate wind speeds much higher than 2.5 m s~!, in particular at 10 m.

3.2 Spectral Characteristics of Submeso Motions

In very stable conditions the coexistence of horizontal meandering, gravity waves and inter-
mittent turbulence greatly alter the spectral shape of the main flow variables. Mortarini and
Anfossi (2015) proposed an original relation for the spectra of velocity fluctuactions in
low-wind-speed conditions and in the presence of horizontal meandering. Mortarini et al.
(2016a) verified that such a relation could be applied to the air temperature too. The sug-
gested approach takes into account the distribution of the flow energy in both turbulence and
submeso scales and is able to describe in a unique function (F) both the low-wind-speed
(Frw) and the inertial subrange (Fgw) spectral behaviour,
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Fig. 4 Density distribution of wind speed referring to the horizontal meandering cases (m;, > 1 and m, > 1)
detected at the different measurement levels. The arrow indicates the wind speed relative to the transition
between the weak and strong turbulent regimes at the highest measurement level, as detected in Fig. 3
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where n is the frequency in Hz, p, ¢ and m are the parameters that describe the Eulerian-

autocorrelation-function behaviour (Eq. 1), i = n/nmax (With npee = (p> + qz)%/(Zn)
representing the frequency relative to the Fyw maximum) and y = no/nuqx (Where ng is
the frequency at which the extrapolated inertial subrange meets the n Fgw (n) = 1 line in
the Kaimal and Finnigan (1994) (hereinafter, KF94) model for stable conditions). A detailed
description of the low-wind spectral model is given in Appendix 1. Itis worth noting that spec-
tra lend themselves particularly well to an average over the whole dataset, since evaluating
a mean of the Eulerian autocorrelation functions would be less straightforward.

Figure 5 shows the averaged normalized spectra of horizontal velocity components col-
lected at the highest level (black continuous lines), relative to the meandering hours detected
through the Eulerian-autocorrelation-function technique (m, > 1 and m, > 1). The spec-
tra were computed from 1-h time series by using the fast Fourier transform technique. The
spectra of both velocity components follow the Kolmogorov (1941) energy decay at iner-
tial subrange scales (hereinafter, K41), but deviate from the typical turbulence spectrum at
large scales, exhibiting a clear and energetic peak in the low-frequency range associated with
horizontal-meandering oscillations. The spectra as a function of the normalized frequency
7 have been compared with the low-wind-speed spectral model (Eq. 3) and then averaged
over all the cases; the model (dotted lines) describes the spectral energy distribution well
throughout the entire range of resolved frequencies.
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Fig.5 Averaged normalized spectra (black continuous lines) of longitudinal (a) and lateral (b) velocity com-
ponents collected at 10 m, referring to the meandering hours detected through the Eulerian autocorrelation
function technique (m, > 1 and m, > 1). The grey dotted lines refer to the averaged low-wind-speed spectral
model (Eq. 3), whereas the dashed lines refer to the K41 spectral law in the inertial subrange

As already specified in the previous section, about 50% of the detected horizontal oscilla-
tions are associated also with temperature oscillations (i.e. m, > 1l andm, > 1 andmg > 1),
whereas in only 3% of the meandering hours vertical oscillations are detected at the highest
level (i.e. m;, > 1 and m, > 1 and m,, > 1). Figure 6a, c displays the averaged spectra rela-
tive to the oscillating cases for the vertical velocity component and temperature, respectively.
Both spectra exhibit a pattern similar to the horizontal velocity component spectra and appear
well described by the low-wind-speed spectral model. The model was successfully applied
to other temperature datasets (i.e. Mortarini et al. 2016a), but it is noteworthy that it also well
reproduces the gravity-wave spectral shape for the investigated dataset, suggesting that the
Eulerian-autocorrelation-function method can be applied to identify gravity-wave episodes
in a large dataset, and their time scales compared with other submeso oscillations. Finally,
Fig. 6b, d shows the averaged spectra relative to the w and 6 non-oscillating cases during
horizontal meandering (b: m,, > 1 and m, > 1 and m,, < 1;andd: m,, > 1 and m, > 1 and
mg < 1). They exhibit the typical shape of turbulence spectra and appear well fitted by the
KF94 spectral model when plotted against the normalized frequency (n/ng). This result con-
firms the good performance of the Eulerian-autocorrelation-function technique in detecting
the oscillatory behaviour in all the flow variables and the robustness of the low-wind-speed
spectral model.

3.3 Interactions of Submeso Motions and Wind-Direction Variability

The periods influenced by the coexistence of horizontal meandering and vertical waves
detected by the Eulerian-autocorrelation-function technique were carefully analyzed to gain
insight into the triggering and interaction mechanisms between different submeso motions.
The visual analysis of the selected time series highlights the coexistence of horizontal mean-
dering and gravity waves at the current experimental site, often associated with abrupt
variations in the wind direction. In order to analyze and quantify the direction variability in
the periods characterized by the occurrence of submeso motions, following Lang et al. (2018)
the wind-direction changes have been computed as the difference between the subsequent
1-min wind direction and the previous 1-min wind direction, implying that the differences
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Fig. 6 Averaged normalized spectra (black continuous lines) of vertical velocity components (a, b) and temper-
ature (c, d) collected at 10 m, referring to the meandering hours detected through the Eulerian autocorrelation
function technique (m, > 1 and m, > 1). The left column refers to cases relative to detected low-frequency
oscillations also in w (m;,, > 1 and my > 1 and my, > 1) andin 0 (¢ m;, > 1 and my > 1 and mg > 1)
and the grey dotted lines refer to the average of the low-wind-speed spectral model (Eq. 3) evaluated for each
case. The right column refers to cases where low-frequency oscillations in w (b m;, > 1 and my, > 1 and
my < 1)andin 6 (d my > 1 and my > 1 and my < 1) are absent and the grey dashed-dotted lines refer to
the averaged Kaimal and Finnigan (1994) spectral model (KF94) for stable conditions (Eq. A6). The dashed
lines refer to the K41 spectral law in the inertial subrange

are centred across 2-min intervals. Moreover, computed wind-direction changes are reduced
by 360° if they exceed 180°, or are increased by 360° if they are smaller than — 180°,
such that they range between — 180° and 180°. Figure 7 shows the scatter plot of the 1-
min wind-direction changes versus the 1-min wind speed for horizontal-meandering cases
detected through the Eulerian-autocorrelation-function technique (black symbols: m, > 1
and m, > 1). The wind-direction changes appear inversely related to wind speed, consistent
with Mahrt (2007, 2008, 2011b) and Lang et al. (2018) who investigated the influence of
submeso motions on wind-direction variability and observed frequent abrupt shifts in wind
direction with decreasing wind speed. The fraction of time that exhibits large and abrupt
wind-direction shifts (>=20°) is about 9% for each hour, and characterized by the occur-
rence of horizontal meandering. The obtained percentage remains unchanged for coexisting
horizontal meandering and vertical low-frequency oscillations, but in these cases the largest
wind-direction changes appear mainly associated with wind speeds lower than 2 m s~ (red
symbols: m, > 1 and m, > 1 and m, > 1). Such a non-negligible percentage suggests
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Fig. 7 Scatter plot of the changes of the 1-min wind direction versus the 1-min wind speed. Black empty circles
are observations classified as horizontal meandering (HM) detected through the Eulerian autocorrelation
function technique (m, > 1 and m, > 1), whereas red diamonds refer to cases relative to detected low-
frequency oscillations also in w (GWs) (m,, > 1 and my > 1 and my, > 1). The yellow horizontal dashed
lines delimit the range of wind-direction change [— 20 =+ 20]

the importance of wind-direction variability in the flow dynamics of a low-wind-speed and
stable atmosphere.

In the next sections two different nocturnal periods were selected as case studies repre-
sentative of the observed interaction mechanisms between horizontal meandering, gravity
waves and the turbulence field. The continuous wavelet analysis was applied to investigate
the temporal evolution of the meandering time scales and to distinguish the interplay between
horizontal meandering and vertical waves. The Morlet function was chosen as the mother
wavelet for its high resolution in frequency space, suitable for a good estimation of the period
of detected submeso motions (Thomas and Foken 2005). A brief description of wavelet anal-
ysis and cross-spectral gravity-wave indicators is given in Appendix 2.

3.3.1 Waves Associated with Sharp Variations in the Mean Flow Dynamics

The observed gravity waves coexisting with horizontal meandering in the analyzed dataset
appeared frequently associated with sharp variations in the mean wind direction, often related
with strong temperature falls and linked to sudden changes of airmasses and of the mean flow
dynamics. As already observed previously (Viana et al. 2010; Sun et al. 2015b) such abrupt
variations may generate uplifting as a result of the convergence between different airmasses,
which may trigger dirty gravity waves that tend to degrade after a few cycles.

Figure 8 features an example of a nocturnal period characterized by the coexistence of
horizontal meandering and dirty gravity waves. The night was characterized by low wind
speeds (the mean wind speed ranged from 0.5 to 2.4 m s~! at the highest level) and by the
stability parameter z/L =~ 1, where z is the measurement height (10 m) and L is the Obukhov
length. The time series of horizontal velocity components (Fig. 8a, b) exhibit a marked oscil-
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Fig. 8 Time series of longitudinal (a), lateral (b), vertical velocity components (c), temperature (d) and wind
direction (e) collected at different measurement levels (yellow: 10 m, blue: 4.5 m, grey: 2 m) in the night
between the 5 and 6 January 1994. For a better comparison the time series of w has been artificially shifted
(+0.5m sTlat10mand —05ms~!at2 m) in figure (¢). Finally, for the sake of clarity the wind direction
has been shown only at the highest level in panel (e)

latory behaviour from 2200 LT throughout all the analyzed period. The oscillatory behaviour
is also evident in temperature (Fig. 8d) and in the wind direction (Fig. 8e). It is noteworthy
that the gradual meandering in the wind direction appears recurrently interrupted by sudden
mean wind-direction changes associated with large temperature falls and perturbations in the
vertical velocity component (Fig. 8c). This is particularly evident at 2300, 2335 and 0210
LT.

The wavelet spectra provide an estimation of the time evolution of the signal energy at the
different resolved time scales. Figure 9 shows the wavelet spectra for the analyzed signals
collected at the highest level in the range of submeso time scales. The signature of horizontal
meandering is highlighted by the increase in the wavelet energy density in the horizontal
components, characterized by a time scale of about 10 min. The vertical component does
not show any activity at the same time scale, but intermittently exhibits significant energy
at smaller time scales at 2300, 2335 and 0210 LT, concurrently with the detected sharp
wind-direction changes (see Fig. 8¢). The maximum vertical energy is associated with a time
scale of about 5 min, but propagates towards smaller scales, suggesting a perturbation of the
turbulent field. The same analysis performed on the time series collected at the lower levels
(not shown) displays the persistency of horizontal meandering at all measurement heights,
but with attenuation of vertical wave energy closer to the ground. Finally, the distribution
of temperature wavelet variance shows the signature of both horizontal and vertical flow
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Fig. 9 Time evolution in the submeso time scale range of wavelet energy spectra of (a) longitudinal, (b) lateral
and (c) vertical velocity components, (d) temperature collected at the highest level (10 m) in the night between
the 5 and 6 January 1994

oscillations highlighting a strong correlation of temperature with both kinds of submeso
motions. Furthermore, a stronger intermittent energy is observed at smaller turbulent scales,
similar to that observed in the vertical velocity component.

The nature of detected vertical structures was analyzed through the wavelet cross-spectral
indicators. The comparison between wavelet cospectra (Fig. 10) and quadspectra (Fig. 11) of
w and 6 highlights a quasi-linear nature of detected waves, in particular at the highest level,
where the quadspectral density is greater than the cospectral density. The detected gravity
waves persist for just a few cycles and attenuate closer to the ground, where their disruption
produces localized mixing at smaller turbulent scales. As a matter of fact, the intensification
of the negative values of the computed turbulent momentum and heat fluxes at the lower
levels (not shown) highlights the intermittent increasing of turbulent transport induced by
the degradation of the gravity-wave events detected at 10 m. The enhanced turbulent mixing
observed at the lowest levels may be explained within the framework of the HOST theory,
because the composite nature of the background flow and wave oscillations and resultant
flow speed may easily exceed the threshold wind speed closer to the ground (see Fig. 3), and
generating turbulent eddies capable of vertically mixing both momentum and heat (Sun et al.
2015a, b).
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Fig. 10 Time evolution in the submeso time scale range of the wavelet cospectrum for cross-correlation between
the vertical velocity component and temperature collected at 10 m (a), at 4.5 m (b) and at 2 m (c¢) for the night
between the 5 and 6 January 1994

3.3.2 Waves Associated with Abrupt and Intermittent Wind-Direction Shifts Modulated
by Horizontal Meandering

Figure 12 shows the time series relative to another interesting case study where dirty gravity
waves appear periodically superimposed to horizontal meandering and are associated with
abrupt and intermittent wind-direction shifts. The selected period is characterized by a mean
value of wind speed of ~ 3 m s~! and by a stability parameter z/L = 3 at the highest level.
Horizontal meandering start after 2100 LT and is characterized by a time scale of about
30-40 min, as highlighted by the wavelet spectra of horizontal components and temperature
(Fig. 13a, b, d). The wind direction exhibits a gradual meandering back and forth around a
constant mean value throughout the analyzed period; however, abrupt wind-direction jumps
(ranging from 30° to 90°) periodically appear as indicated by the arrows in Fig. 12e. In
contrast to the most common observed cases such as those described in the previous section,
the observed shifts are intermittent and localized in time and do not produce a variation in
the mean wind direction, that is they are not related to any change in mean flow dynamics.
On the other hand, they are associated with localized sharp decreases in wind speed and
temperature and with the appearance of vertical wavelike oscillations superimposed on tur-
bulent fluctuations. The vertical waves have a period of about 4 min (much smaller than for
horizontal meandering), as highlighted by the wavelet energy distribution computed at the
highest level and shown in Fig. 13. Wavelet cross-spectral analysis highlights that these waves
transport momentum, but not heat at the highest level; in fact, the small and sign-oscillating
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Fig. 11 As for Fig. 10, but for the wavelet quadspectrum for cross-correlation between the vertical velocity
component and temperature

wavelet cospectrum (C,,9) and the high value of the quadspectrum (Q,,9) indicate the lack
of vertical heat diffusion (i.e. w and 8 are 90° out of phase) and the activation of quasi-linear
gravity waves (Fig. 14). These waves persist for only a few cycles and tend to be attenuated
closer to the surface producing intermittent turbulence, as shown in Fig. 15 for the wavelet
cross-spectral analysis for data collected at 4.5 m and in the computed momentum and heat
turbulent fluxes (not shown). At this level O, attenuates and becomes comparable to Cyg
indicating the presence of dirty waves with turbulent fluctuations.

Interestingly, observed intermittent wind-direction shifts appear approximately in corre-
spondence of the crests of the meandering oscillations in the wind direction, that is their period
of occurrence is related to the period of horizontal meandering of about 30 min. This fact
suggests a possible correlation between observed gravity waves and dynamical instabilities
(i.e. shear or thermal instabilities) modulated by horizontal meandering.

4 Summary and Conclusions

The main goal of our study was to investigate the coexistence and interaction of horizontal
meandering and gravity waves in the SBL, rarely explored previously. The subject is of rele-
vance because, among different submeso motions, gravity waves and horizontal meandering
may play an important role in influencing the flow dynamics and the pollutant dispersion in
low-wind-speed and strongly stable conditions.
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Fig. 12 Time series of longitudinal (a), lateral (b), vertical velocity components (c¢), temperature (d) and wind
direction (e) collected at different measurement levels (yellow: 10 m, blue: 4.5 m, grey: 2 m) on the 25
November 1993. For a better comparison the time series of w has been artificially shifted (+ 0.5 m s~lat10m
and — 0.5ms~ ! at2 m) in panel (c). Finally, for the sake of clarity the wind direction has been shown only
at the highest level in panel (e). The arrows in panel (e) indicate abrupt and localized wind-direction changes

High-frequency measurements of wind velocity and temperature collected at three levels
above an Antarctic Ice Sheet during an austral summer were used, in ideal persistent condi-
tions of strong ABL stratification. The application of two complementary methodologies (the
Eulerian-autocorrelation-function technique and the wavelet analysis) allowed the detection
and investigation of the nature of submeso motions, their interaction and their influence on an
intermittent turbulent field. Meandering activity of the horizontal velocity components was
detected at all measurement levels, mainly during nocturnal hours, in strong stability con-
ditions. Horizontal oscillations were frequently associated (in about 50% of the cases) with
temperature oscillations characterized by similar meandering time scales (7 ~ 20-30 min)
that remain nearly unchanged at the different measurement heights. On the other hand, verti-
cal oscillations, characterized by T of a few minutes, were detected only at the highest level.
The attenuation and/or disruption of vertical waves close to the ground may be explained in
the framework of the Hockey-stick transition (HOST) theory proposed by Sun et al. (2012,
2015b). As a matter of fact, at the highest measurement level the observed wind-speed thresh-
old between different turbulent regimes was higher than the typical wind speed associated
with the detected meandering events. On the other hand, at the lowest heights the wind speed
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Fig. 13 Time evolution in the submeso time-scale (TS) range of wavelet energy spectra of (a) longitudinal,
(b) lateral and (c) vertical velocity components, (d) temperature collected at the highest level (10 m) on the
25 November 1993

can readily exceed the corresponding threshold values and the influence of resulting turbulent
mixing on gravity waves increases, producing less distinct vertical submeso oscillations near
the surface (Sun et al. 2015b).

The meandering imprint was evident also in the spectral behaviour of velocity components
and temperature that in the detected cases followed the Kolmogorov (1941) energy decay
in the inertial subrange, but deviated from the typical turbulence spectrum at large scales,
and exhibited a clear and energetic peak in the low-frequency range. The empirical-averaged
spectra were well fitted throughout all the resolved frequencies by the spectral relations
proposed by Mortarini and Anfossi (2015) and Mortarini et al. (2016a) for modelling the
spectral energy distribution of horizontal velocity components and temperature in low-wind-
speed conditions and in the presence of horizontal meandering. Surprisingly, the formula
was also successfully applied for fitting the spectral shape in the observed gravity waves,
confirming the robustness of the low-wind-speed spectral model.

The performed analysis highlighted the occurrence of frequent large and abrupt wind-
direction changes superimposed on the gradual wind meandering, according to other
experimental observations (Mahrt 2007, 2008, 2011b; Lang et al. 2018). The fraction of
time exhibiting large and abrupt wind-direction shifts (> = 20°) was about 9% for each hour
where submeso motions were detected. This significant occurrence suggests the importance
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Fig. 14 Time evolution in the submeso time-scale (TS) range of wavelet quadrature (a), and cospectrum (b) for
cross-correlation between vertical velocity component and temperature; and wavelet cospectrum (c) for cross-
correlation between longitudinal and vertical velocity components collected at the highest level (10 m) on the
25 November 1993

of the wind-direction variability in the flow dynamics of the low-wind-speed SBL. As a
matter of fact, the observed gravity waves coexisting with horizontal meandering appeared
mostly associated with sharp variations in the mean wind direction related to sudden changes
of the mean flow dynamics.

However, other interesting cases displayed gravity waves associated with abrupt and inter-
mittent wind-direction shifts, localized in time and that did not produce any variation in the
mean value of the wind direction. It is noteworthy that the intermittent direction shifts,
associated with sharp falls of wind speed and temperature, appeared approximately in corre-
spondence of the crests of the meandering oscillations in the wind direction and their period
of occurrence seemed related to the horizontal meandering period. This fact may suggest a
possible correlation between observed gravity waves and dynamical instabilities (i.e. shear
or thermal instabilities) generated by horizontal meandering, that it would be advisable to
confirm in future experimental studies.

In all the observed wavy events cross-spectral wavelet analysis indicates that the triggered
dirty gravity waves superimposed on horizontal meandering persist for only a few cycles
and produce bursts of turbulent mixing close to the ground. The results obtained in this phe-
nomenological study confirm the importance of sharp wind-direction changes in influencing
the complex interaction between submeso motions in the SBL. Improved understanding of all
the involved processes represents a challenge in the formulation of appropriate parametriza-
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Fig. 15 As for Fig. 14, but for data collected at 4.5 m collected on the 25 November 1993

tions and simulations of horizontal and vertical dispersion at low wind speeds and in very
stable conditions.
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Appendix 1: Spectral Model for Meandering Motions in Stable
and Low-Wind-Speed Conditions

To evaluate the theoretical form of the spectrum in (3), the derivation of Mortarini and Anfossi
(2015) has been followed. The normalized Eulerian spectrum, Frw (n), in which 7 is the time
lag and n is the frequency, is (Pasquill 1974; Kaimal and Finnigan 1994)

Frwn) = % = 4/000 R(t) cos(2 mnt)dt 4)
Hence, the function
Fw(n) =2p[1/(p* + (g +27m)*) + 1/(p* + (q = 21n)?)] ®)
is the spectrum that corresponds to an oscillating autocorrelation function of the form
R(t) = exp(— pt)cos(qr), ©6)
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where p and g are related to the turbulence decorrelation time scale and to the meandering time
scale, respectively. In non-dimensional form, n Fyw (n), Eq. 5 presents a distinct maximum

FLw (W) pax = (P> +¢%)? /(0 p) ©)

at the frequency

1
nmax = (P> +4%)? /(2m0). 8)

It is easily seen that the slope of the asymptotic behaviour in Eq. 5 is — 2 and not the
prescribed — 5/3. Equation 5 correctly describes the behaviour of the low-wind-speed spectra
close to its maximum value, but it does not take into account the behaviour of the turbulent
velocity fluctuations in the inertial subrange. In order to find a spectral form that describes
both the low-wind-speed and the Kolmogorov — 2/3 trends, Mortarini and Anfossi (2015)
proposed a linear combination of Eq. 5 with the Kaimal and Finnigan (1994) model for stable
conditions,

5
nFyw(n) = A(n/no)/<1 + A(n/ng) /3>, )

where n is the frequency at which the extrapolated inertial subrange meets the n Fgw (n) = 1
line and where A = 0.164 for both the three velocity components and the temperature. The
meandering spectrum assumes the form

F(n,p,q) =aFLw(n, p,q) +B(n)Faw®), (10)
where B is heuristically defined as
BGi) = (1 =2 +i%)/(1+ Afi +7i%), (11)

where 71 = n/n;,q, and A is a shape parameter that takes into account the energy associated
with the intermediate frequency range (i.e. between high and low frequencies), equalling 20
in stable conditions (Mortarini and Anfossi 2015). The parameter « in Eq. 10 is chosen to
satisfy the normalization constraint

/0 Fnp.g) =1, (12)

a=1- /Ooﬁ(n)FHW(n)dn (13)
0

where the integral is numerically solved using the adaptive quadrature method for each
considered time series.
Finally, Eq. 10 can be written as

1 1
F(n,p,g)=2 +
o p-4) ”[p2+<q+2nn>2 p2+<q—2nn>2]

2
n n
(l - znnmx + ("max) ) 00164-:*0
+ 2 5
1+20-2— + (-2~ 2\ 73
i (e 1+0.0164<%)

which represents the spectra of the velocity components and of the temperature in the presence
of submeso wavy motions.

(14)

@ Springer



Interaction of Submeso Motions in the Antarctic Stable... 171

After some algebra (for details, see Mortarini and Anfossi 2015), Eq. 14 can be normalized
with the maximum of the low-frequency part of the spectrum (Eq. 7) to obtain,

Foioon _ AFGpa) 2ii(1 +7%)
(nvm)_ F - - 2 - 2
[ FLw (n)]0x m2(1 —%)" + (1 +7?)
1 — 27 + 2 0.515% s
1 +207 + 2

N i3]
m +1[1+0.0164(y> }

where y = (no/nmax)- The spectral quantity F (i1, m) is useful in comparing averaged spectra
and it does not depend on p and g separately but only on the ratio m.

The proposed model has been successfully tested for cases corresponding in an oscillatory
behaviour in temperature field associated with horizontal meandering (Mortarini et al. 2016a).

Appendix 2: Wavelet Analysis and Cross-Spectral Indicators of Linear
Gravity Waves

Wavelet analysis is a useful technique for investigating the intermittent and non-stationary
structure of turbulence and its interaction with submeso motions in the ABL (Howell and
Mahrt 1997; Cava et al. 2005, 2015, 2017; Viana et al. 2010; Durden et al. 2013; Sun et al.
2015b; Mortarini et al. 2018). The wavelet transform W f (A, t) of a function f(¢) with finite
energy is defined as

Wi, 1) = f J@Yonw)du, (16)

where ¥, ;(u) = (l/kl/z)w((u — t)/)) is a family of functions depending on two parame-
ters, a scale parameter A(> 0) and a location parameter t. Changing the value of A has the
effect of dilating or contracting the function v (called the mother wavelet), i.e. of analyzing
the function f(¢) at different spatial scales, whereas changing ¢ has the effect of analyzing the
function f(¢) around the point ¢.

The wavelet spectrum

S=IWf, 0l (17)

gives information on the time evolution of the energy of the analyzed signal as a function of
the resolved time scales (or frequencies). The wavelet cross-spectrum

Wi = WG ). % Wg(h, 1) (18)

allows the investigation of the common variability in frequency and time of two different
signals (f, g); the cospectrum (C), i.e. the real part of W, is proportional to the covariance
between the two time series, whereas the quadspectrum (Q), i.e. the complex part of Wy,
represents the spectrum of the product of f and g shifted by 90° (Grinsted et al. 2004).

Cross-spectral statistics are very useful in diagnosing the linear nature of vertical wavy
events detected in the measured series. In fact, in presence of linear waves, the lack of
vertical diffusion produces fluctuations in vertical velocity and scalars 90° out of phase and,
as a consequence, the quadspectral density is larger than the cospectral density in the wave
source region (de Baas and Driedonks 1985).
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For detailed discussions on wavelet theory and applications to the analysis of geophysical
data, see Kumar and Foufoula-Georgiou (1997) and Torrence and Compo (1998).
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