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Abstract Numerical modelling suggests that the turbulent boundary layer can act as an
effective mountain forcing mountain waves. In the daytime, convective rolls can cover the
mountains, raising the mountain-wave launching height. In non-convective conditions, the
nature of the effectivemountain is unknown.Here, we investigate if the early-morning bound-
ary layer, moving rapidly across mountains, also contains large eddies of size comparable
with convective cells. Temperature profiles from thousands of high-resolution radiosondes
show superadiabatic gradients of vertical scale a few hundred metres in the boundary layer,
appearing as the boundary-layerwind speed increases. These are explained by the overturning
of potential temperature surfaces in large eddies advected with the wind and/or longitudinal
rolls. An early-morning satellite image shows longitudinal rolls over mountains up to 1 km
height. It is suggested that early-morning fast-moving airflow over mountains, producing
mountain waves, also creates a turbulent boundary layer underneath them containing large
eddies of scale a few hundred metres, in addition to classic turbulence. These are part of
the effective mountain, higher than the actual mountain, which explains the formation of
mountain waves.

Keywords Mountain wave · Radiosonde · Turbulence

1 Introduction

Research on airflow over mountains has traditionally studied mountain waves in laminar,
inviscid flow (neglecting the boundary layer), or turbulent flow (neglecting the mountain
waves), the two research areas being kept separate (Wood 2000). Recently, numerical models
have included a boundary layer (Jiang et al. 2006, 2008; Smith 2007; Smith and Skyllingstad
2009) but these are still essentially a modification of the Scorer (1949) theory, with the
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Fig. 1 Summary of a newparadigm to explain type 2mountainwaves (Peng andThompson 2003;Worthington
2015). The lower part of the turbulent boundary layer acts as an effective mountain that can differ from the
actual mountain. Often, only the smoother flow in the upper boundary layer, with a humidity maximum
under the boundary-layer capping inversion, is revealed by lenticular mountain-wave clouds. The diagram
shows two-dimensional flow, but the horizontal wind exhibits Ekman rotation with height, and the horizontal
wavevector azimuth is centred on the wind direction across the effective mountain (Worthington 1999a, 2001).
Adapted from Figs. 1, 2 of Förchtgott (1967) and Fig. 1 of Lester and Fingerhut (1974)

boundary layer acting as a ‘sponge’. Large-eddy simulations such as Zhou and Chow (2014)
are made over gentle terrain, rather than the other limiting case of high wind speeds over
mountains.

In contrast, Peng and Thompson (2003) suggest that the turbulent boundary layer over
mountains behaves as an effectivemountain forcingmountainwaves. Thiswould explainwhy,
for fairly isotropic mountains, the azimuthal distribution of the mountain-wave horizontal
wavevector is centred on the horizontal wind vector at a height a few hundred metres above
the mountain tops, as observed by Meso–Strato–Troposphere (MST) radar (Worthington
1999a, b) and satellites (Worthington 2001, 2006). The azimuthal distribution is centred
on the wind vector at the ‘mountain wave launching height’ (Shutts 1997), where the flow
becomes mostly wavelike instead of turbulent, or surface of the effective mountain.

Mountain waves can be classified as types 1 or 2 (Worthington 2014, 2015) depending on
whether the effective mountain shape follows the shape of high ridge-like actual mountains,
and the boundary layer canbeneglected (type 1), or the effectivemountain differs significantly
from the actualmountain (type 2). Figure 1 summarizes the newparadigm for type 2mountain
waves. The lower part of the turbulent boundary layer acts as an effective mountain for the
more wavelike flow above it. Only the smoother flow in the upper boundary layer is revealed
by classic lenticular wave clouds. The rotor is included as an extreme case, for comparison
with Fig. 1 of Lester and Fingerhut (1974).

Here, we investigate experimentally the nature of the lower turbulent layer in Fig. 1.
Existence of mountain-wave rotors, effectively large turbulent eddies, is now accepted. Also,
Worthington (2002) shows that the effective mountain can consist of convective rolls, another
type of organized large eddy, above themountains in daytime. These are known to create con-
vection waves above flat ground (Young et al. 2002) and the similar waves above mountains
appear indistinguishable from mountain waves, rather than being a distinct type of mountain
convection wave (Bradbury 1990). Kalthoff et al. (1998) and Kossmann et al. (1998) report
that the boundary-layer height follows the mountain height at some times of day. However,
it is unknown whether the nighttime/early-morning boundary layer, fast-moving over moun-
tains, contains classic turbulence or if large eddies are part of coherent structures such as
longitudinal rolls.
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Fig. 2 Land height map centred on the Aberystwyth MST radar in Wales, UK, as in Worthington (2014),
showing locations of a surface anemometer, and radiosonde launch site at Aberporth. Dots show horizontal
locations at 2 km height of over 2500 radiosondes launched at 0500–0700 UTC, years 1991–2000

Fig. 3 Availability of early-morning radiosondes from Aberporth

1.1 Data

Locations of data sources, and land height, are shown in Fig. 2. Turbulent overturning in
the boundary layer is shown by superadiabatic vertical temperature gradients (Clayson and
Kantha 2008), using over 2500 radiosondes launched in the early morning at Aberporth
(52.13◦N, 4.57◦W). Time resolution is 2 sec, with an ascent rate ≈5 m s−1 giving height
resolution of≈10m; the surfacewind speed ismeasured as 1-min averages by an anemometer
on a 10-m tower at Frongoch Farm (52.42◦N, 4.06◦W). The data are too low in resolution
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Fig. 4 Percentage probability of
superadiabatic temperature
gradients as a function of height
using radiosondes at 0500–0700
UTC, years 1991–2000. Different
height intervals of 50, 100 and
200 m are used for fitting the
temperature gradient, to
investigate the effect of random
error causing spurious
superadiabatic temperature
gradients. The peak near 8 km
height may be partly caused by
random measurement error on the
near-adiabatic temperature
gradient in the upper troposphere.
This almost disappears for the
largest fitting interval of 200 m,
and the remaining peak below
1-km height is caused by genuine
turbulent overturning (Clayson
and Kantha 2008)

to study small-scale turbulence, but are ideal for structures of scale a few hundred metres,
similar to convective cells or longitudinal rolls.

Figure 3 gives the distribution of radiosonde launch times, at 0500–0700 UTC when
the boundary layer is expected to be non-convective. Data at 2300 UTC are only available
for 1996–2000 but give similar results. Mountain-wave vertical wind (w) is measured by
the 46.5 MHz Aberystwyth MST radar using a vertical beam, averaged for 1 h to show the
slowly-varyingmountain-wave component. Four case studies show the dependence of moun-
tain waves and their clouds on the surface wind and/or humidity profile. Type 1 modelling
case studies of mountain waves above the region are shown by Shutts (1992), Vosper and
Worthington (2002).

2 Results

2.1 Radiosondes

Since MST radar data commence at 1.7-km height, the effect of a turbulent boundary layer
causing type 2 mountain waves has only been inferred. Radiosonde ascent rates have long
been used to measure mountain-wave w oscillations (Laird 1952; Corby 1957; Shutts and
Broad 1993; Shutts et al. 1994). However Clayson and Kantha (2008) show how standard
high-resolution radiosondes can measure superadiabatic temperature gradients caused by
convection, or overturning potential temperature surfaces in turbulent eddies. Wilson et al.
(2011) report that potential temperature overturns down to 4-m scale can be measured.

Figure 4 shows the probability of superadiabatic temperature gradients less than
–9.8 K km−1, using fitting scales 50, 100 and 200m. For 50- and 100-m fitting scales, there is
an increased probability around 8-km height, and in the boundary layer. The increase around
8-km height may not be seen in browsing plots of MST radar vertical-beam spectral width
corrected for beam broadening (Hocking 1985), andmay be due to instrumental random error
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(a) (b)

(c) (d)

Fig. 5 Dependence of superadiabatic temperature gradients, fitted over 200-m height intervals, on wind
speed measured by the same radiosondes at 150–200 m height. In a, b vertical grey lines show individual
radiosondes, black dots show centre heights of superadiabatic temperature gradients. The coastline is approx-
imately east-west, and the radiosondes are launched from a hill next to the sea, so a, c are for winds from
the westerly–northerly–easterly 180◦ sector where the radiosondes mostly drift over land, and b, d are for
easterly–southerly–westerly winds where the radiosondes mostly drift over sea. The land height histogram
shown by grey dots is for a 50 × 50 km area centred on Aberporth

on the background temperature gradient, which is near adiabatic in the upper troposphere.
Using a 200-m fitting scale, the increase at 8-km height almost disappears, but the increase
within the boundary layer remains, implying results using 200 mmay be physically realistic.
Results are similar using a negative vertical gradient of potential temperature.

If superadiabatic gradients are the result of mechanically-forced large eddies, their prob-
ability should increase with low-level wind speed. Figure 5 shows superadiabatic gradients
as a function of wind speed at 150–200 m height measured by the same radiosondes. The
coastline is nearly east-west at the radiosonde launch site, which is a hill of maximum height
135 m, next to the sea. Repeating Fig. 5 for 45◦ azimuth sectors shows a difference for
radiosondes above land and sea. Radiosonde data are therefore divided according to whether
the low-level wind is from the sea (westerly–northerly–easterly 180◦ sector) and radioson-
des drift over land, Fig. 5a,c, or from the land (westerly–southerly–easterly 180◦ sector) and
radiosondes drift over sea, Fig. 5b,d.
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For radiosondes over land, Fig. 5a,c, there is a dependence of superadiabatic gradients on
wind speed (shown using a logarithmic scale to make the dependence clearer at low wind
speeds). Below ≈3 m s−1, the probability of superadiabatic gradients is low and shows little
height dependence. Above≈3m s−1 there is amarked increase of occurrence in the boundary
layer, reaching heights up to ≈1 km. However, for radiosondes over sea, Fig. 5b,d, there is
no increased occurrence in the boundary layer.

This strong dependence on wind direction can be explained as hills inland from the launch
site are smooth and only 100–150mhigh, and southerly early-morning air flow has decoupled
from the surface, with flow separation in valleys, so large eddies decay. In contrast, northerly
sea-level airflow impacts upon steep sea-facing slopes and cliffs, which rise 100 m at a 45◦
slope (Ordnance Survey 2012), causing large eddies immediately downwind for airflow from
sea to land. These large eddies could be spherical (Hooper et al. 1996) or part of longitudinal
rolls (Etling and Brown 1993; Drobinski et al. 1998).

Figure 5c shows the probability of superadiabatic gradients as a function of height, for
ranges of low-level wind speed. The probability of superadiabatic gradients increases with
wind speed. For radiosondes at 1100 UTC and 1700 UTC, where the boundary layer is
more convective, plots resemble Fig. 5a for both wind directions (not shown). Scorer (1954)
shows a related effect at 1900 UTC where flow from land to sea produces large eddies rising
as cumulus from a steep west-facing slope, heated by the sun and heath fires during the
afternoon, the cumulus forming pileus wave clouds (Fig. 6). Figure 5a,c are for low-level
flow in the opposite direction, striking steeper sea-facing slopes, apparently also creating
large eddies in the early morning. Glider pilots report (Fig. 5 of Bishop 1966) that whereas
stable airflow accelerates over a ridge, weakly stable airflow can break into thermals reaching
over three times the height of the ridge.

2.2 AVHRR Satellite Images

Bradbury (1990) and Worthington (2002, 2005, 2006) show interacting convective rolls
and type 2 mountain waves. The convective rolls are aligned with the mid-boundary-layer
flow (Atkinson and Zhang 1996), and the mountain-wave phase lines are at right angles to
them. This could appear counter-intuitive if the rolls are not corrugated in the direction of
airflow. However, the mountain waves and rolls commonly interact (similar to convection
waves tuning their own source) producing a pattern of bulges in the convective rolls, lined
up across-wind, and in phase with the mountain-wave crests, acting as effective mountains
(Worthington 2002, 2005, 2006).

Satellite images often show only one or the other cloud type; the relative height of max-
imum boundary-layer humidity and the mountain wave launching height determines which
type of airflow is made visible by cloud. Humidity is often a maximum in the upper boundary
layer under the capping inversion—above the mountain wave launching height, where the
flow is wavelike causing wave clouds. In the afternoon, with a well-developed convective
boundary layer, the mountain wave launching height is high (Worthington 2014) and the
humidity maximum in the upper boundary layer sometimes reveals the tops of convective
rolls, with invisible mountain waves above them only shown by MST radar (Worthington
2002, 2006).

Figure 7a,b shows two satellite images with longitudinal rolls and classic mountain-wave
clouds respectively, both in the earlymorning. In Fig. 7a the roll clouds are above the Snowdo-
nia mountains which reach over 1 km height (Fig. 2). There are also traces of mountain-wave
modulation of the roll clouds. In Fig. 7b the horizontal wavelength near the anemometer is
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Fig. 6 Reprint from Scorer (1954) showing large eddies revealed by cumulus and smoke from heath fires,
breaking away as the air flows up a mountain slope on the Isle of Man, at 1900 UTC, 25 April 1954. The rising
cumulus forces waves and wave clouds. Vertical temperature gradient is superadiabatic over a height range
more than 200 m. In Fig. 5a, c, the flow is instead from left to right, and in the early morning, up the steep
sea-facing slope at Aberporth

9 km, which is typical of mountain waves. Wave clouds above the sea to the west are down-
wind of Ireland. The surface wind speed is 3–5 m s−1 and noisy in both Fig. 7c, d.

Upwind radiosonde profiles in Fig. 8a, within 1–2 h of the satellite images, both show
vertical temperature gradients are stable in the lowest few km (about –6 K km−1). Since
the radiosondes only drift a few km horizontally in the boundary layer (Fig. 2) they may
be more representative of the marine rather than mountain boundary layer. Horizontal wind
profiles in Fig. 8b both showEkman rotation and increasing wind speedwith height, although
with slightly higher wind speed for Fig. 7b. Given the similar time of day, cloud cover,
boundary-layer stability and surface-wind noise, suggesting a similar boundary layer on the
two days, it is surprising that Fig. 7a,b show very different clouds. However, Fig. 8c suggests
an explanation.

The humidity for 25 April 1998 in Fig. 8c is a maximum in the lower boundary layer,
whereas for 4 August 1998 it increases with height to a maximum at 280 m. Maximum
humidity in the lower boundary layer is expected for calm foggy conditions, and is unusual
for surfacewind speed high enough to produce longitudinal rolls and/ormountainwaves. This
unusual humidity distribution reveals the turbulent atmosphere under the mountain waves,
below themountain wave launching height, in Fig. 7a. Themore typical humidity distribution
on 4 August 1998 reveals classic mountain-wave clouds, which could have a boundary layer
as in Fig. 7a underneath them, not shown by cloud. Smooth lenticular wave clouds suggest
laminar not turbulent flow, but this is an accident of the humidity distribution, only revealing
the smooth wave flow above a turbulent lower boundary layer causing type 2mountain waves
(Fig. 1).

2.3 Anemometer

Wind gusts on time scales of seconds are explained by mechanical turbulence and daytime
convection. Figure 5 implies large eddies of scale a few hundredmetres, which if advected at a
few m s−1 would be resolved by 1-min-average anemometer data. Figure 9 shows examples
of calm and gusty surface wind, and w measured by MST radar. The gustiness, hereafter
called ‘noise’, is estimated as the mean magnitude of the signal remaining after a 30-min
running mean is subtracted. w is nearly zero in Fig. 9a, whereas Fig. 9b shows large slowly-
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(a) (b)

(c) (d)

Fig. 7 a, b Visible-light AVHRR satellite images for the area in Fig. 2, showing a longitudinal roll clouds
with traces of mountain-wave cloud, and b classic mountain-wave clouds. Surface wind is south-westerly
in a and north-westerly in b. Sunrise is a 0458 UTC, b 0440 UTC. c, d show corresponding surface-wind
time series measured by the anemometer in Fig. 2, which have similar wind speeds and noise at the times
of the satellite images, marked by vertical lines. a, b are supplied by the Satellite Receiving Station, Dundee
University, Scotland

(a) (b) (c)

Fig. 8 Radiosonde profiles from Aberporth near the times of Fig. 7a, b. In a the left two lines are BV period
and right two lines are temperature. In b the left two lines are wind speed and right two lines are wind direction.
The dashed line in a shows the dry adiabatic temperature gradient. In the lowest few hundred metres, BV
period and increase of horizontal wind speed with height are mostly similar for the two radiosondes
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(a) (b)

(d)(c)

Fig. 9 a, b Height-time plots of w from MST radar, c, d surface wind time series in 1-min averages from
anemometer (black lines), and smoothed by a 30-min running mean (grey lines). Noise is the mean magnitude
of the signal remaining after the running mean is subtracted. Both case studies are for south-easterly flow over
mountains. a, c show zero w and low surface winds with low noise, b, d show disturbed w from mountain
waves up to 10-km height, for stronger surface winds with increased noise

changing w values characteristic of mountain waves, up to a critical layer at 10-km height
(e.g. Fig. 5a of Worthington 2002). The superadiabatic gradients reach over 30 % probability
in Fig. 5c, but the surface wind noise is continuous, suggesting a lower boundary layer filled
with large eddies. The dependence of noise and mountain-wavew on surface wind speed and
azimuth are compared below.

Figure 10a shows land height converted to azimuth and radial distance from the anemome-
ter, to show the contrast of mountains and sea upwind. Surface-wind noise for 0000–0600
UTC in Fig. 10b increases with wind speed for all azimuths, with the largest increase for
azimuth 000◦–150◦ where there are mountains the shortest distance upwind, consistent
with mechanical forcing of large eddies. There is a secondary peak near azimuth 300◦;
the anemometer is about 2 km inland, with hills of 100–150 m between its location and the
sea. Sea-facing slopes rise 100 m at 45◦ slope with some cliffs, which could create turbulent
eddies in westerly winds, advected across the anemometer.

Mountain-wave w measured at 2–5 km height by MST radar is shown in Fig. 10c. This
uses all times of day, which is almost identical to 0000–0600 UTC but with less random
error and data gaps. Figure 10c shows a similar pattern to Fig. 10b with the secondary peak
near azimuth 300◦ suggesting that steep sea-facing slopes and cliffs are sufficient to create
large eddies adding to the effective land height, to launch weak mountain waves from hills of
only 100–150 m. Similarity of Fig. 10b,c only proves correlation rather than cause and effect
between them, but is consistent with the turbulent boundary layer under mountain waves
acting as an effective mountain to explain Worthington (1999a, 2001).
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Fig. 10 a Land-height map
centred on the anemometer, as a
function of azimuth and radial
distance, showing the contrast
between directions with a low hill
and sea upwind, and mountains
upwind. b Dependence of
surface-wind noise on
hourly-averaged surface wind
speed and azimuth measured by
the anemometer. c Dependence
of mean magnitude of w at
2–5 km height measured by MST
radar, on surface-wind speed and
azimuth as in b. Black pixels
indicate data gaps

(a)

(b)

(c)

Fig. 11 Dependence of
surface-wind noise on surface
wind speed, and vertical
temperature gradient from the
minimum height ≈130 m up to
300 m measured by radiosondes.
The increase of surface-wind
noise with surface wind speed
persists for a range of
temperature gradients <zero, but
for more stable temperature
gradients >zero there are only
low wind speeds with low noise

In Fig. 9 ofWorthington (2015), bothmountain-wave azimuth andEkman rotation are only
weakly dependent on boundary-layer temperature gradient in the range –10 to –3 K km−1,
which is explained by the occurrence of a turbulent boundary layer both acting as an effective
mountain, and causing eddy viscosity with Ekman rotation. If consistent, surface-wind noise
as in Fig. 10b is also expected over this range of temperature gradients in mountain-wave
events.

Figure 11 shows the dependence of surface-wind noise on the vertical temperature gradient
from a least-squares fit up to 300 m height. The highest surface wind speeds produce a near-
adiabatic temperature gradient, but the increase of noise with wind speed still occurs up to
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gradients of zero or higher. For the most stable temperature gradients, there are only low
wind speeds and low noise. Surface-wind noise in Fig. 11 is therefore consistent with the
turbulent boundary layer and explaining Fig. 9 of Worthington (2015).

Worthington (2014) reported a lack of diurnal variation in the mountain-wave amplitude,
despite the diurnal changes of boundary layer between stable and convective. This might be
explained since the nighttime and daytime mountain boundary layers, for wind speed high
enough to cause mountain waves, are both filled with large eddies causing type 2 mountain
waves. Repeating Fig. 10 for 1100–1700 UTC gives a similar pattern, as if the fast-moving
mountain boundary layer contains large eddies at all times of day.

3 Conclusions

Radiosonde and surface anemometer data both indicate that the early-morning mountain
boundary layer is filled with large eddies of scale up to a few hundred metres, for wind
speeds high enough to force mountain waves. These are part of the effective mountain (Peng
and Thompson 2003), which raises the mountain wave launching height above the surface
(Fig. 1).

A satellite image soon after sunrise shows how these large eddies can take the form of
longitudinal rolls, revealed by maximum humidity near the ground. Usually, humidity is
maximum in the upper boundary layer, revealing wave clouds instead.

The similar dependence of surface-wind noise and mountain-wavew on the surface-wind
vector suggests that conditions are similar to produce large eddies and mountain waves, and
they often occur together, with a turbulent boundary layer containing large eddies below the
mountain-wave flow.
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