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Abstract

Mesoscale processes (atmospheric phenomena with horizontal scales ranging from a few
tens to several hundred kilometres and lasting from a few tens of minutes to a few days)
have the potential to influence the chemical composition of the troposphere. Tropopause
folds and mountain waves are two important types of mesoscale processes. Concentra-
tions and gradients of trace gases like ozone (O3) can be influenced by these processes.
Tropopause folds bring ozone-rich stratospheric air to lower altitudes. Mountain waves
and turbulence associated with them influence O3 gradients in the troposphere. Tro-
pospheric O3 is a toxic pollutant and a short-lived greenhouse gas with an influence on
the lifetime of many other trace gases. Understanding of its long-term development and
budgets are important. For this, better understanding, generalization and representation
of mesoscale processes are necessary.

Observations made by the 52 MHz wind-profiler radar ESRAD (ESrange RADar) and
the 54.5 MHz wind-profiler radar MARA (Movable Atmospheric Radar for Antarctica)
served as the basis for this study. ESRAD is located close to Kiruna in arctic Sweden
and has been in operation since July 1996. This is a site with frequent mountain wave
activity. By analysis of ESRAD and sonde data we have studied vertical mixing and
turbulence associated with mountain waves. An attempt was made to show the influence
of these processes on relaxation of the O3 gradient in the lower troposphere. Additional
balloon-borne in situ measurements of vertical profiles of atmospheric characteristics
(temperature, humidity, O3 mixing ratio) complement the radar measurements and aid
in correct identification and improved understanding of the observed processes as well
as of the radar backscatter signal itself. MARA was operated at the Swedish summer
station Wasa (73◦ S, 13.5◦ W) during austral summer 2010/2011 and at the Norwegian
year-round station Troll (72◦ S, 2.5◦ E) nonstop since December 2011. During its opera-
tion at the Wasa station, ozonesonde measurements were successfully undertaken during
the passage of a tropopause fold. These provided validity to the radar measurements
and proved them to be a useful tool for tropopause fold studies, for the first time at
Antarctic latitudes. Data gathered at the Troll station exhibit signs of an annual cycle of
tropopause folds with winter maximum and summer minimum in their occurrence rate
which is similar to the observed behaviour in the northern hemisphere.

Comparisons with ECMWF (European Centre for Medium-Range Weather Forecasts)
model data and the WRF model (Advanced Research and Weather Forecasting) show
that higher resolution models such as WRF are needed for more adequate representation
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of these processes. High resolution models can in return serve as a basis for studies of
areas that are not at all or only partially covered by measurement networks, as well as for
global studies. Thus they can provide useful information about atmospheric transport
and the state of trace gases like O3.
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Chapter 1

Introduction
The WHYs behind

Polar regions, generally considered as regions north and south of the 60 ◦latitude,
present even nowadays challenges for researchers. These vast regions are not easily ac-
cessible and thus without regular observation networks. In the atmospheric sciences, one
possibility for studying processes in these regions is by using models. However, proper
understanding of atmospheric processes is needed for the correct parametrization in the
models. For better interpretation of the model outputs in the whole area, a comparison
with measurements is necessary, at least on a local basis. This study focuses on two
mesoscale processes in the polar atmosphere: tropopause folds and turbulence associated
with mountain waves. Mesoscale processes are atmospheric phenomena with horizontal
scales ranging from a few kilometres to several hundred kilometres. They last from a few
tens of minutes to a few days and thus have the potential to also influence the chemical
composition of the troposphere. Since the troposphere in polar latitudes is mostly with-
out presence of deep convective systems (thunderstorms), the role of these processes in
vertical mixing and their influence on atmospheric constituents can be important. One
important tracer gas, that can help in our study, is also one of the important reasons
behind why better knowledge of these processes is necessary. This gas is ozone (O3).

Why ozone? O3 is an important constituent in both the stratosphere and the tro-
posphere. In the stratosphere it is present in high concentrations (mixing ratio in the
range of 0.1-8 ppm). Here it fulfils a biosphere protective role by absorbing harmful
UV radiation. UV radiation absorption leads to heating of the stratosphere. Hence, in
general, the temperature rises with the height, making the stratosphere highly stable.
This temperature inversion limits mixing between stratosphere and troposphere. In the
troposphere, O3 influences the lifetime of many trace gases. O3 itself is an important
trace gas for downward transport from the stratosphere as well as for horizontal trans-
port from areas polluted by anthropogenic sources (e.g. traffic, biomass burning) (e.g.
Randriambelo et al., 2000). It also acts as a short-lived greenhouse gas and on Earth’s
surface as a toxic pollutant. Typical O3 concentrations at the surface are in the range of
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2 Introduction – The WHYs behind

10-50 ppb.

Where does tropospheric O3 come from? One important source is photochemistry
of either naturally-occurring hydrocarbons or hydrocarbons and nitrogen oxides from
anthropogenic sources. Other discussed sources are Stratosphere-Troposphere exchange
(STE) processes and processes leading to vertical downmixing of O3. To understand
budget and the long-term development of tropospheric O3, a better estimation of the
contribution of these second sources is needed. Studies estimate the importance of STE
processes in a wide spectrum of values. A Lagrangian dispersion model used in the Arc-
tic (Stohl, 2006) and in the Antarctic (Stohl and Sodemann, 2010) suggests that only
0.5 % and 2 % of tropospheric O3 respectively has its origin in the stratosphere. Another
method using an atmospheric chemistry global circulation model suggests 23 % (Sudo and
Akimoto, 2007). Analysis of pre-industrial tropospheric O3, based on global ECMWF
(European Centre for Medium-Range Weather Forecasts) model data sets, estimates the
stratospheric source to be the origin of 40-60 % of this O3 (Lelieveld and Dentener, 2000).
Another question that studies of STE processes and vertical mixing in the polar latitudes
may aid to answer is the unexplained seasonal variation in the surface O3 in the polar
regions, with higher than expected winter concentrations found for example by Tarasova
et al. (2007). The same study concluded that 55 % of surface O3 in the polar latitudes
originates in the stratosphere. This large difference in estimates suggests that some key
processes are not yet well understood or parametrized in the models. Therefore, further
studies of processes that could have influence on O3 concentrations and distribution in
the troposphere of polar regions are needed.

Tropopause folds are intrusions of dry, ozone-rich stratospheric air into the mid- or
even low troposphere. Ever since they were recognized as a potential major source of
extra-tropic STE (see e.g. Shapiro, 1980; Holton et al., 1995), they have been studied in
the mid- and high latitudes of the northern hemisphere by direct observations, remote
sensing and high-resolution modelling (see e.g. Van Haver et al., 1996; Beuermann, 2002;
Dibb, 2003; Semane et al., 2007). Tropopause fold climatologies and occurrence rates
were compiled based on global model outputs for the northern hemisphere (Sprenger and
Wernli, 2003) as well as globally (Sprenger et al., 2003). Both of these model-based studies
detect very low occurrence rates of tropopause folds for the high latitudes. A very useful
tool for studying tropopause folds proved to be VHF wind-profiler radars. A passage of
a tropopause fold over a radar site is accompanied by a significant change of tropopause
height as well as a change of wind direction and speed along a frontal zone, which is de-
scending from the tropopause level to lower altitudes. These signs are detectable already
in the radar reflectivity data. VHF radars have been used for tropopause fold studies
in mid-latitudes of the northern hemisphere for example by Vaughan et al. (1994) in
the British Isles and Hocking et al. (2007) in Canada; at high-latitudes by Rao (2005)
and Rao et al. (2008) at Esrange, Kiruna. In the southern hemisphere, until now, they
were studied furthermost south by Baray et al. (2012) at Kerguelen Island (45◦ S). This
thesis reports the first tropopause fold observation by a VHF radar and ozonesonde in
situ observations in Antarctica at the WASA/Aboa (73◦ S) station (Paper IV). Findings
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about observed occurrence rates of folds during the year from the Troll (72◦ S) station
in Antarctica are reported in Paper V. There are geographical differences between the
southern and northern hemispheres (e.g. land-ocean distribution) which influence also
air circulation patterns. Because of this, comparison of behaviour of individual phenom-
ena between the hemispheres is necessary. The presented work is a continuation of VHF
radar studies done in the polar latitudes of the northern hemisphere (Rao, 2005; Rao
et al., 2008) and presents the first comparison of tropopause fold occurrence rates based
on observations at high-latitudes between both hemispheres and with a model study
(Sprenger et al., 2003).

The next process studied is the turbulence associated with the mountain waves.The
mountain or lee wave is the undulating flow of air on the lee side of a mountain ridge,
caused by a strong wind blowing perpendicular over the barrier. They are potentially an
important source of vertical mixing (Dörnbrack, 1998), which can influence distribution
of O3 and its transport in the troposphere. VHF radars are one of the best available op-
tions for direct observations of turbulence. Available methods for VHF radar turbulence
observations are summarized for example in the review by Wilson (2004). VHF radars
provide long time series of observations suitable for climatological studies of turbulence.
Paper I, II and III look at the turbulence observations at the ESRAD (ESrange RADar)
location and its possible influence on the vertical profiles of O3 in this region. Tropopause
folds observed in northern Scandinavia by ESRAD radar are often associated with strong
westerly winds at the ground (Rao, 2005), which may lead to the formation of mountain
waves and with them associated turbulence. Folds exhibit a seasonal cycle with a winter
maximum (Rao et al., 2008) and are a contributing factor to the variation of O3 in the
free troposphere (Rao, 2003). If the vertical mixing is strong enough, the concurrent
occurrence of tropopause folds and turbulence can help to explain the higher than ex-
pected wintertime concentrations of O3 in this area as predicted by models (Tarasova
et al., 2007; Zeng et al., 2010).

The following chapters will provide an introduction and basic information about the
phenomena studied in this thesis (Chapter 2) and introduce the observation instruments
(Chapter 3) and models (Chapter 4) used in the course of the work.
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Chapter 2

Mesoscale processes in the polar
atmosphere

Two mesoscale processes are the focus of this thesis. Tropopause folds and turbulence
associated with mountain waves. This chapter will introduce basic information about
these processes and an explanation of terms used in the work.

2.1 Tropopause
To explain tropopause folds, we first need to look at the tropopause itself. What is the
tropopause and how can we define it? From vertical profiles of temperature measured
by meteorological radiosondes, two distinct layers can be recognized - troposphere and
stratosphere. In the troposphere, temperature in general decreases with the height. The
stratosphere exhibits an average increase in temperature with height as it is warmed due
to the absorption of UV radiation in the ozone layer. The stratosphere is thus statically
stable, which limits the possibility of a mixing between the stratosphere and troposphere.

Air is called statically stable if an air parcel, vertically displaced from its position,
will be subject to restoring force towards its original position. One of the possibilities
to assess the stability of the air is the lapse rate of potential temperature θ. Potential
temperature is the temperature an air parcel would have if it would have been brought
from temperature T at pressure level p to 1000 hPa pressure level through dry-adiabatic
processes. It can be calculated as follows:

θ = T

(
1000hPa

p

)κ

, (2.1)

where κ is the Poisson constant i.e. ratio of the gas constant to the specific heat at
constant pressure. For dry air κ = 0.2854 ∼ 2/7. The stability criteria for dry air are:

∂θ

∂z
> 0 stable,
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6 Mesoscale processes in the polar atmosphere

∂θ

∂z
= 0 neutral,

∂θ

∂z
< 0 unstable.

Stability of the atmosphere can be quantified using the vertical gradient of potential
temperature as the square of Brunt-Väisälä frequency, also known as buoyancy frequency
(ωB).

ωB
2 =

g

θ

∂θ

∂z
, (2.2)

where θ is potential temperature and g is gravitational acceleration. From the stability
criteria and Eq. 2.2 it follows that positive values of ωB

2 imply that the atmosphere is
statically stable. A vertically displaced air parcel would oscillate at frequency ωB with a
period of oscillation τ = 2π/ωB around the level of equilibrium. Typical values of ωB in
the troposphere are about 1.2× 10−2 s−1 implying τ ∼ 8 min (Rogers and Yau, 1989). In
statically unstable air (ωB

2 < 0), air is unstable and displacement of the air parcel grows
with acceleration.

The difference in the temperature lapse rates between troposphere and stratosphere
gives rise to the existence of a transition boundary. This boundary is called the tropopause
and it is characterized by a nearly isothermal temperature profile. According to the WMO
(World Meteorological Organization) definition, tropopause is the lowest layer, where
temperature lapse rate decreases to 2 K km−1 or less and the average lapse rate between
this level and any level for the next 2 km does not exceed the value of 2 K km−1. This
definition is also known as the definition of thermal tropopause. Thermal tropopause
based on the WMO definition is often multivalued, exhibits breaks near jet streams and
does not form a continuous three-dimensional surface globally (Gettelman et al., 2011).

Another tropopause definition is based on the difference between troposphere and
stratosphere as far as the concentrations of of water vapour or carbon monoxide (CO)
(high in the troposphere and low in the stratosphere) or O3 (low concentration in the
troposphere and high in the stratosphere). There are large vertical gradients present
in the transition layer between the troposphere and stratosphere for these constituents
because of the limited possibility of mixing. This allows for the definition of a chemical
tropopause as a level with a given concentration of O3 or other atmospheric constituent
with suitable properties or of their combination.

While expressing changes in the static stability, thermal tropopause does not reflect
the fact that tropopause behaves, to some degree of approximation, as a material surface
(Holton et al., 1995). The concept of potential vorticity (PV) was used to construct a sur-
face with material surface properties. The definition of dynamical tropopause arose as a
near zero-order discontinuity in the PV. This way, defined dynamical tropopause reflects
changes in static stability and vorticity (i.e. horizontal and vertical wind shear). PV is
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defined as a scalar product of absolute vorticity and gradient of potential temperature:

PV = −(ζθ + f)
∂θ

∂p
, (2.3)

where f is the Coriolis parameter, p is pressure and ζθ is the relative vorticity evaluated on
isentropic (constant potential temperature) surfaces. Relative vorticity ζθ is the measure
of local rotation in a fluid, defined as the curl of velocity vector. Potential vorticity can
also be expressed directly in the terms of buoyancy frequency:

PV = ωB
2 θ

ρg
(ζθ + f), (2.4)

where ρ is atmospheric density and g is gravitational acceleration. PV is a conservative
property and if the contribution of diabatic and turbulent mixing processes is neglected, it
is conserved along the path of air parcel. It is often given in the terms of potential vorticity
units (pvu). 1 pvu is equal to 10−6Km2 kg−1 s−1, having in average positive values in the
northern hemisphere and negative in the southern hemisphere. |PV | has higher values in
the stratosphere. As calculations of PV require three dimensional temperature and wind
data, it is useful for identification of the boundary between stratosphere and troposphere
in the models and analysis systems. The actual value of PV to be used as a representation
of the dynamical tropopause is still under discussion, with values ranging between 2 pvu
to 4.15 pvu (Gettelman et al., 2011). An often used value to represent extra-tropical
tropopause is 2 pvu, which is also supported especially in polar latitudes by a recent
model-based study by Kunz et al. (2011). In this thesis (Paper IV and V) for analysis
and identification of the tropopause in model data the value of -2 pvu for the southern
hemisphere was employed. This level was also used for creation of tropopause maps
(topography and wind speed maps at the -2 pvu level). PV was also depicted in Paper
IV on isentropic levels, where the -2 pvu isoline then represents the boundary between
stratospheric and tropospheric airmass. Because PV is conserved along an isentropic
(i.e. adiabatic and reversible) path of an air parcel, this boundary between stratospheric
and tropospheric airmass is characterized by strong PV gradients. The boundary also
coincides with the position of the upper tropospheric jet stream. Tropopause folds are
often formed in these regions.
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2.2 Tropopause folds

There is a possibility for isentropic STE in the lower stratosphere, where the tropopause
cuts across isentropic surfaces. This causes a displacement of the tropopause and when
followed by non-conservative processes e.g. diabatic heating or cooling and turbulent
mixing, it can lead to irreversible transfer of air parcels between the stratosphere and
troposphere (Holton et al., 1995). Distortion of the tropopause by large latitudinal
displacements is characterized by tongues of high PV air, also having high concentrations
of O3 and low humidity. These intrusions of stratospheric air to the troposphere are called
tropopause folds. They are associated with polar and subtropical front jet streams.
The deepest deformations are usually forming at the flank of very strong jet streams.
Detailed studies and analysis of tropopause fold occurrences close to jet streams by
flight in situ measurements were done by e.g. Shapiro (1980). Figure 2.1 shows the
analysis of these flight measurements and depicts the tropopause fold at a side of a jet
stream core with wind velocities exceeding 80 m/s. The difference between troposphere
and stratosphere can be seen easily in the density of isentropes. The higher vertical
gradient of potential temperatures indicate higher values of static stability. Tropopause
folds were recognized as a possible important source of STE but the opinions about
the contribution of this process to the budget of tropospheric O3 are varying. The
estimation of contribution of tropopause folds to STE in polar latitudes depends on the
understanding of the process itself and on occurrence rates of folds in high latitudes.
Paper IV and V present new observations of tropopause folds and their occurrence rates
in high latitudes of the southern hemisphere, where these were previously not available.

Figure 2.1: Cross section through a tropopause folding event. Potential temperature
(K), thin solid lines; wind speed (m/s), heavy dashed lines; flight track, thin dashed
lines; 1 pvu PV tropopause heavy solid line; troposphere, stippled area. (From Shapiro
(1980); © Copyright 1980 American Meteorological Society)
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2.3 Turbulence associated with mountain waves and
vertical mixing

When stable air flow passes over a stationary barrier like a mountain ridge, atmospheric
gravity waves can be formed on the lee side. These are know as mountain waves or lee
waves. They are distinguished as either vertically propagating lee waves or trapped lee
waves. Vertically propagating lee waves have large horizontal wavelengths, on an order of
tens of kilometres and more. They can generate regions with severe clear air turbulence
(CAT), thus posing a serious hazard for aviation. Often they are accompanied by strong
winds at the ground. Trapped lee waves occur beneath or inside of a layer with high
static stability with strong winds above, in the middle and higher troposphere. They
usually have horizontal wavelengths up to a few tens of kilometres. To test if conditions
are favourable for for the existence of trapped lee waves, the Scorer parameter is used:

l(z)2 =
ωB

2

U2
−

∂2U
∂z2

U
, (2.5)

where U = U(z) is the vertical profile of horizontal wind, and ωB the buoyancy frequency
determined upstream of the barrier (Holton et al., 2003). If l is decreasing with the height,
trapped lee waves can be generated. In that case, waves with wavenumber > l at the
upper heights, are trapped below and do not propagate vertically. If l is approximately
constant with height, the waves will be able to propagate vertically. Distinguishing
between these two conditions in our case was helpful when performing modelling (Paper
I), as trapped lee waves can be difficult to model accurately. Therefore, the knowledge
of the Scorer parameter can be helpful in interpretation of model results.

Associated with the lee waves and their breaking is turbulence. Turbulent regions
can be detected from vertical meteorological radiosondes or model outputs as areas with
a low Richardson number. The Bulk Richardson number is a dimensionless ratio defined
as:

Ri =
g
T

Δθ
Δz

(ΔU
Δz

)2 + (ΔV
Δz

)2
, (2.6)

where ΔT is temperature difference and Δθ is potential temperature difference across
a layer of thickness Δz. g is gravitational acceleration and (ΔU,ΔV ) are differences in
eastward and northward components of the wind across the same layer. When the thick-
ness of the layer becomes very small, The Bulk Richardson number comes close to the
Gradient Richardson number. Ri relates the thermal production of turbulence (numera-
tor) and its production by wind shear (denominator). Ri values smaller than the critical
Richardson number Ric = 0.25 are necessary for initiating wind-shear driven turbulence
and Ri < 1 for sustaining this turbulence. Paper I concentrates on a modelling study
of mountain waves in the area of northern Scandinavia behind the Scandinavian moun-
tain ridge and comparison with the VHF radar turbulence observations. Turbulence and
mountain wave conditions in this area are observed frequently, ∼ 40% of the time in
the radar observation database (Paper I) and sometimes coincide with the observation of



10 Mesoscale processes in the polar atmosphere

tropopause folds. Thus estimation of the influence of the turbulence in terms of vertical
mixing is necessary also for the understanding of O3 budgets and transport.

Vertical mixing can be expressed and quantified in terms of the eddy diffusivity co-
efficient (K) i.e. the coefficient for the diffusion of a conservative property by eddies in
a turbulent flow. Paper II studied the influence of turbulence on the vertical profiles of
O3.

When considering the turbulent mixing of a species (like O3), the conserved quantity
is mixing ratio mi = [X]/ρ = ρi/ρ. The change of the concentration of the species X
over time is thus expressed by the diffusion equation:

∂[X]

∂t
+∇ · −→F X = PX −DX , (2.7)

where PX is production of species X, DX is its destruction and ∇ · −→F X is the transport
term (Goody, 1995). The eddy diffusivity coefficient expresses the ratio of a turbulent
flux of a conservative property through a surface to the gradient of the mean of this
property perpendicular to this surface. It can be estimated from the diffusion equation
(Eq. 2.7), when considering only vertical transport and no production or destruction
(sources and sinks) of the transported species in the free troposphere. The diffusion
equation can thus be written in the following form:

∂ρmi

∂t
− ∂

∂z
ρK

∂mi

∂z
≈ 0, (2.8)

where index i denotes the property of species i, in the case of Paper II of O3. We can
consider the following dependences of density ρ and mixing ratio mi on height and time:

ρ = ρ0 exp
(
− z

H

)
, thus

∂ρ

∂z
=

ρ

H
and

∂ρ

∂t
= 0,

mi =
ρi
ρ
, where ρi = ρi(t) exp

( −z

Hi(t)

)
.

(2.9)

where H is the scale height of the atmosphere and Hi(t) is the scale height of the species
i at time t. After substitution into the diffusion equation and assuming change of mixing
ratio with time

mi0(t) = mi0(0) exp

(
− t

τK

)
, (2.10)

where τK is the eddy diffusion time, we arrive at equation for t = 0 and z = 0:

K =
H2

τK

Hi0

(Hi0 −H)
. (2.11)

Here, Hi0 is the scale height of the species i at the time t=0 and K can be estimated for
given species scale height and eddy diffusion time. This equation was used in Paper II
in approximation for Hi0 �H to estimate K. In this paper, the difference in O3 profiles
in the lower troposphere was contributed to mixing during the time (τK) the sampled
airmasses in average moved through the region with mountain waves present, behind the
Scandinavian mountain ridge (distance from the place of measurements ∼100 km).



Chapter 3

Remote sensing and in situ
observations

Mesosphere-Stratosphere-Troposphere (MST) radars are a valuable tool for observa-
tion and study of tropopause folds (see e.g. Vaughan et al., 1994; Hocking et al., 2007)
and mountain waves and with them associated turbulence (see e.g. Rao et al., 2001; Nas-
trom and Eaton, 2005) but also of other phenomena such as Polar Mesospheric Summer
Echoes (see e.g. Kirkwood et al., 2007). They are also often called wind-profiling Doppler
radars. They measure backscattered signals from turbulent irregularities in the atmo-
sphere caused by temperature and humidity gradients, i.e. they are sensitive to changes
in the radio refractive index. Wind-profilers operate either in UHF (300-3000 MHz) or
VHF (30-300 MHz) bands and are routinely used for measurements of atmospheric wind
fields. Because wind-profilers can operate without interruptions, they provide long time

Figure 3.1: ESRAD radar - summer 2009 (Photo by M. Mihalikova)
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series of observations from various locations. Climatological and comparison studies are
thus possible. Data from two wind-profiler radars are being used in this thesis. ESRAD
(Fig. 3.1), located in northern Sweden, and MARA (Movable Atmospheric Radar for
Antarctica), located in Antarctica (Fig. 3.2).

3.1 ESRAD radar
ESRAD is an interferometric VHF wind-profiling radar. It is located in northern Sweden
at Esrange (67.56◦ N, 21.04◦ E) at an altitude of 295 m a.s.l. It operates continuously since
August 1996 at a frequency of 52 MHz (Chilson et al., 1999). From the received backscat-
tered signal, height profiles of signal to noise ratio (SNR) are found. Vertical winds are
determined from the Doppler shift of the returned signal. Horizontal winds and r.m.s.
velocity fluctuations are calculated by full-correlation analysis technique (Holdsworth and
Reid, 1995). This method determines wind movements based on the diffraction pattern
received in the radar’s 6 separate receivers as the scatterers are moving with the mean
wind over the radar beam. Technical details about ESRAD are summarised in Tab.
3.1. ESRAD data was used in Paper I, II and III for the study of mountain waves and
associated turbulence behind the Scandinavian mountain range.

Table 3.1: ESRAD: technical details (spring 1997 and January 2003) (see e.g. Réchou
et al., 1999)

Location 67.56◦ N, 21.04◦ S
Altitude 295 m a.s.l.
Transmitter system:
Frequency 52 MHz
Max. duty cycle 5 %
Peak power 72k̇W
Antenna:
Antenna array 12 × 12 array; 5-element Yagis (before April 2004)
Antenna effective area 1870 m2

Antenna spacing 0.71λ
Receiver:
No. of receivers: 6
Sampling resolution (ST-mode): 300-600 m
Further information:
http://www.irf.se//program/afp/mst/?link=ESRAD_sp_start
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3.2 MARA radar
MARA, as ESRAD, is also vertically-pointing wind-profiling radar. It was installed at
the Swedish/Finnish summer stations WASA/Aboa in Queen Maud Land, Antarctica
(73◦ S, 13.5◦ W) since the austral summer season 2006/2007 (Kirkwood et al., 2007) and
operated for consecutive summer seasons until the summer season 2010/2011. During the
next summer season, it has been moved to the Norwegian station Troll (72◦ S, 2.5◦ E).
It has been in operation continuously since December 2011. MARA operates at the
frequency of 54.5 MHz. It measures vertical profiles of echo power, from which SNR pro-
files are derived, auto and cross correlation at and between 3 receivers and Doppler shift.
Horizontal winds are calculated using full correlation analysis technique (Holdsworth and
Reid, 1995) and vertical winds are derived from Doppler shift. MARA can operate in
various modes with different vertical resolutions. Information about technical details of
MARA and codes used in this thesis (Paper IV and V) are summarised in Tab.3.2

Table 3.2: MARA: technical details and radar operating modes for summer season
2010/2011 and December 2011 to August 2012 (Paper IV and Paper V)

Frequency 54.5 MHz
Max. duty cycle 7.5 %
Peak power 20 kW
No. of receivers: 3 / 6 since November 2011
Summer season 2010/2011
Location 73.04◦ S, 13.41◦ W
Altitude 470 m a.s.l.
Operating mode name fca_150 fca_4500
Sampling resolution 150 m 600 m
December 2011 to August 2012
Location 72◦ S, 2.5◦ E
Altitude 1275 m a.s.l.
Operating mode name fca_150 fcw_150 fcd_300i
Sampling resolution 150 m 100 m 200 m
Operating mode name fcw_300 fca_4500
Sampling resolution 300 m 600 m
Further information: http://www.irf.se/link/MARA_AFP_IRF
Online data: http://www.irf.se//program/paf/?link=Data
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Figure 3.2: MARA radar - assembling at the start of the season at the Wasa/Aboa
station, Antarctica, December 2010 (Photo by M. Mihalikova)

3.3 Balloon-born in situ measurements

Balloon-borne radio- and ozonesondes serve as means to gain in situ measurements of
vertical profiles of atmospheric parameters. Vertical profiles of air pressure, tempera-
ture, dew point or relative humidity, wind direction and speed, and ozone concentration
provide comprehensive information about the character of air-masses and stratification
above a given area. Meteorological services of individual countries usually perform sonde
measurements on a regular basis. These measurements are well established as they serve
in the operational forecasting service. Nowadays, there are available databases of world-
wide sonde measurements (e.g. World Ozone and Ultraviolet Radiation Data Centre
http://www.woudc.org/). These measurements represent a vast source of information
useful for the study of atmospheric processes like clear air turbulence or vertical mixing.

Sondes, as in-situ measurements, have the advantage of sampling the actual state
of the atmosphere at given vertical resolution. They can be a reasonable choice of in-
strument when planing measurement campaigns in remote areas as they do not require
pre-existence of facilities at the launch place. When high resolution measurements are
needed, their vertical resolution can be improved by aiming for a slow ascent speed by
calculating the amount of helium gas needed for the balloon with a given payload to
ascent at a desired speed (e.g. for slow ascent ∼3 m/s). Although, in some weather con-
ditions (e.g. high ground wind speeds) this is not possible if there is no sheltered place
for flight preparations as the balloon would not be able to take off.

When comparing collocated radar and sonde measurements, the horizontal displace-
ment of sondes need to be taken into consideration. This horizontal displacement is due
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(a)

(b)

Figure 3.3: Meteolabor SRS-C34 sonde launched at 29 December 2010 (a) and ozonesonde
lunch preparations at Wasa/Aboa station, Antarctica (b). (Photos by M.Mihalikova)

to the fact that sondes are drifting along with the main wind flow and depending on the
characteristics of this flow, they can get displaced from the starting point several tens
to hundreds of kilometres. This introduces an uncertainty about if the sampled vertical
profile is still representative for the air above the launch place - radar site. As sondes
are equipped with a GPS system, their position in respect to the radar location can be
easily determined and a possibility of sampling of different air-mass evaluated. In such
evaluations, it is often helpful having data from other sources like weather model analysis
outputs.

In this thesis, sonde measurements from several sources were utilised. Data of sondes
launched as a part of previous campaigns from the ESRAD radar location, MaCWAVE
sounding rocket campaign (Paper I and references therein) and ILAS - Improved Limb
Atmospheric Spectrometer validation balloon campaign (Paper II and references therein),
were used in the first part of the thesis. These were used for the study of turbulence
and vertical mixing associated with mountain waves behind the Scandinavian mountain
ridge and observed by the ESRAD radar.

In addition, we have launched several sondes in the course of the work. We have
used Meteolabor SRS-C34 sondes (Fig. 3.3) with the Argus 37 receiver ground station.
The sondes were equipped with high-response temperature sensors and some of them
also with an ECC (Electrochemical cell) ozone sensor. With the response time of the
temperature sensor being less than 0.5 s, each second 2 to 3 measurements were acquired.
To improve vertical resolution of our overall measurements, we aimed for a slow ascent
rate, around 1.5 - 3 m/s. This lead to a vertical resolution of temperature in average
of 0.75 - 2 m. The sondes were launched from the site of the ESRAD or MARA radar,
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which enabled us to make comparisons of these two types of measurements.

A radiosonde launched at the ESRAD site was used for a short study of temper-
ature variations in the vertical profile using the Thorpe method, which originates in
oceanography, and its use was suggested by Clayson and Kantha (2008). The method
and comparison with radar data is described in Paper III. The overturning areas can be
detected with this simple method, but as pointed out by Wilson et al. (2011), the key
issue that must be considered in this process is the impact of instrumental noise and only
a part of the deep overturns can be effectively detected from standard meteorological
radiosondes as these have lower sample rates and vertical resolution. After careful con-
sideration of the influence of instrumental noise and identification of neutrally stratified
and well-mixed layers, the data from high-resolution sondes can serve as a complement
to radar data. Their collocation with radars can help the interpretation of radar mea-
surements and better understanding of turbulence and also other observed phenomena.

Further sondes were launched from the site of the MARA radar at the Wasa/Aboa
station in Antarctica during austral summer season 2010/2011. These were slow ascent
radio- and ozone-sondes, which attempted to target selected synoptic situations for fur-
ther comparison of in situ measurements with MARA radar measurements, specifically
tropopause fold passage in Paper IV.

3.4 Buoyancy Frequency retrieval
In the case of vertically pointed radars, echo power returned from the upper troposphere
and lower stratosphere (UTLS) can be exploited for retrieval of static stability informa-
tion. The returned power is proportional to the mean vertical gradient of the generalised
refractive index M , which is defined as:

M = MD

[
1 +

15500 q

T
−

7800
T

∂q
∂z

∂lnθ
∂z

]
, (3.1)

which depends on specific humidity q (kg kg−1) and its vertical gradient. θ (K) is the
potential temperature, T (K) is temperature and MD is the dry term of the mean vertical
gradient of the generalised refractive index defined as:

MD = −77.6× 10−6 p

T

∂lnθ

∂z
, (3.2)

where p (hPa) is the air pressure. MD is often used as approximation for M especially in
volumes which can be considered dry or where humidity is negligible. Echo power is thus
determined mainly by the mean temperature gradient, distance from which it is returned
and the scale hight of atmospheric density. Estimates of static stability can thus be made
as follows:

RB
2 = Fe z exp(z/H)Pr

1/2, (3.3)
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where Pr is the radar echo power, z is height and H is atmospheric scale height. Fe is
the constant of proportionality and it is independent of height. The constant of propor-
tionality can be found using the profile of buoyancy frequency calculated from collocated
sonde measurements. In volumes where humidity can be assumed to be negligible, as in
the UTLS region, RB = ωB (further details in: Hooper et al., 2004). In this way it is
possible to have time series of vertical profiles of buoyancy frequency over the radar site
without the disadvantage of profiles calculated from sondes, which usually drift tens to
hundreds of kilometres away from the starting location.

In this thesis, buoyancy frequency is often used to characterise and express the
static stability of the observed atmosphere. It was also used to determine the hight
of tropopause from the radar measurements as there is a steep gradient in the buoyancy
frequency at the tropopause level. It is also useful when comparing radar measurement
with model data, as it easily possible to derive from both data sets.
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Chapter 4

Models

Numerical weather prediction models and analysis systems provide comprehensive
information about the state of the atmosphere.Thus, global analysis outputs serve as
means to get information about atmospheric processes also in areas not covered by regular
networks of in situ or remote sensing measurement. However, the models are limited by
computing abilities, which has implications on the attainable resolution of the models.
They are also limited by our understanding of individual processes and our ability to
parametrize and include them into the model formulation. Nevertheless, models are very
useful tools for studying atmospheric processes. In the course of this thesis, outputs
of three models were utilised. Flexpart – particle dispersion model, ECMWF model –
global weather prediction model and WRF model – mesoscale weather prediction system.
These models served us to assess the meteorological situation in individual case studies
and as comparison to the measurements done by wind-profiler radars and ozonesondes.

4.1 ECMWF model

The European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric de-
terministic model is a high resolution spectral model. It uses continuous basis functions
to represent model parameters in horizontal space. Spectral models can be computational
efficient and make some derived quantities easy to compute. Disadvantages can be that
discreet meteorological phenomena are difficult to represent in spectral form and compu-
tational efficiency goes down quickly with increasing resolution. Resolution of a spectral
model is shown by a model truncation wave number, which sets limits on the wave-
lengths of phenomena still recognized by the model. Throughout its operation, together
with the advances in computational possibilities, ECMWF increased resolution of the
model in several steps from spectral truncation at wave-number 213 and 31 vertical lay-
ers (T213L31) in year 1991, through several steps to the currently used T1279/L91 since
January 2010. For graphical display of spectral model data, the transformation of data to
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a grid is necessary. The changes in spectral resolution of the ECMWF model after trans-
formation to latitude/longitude grid represent change of resolution from 0.56◦(∼40 km) to
0.125◦(∼16 km). It is good to bear in mind that the horizontal resolution in km changes
from equatorial latitudes to the poles (having higher resolution around the poles) because
of the shape of the Earth. The ECMWF model is governed by six equations of which
two are diagnostic and express the relation between different parameters (Gas Law and
Hydrostatic Equation). The other four are prognostic, describing changes with time of
the horizontal wind components, surface pressure, temperature and water vapour con-
tent (Equation of Continuity, Equation of Motion, Thermodynamic Equation and the
Conservation Equation for Moisture). The model uses a semi-Lagrangian numerical for-
mulation for the computations. (ECMWF, 2003). The operational analysis data which
were used in our studies are provided four times per day (at 00, 06, 12 and 18 UTC).
Selected meteorological fields are provided on model levels, pressure levels or potential
temperature levels. Several products are available on the 2 pvu potential vorticity level,
which represents the dynamical tropopause. They are disseminated in the GRIB format.

In this thesis, ECMWF analysis fields were used in initialisation of FLEXPART and
WRF models and for description and depiction of synoptic situations in individual study
cases described in the thesis. ECMWF analysis data was used also for direct comparison
with ozonesonde and radar observations of tropopause folds and we have tried to gain
insight into which extent ECMWF model is presently able to resolve tropopause fold
structures in polar latitudes and how this compares with a very high resolution WRF
model simulation (Paper IV). Comparison of fold occurrence rates at the Troll station
by the MARA radar and present T1279L91 version of ECMWF model and an older
global study of tropopause fold occurrences based on T319L60 and T511L60 versions of
ECMWF model by Sprenger et al. (2003) were done in Paper V.

Further details about the numerical formulation and parametrization of various quan-
tities in the atmospheric model as well as other ECMWF products can be found on
ECMWF webpage: http://www.ecmwf.int/.

4.2 Flexpart model
Flexpart is a Lagrangian particle dispersion model used for atmospheric transport mod-
elling and analysis. It simulates long-range and mesoscale transport as well as wet and
dry depositions, diffusion and radioactive decay of tracers. Tracers in the simulations can
be released from point, line, area or volume sources and the simulations can be performed
forward or backward in the time. It is used for air pollution studies but also for studies of
topics where atmospheric transport plays a role e.g. stratosphere-troposphere exchange.
One of its main advantages is the flexibility to adapt to specific conditions. Another
advantage is that, unlike in Eulerian models, there is no numerical diffusion. As input
data, Flexpart uses meteorological fields, either forecasts or analysis in Gridded Binary
(GRIB) format from the ECMWF model (Stohl et al., 2005). Details about the Flexpart
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model and its source code are available at http://transport.nilu.no/flexpart. In
our work, the Flexpart model was used to determine the sources of air-masses sampled
by ozonesondes at Esrange in February and March 1997. At first, an attempt was made
to positively link ozonesondes from measurement locations on both sides of Scandinavian
mountain ridge was made. This was done by examining backtrajectories of model par-
ticles released at different heights and times from the ozonesonde measurement location
at Esrange. The backtrajectories were also used to distinguish the source regions of air-
masses sampled. This enabled us to divide the sondes into groups according the air-mass
origin and improve the comparison of vertical O3 profiles made in Paper II. The forecast-
ing ability of Flexpart may serve in the development of coordinated sonde experiments,
which would lead to more exact determination of the influence of turbulence associated
with mountain waves on the vertical transport of O3.

4.3 WRF - ARW model
The Weather Research and Forecasting (WRF) Model is a mesoscale weather prediction
system designed for operational forecasting as well as for the needs of atmospheric re-
search. WRF, as described in detail by Skamarock et al. (2005, revised 2007), is suitable
for studies of processes on scales ranging from a few metres to thousands of kilome-
tres. It is an Eulerian, non-hydrostatic model with the possibility to use two-way nested
domains and of implementing high-resolution orography. These properties make it a
suitable tool for non-hydrostatic simulation of mountain waves and high-resolution sim-
ulations of tropopause folds. Further details about the WRF model can be found at:
http://wrf-model.org/.

The Advanced Research -WRF (WRF - ARW) was used in the thesis for the modelling
of mountain waves behind the Scandinavian mountain ridge in northern Sweden (Paper
I) and for a high resolution simulation of a tropopause fold observed at the Wasa/Aboa
station (Paper IV). In the first case, WRF was coupled with the National Centers for
Environmental Protection (NCEP) analyses at 1◦at the initial time and every 6 h at the
boundaries of the outer domain. For the tropopause fold simulation, ECMWF operation
analysis at 0.25◦and 6 h resolution was used. Our study showed that high-resolution
simulation (in these cases with the WRF model) can lead to improved representation of
the atmospheric process, and together with observations, to better understanding of the
processes of vertical mixing and tropopause folds and of the measurements itself. Com-
parison with the standard global model based studies can give us an idea about accuracy
of these studies, in our case, in the remote regions of polar latitudes (Paper V).
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Chapter 5

Summary of papers

This thesis aspires to bring forward the level of knowledge about two different mesoscale
processes in the polar latitudes of both hemispheres. Tropopause folds and turbulence
associated with the mountain waves. It consists of five papers which can be divided into
two thematic parts. The first three papers relate to identification of turbulence and ver-
tical mixing associated with mountain waves at polar latitudes of northern hemisphere
(Esrange, Kiruna) using ozone and radio sondes, radar measurements and modelling.
As the troposphere at polar latitudes is considered to be mainly statically stable, it is
necessary to study processes leading to vertical mixing and thus having a potential to
influence the chemical composition and vertical transport in the free troposphere. The
last two papers concentrate on tropopause folds as an important process of stratosphere-
troposphere exchange and are the first reports of observations in the polar latitudes of
the southern hemisphere. They are based on analysis of radar and ozonesonde measure-
ments gained at the Wasa and Troll stations in Antarctica and attempt to follow-up on
tropopause fold studies done in the high-latitudes of the northern hemisphere and global
model-based studies.

Paper I

Turbulence associated with mountain waves over northern Scan-
dinavia – a case study using the ESRAD VHF radar and the
WRF mesoscale model

This paper presents a study of turbulence associated with mountain waves as observed
on 23, 24 and 25 January 2003 by the 52 MHz windprofiling radar ESRAD, together
with simulations using the Advanced Research and Weather Forecasting model, WRF,
to study vertical winds and turbulence in the troposphere in mountain-wave conditions.
ESRAD is situated near Kiruna in northern Sweden to the east of the Scandinavian
mountain range. Prevailing westerly airflow in this area is the cause of frequent obser-
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vations of mountain waves and turbulence at the radar site. Through high-resolution
modelling (spatial resolution for the simulations was 1 km), we found that WRF can
accurately match the vertical wind signatures at the radar site. The horizontal and ver-
tical wavelengths of the dominating mountain-waves are 10-20 km and the amplitudes
in vertical wind 1-2 m/s. Turbulence below a 5500 m height is seen by ESRAD about
40 % of the time, but this is a much higher rate than WRF predictions for conditions
of Richardson number (Ri ) <1. However, it is similar to WRF predictions of Ri<2. It
was found that WRF predicts that air crossing the 100 km wide model domain centred
on ESRAD has a 10% chance of encountering convective instabilities (Ri<0) somewhere
along the path. The cause of low Ri is a combination of wind-shear at synoptic upper-
level fronts and perturbations in static stability due to the mountain-waves. Comparison
with radiosondes suggests that WRF underestimates wind-shear and the occurrence of
thin layers with very low static stability. Vertical mixing by turbulence associated with
mountain waves may thus be larger than suggested by the model. In conclusion, radar
observations over longer periods can be reasonably well-used for qualitative assessments
of occurrence of turbulent mixing. However, there is a large uncertainty in the buoyancy
frequency within the narrow layers where the mixing is most probably taking place. This
makes the quantitative assessments difficult, but could be further studied for example
with analysis of vertical profiles of a suitable trace gas (e.g. ozone) along the path of the
airmass across the Scandinavian mountain range.

Paper II

Vertical mixing in the lower troposphere by mountain waves over
Arctic Scandinavia

This paper utilises measurements made by ozonesondes as part of the ILAS (Improved
Limb Atmospheric Spectrometer) validation balloon campaign and by a 52 MHz wind-
profiling radar during February and March 1997. The radar is located at Esrange, near
Kiruna in northern Sweden, on the eastern flank of the Scandinavian mountains. Due
to prevailing westerly airflow, mountain waves and with them associated turbulence is
often observed at this site. During the studied period, ozonesondes were launched from
the radar location daily. The radar vertical and horizontal wind measurements are used
to identify times when mountain waves were present. According to this information,
mean vertical gradients in ozone mixing ratio in the lower troposphere are determined in
conditions with mountain waves present and when they were absent. To minimise impact
of varying sources of air-masses on the results, with the help of the Flexpart model, back-
trajectories were calculated and only air-masses with not totally dissimilar sources were
included into the final averages. The vertical gradient in ozone mixing ratio between the
600 m and 3600 m heights, is found to be about twice as steep outside wave conditions as
it is during mountain waves. This suggests a very high rate of vertical mixing, with an
average eddy diffusivity of order 5000 m2 s−1. This is consistent with an earlier estimate
of the occurrence rate of complete mixing by wave breaking over the mountain range and
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much higher than the estimates (∼2.3 m2 s−1) gained by the usual radar-based estimate
methods.

Paper III

Temperature variations seen by high resolution radiosondes as
signs of turbulence, comparison with ESRAD

The impact of small scale turbulence and vertical transport in the free atmosphere is
a debated issue. Various methods are used to gain information about eddy diffusivity
coefficients to gain insight on these processes. MST radar-based estimates and estimates
using radiosonde measurements are often used. This study looks at temperature varia-
tions seen by radiosondes and investigates if it can be an important source of information
about turbulence in the free atmosphere. By using a slow-ascent rate and Meteolabor
radiosonde with a very fast temperature sensor response and high sampling rate, the
vertical resolution of temperature measurements can be significantly increased. This pa-
per concentrated on testing if the fluctuations due to turbulence can be detected in the
temperature variations. The small-scale variations seen by the sonde can be signatures
of the turbulence and a comparison with measurements from the ESRAD 52 MHz radar
supports this. The radar detects layers with higher levels of turbulence (short correla-
tion times - τ) at the same heights as the sonde sees enhancement in the amplitude of
the temperature variations in a layer. Using Thorpe’s method, overturning areas can be
identified and aid in estimating the vertical extent of some mixing events. In comparison
with radar data, Thorpe length derived from high resolution sounding measurements can
provide finer vertical resolution of mixing events in the atmosphere. However, it detects
overturning areas without regards for age or their turbulent activity (except in regions of
convective instability) and special care needs to be given to the analysis of measurement
noise and detection of false overturns because of the presence of well-mixed and neu-
trally stratified layers. Co-located ozonesonde measurements complements turbulence
data measured by VHF radar, which measures active turbulence and can lead to better
understanding of radar observations as well as of vertical mixing processes.

Paper IV

Observation of a tropopause fold by MARA VHF wind-profiler
radar and ozonesonde at Wasa, Antarctica: comparison with
ECMWF analysis and a WRF model simulation

The Moveable Atmospheric Radar for Antarctica (MARA), a 54.5 MHz wind-profiler
radar was located at the Wasa station in Antarctica (73◦ S, 13.5◦ W) for austral summer
seasons 2007 to 2011. During this time it observed in several cases signatures similar to
those observed previously at Arctic latitudes and attributed to the tropopause folds. In
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the summer season 2010-2011 one of these signatures was successfully sampled by a Me-
teolabor SRS-C34 sonde with an ECC sensor, while moving across the MARA location.
The gained vertical profiles of temperature, relative humidity and ozone concentrations
were compared with the corresponding radar observations and the situation was further
studied by using the operational analysis of the European Centre for Medium Range
Weather Forecasting (ECMWF) analysis and a high-resolution WRF (Weather Research
and Forecasting) model simulation. This study shows that folds can be positively identi-
fied in radar data by static-stability features which agree closely with layers of enhanced
ozone measured by co-located in situ measurements by ozonesondes. Radar data can
thus be used for tropopause fold identification and eventually, occurrence rates statistics
can be derived based on it. Radar and sonde observations were also compared with mod-
els and correspond with good agreement with high-resolution simulations by the WRF
model, however, were not as well-resolved by the ECMWF analysis, which did not give
correct impression of the depth of the fold penetration into the troposphere.

Paper V

Tropopause fold occurrence rates over the Antarctic station Troll
(72◦ S, 2.5◦ E)

Knowledge of tropopause fold climatology and occurrence rates in polar areas is nec-
essary for improved evaluation of stratosphere-troposphere exchange and tropospheric
ozone budgets. Tropopause folds are extensively studied in the mid-latitudes of both
hemispheres, but in the high latitudes, the information and observations at hand are
rather scarce. The climatology of folds has been studied at high latitudes of the northern
hemisphere with the help of radars. Global studies were performed based on model data
but so far this has not been compared with direct measurements in the high latitudes
of the southern hemisphere. This paper utilizes measurements made by the Moveable
Atmospheric Radar for Antarctica (MARA), a 54.5 MHz wind-profiler radar. MARA
has operated at the Norwegian year-round station Troll, Antarctica (72◦ S, 2.5◦ E) since
December 2011 and during this time, frequent tropopause fold signatures have been ob-
served. Based on this data, occurrence rate statistics of tropopause folds from December
2011 until August 2012 have been made. Radar data was compared with the analy-
sis from the European Centre for Medium Range Weather Forecasting (ECMWF) and
with the results of previous studies. The fold occurrence rates exhibit an annual cycle
with winter maximum (June, July, August) and summer minimum (December, January,
February). Winter season occurrence rates range between 15-26 % and are character-
ized by a higher number of deeper folding events and an active tropopause region. The
summer season with occurrence rates of 6-7 % consists mainly of shallow folding events.
This study suggests significantly higher occurrence rates for the given location than those
resolved previously by global model studies, which can have implications for demands on
model resolution and experiment set-up for future model-based studies.
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Abstract. We use measurements by the 52MHz wind-
profiling radar ESRAD, situated near Kiruna in Arctic Swe-
den, and simulations using the Advanced Research and
Weather Forecasting model, WRF, to study vertical winds
and turbulence in the troposphere in mountain-wave condi-
tions on 23, 24 and 25 January 2003. We find that WRF
can accurately match the vertical wind signatures at the radar
site when the spatial resolution for the simulations is 1 km.
The horizontal and vertical wavelengths of the dominating
mountain-waves are ∼10–20 km and the amplitudes in verti-
cal wind 1–2m/s. Turbulence below 5500m height, is seen
by ESRAD about 40% of the time. This is a much higher rate
than WRF predictions for conditions of Richardson number
(Ri) <1 but similar to WRF predictions of Ri<2. WRF pre-
dicts that air crossing the 100 km wide model domain cen-
tred on ESRAD has a ∼10% chance of encountering con-
vective instabilities (Ri<0) somewhere along the path. The
cause of low Ri is a combination of wind-shear at synoptic
upper-level fronts and perturbations in static stability due to
the mountain-waves. Comparison with radiosondes suggests
that WRF underestimates wind-shear and the occurrence of
thin layers with very low static stability, so that vertical mix-
ing by turbulence associated with mountain waves may be
significantly more than suggested by the model.

1 Introduction

The Scandinavian mountain chain acts as a significant bar-
rier to westerly winds from the North Atlantic (see Fig. 1).
Winter storm tracks very often bring deep depressions into
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the region and strong westerly winds across the mountain
chain are a common result. It is well known that strong winds
across mountain chains can lead to the formation of mountain
lee waves, and these waves have long been recognised over
the Scandinavian mountains (e.g. Larsson, 1954). Mountain
waves have been particularly well studied over the mountain
chains in western USA, where they can lead to extreme tur-
bulence, and more rarely, to aircraft accidents see e.g. (Doyle
and Durran, 2002; Doyle and Duran, 2004) and references
therein. The Scandinavian mountains are not as high as the
mountains of western USA, and there is much less air traffic,
so turbulence associated with Scandinavian mountain waves
is less important for air-safety. However, turbulence is poten-
tially of substantial interest for its role in mixing atmospheric
constituents between different heights.

The stratosphere, and the troposphere in high-latitude re-
gions, such as Scandinavia, are generally considered to be
statically stable (except in sporadic summer thunderstorms).
Large scale models which trace air-mass transport, for ex-
ample in considering downward transport of ozone from
the stratosphere, generally assume no vertical mixing, or a
small fixed diffusion coefficient, in these regions (Stohl et al.,
2005). Such models find that ozone from the stratosphere
contributes very little to ozone concentrations in the lower
troposphere (Sprenger and Wernli, 2003; James et al., 2003;
Stohl, 2006), in contrast to chemical tracer studies which
suggest a much higher contribution (e.g. Dibb et al., 2003).

Turbulence due to breaking mountain waves has been
recognised as a potential source of vertical mixing
(Dörnbrack, 1998), but whether or not this is a signifi-
cant process on a regional or climatological scale remains
to be determined. However, in the context of mixing be-
tween the stratosphere and troposphere, it is worth noting
that tropopause folds, which bring stratospheric air to low
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Fig. 1. Map of Scandinavia showing the topography (colour scale
with heights in m), the location of the ESRAD radar, and the nested
model domains used for the WRF simulations (red rectangles). The
outermost domain has horizontal resolution 15 km, the indermediate
domain 3 km, and the inner domain around the location of ESRAD
has 1 km resolution. Lines of latitude and longitude are shown with
dotted lines.

altitudes through isentropic transport, often pass over the
Scandinavian mountains (Rao et al., 2008). These are of-
ten associated with high-speed westerly winds at the surface,
which will lead to mountain waves with the potential for as-
sociated turbulence (Rao and Kirkwood, 2005). There is a
significant seasonal variation in the occurrence of folds, with
a winter maximum (Rao et al., 2008), which is a potential
contributing factor to the seasonal variation of ozone in the
free troposphere (Rao et al., 2003). There is also an unex-
plained seasonal variation in surface ozone in the polar re-
gions, with observed wintertime concentrations substantially
higher than the values predicted by state-of-the-art models
(Tarasova et al., 2007; Zeng et al., 2008). Vertical mixing
in association with the winter maximum in tropopause folds
might explain this feature, if the mixing is strong enough.
The best available observational method for direct obser-

vations of atmospheric turbulence with climatological time
coverage is atmospheric radar (see e.g. Wilson, 2004 for a
review). Radar observations give a direct estimate of the root
mean square (r.m.s) turbulent velocities (in the vertical direc-
tion) in air parcels passing overhead of the radar site, and of
their temporal variability at that single location. Multi-year
statistics of the amount and occurrence rates of turbulence
have been published for a number of locations, in the USA,
Japan and India (Nastrom et al., 1986; Fukao et al., 1994;
Kurosaki et al., 1996; Nastrom and Eaton, 1997, 2005; Rao

et al., 2001). Translating this information to quantitative esti-
mates of vertical mixing on a regional scale requires knowl-
edge of both the processes causing the turbulence and of the
spatial and temporal variability of the turbulence. The studies
mentioned above have considered the relationship between
turbulence and synoptic weather conditions, but not the rela-
tionship to mountain waves, although a statistical correlation
between enhanced turbulence and gravity waves was noted
by Nastrom et al. (1986).
The ESRAD (ESrange RADar) VHF wind-profiling radar

(Chilson et al., 1999) has been in essentially continuous op-
eration since late 1996. This radar is situated on the lee
side of the Scandinavian mountain chain at 67.9◦N, 21.1◦ E
(see Fig. 1), and often sees the signatures of mountain waves
(Réchou et al., 1999). Our aim in this study is to determine
whether, with the help of a mesoscale atmospheric model,
we can understand the conditions leading to the turbulence
which is often seen by the radar in association with moun-
tain waves. This is an essential first step to be able to use
radar turbulence observations to help quantify the amount of
turbulent mixing taking place on a regional and climatologi-
cal scale.
A number of studies in the last decade have discussed

mountain lee waves generated by the Scandinavian mountain
chain, on the basis of 3-D models. However, most of these
have focussed on the propagation of the lee-waves to the
stratosphere, and the resultant effects on polar stratospheric
clouds or on momentum transfer to the middle-atmosphere
circulation (e.g. Dörnbrack et al., 2002; Serafimovich et al.,
2006). Those studies have used model grids with horizontal
resolution of 10 s of kilometres, so that only waves with very
long horizontal wavelengths (100 s of km) were resolved.
The vertical wind fluctuations associated with these waves
are small, a few cm/s, and wave-related turbulence in the tro-
posphere or lower stratosphere has not been an issue. How-
ever, it is easily recognised in observed cloud patterns that
high-amplitude mountain waves with much shorter wave-
lengths are commonplace in both the troposphere and the
stratosphere. Recent developments in mesoscale modelling
and computing power have led to a number of 3-D mod-
elling studies at more appropriate horizontal resolution. For
example, Doyle et al. (2005), observed and modelled (us-
ing 1.7 km horizontal resolution) breaking mountain waves
over Greenland. They found evidence for amplitudes in ver-
tical winds of 1–5m/s and turbulence associated with wave
breaking in both the troposphere and stratosphere. In situ ob-
servations by research aircraft and dropsondes provided vali-
dation, at least of the general characteristics of the wave dis-
turbances. Maturilli and Dörnbrack (2006), modelled waves
over Svalbard (with 4 km horizontal resolution) and found
waves with 10–20 km horizontal wavelength, and amplitude
up to a fewm/s in vertical wind. Only indirect validation of
the model results was possible in terms of observation (by
lidar) of polar stratospheric clouds composed of ice. It was
also pointed out that this was a unique event in 15 years of
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lidar observations from that site. Pluogonven et al. (2008),
modelled mountain waves over the Antarctic peninsula (us-
ing a 7 km horizontal resolution). They found horizontal
wavelengths 65–80 km and a fewm/s amplitude in vertical
winds. The model supported the conclusion that turbulence
in the lower stratosphere was responsible for the loss of a
long-duration balloon as it crossed the area. Oscillations in
the float height of second balloon passing nearby provided a
reasonable validation of the horizontal wavelength and verti-
cal wind amplitude. Generally, for these cases, possibilities
to validate the model simulations were limited and there is
no way to assess how representative such events are for the
locations where they were observed (rather the opposite – the
events were studied because of their uniqueness).
A number of studies using 3-D modelling for more typical

conditions have been made for the mountains in England and
Wales, the most relevant in this context being by Vosper and
Worthington (2002). In that study, the authors found good
agreement between vertical wind amplitudes measured by a
VHF radar in Wales and modelled mountain-waves. Hori-
zontal and vertical model resolutions of 1 km and 500m, re-
spectively, were used. The authors comment that the radar
measurements showed evidence for turbulence both in the
upper troposphere and below 3000m height, although the
reasons for the turbulence were not evident in the model sim-
ulations. This is an indication that model resolutions of order
1 km horizontally and 500m vertically, while being adequate
for some aspects of mountain-wave modelling, may not be
good enough to model the conditions leading to turbulence.
In this study we will use the Advanced Research Weather

Research and Forecasting model (WRF-ARW, Skamarock
et al., 2005, 2007), which has already been applied with
considerable success to modelling mountain waves at high-
latitudes (Pluogonven et al., 2008), and we will use radioson-
des and atmospheric radar measurements for more com-
prehensive validation than has previously been attempted.
For our case-study we have chosen the period 23–25 Jan-
uary 2003 since, during this period, an unusually high num-
ber of radiosondes were launched from Esrange as part of the
MaCWAVE campaign (Goldberg et al., 2006). The mountain
wave characteristics are typical for this radar site – similar
wave amplitudes and turbulent velocities are seen 40 % of
the time during the winter months September to April. We
will focus on the troposphere, in particular the lower tropo-
sphere, since these are the heights where the radar detects
unexpected turbulence. A synoptic overview of the period is
given in the next section. Previously published studies from
this campaign also describe the meteorological situation over
a longer period (Blum et al., 2006) and comparative ob-
servational and modelling results for inertial gravity waves,
including their propagation to mesospheric heights, can be
found inWang et al. (2006); Serafimovich et al. (2006); Hoff-
mann et al. (2006).
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Fig. 2a. Synoptic chart for 00:00UTC on 24 January 2003: Geopo-
tential height at 500 hPa (contours) and wind speed (shaded).

2 Synoptic overview

The synoptic situation is described on the basis of analysis of
surface and upper-air charts as given in the European Mete-
orological Bulletin (http://dwd-shop.de/gb/0095.en.html) for
the days 23 to 25 January 2003 and as shown by the European
Centre for Medium Range Weather Forecasting (ECMWF)
reanalysis for the same time-frame.
On 23 January 2003, a deep depression was centered over

the Svalbard archipelago (to the north of the Scandinavian
Peninsula). On its rear side south-westerly to westerly winds
with velocities of 25 to 35m/s around the 300 hPa level
and 20 to 30m/s between the 700 and 500 hPa levels were
observed over the Scandinavian Mountain Range. In the
lower troposphere (850 hPa level) the wind velocities reached
around 15m/s. Between this depression and a ridge of high
pressure that extended from the southwest to the Scandina-
vian Peninsula a westerly jet stream (wind velocities of 45
to 55m/s) was detected around the 300 hPa level on 24 of
January 2003. Wind velocities have also increased at the
lower levels of the troposphere to 25–35m/s between 700
and 500 hPa (Fig. 2a), and up to 25m/s at 850 hPa. In the
evening the wind velocities temporarily dropped down. The
low pressure system was moving slowly towards the south-
east. West of the Scandinavian Peninsula a trough of low
pressure started to form and, on 25 January, it caused a
change of wind direction over the northern part of the Scandi-
navian mountain range to northwesterly, which is perpendic-
ular to the mountains (Fig. 2b). At this time (early morning
of 25 January) waves could be observed in the cloud structure
on the NOAA satellite image (Fig. 3) on the lee side of the
Scandinavian Mountain Range. Wind velocities remained
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Fig. 2b. Synoptic chart for 06:00UT on 25 January 2003: Geopo-
tential height at 500 hPa (contours) and wind speed (shaded).

above 40m/s around 300 hPa and 15 to 25m/s between 850
and 500 hPa for the most part of the day.

3 Radiosonde observations

Altogether 8 GPS radiosondes were launched on 23 and
24 January 2003 as part of the MaCWAVE sounding rocket
campaign (Goldberg et al., 2006). Here we use cleaned data
sampled at 10 s (∼50m) resolution. Profiles of wind speed
and static stability, in terms of buoyancy frequency, ωB , are
shown by the blue lines in Fig. 4. Note that no wind mea-
surements were available from the first sonde.

4 ESRAD observations

ESRAD is an interferometric VHF radar operating at
52MHz. It is located at Esrange (Kiruna, Sweden, 67.9◦ N,
21.1◦ E) and has been operating essentially continuously
since August 1996 (Chilson et al., 1999). The measurements
used here are height profiles of signal strength, of vertical
winds determined from the Doppler shift of the returned sig-
nal, and of horizontal winds and r.m.s. velocity fluctuations
determined by the full correlation (f.c.a.) technique (Briggs,
1984; Holdsworth et al., 2001; Holdsworth and Reid, 2004).
The height resolution of the measurements on this occasion
was 300m, and each profile represents an average over 51
seconds, with measurements repeated each 2min. The radar
antenna (at the time of this case study) consisted of 140 yagi-
antennas, arranged in a 12×12 square array (with 4 antennas
missing in the centre). For echo power and vertical wind esti-
mates, the whole antenna was used, corresponding to a beam

width of ∼6◦ (full width, half maximum). For f.c.a. mea-
surements, the whole array was used for transmission, but
the array was divided into 6 rectangular sub-arrays, each of
4×6 antennas, for reception. Each f.c.a. measurement-point
in a height profile corresponds to an average over a cylinder
which is 300m thick in the vertical direction and has a diam-
eter which varies from ∼180m at 2000m height to 900m at
10 000m height, vertically above the radar.
In principle, the height profile of radar echo power re-

turned from the troposphere and lower stratosphere should
depend on the distance from which the echo is returned, at-
mospheric density, static stability, humidity gradients and the
fine-scale structure of temperature and density fluctuations
within the scattering volume (e.g. Gage, 1990). In practice,
for vertically pointing radars operating around 50MHz, the
first three parameters have been found to dominate and echo
power can be scaled to provide an estimate of static stability

R2B =Fezexp(−z/H)P
1/2
r (1)

where Pr is radar echo power, z is height (also distance from
the radar), H is the atmospheric scale height (so exp(−z/H)

gives the height variation of atmospheric density), RB=ωB ,
the atmospheric buoyancy frequency, in the upper tropo-
sphere and lower stratosphere (where humidity is negligible).
Fe has been found to be independent of height and time at
least over heights from 5000–20 000m in the upper tropo-
sphere/lower stratosphere and over the several hours duration
of the experiments so far reported (Hooper et al., 2004; Luce
et al., 2007).
The constant of proportionality Fe can be found using a

single radiosonde and a check on the applicability of the
equation is provided by comparing with further radiosondes.
The radar-derived RB are shown by the black lines in Fig. 4
(upper panel), where the first sonde has been used to deter-
mine Fe. The vertical resolution of the sonde measurements
is about 50m, and the radar estimates have been averaged for
30 min following the sonde launch. The agreement between
the radar-derivedRB and the sonde-derived ωB is good, bear-
ing in mind that the sondes do not sample exactly the same
volume as the radar – by the time they reach the tropopause
at ∼8000m they are typically ∼40 km downwind. There is
more detail in the vertical profiles measured by the sondes
which is understandable since the radar averages over a nom-
inal 300m height interval (in practice a Gaussian-weighted
height interval with a 300mwidth at half power). In addition,
the radar estimate does not capture the very low values of
ωB sometimes found by the sondes in the upper troposphere
(14:00, 16:00, 19:00 and 22:00UTC on 24 January), and on
a few occasions in the lower troposphere (12 and 14:00UTC
on 23 January). The complete time-height series of RB cal-
culated from the radar echo power is shown in the top panel
of Fig. 5a. The most conspicuous feature is the tropopause,
marked by a rapid increase of RB at heights varying between
5000 and 10 000 km. Warm fronts, marked by narrow layers
of enhancedRB , can be seen descending from the tropopause

Atmos. Chem. Phys., 10, 3583–3599, 2010 www.atmos-chem-phys.net/10/3583/2010/



S. Kirkwood et al.: Turbulence and mountain waves 3587

Fig. 3. Satellite cloud image at 03:45UT on 25 January 2003 (NOAA, IR channel 4 from http://www.sat.dundee.ac.uk).

early on 24 January and early on 25 January. The high values
of RB throughout the upper troposphere (above 5000m) on
the afternoon of 23 January, with no distinct tropopause (see
also the first two radiosonde profiles in Fig. 4) , correspond
to an equatorward extension of the deep depression centred
further north, which is described in the synoptic overview.
The second and third panels (from the top) of Fig. 5a

show the horizontal wind-speed and direction, determined
by the f.c.a. technique. This technique assumes that a time-
varying ensemble of scatterering structures (which may be
anisotropic), are responsible for the radar echo. The signal
scattered from these structures leads to a diffraction pattern
on the ground, moving horizontally at twice the horizontal
drift speed of the scatterers and changing over time. With
an assumption that the temporal and spatial correlation func-
tions of the diffraction pattern can be described by the same

functional form (usually assumed to be gaussian), the tempo-
ral and (horizontally anisotropic) spatial correlation scales,
and the horizontal drift speed can be determined from the
auto- and cross-correlations of the signals received on at least
three non-colinear receiving antennas. The resulting drift
speed is usually called the true wind. In case the assumed
conditions are not satisfied, an apparent wind speed can be
calculated based only on the time-delay for maximum cross-
correlation between antenna pairs. This gives an upper esti-
mate of the wind speed. In the present case-study, 5 receiving
sub-arrays were available giving an overdetermined system,
so that a least-squared fit was used to determine the best so-
lution for each height and time. Figure 4 (lower panels) com-
pares the f.c.a. wind estimates with radiosonde winds. The
agreement is generally good but indicates that the f.c.a. true
winds tend to underestimate wind speed at times, particularly
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Fig. 4. Radiosonde measurements (blue), ESRAD radar measurements (black) and WRF model results for the ESRAD site (red). All
radiosondes were launched from the ESRAD site. ESRAD and WRF results are averaged for 30min following the launch time. Top row
shows buoyancy frequency, lower row wind speed. Solid black lines are f.c.a. true winds, dashed lines are apparent winds. See text for
further details.

in the upper troposphere/lower stratosphere. In these cases
the apparent wind speed is closer to that measured by the
radiosonde. (There is no significant difference between the
directions of the true, apparent and radiosonde winds.)

The fourth panel of Fig. 5a shows the vertical wind compo-
nent measured by the radar. This is simply the mean Doppler
shift of the echo, expressed in m/s, and with reversed sign
so that positive values correspond to upward motion. This
is determined using the whole antenna so it corresponds to
a rather narrow radar beam (6◦). In principle it is possible
that these vertical winds might include a small component
of horizontal wind, if scattering structures are systematically
situated to one side of zenith. For example, a horizontal wind
of 20m/s would give an apparent vertical component of up to
1m/s if a scatterer from a region 2◦ off zenith dominates the
returned signal. However, when we compare with the model
results in the next section, we will see that there is no reason
to believe that this is a significant effect. The vertical wind
in Fig. 5a is characterised by alternating periods of strong
(∼1m/s) upward and downward motion, coherent over verti-
cal distances of 5 km to at least 12 km. The amplitude of the

vertical winds is highest on the afternoon of the 23 January
and the morning of 25 January, when the horizontal winds at
low altitudes are from directions between west and north.
The fifth (bottom) panel of Fig. 5a shows when enhanced

levels of turbulence are detected. This is based on the equiv-
alent root mean square velocity spread, Vτ calculated from
the diffraction patterns intrinsic correlation time, τ , using the
f.c.a. technique.

Vτ = λ(2ln2)1/2/4πτ (2)

where λ is the radar wavelength.
In the case that the scattering volume is filled with tur-

bulent eddies, the latter will have random vertical veloc-
ities. Averaging over the scattering volume and over the
time of each measurement (51 s) will give Vτ =VRMS, the
r.m.s. random velocity component or, equivalently, the stan-
dard deviation of the random vertical motions, provided that
this vertical motion is the dominating factor determining the
correlation time of the diffraction pattern. As discussed in
Holdsworth et al. (2001), the f.c.a. technique, together with
an interferometric antenna array such as that available for
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Fig. 5a. Measurements made by the ESRAD radar for 23, 24 and
25 January 2003. Gaps in the data due to interference, or low signal
levels (signal-to-noise ratio <0.5) are shown in white. Top panel
shows the logarithm of the radar estimate of buoyancy frequency,
RB . next two panels show the speed and direction of the horizon-
tal wind (true wind from f.c.a. analysis). The direction from which
the wind is blowing is given in degrees clockwise from north. The
4th panel shows the vertical wind from the Doppler shift of the
radar echo (positive upwards). The lowest panel shows turbulent
velocities (VRMS). Only values exceeding 0.3m/s are plotted below
5500m height, and values above 2m/s above that height.

ESRAD, then gives a direct estimate of VRMS. There is
no need for the kind of beam-width/wind-speed corrections
which must be applied in the case of non-interferometric
Doppler-beam-swinging radars which estimate VRMS from
the spectral width of the echoes (see e.g. Cohn, 1995, for a
discussion).
However, although Vτ can be calculated for all heights and

times, it cannot always be assumed that Vτ=VRMS. Short-
lived quasi-specular reflections from sharp temperature gra-
dients are also a source of low values of Vτ , particularly in the
upper troposphere and lower stratosphere (Kirkwood et al.,
2010). Figure 6 shows height profiles of the median values
of the radar signal strength and the diffraction-pattern cor-
relation time τ , for the three days of our case study. This
shows two distinct regimes: high power (falling off with

Fig. 5b. Results from the WRF model, for 23, 24 and 25 Jan-
uary 2003, innermost nested domain with 1 km grid spacing, for
the location of the ESRAD radar. Top panel shows the logarithm
of the buoyancy frequency, ωB . Next two panels show the speed
and direction of the horizontal wind. The direction from which the
wind is blowing is given in degrees clockwise from north. The 4th
panel shows the vertical wind (positive upwards). The lowest panel
shows the bulk Richardson number. See text for further details.
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Fig. 6. Vertical profiles of the median values 23–25 January of
the radar echo strength (signal-to-noise ratio) and diffraction pat-
tern lifetime. See text for further details.
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distance from the radar) and long correlation times below
5500m, low power and much shorter correlation times above
5500m. It is well known that both turbulent eddies (vol-
ume scatter) and quasi-specular reflection (fresnel scatter-
ing) can contribute to the radar echoes from the lower atmo-
sphere (e.g. Gage, 1990) and it is likely that the two distinct
regimes in Fig. 6 correspond to these different mechanisms.
We would not expect turbulence to be active at all heights and
times, so we can use the median values as an indication of
the diffraction-pattern correlation time due to non-turbulent
processes, which correspond to Vτ∼0.2m/s in the lower tro-
posphere where the median value of τ∼2.5 s and Vτ∼1m/s
at the upper heights where the median value of τ∼0.5 s. We
can be confident that the radar is detecting the signature of
turbulence, and that Vτ is a reasonable estimate of VRMS only
when Vτ is significantly higher than these values. So the low-
est panel of Fig. 5a shows VRMS∼Vτ>0.3m/s below 5000m
height and VRMS∼Vτ>2m/s above that height.
It is clear from Fig. 5a that high values of VRMS prevail in

the lower troposphere below about 4 km height, from midday
on 23 January to midday on 25 January, and are most per-
sistent during essentially the same intervals when mountain-
wave signatures are strongest in the vertical wind. There are
also scattered observations of high VRMS in the upper tropo-
sphere on the morning of the 24 January and the afternoon of
25 January, but these are not as persistent as the turbulence
at lower heights.
The first two radiosondes in Fig. 4 were launched at times

when reasonably strong turbulence was detected by ESRAD,
between 2000 and 3000m height, at 12:00 and 14:00UTC on
23 January . The next two sondes, at 12:00 and 14:00UTC
on 24 January coincide with enhanced turbulence seen by
ESRAD in the upper troposphere. The sondes detected nar-
row regions with very low values of ωB in the same height
regions as the radar turbulence observations. These would
allow not only shear instability but, in some cases, convec-
tive instability, consistent with the turbulence observed by
the radar.

5 WRF-ARWmodel simulations

The WRF-ARW model, described by Skamarock et al.
(2005, 2007) allows non-hydrostatic simulation of moun-
tain waves based on high-resolution topography. Here we
have used WRF version 2.1 with two-way nested domains,
as shown in Fig. 1, with horizontal resolutions of 15 km (out-
ermost domain), 3 km (intermediate domain) and 1 km (the
innermost domain around the location of ESRAD), respec-
tively. Results from the 1 km domain at the location of ES-
RAD are illustrated in Fig. 5b. For the model runs, condi-
tions at the outer boundary were provided by National Cen-
ter for Environmental Protection (NCEP) final analyses at
1◦, and 6 h resolution. For cloud microphysics, the 3-class
simple scheme following Hong and Chen (2004) was used,

the 3 classes being vapour, cloud water/ice, rain/snow with
ice or snow being assumed when the temperature is below
freezing. For longwave radiation the RRTM look-up table
scheme was used (Mlawer et al., 1997) and for shortwave
radiation the scheme described by Dudhia (1989). No cu-
mulus effects were included. The land surface is treated
by a 5-layer surface thermal diffusion scheme (Skamarock
et al., 2005, 2007). Runs were made with two different
surface layer/boundary layer schemes (MM5-YSU and Eta-
MYJ, Skamarock et al., 2005, 2007). Both schemes account
for heat, moisture and momentum exchange with the sur-
face, but use different models of turbulence in the bound-
ary layer. No significant difference between the results us-
ing the two schemes was found for the parameters studied in
the present comparison. Runs were made using 50 hPa and
10 hPa top limits, and for several different vertical spacings
of the model levels. No significant influence of the top height
was found for the height region addressed here, i.e. between
0–13 000m. The dependence of the results on the vertical
resolution is discussed below. The results shown in Fig. 5b
are for a model run using 66 model levels between the sur-
face and 50 hPa with the spacing between model levels about
150m up to 5000m height, 350m up to 10 000m, and 500m
above there. Model runs were also made with 28 and 56 de-
fault model levels, which have closer spacing in the boundary
layer (up to ∼1200m) and about 700m or 350m spacing in
the troposphere, respectively. Runs were further made both
with, and without, the inner nested grids.
Figure 5b shows the model results in the inner domain

(horizontal resolution 1 km), at the location of the ESRAD
radar, at 5-minute resolution. The top 4 panels show buoy-
ancy frequency, wind speed, wind direction, and vertical
wind, respectively. Comparison with Fig. 5a shows that there
is good agreement with the ESRAD measurements although
there is more detail in the local observations on short time
scales. This is unavoidable given the 6 h resolution of the
input meteorological data for the model. Figure 4 provides
a comparison of the WRF estimates (in red) of ωB and of
wind, with the radiosondes (blue) and with ESRAD (black).
Here we can see that the model results, although agreeing in
general tendencies, lack much of the detail of the real atmo-
sphere. In particular, the radiosonde and radar measurements
show much more structure in the profiles of wind speed, im-
plying stronger wind-shears, compared to the model. Al-
though the nominal vertical resolution of the model is 150m,
the model profiles are quite smooth even at this scale. This
is likely the result of a lack of vertical resolution in the
boundary conditions (i.e. the NCEP analyses). Further, the
WRF winds underestimate upper-troposphere wind maxima
(14:00UTC on 23 January, 12:00 and 14:00UTC on 24 Jan-
uary). The WRF estimates of ωB show a very smooth tran-
sition in stability from the lower troposphere to the strato-
sphere, in contrast to the sharp tropopause transition in the
observations. The narrow regions where ωB is close to
zero in the radiosonde measurements, at 14:00UTC on 23

Atmos. Chem. Phys., 10, 3583–3599, 2010 www.atmos-chem-phys.net/10/3583/2010/



S. Kirkwood et al.: Turbulence and mountain waves 3591

January, are not represented in the model. On the other hand,
a narrow zone with ωB close to zero is found in the model at
19:00UTC on 24 January, but is not seen by the radiosonde
(although the radiosonde sees ωB close to zero a little higher
up).
The 4th panel of Fig. 5b shows the vertical wind. The

model reproduces both the amplitudes and the rapid changes
in direction seen in the observations rather well. On 23 Jan-
uary there is good agreement between model and observa-
tions in vertical wavelength, amplitude and direction of the
vertical wind. On 24 January the model amplitudes are some-
what larger and the agreement is less good. On 25 January,
the amplitudes agree well, but the vertical wavelength differs
so that the signs of the perturbations in the model are op-
posite in the upper troposphere, compared to the lower tro-
posphere, whereas the observations show the same sign at all
heights. The observed vertical winds are rather more variable
in time than the modelled winds, which can give the impres-
sion that the observed amplitudes are less. This comparison
is considered in more detail below.
Figure 7 shows plan-views of the waves in the vertical

wind, for 3 selected times, for the model level lying at 3000m
height above Esrange. The first example, at 00:00UTC on
24 January, corresponds to surface wind from the southwest,
the second to wind from the south-southwest, and the third to
wind from the northwest. It is clear that the alignment of the
wave fronts and the horizontal wavelength of the dominating
waves varies with the wind direction. It is also clear that the
amplitudes are highest when the wind is from the northwest,
i.e. perpendicular to the mountain chain. Wavelengths vary
between about 10 km, and about 20 km. In the first example,
the longer wavelength dominates but a localised wave train
with the smaller wavelength can be seen close to the ESRAD
location. It is clear that the direction of the vertical wind at
the ESRAD site will be very sensitive to the exact position
of these waves. Given the temporal and spatial limitations of
the meteorological data input to the model, it is not surpris-
ing that there is no exact match in the timing of changes in
vertical wind directions, between the model and ESRAD.
Additionally, any numerical model has inherent limita-

tions. In this context it is of interest to consider whether the
conditions are such as to lead to trapped waves which can
be particularly difficult to model. Conditions for wave trap-
ping are usually estimated using the Scorer parameter, l2 =
ω2B/U2−(δ2U/δz2)/U , whereU is the horizontal wind, and
the equation refers to conditions upstream of the mountains.
When this parameter decreases substantially with increasing
height, waves with wavenumber> l at the upper heights, will
be trapped below. For our study period, l is relatively high in
the lower troposphere but decreases in the upper troposphere
more or less at the times and heights corresponding to the
wind jets in Fig. 5. At these times, waves with horizontal
wavelength less than ∼20 km will tend to be trapped below
the wind jets and accurate modelling may be difficult. At
other times, specifically 12:00–20:00UT on 23 January and

Fig. 7. Plan views of the topography and of the mountain waves,
at 3 different times, in the WRF model innermost domain, for the
model level which is at 3000m height above the radar site. Vertical
wind is in m/s.
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Fig. 8. Comparison between vertical wind velocities measured by ESRAD and WRF model results using different horizontal (1, 3 or 15 km)
and vertical (150 or 350m) resolutions. Measurements and model results at 3000m height.

12:00–20:00UT on 24 January, the Scorer parameter varies
little with height and waves should be free to propagate up-
wards.
Figure 8 illustrates the sensitivity of the vertical wind

to model parameters. Model runs with only the coarse-
resolution, 15 km, grid give vertical wind perturbations an
order of magnitude less than those observed by the radar. Us-
ing the 3 km grid, the amplitudes of the vertical wind pertur-
bations approach those observed, but the variability in time is
much less, and there is rarely agreement in the sign. With the
1 km grid (either 350m or 150m vertical resolution) both the
amplitude and the temporal variability in the vertical wind
are reasonably well represented by the model. Over many
intervals, there is also agreement in sign. The sensitivity to
the horizontal resolution applies irrespective of height reso-
lution, or of the model top-height used, although the exact
details of the temporal variability are closest to the obser-
vations when the highest vertical resolution (150m) is used.
We can also note that the agreement between the model and
the measurements is not particularly better or worse during
the periods when there should be no wave trapping (12:00–
20:00UTC on 23 January and 12:00–20:00UTC on 24 Jan-
uary) than at other times.
The lowest panel of Fig. 5b shows the bulk Richardson

number, Ri . Values less than 1 are generally considered nec-
essary to sustain wind-shear driven turbulence, less than 0.25

to initiate shear-driven turbulence. The model predicts such
conditions in the boundary layer, below ∼1200m height, al-
most all of the time. However, ESRAD is not able to make
measurements at such low heights. Short periods with Ri<1
are also predicted in the lower troposphere on the afternoon
of 23 January, the afternoon of 24 January and the morning of
25 January. Values approaching this threshold are predicted
in the upper troposphere on the afternoon of 25 January. The
model also predicts a very short period of convective insta-
bility (Ri<0) at about 18:00UTC on 24 January (at 3000–
5000m height). Clearly there is only a loose correlation be-
tween the model and the radar observations concerning the
occurrence of turbulence.

Figure 9 illustrates the sensitivity of the model results for
Ri to the model parameters and compares in more detail
with the ESRAD observations. The model predictions of re-
gions of lower-tropospheric turbulence (above the boundary
layer), are not particularly sensitive to the horizontal reso-
lution but are very sensitive to the height resolution used.
Intervals when turbulence could be sustained (Ri<1) and of
shear-driven instability (Ri<0.25) are occasionally predicted
by the model, for any horizontal resolutions (15, 3 or 1 km,
only 15 and 1 km are shown in Fig. 9) so long as the height
resolution is 350m or less. The depth of the minima in Ri

are deepest (as low as zero) when the finest height resolu-
tion (150m) is used. However, occurrences of convective
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Fig. 9. Comparison between turbulent velocities measured by ESRAD and WRF model estimates of the bulk Richardson number using
different horizontal (1 or 15 km) and vertical (150, 350 or 700m) resolutions. Measurements show the mean VRMS between 2000 and
5000m heights, model results the minimum Richardson number between the same heights.
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Fig. 10. Comparison of wind profiles between WRF (red) and ES-
RAD (black). At 00:00UTC on 24 January and at 06:00UTC on
25 January.

instability, Ri<0, are seen only when 1 km horizontal resolu-
tion is used for the model. The intervals of low Ri , at around
00:00UTC on 24 January, 18:00–19:00UTC on 24 January,
to a lesser extent at 04:00–06:00UTC on 25 January, are
much shorter than the duration of the VRMS enhancement ob-
served by ESRAD. Also, the peaks in VRMS do not appear at
exactly the times of lowest Ri .
The situation at 19:00UTC on 24 January, where the

model predicts convective instability at about 5000m height,
can be seen in more detail in Fig. 4. It can be seen that the ra-
diosonde does not detect such low buoyancy frequency as the
model predicts, in agreement with the lack of turbulence de-
tected by the radar at that height. Figure 10 examines in more
detail the differences between the model results and ESRAD
observations at 2 further times. At 00:00UTC on 24 January,
the model predicts a wind minimum at 4000m height, with
strong shears above and below, which lead to low values of
Ri . There is no wind minimum in the ESRAD observations
at this time and no turbulence at 4000m height. The opposite
applies at 06:00UTC on 25 January, when ESRAD detects a
wind minimum, shears and turbulence, while the model does
not predict this. Clearly small differences like this can ex-
plain a lack of exact match between model predictions for
low Ri and observed turbulence.
To further understand the reasons for the turbulence and

the differences between the observations and the model, it is
instructive to consider the synoptic cross sections in Fig. 11.
These are latitude-height sections, at the longitude of the
radar, for the outermost model domain with 15 km horizontal
resolution. The figure illustrates how, in both cases shown,
the tropopause height (roughly the red-yellow boundary) de-
creases from south to north. Below the tropopause, a deep air
mass starting in the south, with relatively high static stability,
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Fig. 11. Latitude-height cross sections of buoyancy frequency (colour scale, units s−1) and wind speed (contours, unitsm/s) from an extended
outermost model domain (15 km horizontal grid). The cross sections are at the ESRAD longitude.

overlies a shallower airmass from the north, with relatively
low static stability. Note that the low-stability airmass is
much deeper on 24 January (5000m at the ESRAD latitude
of 68◦) than on 25 January (2000m at ESRAD). The wind
speed increases sharply in height at about the location of the
sloping boundary between the two air masses. (Both exam-
ples can be recognised as tropopause folds as described in
Rao and Kirkwood, 2005, although this is clearest for the
example for 24 January). A combination of high windshear
and low stability favours turbulence. Above the lee of the
mountains (68◦–69◦N) both the static stability and the wind
speed show wave-like variations in height. These are sig-
natures of long-wavelength inertial gravity waves which can
lead to combinations of low stability and high wind shear at
slightly different latitudes and heights depending on the exact
location of these waves. Inertial gravity waves for this time
period, with horizontal wavelengths of 100 s of km, and ver-
tical wavelengths of a few km, have been modelled by Serafi-
movich et al. (2006), who found that both orographic effects
and the upper-troposphere wind jet contributed to generating
the waves. In reality, further perturbations will be added to
those inertial waves i.e. from the waves with 10–20 km hori-
zontal wavelength, which are not present in the model results
at 15 km horizontal resolution. These high-amplitude small-
scale waves can result in localised reduction of the static sta-
bility in parts of the wave field. This is illustrated by Fig. 12,
which shows E–W cross-sections for the high-resolution do-

main, through ESRAD. Thin wave-induced layers of convec-
tive instability, i.e. ωB<0 (enclosed by the white contour),
can be seen in parts of the wave field.
Figure 13 considers average occurrence rates for turbu-

lence (from ESRAD) and for conditions supporting turbu-
lence (from WRF at the ESRAD location). Figure 13 shows
averages over the whole 3-day case study period. Enhanced
turbulence levels are rather more common than intervals
of Ri<1, with turbulence occurrence rates closer to those
for Ri<2. In the lower troposphere, the height profiles of
VRMS>0.3m/s and of Ri<2 are similar. Peak occurrence
rates of both conditions have values 0.4–0.6 between 2000m
and 3000m heights and fall off in similar ways towards the
upper troposphere. In the upper troposphere the occurrence
rates of both VRMS>2m/s and ofRi<2 are very low. Consid-
ering that thin layers with low ωB , or higher wind shear, are
more common in the radiosonde profiles than in the model, it
seems likely that regions of low Ri in the lower troposphere
are simply not resolved by the model resolution, so their oc-
currence rate is underestimated.
It is interesting to note that a similar result has been found

in a parallel comparison of WRF model results with radar
observations of turbulence in mountain wave conditions in
Antarctica (Valkonen et al., 2010). In the latter study, the
radar was situated on a small isolated nunatak with the moun-
tain wave forming directly overhead. Turbulent layers were
detected by the radar between 2000m and 6000m height,
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Fig. 12. Longitude-height cross sections of buoyancy frequency
(colour scale, units s−1) and potential temperature (black contours,
units K). White contours enclose regions of convective instability,
i.e. buoyancy frequency <0. From the innermost model domain
(1 km horizontal grid) at the ESRAD latitude.

corresponding reasonably well to regions where the WRF
model simulated a lowering of Richardson number to values
between 0.5 and 2.

6 Discussion

The model results tell us that the turbulence we observe
in the lower troposphere occurs in the same conditions as
mountain-waves. However, while the dominant mountain
waves in the model, with 10–20 km horizontal wavelength
are most sensitive to the horizontal resolution used, the con-
ditions for turbulence are most sensitive to the vertical res-
olution. This suggests that the mountain waves are not the
direct cause of the turbulence at the radar site. This is fur-
ther supported by Fig. 14, which shows occurrence rates for
various conditions over the whole area covered by the in-
termediate model domain. The region where Ri<2 is com-
mon, i.e. likely turbulence, is very different from the region
where high vertical winds are common, i.e. high-amplitude
mountain waves. As we have seen in the sections above, in
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Fig. 13. Occurrence rates of turbulence observed by ESRAD, and
low Richardson numbers predicted by WRF for the ESRAD loca-
tion, for the whole period 23rd–25th January, 2003. WRF results
based on 1 km/150m grid resolution.

the lower troposphere, turbulence is primarily due to strong
wind shears, localised in height, but extended horizontally
over large parts of the model domain. These are associated
with wind shear at upper-level fronts which separate rela-
tively stable air from the south from relatively unstable air
from the north. Although this is the main underlying cause
of conditions supporting turbulence, perturbations due to the
mountain waves can act to further decrease Ri , particularly
by reducing ωB in some parts of the waves, as can be seen in
Fig. 12.
The WRF model runs which we have made do not include

all possible aspects of cloud-related turbulence. For exam-
ple, cloud-top radiative cooling (see e.g. Vihma et al., 2005)
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Fig. 14. Plan view of the occurrence rates of ωB<0, vertical shear in horizontal wind >0.001s−1, Richardson number <2, and vertical wind
>1m/s. Occurrence rates give the average for the period 23–25 January 2003 and for the height interval 2000–5000m and are plotted first
based on WRF simulations for an extended domain with 3 km horizontal and 150m vertical resolution. Results for the 1 km grid are then
superposed.

is a possible source of turbulence which is likely not cap-
tured accurately by our WRF simulations. Records of the
cloud cover during our case study exist in the form of all-
sky photographs during the night hours, from a camera lo-
cated 20 km east of the radar site which monitors the aurora
(http://www.irf.se/allsky/), and in the records of lidar obser-
vations from the same site as the radar (K. H. Fricke, personal
communication, 2003; Blum et al., 2006). Both of these
sources showed that there were clear skies during most of the
time, between 19:00–04:00UTC on the night 23/24 January
and between 23:00–06:00UTC on 24/25 January. The turbu-
lent layers in the lower troposphere were seen by the radar
throughout those periods, so the turbulence cannot have been
due to cloud-induced effects.
The model itself does not completely explain the ob-

served occurrence of turbulence if we consider that the bulk
Richardson number should be less than 1 to support tur-
bulence. On a case-by-case basis there is poor agreement

between model predictions of low Richardson number and
observation of turbulence by the radar. However, there is
reasonable agreement in the height profiles of overall occur-
rence rates of low Richardson number (Ri<2) and observed
turbulence. The onset of turbulence around midday on 23
January and its continuation for a further 24 h coincide with
the onset and persistence of conditions of low Richardson
number in the model. Subsequently, however, the agreement
in time is poor.
A full description of the statistics of mountain wave

conditions from the ESRAD radar is beyond the scope of
the present paper, but it can be mentioned that mountain-
wave/turbulence conditions as in our case study have oc-
curred about 40% of the time in the whole database from
1996 to the present. So turbulence in the lower troposphere is
common. To be able to estimate the effect of this turbulence
in terms of vertical mixing of the atmosphere, we need to be
able to estimate the rate at which turbulent energy (which is
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Fig. 15. Left-hand side : occurrence rates for low values of Richard-
son number for the whole of the innermost model domain, and for
the period from 00:00UTC on 23 January to 24:00UTC on 25 Jan-
uary 2003. Right-hand side: the average (over latitude and time) of
the occurrence rate of convective instability at any location along a
latitude circle, within the innermost model domain. This represents
the chance that an air-mass crossing the domain will encounter a
region of convective instability somewhere along its path from west
to east.

measured directly by V 2RMS) is converted to vertical mixing
or eddy diffusivity (which implies an increase in potential en-
ergy). The physics of turbulent mixing in a stably-stratified
atmosphere has been addressed byWeinstock (1978), leading
to an expression for vertical eddy diffusivity K

K ∼ 0.4V 2RMS/ωB (3)

(Note that the value of the numerical constant in this ex-
pression varies between different derivations. The value
here, 0.4, is among the highest found in the literature, while
Kurosaki et al., 1996, for example, use one of the lowest val-
ues, 0.1). The characteristic time for vertical mixing (for ex-
ample the relaxation of the vertical gradient in ozone mixing
ratio, assuming no new sources), is given by (e.g. Goody,
1995)

tK ∼ H 2/K (4)

whehe H is the density scale height, which is ∼7 km. In
terms of measured VRMS, this gives

tK ∼ 2.5ωBH 2/V 2RMS (5)

Clearly, tK will be very sensitive to the buoyancy fre-
quency ωB . The mean value of ωB in the conditions of Ri<2
at the location of ESRAD (for the WRF results shown in
Fig. 5b) is 10−2s−1. For the rather high value of VRMS=1m/s,
this would lead to tK ∼14 days, which would imply a rather
slow rate of mixing. On the other hand, tK will be reduced to
zero in conditions of convective instability (ωB≤0). The the-
oretical considerations of Weinstock (1978) do not really ap-
ply in these conditions. However, 3-D turbulence simulations

of breaking waves (which is essentially the conditions which
here would correspond to ωB falling to zero) have shown that
mixing is indeed very rapid, with time scale of the order of a
buoyancy period (Fritts et al., 2003).
The possibility that air masses flowing across the moun-

tains might encounter regions of convective instability, is
very important for the possibility of rapid vertical mixing.
Figure 15 shows the occurrence rate of low Richardson num-
bers averaged over the whole inner model domain, and, on
the right hand side, the chance that an air mass will en-
counter convective instability. The domain-averaged occur-
rence rates of low Richardson number are much like those
for the ESRAD site alone (Fig. 13), however when consid-
ered in terms of the chance of convective mixing anywhere
along the path, the rates are much higher, 5–10%. Since the
time spent by an air mass in crossing such a region (Fig. 12)
will be of the order of a buoyancy period, the air within the
layer affected can be completely mixed. Although mixing
at any particular place and time is likely to be confined to a
thin layer, the air column is likely to encounter further mix-
ing layers at slightly different heights as it flows across the
mountains.
As we have seen in the radiosonde comparison, the model

seems to underestimate the occurrence of thin layers of very
low ωB so that the 5–10% chance of convective mixing in
Fig. 15 may be an underestimate. However, the uncertainty
in this is too large to allow us to make direct quantitative
predictions of vertical mixing on the basis of the model re-
sults alone. The radar measurements can be used to examine
the occurrence rates of various levels of turbulence (V 2RMS)
but uncertain assumptions on the corresponding values of ωB

would be needed to estimate tK .

7 Conclusions

Comparison between radar observations and the WRF model
show that mountain waves with small horizontal wavelength
(10–20 km) and up to a fewm/s vertical velocities dominate
the behaviour of the vertical wind field over northern Scandi-
navia. These waves are represented in the model only when
it is run with a horizontal resolution of 3 km or better. In the
lower troposphere, periods of enhanced turbulence are seen
by the radar at the same time as the mountain waves. Com-
parison with the WRF model results support the view that
the main reason for the turbulence is wind-shears at upper-
level synoptic fronts. However, the added effects of small-
horizontal-scale mountain waves can lead to an increase in
the occurrence rate of conditions likely to lead to turbulence,
including localized increases in wind shear and occasional
lowering of the buoyancy frequency to below zero. The oc-
currence rate of turbulence as seen by the radar corresponds
reasonably well with the occurrence rate of conditions with
Richardson number <2 in the model, both in overall amount
and in the height profile.
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Radar observations over a longer time can reasonably be
used to make a qualitative assessment of the occurrence of
turbulent mixing in the lower troposphere, its variations over
time on different scales (hours to seasonal), over height, and
its relation both to synoptic systems and to mountain waves.
There is a large uncertainty, and possibly a large scatter, in
the buoyancy frequency within the narrow layers where tur-
bulent mixing most likely takes place. This makes it difficult
to make quantitative estimates of the overall time scale of
vertical mixing in the air-flow over the region, using only the
radar observations or the WRF model results.
Comparison of height profiles of a suitable tracer, such as

ozone in wintertime, at different points along the path of air-
flow across the mountains, would be a possible method to
examine this problem further.
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Abstract

Measurements made by ozonesondes and by a 52 MHz wind-profiling radar during Febru-
ary and March 1997 are studied. The radar is located at Esrange, near Kiruna in Arctic
Sweden, on the eastern flank of the Scandinavian mountains. Daily ozonesondes were
launched from the same site. The radar vertical and horizontal wind measurements are
used to identify times when mountain waves were present. Mean vertical gradients in
ozone mixing ratio in the lower troposphere are determined in conditions with mountain
waves present and when they were absent. Back-trajectories were calculated so that only
air-masses with their origin to the west of the mountains were included in the final av-
erages. The vertical gradient in ozone mixing ratio is found to be about twice as steep
outside wave conditions as it is during mountain waves. This suggests a very high rate of
vertical mixing, with an average eddy diffusivity of order 5000 m2 s−1. This is consistent
with an earlier estimate of the occurrence rate of complete mixing by wave breaking over
the mountain range.

1 Introduction

The air circulation over Scandinavia is, similarly to the rest of Europe, largely influenced
by the Icelandic low, which is one of the principal centres of action in the general circula-
tion of the Northern Hemisphere and is most pronounced in winter months. As a result,
the prevailing airflow over Scandinavia is from western directions. The Scandinavian
range is perpendicular or nearly perpendicular to these wind directions thus creating
a significant barrier for the winds. Consequently, this can often lead to the formation
of mountain lee waves and turbulence associated with those waves. This turbulence
can be readily observed with the ESRAD (ESrange RADar) VHF wind-profiling radar,
which is situated on the lee side of Scandinavian mountain range (see e.g., Satheesan
and Kirkwood, 2010). Turbulence associated with breaking of mountain waves has been
recognized as a potential source of vertical mixing of atmospheric constituents (Kirkwood
et al., 2010, and references therein). However, its significance in quantitative terms needs
still to be determined. We here try to look at this in terms of vertical down-mixing of
ozone. Ozone is transported from the stratosphere to the troposphere through several
mechanisms, one of them being tropopause folds, which can bring stratospheric air to low
altitudes (Shapiro, 1980; Rao and Kirkwood, 2005; Hocking et al., 2007). There is sig-
nificant seasonal variation in tropopause folds over Northern Scandinavia, with a winter
maximum in their occurrence (Rao et al., 2008). They are most of the time related with
strong westerly winds, which are a precursor for the creation of mountain lee waves and
also create potential for formation of associated turbulence (Rao and Kirkwood, 2005).

Radar observations help to qualitatively assess the occurrence of turbulent mixing in
the lower troposphere. However, quantitative estimates of vertical mixing and of eddy
diffusion rates, in turbulence associated with mountain waves, are very sensitive to the
value of buoyancy frequency (ωB), There is large uncertainty in this parameter within
the narrow layers where the turbulent mixing most probably occurs (Kirkwood et al.,
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2010). Better understanding and quantitative estimates of these processes, in connection
with the maximum occurrence of tropopause folds in winter time, might help to explain
the unexplained seasonal variation in surface ozone in the polar regions, with observed
higher wintertime concentrations than those predicted by models (Tarasova et al., 2007).
An idea about the behaviour of ozone profiles in these situations can be gained by further
investigating winter tropospheric ozone profiles during and outside periods of mountain-
wave activity.

2 Data and analysis

2.1 Ozonesondes

Radio and ozone sonde measurements from ESRANGE-Kiruna (67.9◦ N, 21.1◦ E) made
between 1 February 1997 and 25 March 1997 as part of the ILAS (Improved Limb At-
mospheric Spectrometer) validation balloon campaign (Kreher et al., 1999) have been
used. Ozone and temperature profile measurements were made almost every day. 57
ECC (Electrochemical Concentration Cell) balloon-borne ozonesondes interfaced with
Vaisala RS80 meteorological radiosondes were used. Measurements of ozone partial pres-
sure (mPa), air pressure (hPa), air temperature (◦C), humidity (%) and ozone pump
temperature (◦C) were recorded around each 10 s which resulted in 30–60 m vertical res-
olution (Kreher et al., 1999). Profiles were visually examined at heights up to 10 km
and erroneous data was excluded based on sudden discontinuation of data and extremely
unusual values of data. The accuracy of ozone partial pressure measurements of ECC
sondes in the troposphere and lower stratosphere is typically ± 5 % (Kreher et al., 1999).
In this same time period we also initially considered ozone sondes from other sites (So-
dankyla, Ny Ålesund, Lerwick and Scoresbysund) from both sides of the Scandinavian
mountain range, although the measurements from these sites were not as frequent. By
investigating these sets of data we hoped to make a first estimate of the importance of
mountain-wave induced mixing.

After dividing the profiles into groups according to the presence or absence of moun-
tain waves (see Sect. 2.2), mean profiles of ozone mixing ratio, potential temperature,
pressure and height were calculated for each group. Let us for convenience from now
on refer to the profiles as in-wave profile – for the group when mountain waves were
observed and outside-wave profile – for the second group. Mean profiles were calculated
by assigning mean values of ozone, temperature, pressure and height to layers of 100 m
thickness, and the initial result for sondes launched from Esrange is shown in Fig. 1.

2.2 ESRAD MST radar

ESRAD is interferometric VHF wind-profiling radar, located at Esrange in Northern
Sweden (67.54◦ N, 21.04◦ E) at an altitude of 295 m a.s.l. It operates at a frequency of
52 MHz and has been operating nearly continuously since August 1996. (Chilson et al.,
1999) ESRAD characteristics during winter 1996/1997 are shown in Table 1.
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Figure 1: Mean profiles of potential temperature (a), ozone mixing ratio (b) and the difference
between the profiles of ozone mixing ratio (c) for outside-wave (blue) and in-wave (red) group
of ozonesondes.

To divide the profiles into groups based on the presence or absence of mountain waves,
measurements by ESRAD around the height of 3 km were used. At this height we can
see the signature of air movements in the mountain waves in ESRAD data. ESRAD is
operated with a vertically pointing beam and determines the horizontal wind movements
with the help of full-correlation analysis. This method assumes that scatterers are moving
with the mean wind and determines the wind movements based on the movement of the
diffraction pattern received in the radar’s 6 separate receivers. The vertical scatterer drift
is computed from the doppler shift of the returned signal. In cases of mountain waves we
can see a pattern of upwards and downwards air movements, varying through the time
of measurement. To distinguish the mountain wave periods, and ensure accurate wind
measurements, a set of conditions were applied to the data. The signal to noise ratio had
to be bigger than a factor 2 (to exclude uncertain data), the wind speed perpendicular
to the mountain range had to be finite and not zero, and the absolute value of vertical
speed had to be greater than 0.2 m s−1. If these conditions were met within 3 h before
or after an ozonesonde launch, the sonde would be considered as belonging to the group
with mountain waves present. The difference between the two groups of data can also be
illustrated by calculating the root mean square of vertical velocity (VRMS) within each
1 min sampling interval (from the correlation time of the echoes). This quantifies the
vertical velocity fluctuations which are a characteristic of turbulence kinetic energy. We
have calculated that, in this dataset, the root mean square of vertical velocity in wave
conditions (0.25 m s−1) is about 40 % higher than outside wave conditions (0.18 m s−1) at
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Table 1: ESRAD characteristics during winter 1996/1997 for the measurement mode used in
this study.

Location 67.54◦ N, 21.04◦ E
Altitude 295 m a.s.l.
Transmitter:

Frequency 52 MHz
Duty cycle 1 %
Peak power 72 kW (12× 6 kW modules)
Pulse length 2 μs (300 m)
Pulse repetition 4096 Hz

Antenna: 12× 12 array, 5-element Yagis
Spacing 0.71λ
Area 44.4 m× 44.4 m

Receiver: 6 separate receivers
Sampling interval 2 μs (300 m)
Filter half-width 500 kHz
Operation (ST-mode) time resolution: 1 min

http://www.irf.se/mst/EsrangeMST.html

3 km height.

2.3 Trajectory tracing

To investigate the sources of air masses arriving at Esrange, for each ozonesonde, back-
trajectories were calculated from the launch time using the Flexpart model (Stohl et al.,
2005). ECMWF (European Centre for Medium Range Weather Forecasts) data were used
as model input. The 4 d back-trajectories were calculated for 1, 2, 3, 4 and 5 km heights
for each sonde launch. Initially we attempted, with help of these back-trajectories, to
find a connection between ozonesondes launched at Esrange and the ozonesondes available
from other stations (Sodankyla, Ny Ålesund, Lerwick and Scoresbysund). This was done
by examining the distance of the back-trajectories from those stations and the time the
air masses at various levels were passing by the stations. As the sonde measurements
were not part of a coordinated experiment, we did not manage to positively link any two
of them with high enough confidence. Also, with prolonged daylight in late February and
March, photo-chemistry could potentially affect ozone on the longer distances involved.

Instead, we have concentrated on the difference in back-trajectories between the in-
vestigated groups, using only the sondes from Esrange. As we can see in Fig. 1a) there
is a nearly constant difference of 4 K between the mean profiles of potential temperature
between outside-wave and in-wave profiles. That was the main reason for us to compare
the sources of air masses (Fig. 2). As we can see, the sources of air masses for all heights
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in the outside-waves group are more evenly distributed both to the west and to the east
from Esrange (Atlantic Ocean and Continental Asia) suggesting bigger variation in the
original amounts of ozone in the air masses and thus a possible reason for difference in the
profiles. The sources for the in-wave group lie predominantly to the west from Esrange
mainly in the area between the British Isles, Iceland, and the east coast of Canada. This
difference in the location of sources of air masses was to be expected because of the con-
ditions that need to be satisfied for creation of mountain waves. The air needs to come
to Esrange from directions close to perpendicular to Scandinavian mountain range which
would be southwest to northwest directions. Air arriving from these directions comes
most of the times from the rear side of the Icelandic low, which is a quasi-permanent
centre of action in the general air circulation of the Northern Hemisphere and is more
pronounced in winter times. This is in agreement with the positions of sources in our
figure. To try to minimise the contribution of the difference in the air mass sources to
the mean profiles, we have decided to investigate more closely only cases when the air
masses arrived at Esrange from western directions. Based on the back-trajectories we
have chosen only sondes where back-trajectories at all heights had sources lying to the
west from Esrange (Fig. 3). This selection cut down the number of ozonesondes from
the initial 54 to only 23, of which only 6 arrived outside of wave conditions. The mean
profiles using this restricted set of sondes are shown in Fig. 4.

3 Results

The mean profiles of ozone in the presence of mountain waves and outside of mountain
wave conditions, using all available sondes, are compared in Fig. 1. When looking at
the height profiles of ozone mixing ratio, we can see that, in the lower heights (600 to
around 2000 m) the gradient of ozone mixing ratio for the in-wave profile is similar to
the outside-wave profile (3.3 ppb km−1 for outside-wave profile and 3.5 ppb km−1 for in-
wave profile) but the values in individual layers differ with the in-wave profile having
ozone mixing ratio values 2.5 to 3 ppb higher up to around 2000 m. Above this layer,
we can recognize a height region from 2000 m to around 3600 m where the gradient of
ozone mixing ratio in the outside-wave profile (5.1 ppb km−1) grows to be more than
two times as high as the gradient for the in-wave profile (1.9 ppb km−1). Because of
this difference in gradients, the outside-wave profile overtakes the wave profile around
2500 m height and grows to be some 2.5 ppb higher in 3600 m. Above this height the
gradients in the tropospheric parts of the profiles become virtually the same, with the
in-wave profile soon catching up in values and both profiles having similar values up to
the maximum height considered here 6000 m. What interests us most is the difference
in the profiles up to 3600 m that was made visible in our mean profiles and which would
suggest that, during times of mountain waves and associated turbulence, the ozone in
this layer is mixed better and its downward flux is higher. However, we can see from
the potential temperature profiles that there is systematic offset between in-wave and
outside-wave profiles of potential temperature by up to 4 K. This is one of the reasons
why we have decided to investigate more closely the sources of the arriving air masses.
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Figure 2: Comparison, based on 4 d backtrajectories, of air mass sources between outside-wave
(top) and in-wave (bottom) datasets when all sonde measurements were considered. Sources
based on backtrajectories from individual heights 1, 2, 3, 4 and 5 km are displayed in various
colors.
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Figure 3: Comparison, based on 4 d backtrajectories, of air mass sources between outside-wave
(top) and in-wave (bottom) datasets after sondes with other than western sources in any of the
heights were excluded. Sources based on backtrajectories from individual heights 1, 2, 3, 4 and
5 km are displayed in various colors.
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After choosing only sondes with similar origins of air masses (to the west of Scandinavia)
as described in the previous section, the same comparison can be made using this new
subset of sondes. The mean ozone mixing ratio and potential temperature profiles are
compared in Fig. 4. In the potential temperature profile, we can see that the difference
of around 4 K between the profiles was eliminated, but we still can observe a difference in
the gradient of potential temperature from the ground up to 4000 m. The in-wave profile
has a more constant gradient in the whole layer with values of potential temperature
higher than the outside-wave profile in the lower part (up to around 1500 m) and then
lower values up to 4000 m where the gradients and values of potential temperature for
both profiles become similar. This can be a sign of turbulent mixing in the in-wave layer.
When looking at the mean ozone mixing ratio profile we discover similar features as in
Fig. 1. In the layer from 600 m to around 1100 m, the in-wave profile shows around 4 ppb
higher values of ozone mixing ratio. Above this layer the ozone mixing ratio for outside-
wave profile rises two times as quickly as for the in-wave profile, up to the height 3600 m.
In this layer the outside-wave profile has a gradient 5.2 ppb km−1 and in-wave profile has
a gradient 2.2 ppb km−1. Above the height 3600 m, again the values of ozone mixing ratios
as well as gradients become similar in both profiles. When analysing individual profiles
in these groups (not shown), we can see that, in the outside-wave group, temperature
inversions are present in various layers at heights up to 2000 m in all of the 6 profiles
of this group. Stable stratifications of these layers prohibits development of extensive
vertical mixing of atmospheric constituents like ozone. Above 2000 m we can observe
a faster rise in the ozone mixing ratios. There are temperature inversions at heights up
to 2000 m present also under in-wave conditions, although they are generally shallower
structures, and present in less than half of the 17 profiles of the in-wave group.

4 Discussion

We have presented in-wave and outside-wave mean profiles of ozone which were con-
structed based on a set of ozonesondes launched at Esrange during the ILAS validationh
campaign in February and March 1997, and have divided them into in-wave and outside-
wave groups with the help of ESRAD radar data. The main difference is in the behaviour
of the profiles in the lower troposphere, where the difference in gradient is evident and
the in-wave profile values of mixing ratio reach 4 ppb higher values than the values in
outside-wave profile. At the same time, from the analysed set of sondes, we did not
observe any significant difference between the column densities of ozone in the lower
troposphere (heights 600 m to 3600 m). The amount of ozone in a column of air in the
outside-wave profile was 10.37 DU and only a slightly higher value in the wave profile
10.43 DU. This similarly, in addition to the potential temperature values, supports the
view that the sources are air masses with similar properties.

After excluding erroneous data and choosing only sondes with similar point of origin
of the air masses, we were able to use only 23 sondes of which 6 were measured under
the outside-wave conditions and 17 under in-wave conditions. Since we have attempted
a statistical look at the data, the low number of observations may influence our result.
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Figure 4: Mean profiles of potential temperature (a), ozone mixing ratio (b) and the difference
between the profiles of ozone mixing ratio (c) for outside-wave (blue) and in-wave (red) group
after limiting to sondes with western sources of air masses.

To ensure a more representative result, we have decided to concentrate on ozone profiles
under the height of the lowest identified tropopause fold to avoid any influence of high
values of ozone in the fold structures on the gradient of ozone mixing ratio. This way
we hope to represent better the behaviour of ozone profiles in the turbulent areas. By
choosing only the sondes with similar sources of air masses, arriving at Esrange from
western directions, we have constructed mean profiles that could be considered to have
similar sources on the western side of the Scandinavian mountain range. The only dif-
ference between them when they arrive at Esrange would be in the time that the air
masses of the in-wave group have spent time in an area influenced by mountain waves
and associated turbulence. The length of the path affected by this turbulence is around
100 km (Kirkwood et al., 2010). Over this distance, in winter months, we can also regard
the effect of chemistry on ozone in the troposphere to be insignificant. Hence, we can
consider the differences in the mean profiles of ozone concentration and potential tem-
perature to be caused primarily by the mixing occurring under the turbulent conditions.
We can use the characteristic time for vertical mixing (relaxation of the vertical gradient
of ozone mixing ratio), which is given by (Goody, 1995):

τK ∼ H2

K
, (1)

to estimate the eddy diffusion coefficient K. H is the density scale height (over which
the mixing ratio varies significantly) and is ∼ 7 km. Since the vertical gradient of ozone
mixing ratio is about halved between the in-wave and outside-wave profiles, τK in this
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interpretation corresponds to the time that the air mass spend in the turbulent region
while crossing the Scandinavian mountain range. From ESRAD measurements we find
that the mean wind speeds perpendicular to the mountain range at the height of 3 km,
was 10.9 m s−1 in wave conditions. The characteristic time for vertical mixing in our
case can be estimated to be 100 km divided by this speed, i.e. ∼ 2.5 h. Consequently
the eddy diffusion coefficient K ∼ 5000 m2 s−1. This is a very high value, for example
1–2 orders of magnitude higher than values estimated for the extreme conditions of
a hurricane (Zhang et al., 2011), and in the Arctic lower troposphere vertical mixing is
generally assumed to be negligible (K ∼ 0) because of the high average static stability
(e.g., Barrie and Platt, 1997). However, the possibility of complete mixing in mountain
lee waves is well recognised (Durran, 2003). According to the 3-D simulations of mixing
by breaking gravity waves by Fritts et al. (2003), the time for mixing in such conditions
is less than the buoyancy period (a few minutes). Applying Eq. (1) with τK = 600 s gives
K ∼ 105 m2 s−1. The study by Kirkwood et al. (2010) showed that the probability that
an air-mass between 1000 m and 5000 m height will encounter a region of wave breaking
during its passage across the mountains could be as high as 5–10 %. This would imply
average values of K ∼ 5000–10 000 m2 s−1, consistent with our estimate here based on the
ozone mixing ratio gradient.

It should be pointed out that our estimate of K ∼ 5000 m2 s−1 is 3 orders of magnitude
larger than the value that can be found using the usual method of estimating eddy
diffusivity from radar and sonde observations, where K is given as (see e.g., Wilson,
2004):

K ∼ V 2
RMS

ωB

. (2)

From our radar measurements we have the value of VRMS in wave conditions 0.25 m s−1 and
we have calculated buoyancy frequency ωB in the lower troposphere from the mean sonde
profiles to be ∼ 1.1× 10−2 s−1. Then the eddy diffusion coefficient K =∼ 2.3 m2 s−1 and
the characteristic time of vertical mixing according to Eq. (1) through the scale height
would be approximately 247 days. However, as we can see in Eq. (2), eddy diffusion
coefficient is very sensitive to the value of ωB. As discussed in Kirkwood et al. (2010),
the mean value of ωB may not be representative, especially when turbulence occurs
in thin layers where ωB drops close to zero values. Given the fine structure of the
profile of ωB over the troposphere, estimates based on average radar VRMS in combination
with low resolution estimates of ωB, are not adequate for calculation of vertical mixing
characteristics in mountain-wave conditions.

The difference of 4 ppb (7.9 μg m−3 at measured mean temperature and pressure) be-
tween in-wave and outside-wave conditions which we find in the lower levels of troposphere
is of the same order as typical diurnal variations of ground ozone. The mean amplitude of
variations of ozone within each day in February and March 1997 is, according to ground
ozone measurements performed in Esrange, 9.8 μg m−3 (based on hourly means of ozone
concentrations, http://www.ivl.se/tjanster/datavardskap/luftkvalitet.html). From this
we can conclude that in individual cases the changes in ground ozone concentrations
can be highly influenced by turbulent downmixing of ozone from higher altitudes. As
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has been previously shown (Terao et al., 2008) the seasonal ozone changes in the middle
troposphere can be linked and are correlated with the changes of ozone in lower strato-
sphere. This stratosphere-troposphere exchange is driven by synoptic scale processes e.g.
tropopause folds. In the presence of mountain waves during these events, ozone is more
efficiently downmixed and can influence the levels of ground ozone.

Another source of uncertainty is the role of tropospheric ozone photochemistry. We
have chosen to analyse measurements during winter time when the ozone lifetime is long
to minimise the influence of tropospheric photochemistry on our results. However, there
are still uncertainties in the rates of deposition of ozone into the snow-covered landscapes
(Helmig et al., 2007). The uncertainty in ozone surface fluxes constitutes an uncertainty
in the importance of downmixed ozone on ground ozone concentrations. For better
understanding and for better determination of the influence of turbulence in mountain
wave conditions on the concentrations of ozone in lower troposphere and ground level
ozone, more measurements are needed of ozone profiles in targeted conditions, preferably
including observations in air masses crossing the Scandinavian mountain range from both
sides of the range.
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Abstract. Tropopause folds are one of the mechanisms of
stratosphere–troposphere exchange, which can bring ozone
rich stratospheric air to low altitudes in the extra-tropical re-
gions. They have been widely studied at northern mid- or
high latitudes, but so far almost no studies have been made at
mid- or high southern latitudes. The Moveable Atmospheric
Radar for Antarctica (MARA), a 54.5MHz wind-profiler
radar, has operated at the Swedish summer station Wasa,
Antarctica (73◦ S, 13.5◦W) during austral summer seasons
from 2007 to 2011 and has observed on several occasions sig-
natures similar to those caused by tropopause folds at compa-
rable Arctic latitudes. Here a case study is presented of one
of these events when an ozonesonde successfully sampled
the fold. Analysis from European Center for Medium Range
Weather Forecasting (ECMWF) is used to study the circum-
stances surrounding the event, and as boundary conditions
for a mesoscale simulation using the Weather Research and
Forecasting (WRF) model. The fold is well resolved by the
WRF simulation, and occurs on the poleward side of the po-
lar jet stream. However, MARA resolves fine-scale layering
associated with the fold better than the WRF simulation.

Keywords. Meteorology and atmospheric dynamics
(Mesoscale meteorology; Polar meteorology; Instruments
and techniques)

1 Introduction

Ozone in the atmosphere plays an important role in both the
stratosphere and troposphere. It is perhaps best known for
its role in the stratosphere where it absorbs UV radiation,
thus protecting the biosphere from harmful radiation. Other
important aspects of ozone’s role in the atmosphere include,
for example, heating of the stratosphere by UV absorption,
making the stratosphere strongly statically stable and inhibit-
ing mixing between the stratosphere and troposphere. Ozone
in surface air is well known as a toxic pollutant but it also
acts as a short-lived greenhouse gas and, together with water
vapour, it plays an important role in controlling the lifetime
of many other tropospheric trace gases. Ozone in the tropo-
sphere is also an important tracer of transport, both down-
ward transport from the stratosphere and horizontal transport
of air from areas affected by biomass burning or industrial
pollution (Randriambelo et al., 2000). Long-range transport,
which can be traced with the help of ozone measurements,
influences not only the local atmospheric air quality, but, in
the case of polar regions, also the climate record stored in
the ice in terms of many other trace gases and their isotopic
composition (see e.g. Helsen et al., 2007).
Globally, the main source of ozone (O3) in the tropo-

sphere is photochemistry within the troposphere, both nat-
urally occurring and due to pollution. However, for under-
standing long-term development and budgets of O3 in the
troposphere, the stratospheric source is important, particu-
larly where or when the atmosphere is not strongly affected
by modern industrial sources or biomass burning. For exam-
ple, the model study (based on ECMWF global data sets)
by Lelieveld and Dentener (2000), suggested that 40–60%
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of tropospheric ozone in pre-industrial times came from the
stratosphere, with similar contributions estimated even for
present day conditions for remote Southern-Hemisphere lo-
cations such as Antarctica. More recently, Sudo and Akimoto
(2007) used a tagged tracer method in a global chemical
climate model to estimate that 23% of tropospheric ozone
comes from the stratosphere. The troposphere in polar re-
gions is, however, to a large extent statically stable and not
well mixed in the vertical direction. As a result, most of the
stratospheric O3 is found in the upper troposphere. For exam-
ple, according to the modelling study by Sudo and Akimoto
(2007), for the high-Arctic site of Resolute Bay, as much as
75% of ozone at 300 hPa (in spring) has a stratospheric ori-
gin, but less than 20% at 800 hPa. Studies of transport into
the Arctic (Stohl, 2006) and into coastal Antarctica (Stohl
and Sodemann, 2010) using a Lagrangian particle dispersion
model have concluded that less than 0.5% could be traced to
the stratosphere within the 10-day tracing interval. Slightly
higher values, up to 2% were found for the high-altitude re-
gion of the Antarctic Plateau. On the other hand, an anal-
ysis of observed seasonal variations in surface ozone, com-
bined with modelling using an atmospheric chemistry GCM
(Tarasova et al., 2007) concluded that about 55% of surface
ozone at polar sites (including Barrow, Alaska, Neumayer
and Syowa in costal Antarctica) comes from the stratosphere.
So, although a stratospheric influence on the tropospheric
column as a whole is generally agreed, there is less consen-
sus regarding the relative contribution of stratospheric ozone
to surface ozone concentrations in the polar regions.
Air is transported from the stratosphere to the tropo-

sphere (and vice-versa) through a variety of processes known
as stratosphere-troposphere exchange (STE). Tropopause
folds have been identified as a likely major source of STE
(Shapiro, 1980; Holton et al., 1995) outside the tropics.
These are synoptic-scale intrusions of tongues of air with
stratospheric characteristics (high O3, low humidity and high
potential vorticity, PV) which are forced down into the tropo-
sphere at boundaries between warmer and colder air masses
in the upper troposphere, close to the sub-tropical and polar
jets. Analysis of global meteorological data by Sprenger et al.
(2003), Sprenger and Wernli (2003) found that STE due to
tropopause folds was indeed important in the subtropics, but
it seemed that folds were too rare at higher latitudes to make
a significant contribution. Erosion of cut-off low systems and
breakup of stratospheric streamers were instead proposed as
possible sources of STE in the extratropics. Further stud-
ies, again using global meteorological data (Sprenger et al.,
2007) confirmed a link between STE, streamers and cut-off
lows at mid and high northern latitudes, although the link was
less clear for the highest latitudes, i.e. the Arctic.
A number of studies of STE have been made based on

direct observations, and fine-scale modelling, at high north-
ern (including Arctic) latitudes. Stratospheric intrusions have
been detected for example by in-situ measurements (using
ozonesondes or aircraft) as layers of air with higher ozone

mixing ratios and lower humidity in the troposphere (Van
Haver et al., 1996; Beuermann et al., 2002; Dibb et al.,
2003; Rao and Kirkwood, 2005; Semane et al., 2007). These
show that intrusions of stratospheric air (tropopause folds),
down to heights as low as 2 km, occur at high northern
latitudes, but they are not resolved by the usual detection
methods based on global meteorological databases. Assim-
ilation of satellite limb measurements has been proposed as
one way to improve detectability of such stratospheric intru-
sions using global meteorological databases (Semane et al.,
2007). A new global real-time Lagrangian diagnostic sys-
tem for STE has been developed by Bourqui et al. (2012)
and first tests, using comparison with a campaign of daily
ozonesonde launches in Eastern Canada, showed an unex-
pectedly high number of observed stratospheric intrusions
with stratospheric air below 500 hPa (700 hPa) found in 79%
(38%) of profiles.
VHF wind-profiler radars have also proved to be use-

ful tools for tropopause fold studies, with some radars of-
fering the possibility of long series of observations so that
climatologies can be made. This is due to a close relation
between radar reflectivity and static stability (e.g. Vaughan
et al., 1995; Hooper et al., 2004). Folds can be readily ob-
served in radar data as high level frontal zones (sloping lay-
ers of high radar reflectivity) descending from the tropopause
into the middle troposphere, or lower. They are generally ac-
companied by a change in the height of the tropopause (also
readily identified as a boundary with high reflectivity) sud-
denly increasing by hundreds of meters (up to 3 km in indi-
vidual cases). Often a change in the wind direction near the
frontal zone and frontal circulation in the vertical velocity
can also be detected by the radar. For example, VHF radars
have been used to study folds at mid- to high latitudes over
Britain by Vaughan et al. (1994); Reid and Vaughan (2004),
and over Eastern Canada by Hocking et al. (2007). At Arc-
tic latitudes (68◦ N in Sweden) they have been studied using
radar by Rao and Kirkwood (2005) and Rao et al. (2008).
By making comparisons with ECMWF analysis, Rao et al.
(2008) found that folds detected by the radar were generally
associated with streamers or cutoff lows. Since the radar had
operated continuously over many years they were also able
to study the climatology of the folds. They found that the
occurrence rate was substantially higher (5–10%) than ex-
pected according to the analysis of global meterological data
by Sprenger et al. (2003) (0–2%), suggesting that there may
in practise be many unresolved tropopause folds associated
with the cutoff lows and streamers found using global mete-
orological databases.
Although there are many observational and fine-scale

modelling studies of STE and tropopause folds at high north-
ern and Arctic latitudes, very little has been published con-
cerning high southern or Antarctic latitudes. To our knowl-
edge, the only published study for the region south of
45◦ S is by Baray et al. (2012). This is based on ozoneson-
des launched from Kerguelen Island (49◦ S) and fine-scale
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Lagrangian trajectory tracking. Evidence was found for in-
trusion of stratospheric air close to the jet stream (tropopause
fold) down to the 550 hPa level.
In 2007, a new, small VHF wind profiler radar, MARA

(Kirkwood et al., 2007) was deployed in Queen Maud Land,
Antarctic (73◦ S, 13.5◦W). Although operations were re-
stricted to a few weeks each summer season, it was soon
apparent that very similar structures to those identified as
tropopause folds by VHF radar at Arctic latitudes, were also
seen over the Antarctic site. Since the ECMWF-based study
of Sprenger et al. (2003) found no evidence for folds over this
location during the summer months, this was somewhat sur-
prising. As complementary in-situ measurements are prefer-
able to properly identify folds, ozonesondes were launched
at the radar site in subsequent summer seasons when the
radar indicated fold-like signatures. In this paper we present
a first case study of a tropopause fold observed by MARA,
with co-located ozonesonde measurements and a compari-
son with the way in which the situation can be represented
by ECMWF (European Centre for Medium-Range Weather
Forecasts) synoptic data and by a mesoscale model con-
strained by ECMWF analysis, the WRF (Weather Research
Forecast) model (Skamarock and Klemp, 2008).

2 Instruments and data

2.1 Radar and sonde observations

MARA (Movable Atmospheric Radar for Antarctica) is an
interferometric 54.5MHz wind profiler radar. It was in-
stalled and operated at the Swedish/Finnish summer stations
WASA/Aboa in Queen Maud Land (73◦ S, 13.5◦W) in the
austral summer season of 2006/2007 (Kirkwood et al., 2007)
and during 3 summer seasons until the season 2010/2011.
(After this season MARA was moved to its present location
at the Norwegian station Troll 72◦ S, 2.5◦ E and is in oper-
ation year-round.) The measurements considered here were
made in the season 2010/2011. The quantities measured are
profiles of echo power plus Doppler shift, auto and cross
correlations at and between 3 receivers, each connected to a
separate antenna sub-array. Signal-to-noise ratio (SNR) and
buoyancy frequency are derived from the echo power and
horizontal wind speeds are calculated using full correlation
technique and the cross-correlations between the 3 receivers
(Holdsworth and Reid, 1995). Vertical wind speed is deter-
mined from the doppler shift but is not used in the present
study. Turbulence estimates (velocity variations in the ver-
tical direction) can also be found using the full correlation
technique but high SNR is needed for useful accuracy. Buoy-
ancy frequency is calculated for easier direct comparison
with the profile of static stability from model data. This is
possible since, for vertically pointing radars operating around
50MHz, the echo power returned from the upper troposphere
and lower stratosphere is predominantly determined by the

Fig. 1. MARA radar observations of signal to noise ratio (dB),
buoyancy frequency (s−1), wind speed (m/s) and wind direction
(deg) from 27 December 2010 to 29 December 2010. Nearly ver-
tical black lines represent the time of ascent and descent of the
ozonesonde.

mean temperature gradients (with allowance for the distance
from which it is returned and the scale height of atmospheric
density). Echo power can thus be scaled to provide an esti-
mate of static stability:

RB
2 = Fe z exp(z/H)Pr

1/2, (1)

where Pr is radar echo power, z is height and H is atmo-
spheric scale height or time. Fe is constant of proportional-
ity, independent of height. In the case where humidity is or
can be assumed to be negligible, as in the upper troposphere
and lower stratosphere,RB provides a good estimate of buoy-
ancy frequency (Kirkwood et al., 2010, or for further details
Hooper et al., 2004). The constant of proportionality, Fe, in
this case was found by comparison with ozonesonde mea-
surements made on 29 December (the sonde measurements
are described in more detail in the Sect. 5).
During the 2010/2011 season MARA was running in two

operating modes summarized in Table 1. The two modes
were operated in alternate minutes, with fca 150 providing
good height resolution (150m) but relatively low SNR while
fca 4500 has poorer height resolution (600m) but higher
SNR. MARA observations for a 3-day period in December
2010 are shown in Fig. 1, where fca 150 forms the basis of
the measurements shown for SNR and buoyancy frequency at
all heights, and wind speed and direction below 5 km altitude.

www.ann-geophys.net/30/1411/2012/ Ann. Geophys., 30, 1411–1421, 2012
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Table 1.MARA: technical details and radar operating modes for the summer season 2010/2011.

Location 73.04◦ S, 13.41◦W
Altitude 470m a.s.l.
Frequency 54.5MHz
Max. duty cycle 7.5%
Peak power 20 kW
No. of receivers: 3
Operating modes season 2010/2011 fca 150 fca 4500
Sampling resolution 150m 600m
Code 4-bit complementary 8-bit complementary
Further information: http://www.irf.se/link/MARA AFP IRF
Online data: http://www.irf.se//program/paf/?link=Data

Fig. 2. Map grids used in this paper. Outer frame (a) used for
the synoptic overview (Fig. 3), (b) ECMWF operational analysis
tropopause maps (Fig. 4 – a), (c) WRF model tropopause maps
(Fig. 4 – b) (d) vertical cross-sections along the 13.5◦W longitude
(Fig. 5). Red star – position of MARA radar. Dashed lines represent
the outer and inner domains used in WRF model simulation.

Above 5 km, SNR becomes much lower and wind estimates
are from fca 4500, although even with the higher SNR pro-
vided by this mode, there are still large gaps due to low SNR.
In the two uppermost panels of Fig. 1, we show SNR

and static stability (buoyancy frequency) derived from the
MARA measurements. The white crosses mark the position
of the radar-derived tropopause. This has been found by first
making 90-min averages of the buoyancy frequency profiles,
and then looking for the maximum vertical gradient (evalu-
ated over a 450m interval) between 6 km and 11.6 km alti-
tudes. Here a change of the tropopause height can be seen
from around 9.5 km late on the 27 December, descending
to approximately 7 km height on the morning of the 28th
after which a multiple or indistinct tropopause starts to be
observed for a while, then rising to approximately 10.5 km
by noon on 29 December. The suspected tropopause fold
is seen as thin layers of enhanced SNR/higher static stabil-
ity descending from the tropopause height starting in the
afternoon of the 28th. In fact, part of this fold-like struc-
ture, just after midnight on the 29th is mis-identified as the

tropopause by the gradient-searching algorithm. The change
of tropopause height, and the descending layer, are very sim-
ilar to tropopause fold signatures identified at Arctic latitudes
(Rao and Kirkwood, 2005).

2.2 ECMWF and WRF models

For further analysis of the situation observed by MARA,
ECMWF deterministic operational model analysis data was
used and the observed tropopause fold was also modelled by
the WRF model with high spatial and time resolutions.
The ECMWF operational analysis was investigated for the

period between 27 December 2010 and 30 December 2010,
at tropospheric and lower stratospheric heights. This data
is available with a horizontal resolution of approximately
16 km (0.125 degrees) and 4 times per day (each 6 h). For
the purpose of this case study, we looked at the data on
pressure, isentropic and potential vorticity levels. To show
the development at the level of the dynamical tropopause,
we use tropopause maps, here based on the −2 pvu level
(1 pvu= 10−6 Km2 kg−1 s−1, the negative value being used
because of the location in the Southern Hemisphere) (Holton
et al., 1995).
The WRF numerical experiment presented here consists

of two, two-way nested, polar stereographic domains at hor-
izontal resolutions 6 and 2 km (Fig. 2, dashed lines), with
95 vertical levels up to 20 hPa (approximately 25 km). The
vertical spacing is stretched from 60m to 350m at the low-
est and highest level, respectively. Rayleigh damping in the
uppermost 5 km was introduced in order to avoid spurious
wave reflection from the model lid (following Durran and
Klemp, 1983). The terrain elevation of the inner model is
specified by the data from the Radarsat Antarctic Mapping
(RAM) Project Digital Elevation (PDE) Model Version 2,
originally at 1 km resolution (Liu et al., 2001). The numer-
ical experiment starts one day before the period of interest
on 26 December 2010 at 00:00UTC and is run for 4 days.
It is coupled with ECMWF operational analysis at the ini-
tial time and every 6 h at the boundaries of the outer domain.
The model equations are integrated in the outer and inner do-
mains at time steps of 24 s and 8 s, respectively. The inner
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1a) 2a) 3a) 

1b) 2b) 3b) 

3a) 

Fig. 3. ECMWF operational analysis based geopotential height (gpm) and wind speed (m s−1) at 300 hPa level (1a, 2a, 3a) and potential
vorticity (pvu) (thick line−2 pvu value) at 315K isentropic level (1b, 2b, 3b) on 28 December 2010 06:00UTC (1a, 1b), 29 December 2010,
00:00UTC (2a, 2b) and 29 December, 12:00UTC (3a, 3b). Map grid used as seen in Fig. 2a. Red star marks position of MARA radar.

model outputs containing the usual dynamic and thermody-
namic variables are then saved every ten minutes. Convection
is explicit in the inner and outer domains and microphysics is
parameterized with the 3-class liquid and ice hydrometeors
scheme of Hong et al. (2004). Radiative processes are rep-
resented with the long and shortwave radiation schemes of
Mlawer et al. (1997) and Dudhia (1989), respectively. Sub-
surface heat conduction was calculated with a scheme based
on a 5-layer snow temperature, and the turbulent transport
of heat, moisture, and momentum was parameterized in the
whole atmospheric column with the scheme of Hong et al.
(2006).
Outputs from the ECMWF andWRFmodels are displayed

for the map sections shown in Fig. 2, where the red star
denotes the position of MARA. Section Fig. 2a is used for
the synoptic overview (Fig. 3). Figure 2b is used to show
ECMWF tropopause maps (Fig. 4 – 1a, 2a, 3a) and Fig. 2c
is the map section for WRF tropopause maps (Fig. 4 – 1b,
2b, 3b). Vertical cross-sections (Fig. 5) from both models
are shown along the 13.5◦W longitude (Fig. 2d). Model out-
puts for the synoptic situation, tropopause and vertical cross-
section maps are shown for the following times: 28 Decem-
ber 2010, 06:00UTC (at the beginning of the tropopause fold
observation with MARA), 29 December 2010, 00:00UTC
(in the middle of the tropopause fold observation by MARA)
and 29 December 2010, 12:00UTC (at the time of the
ozonesonde ascent). The figures are discussed in more detail
in the following sections.

3 Synoptic overview

On the 27 December 2010, a low pressure systemwas located
at the surface to the north of MARA (not shown here), mov-
ing slowly to the east. The low pressure system was deepen-
ing and was connected with a trough of low pressure from the
south with wind jets on its north and eastern flanks, visible
on the 300 hPa level (Fig. 3 – 1a). Subsequently, the low-
pressure system advanced to the east and formed a high level
low pressure system to the northeast of MARA (Fig. 3 – 2a).
During 29 December 2010, a weak ridge of high pressure ex-
tending from the northwest formed over the MARA location
(Fig. 3 – 3a). Throughout this time a streamer of high po-
tential vorticity is visible above the MARA location on the
315K isentropic level (Fig. 3 – 1b–3b). The thicker black
line in this figure marks the −2 pvu contour. This value rep-
resents borders of air-mass with stratospheric properties. The
development of the streamer into a filamentary structure dur-
ing the analysed period can be seen on Fig. 3 – 1b, 2b and 3b.

4 Tropopause fold characteristics: model and radar

The horizontal and vertical structure of the observed fold
as seen by ECMWF analysis and WRF (6 km domain)
model is shown in the subsequent figures. In Fig. 4 we
show tropopause maps at the times 28 December, 06:00UTC
(Fig. 4 – 1), 29 December, 00:00UTC (Fig. 4 – 2) and 29 De-
cember, 12:00UTC (Fig. 4 – 3) based on the ECMWFmodel
(Fig. 4 – a) and WRF model (Fig. 4 – b). The tropopause
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1a) 1b) 

2a) 2b) 

3a) 3b) 

Fig. 4. Tropopause maps – height (km), wind speed (m s−1) and wind direction at the dynamic tropopause (−2 pvu level of potential
vorticity) from 28 December 2010, 06:00UTC (1), 29 December 2010, 00:00UTC (2) and 29 December 2010, 12:00UTC (3) from ECMWF
operational analysis (a) and WRF model (b). Map grids used are as seen in Fig. 2b – ECMWF model and Fig. 2c – WRF model. Red star –
position of MARA radar.
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Fig. 5. Vertical cross-sections along 13.5◦W (Fig. 2d). From 28 December 2010, 06:00UTC (1), 29 December 2010, 00:00UTC (2) and
29 December 2010, 12:00UTC (3) ECMWF model (a, b) and WRF model (c, d). White line in all pictures represents the −2 pvu level of
potential vorticity, vertical grey line is the location of MARA measurements, black lines show wind speed isotachs (m s−1), colour bar scales
in panels (a) and (c) show the potential temperature (K) and panels (b) and (d) buoyancy frequency (s−1). WRF data are from the domain
with 6 km horizontal and 3 h time resolutions.
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Fig. 6. Time development of buoyancy frequency (N ) (top), wind
speed (m s−1) (middle) and wind direction (deg) (bottom) at the
MARA location from the WRF inner domain with 2 km horizontal
and output data with 10min time resolution.

maps show the topography of the dynamical tropopause and
wind speed and direction at this level. In Fig. 4 – 1a, 2a,
and 3a we can see a strong depression in tropopause height
approaching the site of MARA (red star). The dynamical
tropopause height changes from 9 km through around 7.5 km
to 10.5 km. Lower heights of the tropopause are observed
on the flank of a jet stream visible in the wind data. The
WRF model provides tropopause maps in a smaller area with
higher resolution (Fig. 4 – 1b, 2b, and 3b). They reveal a
complicated structure of the dynamical tropopause surface.
The vertical structure, development and movement of the

fold in the model data can be seen in the vertical cross-
sections along the longitude 13.5◦W in Fig. 5. This shows
cross-sections of potential temperature (Fig. 5 – a ECMWF,
Fig. 5 – c WRF), buoyancy frequency (Fig. 5 – b ECMWF,
Fig. 5 – d WRF) and wind speed (represented by the isotachs
in all subfigures of Fig. 5). The dynamical tropopause is rep-
resented by a −2 pvu level isoline (white line) and the posi-
tion of the MARA measurements is marked with a grey ver-
tical line. A fold structure, approaching the MARA location
from the equatorward direction, is clearly seen in the −2 pvu
contour for the WRF model simulations, but appears only as
a depression in the height of this contour in the ECMWF
data. Changes in the spacing of isentropic levels between
stratosphere and troposphere and in the fold are visible as is
the higher buoyancy frequency (higher static stability) in the
fold. The fold is positioned on the poleward flank of a weak
jet stream which is more visible in the WRF model data, than
in the ECMWF data. It is also clear that the jet weakens as
the fold approaches the MARA location. The WRF model
with its higher resolution shows the fold structure in detail,

with descent of the dynamical tropopause to rather low height
(around 5.5 km), supporting the interpretation of the structure
seen by MARA as related to a tropopause fold. It is signifi-
cant, though, that according to the WRF simulation, the fold
does not pass over the radar site toward the pole.
For a more detailed comparison of radar and model data,

the time development of buoyancy frequency and wind at the
MARA location from the 2-km resolution, innermost domain
of WRF model is shown in Fig. 6. In the top panel, we show
buoyancy frequency inferred fromWRF data with a time res-
olution of 10min. The two lower panels show correspond-
ing wind speed and direction from WRF. The buoyancy fre-
quency exhibits very good agreement with the corresponding
MARA observations (Fig. 1), although the layers in the tro-
posphere are sharper in MARA data. In WRF data, we can
see essentially the same behaviour of the tropopause height
(the boundary between low and high buoyancy frequency) as
with MARA. There are weak layers of higher static stability
descending into the troposphere at the same time as the sus-
pected fold structure seen by MARA. WRF even observes
the same signature of gravity waves in the lower stratosphere
as in MARA (on 27 December). There is also reasonable
agreement between the WRF winds and those estimated by
MARA, although the large gaps in coverage for MARA do
not allow a comprehensive comparison. At the time of the
ozonesonde launch on 29 December (marked by the black
lines in Fig. 1), WRF and MARA agree on the height of
the sharp increase in windspeed (at about 3 km) although the
wind directions below this height are rather different. On the
basis of this comparison there is no reason to question the
accuracy of the WRF model in representing the character-
istics of the fold. For a further check, we next consider the
measurements by the ozonesonde.

5 Tropopause fold characteristics: ozonesonde

An ozonesonde was launched on 29 December 2010 at
11:00UTC, providing measurements of temperature, humid-
ity and ozone concentration. This used a standard Meteola-
bor SRS-C34 sonde with an ECC ozone sensor. Near-vertical
black lines in Fig. 1 represent the time of ascent and descent
of the ozonesonde. The sonde measurements are shown in
detail in Fig. 7b–d, where a cross-section through the fold
from the WRF model is also shown (Fig. 7a). The positions
of the ascent and descent path of the sonde are shown by red
and green lines, respectively, on the cross-section. Contact
with the sonde was lost for a few minutes during ascent, as
it travelled between 9.5 km and 12 km height. Temperature
and wind measurements covering this gap are available from
the descent, but not ozone. First we can note that the ther-
mal tropopause (at 10.5 km on descent) agrees well with the
sharp increase in static stability in the WRF model and in
MARA data. Several sharp layers/ledges of air with higher
ozone concentrations and lower humidity can be seen in the

Ann. Geophys., 30, 1411–1421, 2012 www.ann-geophys.net/30/1411/2012/



M. Mihalikova et al.: Antarctic tropopause fold observation 1419

Fig. 7. Comparison of WRF cross-section with ozonesonde observations. (a) WRF cross-section of buoyancy frequency (s−1) and wind
speeds (m s−1) along 13.5◦W. −1 pvu, −2 pvu and −3 pvu isolines are shown in white, vertical grey line represents MARA position, red
line sonde ascent and green line sonde descent positions at 12:00UTC on 29 December 2011. (b) Sonde measurements of relative humidity
(%, black), O3 mixing ratio (ppb, blue) and temperature (◦ C, red – ascent, green – descent). (c) Sonde measurements of wind speed (m s−1,
red – ascent, green – descent) and WRF model wind speed (m s−1, full line – ascent, dashed line – descent). (d) Comparison of O3 mixing
ratio (ppb, blue) and buoyancy frequency (s−1) from sonde ascent (red dashed line) and MARA (full line) data. Due to loss of contact with
the sonde between 9.5 km and 12 km height, the ascent data exhibits a gap in measurements. Temperature and wind measurements covering
this gap are available from the descent, but not ozone or relative humidity.

lower troposphere, around 3.5 km, 4 km and 5 km. Above
6 km the humidity is low and the sonde measurement unreli-
able, but we can see that ozone concentration rises slowly up
to 8 km, then peaks before falling back at 9 km. Finally, once
the sonde is in the stratosphere above 12 km ozone concentra-
tions are high. Fig. 7d compares the layering in ozone and hu-
midity with buoyancy frequency estimated by the sonde and
by MARA. It is clear that, up to 6 km height, the sonde and
MARA see the same stable layers and two of them, at 3.5 km
and 5 km, are associated with layers of enhanced ozone. The
largest peak in ozone density (at 8.5 km), coincides with a
small peak in static stability according to the sonde, although
nothing is obvious at the height in MARA results. This may
be due to the very narrow (in latitude) scale of the fold so that
it is not exactly coincident with the MARA profile.
Wind profiles from the sonde are compared with the WRF

model results in Fig. 7c. Here we see the contrast in wind
speed around 9 km height between ascent and descent paths,
in both WRF and sonde data, nicely confirming that the
sonde sampled exactly at the position in the fold structure
suggested by the WRF model, i.e. on ascent, just crossing
to the equatorward side above 8 km, on descent, always just

on the poleward side. Comparing the ozone enhancements
seen by the sonde (Fig. 7b) with the PV contours estimated
by WRF (Fig. 7a) we can see that the highest ozone peak
(at 8.5 km) corresponds to PV< −3 pvu, and the ledge at
5 km and the peak at 3.5 km correspond to crossings into re-
gions with PV< −1 pvu. So the enhanced ozone at this level
may not have come directly from the stratosphere, but per-
haps from the extratropical transition layer (see e.g. Gettel-
man et al., 2011).

6 Summary and conclusions

A tropopause fold reaching the location 73◦ S, 13.5◦W in
Antarctica was observed by the MARA VHF wind-profiling
radar between 27 and 29 December 2010. On 29 Decem-
ber 2010 additional measurements were made by a balloon-
borne Meteolabor ozone sonde with ECC sensor and ver-
tical profiles of temperature, relative humidity, ozone mix-
ing ratio, wind speed and wind direction were measured at
11:00UTC. The observations have been compared with each
other, and with the behaviour of the dynamical tropopause

www.ann-geophys.net/30/1411/2012/ Ann. Geophys., 30, 1411–1421, 2012



1420 M. Mihalikova et al.: Antarctic tropopause fold observation

as seen in ECMWF operational model analysis and high-
resolution WRF model data.
Comparison of the radar and ozonesonde measurements,

with the WRF model using two-way nested grids with an
outer domain with resolution 6 km and an inner domain with
resolution 2 km and with 3-h time resolution, shows that this
model configuration is adequate to show the development of
a tropopause fold and track its location. With the inner do-
main close to the radar site (2 km resolution) with 10-min
time resolution, WRF captures details in layered structures
in buoyancy frequency as seen by MARA, although they
are not as sharp in height. The fold approached the loca-
tion of the radar from the north, and just reached the radar
site. The ozonesonde made its ascent starting on the pole-
ward side then crossed to the equatorward side of the fold, but
descended entirely on the poleward side. During ascent, the
ozonesonde detected layers or ledges of enhanced ozone, en-
hanced static stability and lower humidity at 3.5 km and 5 km
heights. These correspond to levels in the WRF model where
the potential vorticity fell below −1 pvu. A stronger layer of
enhanced ozone was detected at 8.5 km altitude with a weak
signature in static stability, corresponding to PV< −3 pvu
in the WRF model. The ozone-rich layer at 3.5 km and the
ledge at 5 km coincide with layers of high static stability seen
in the MARA data (Fig. 1), which can be followed back-
wards in time up to tropopause heights. This suggests that
they are indeed intrusions of stratospheric air or of air with
mixed stratospheric and tropospheric characteristics from the
extratropical transition layer. The lower layer, however, lies
very close (in MARA observations) to a layer that remains
at low height, below 4 km, throughout the period of obser-
vation. Back-trajectories (not shown) show that air at these
heights comes from close to the surface in the interior of
Antarctica. Since ozone production can occur near the ice
surface in summer (Helmig et al., 2008), we cannot rule out
the possibility that this source contributes.
From comparison of MARA, WRF and ozonesonde re-

sults with the ECMWF analysis, we can conclude that, even
though ECMWF operational analysis recognizes a folded
structure of the dynamical tropopause, this is shallow and
does not give a correct impression of the deep penetration of
stratospheric air into the tropopause.
It seems that MARA measurements and the WRF model

will be useful tools for further studies of the behaviour,
characteristics or climatology of tropopause folds in coastal
Antarctica. At a similar latitude in the Arctic, radar measure-
ments have shown that tropopause folds are most frequent
in the winter season (Rao et al., 2008), being present on up
to 10% of winter days. Presently, MARA is stationed at the
Norwegian year round station Troll (72◦ S, 2◦ E) measuring
also during the Antarctic winter season so a similar climato-
logical study should be possible for this location.
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Abstract. One of the important mechanisms of stratosphere-
troposphere exchange, which brings ozone rich stratospheric
air to low altitudes in the extra-tropical regions, is trans-
port related to tropopause folds. The climatology of folds
has been studied at high-latitudes of the northern hemi-
sphere with the help of radars and global models. Global
models supply information about fold occurrence rates at
high-latitudes of the southern hemisphere as well, but so
far this has not been compared with direct measurements.
The Moveable Atmospheric Radar for Antarctica (MARA), a
54.5 MHz wind-profiler radar, has operated at the Norwegian
year-round station Troll, Antarctica (72◦ S, 2.5◦ E) since De-
cember 2011. Frequent tropopause fold signatures have been
observed. In this study, based on MARA observations, an
occurrence rate statistics of tropopause folds from December
2011 until August 2012 has been made and radar data has
been compared with the analysis from the European Center
for Medium Range Weather Forecasting (ECMWF). The fold
occurrence rates exhibits an annual cycle with winter maxi-
mum and summer minimum and suggest significantly higher
occurrence rates for the given location than those resolved
previously by global model studies.

1 Introduction

Tropopause folding is an important mesoscale process and
likely one of the major sources of stratosphere-troposphere
exchange (STE) in the extratropics (Holton et al., 1995). It
is studied intensively in the mid- and high-latitudes by di-
rect observations or high-resolution modelling (see e.g. Van
Haver et al., 1996, Beuermann et al., 2002, or Semane et al.,
2007). Among direct observation methods, VHF radars in
particular have proved to be a very useful tool in the study
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of tropopause folds. In the northern hemisphere, folds at
mid-latitudes were studied with their help by Vaughan et al.
(1994), Hocking et al. (2007) or at Arctic latitudes by Rao
and Kirkwood (2005). Improved knowledge of tropopause
folding processes is needed for understanding of the strato-
spheric source in the long-term development and budgets of
tropospheric ozone (O3). In the case of polar regions, this
knowledge may also aid in the explanation of the variation
of many trace gases and their isotopic composition in the cli-
mate records stored in the ice (see e.g. Helsen et al., 2007).
Studies estimate the importance of the stratospheric source
for tropospheric O3 in a wide spectrum of values. Based
on global ECMWF data sets, 40 - 60 %of pre-industrial tro-
pospheric O3 is estimated to come from the stratosphere
(Lelieveld and Dentener, 2000). An estimate of 23 % is based
on a tagged tracer method in a global chemical model (GCM)
by Sudo and Akimoto (2007) and down to 0.5 % and 2 %
for high-latitudes in the Arctic (Stohl, 2006) and Antarctic
(Stohl and Sodemann, 2010) based on a Lagrangian disper-
sion model. In addition to these transport studies, study of
surface O3 variations using a GCM by Tarasova et al. (2007),
concluded that up to 55 % of surface O3 in high-latitudes
originates in the stratosphere. With these diverse results,
better understanding of the climatology and occurrence of
STE processes is needed to decrease the uncertainties of the
estimates. Studies by Sprenger et al. (2003) and Sprenger
and Wernli (2003), based on global meteorological datasets,
showed that STE due to tropopause folds at the extratropical
tropopause is important especially in mid-latitudes, but sug-
gested that these events are rather rare at high-latitudes. For
the high-latitudes of the northern hemisphere, these studies
suggested fold occurrence rates substantially lower (0-2 %)
than the study based on several continuous years of VHF
radar measurements by Rao et al. (2008) (5-10 %). The stud-
ies also described an annual cycle of tropopause fold oc-
currence with winter maxima and summer minima, which
was confirmed by Rao et al. (2008). This can mean that, al-
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though the models are representing the processes leading to
formation of tropopause folds, the folds were not resolved
with high enough resolution in the models, thus leading to
underestimation of fold occurrence rates. For the southern
hemisphere the study by Sprenger et al. (2003) estimated oc-
currence rates of tropopause folds in high-latitudes to be 0
- 4 %, with nearly 0 % occurrence rates in summer months
(December, January, February) in the areas of Wasa (73◦ S,
13.5◦ W) and Troll (72◦ S, 2.5◦ E) station, where, since year
2007, a VHF radar - MARA was located. A casestudy of a
tropopause fold observation at Wasa station by Mihalikova
et al. (2012) showed an agreement between ozonesonde ob-
servations and radar measurements as well as improved rep-
resentation of a tropopause fold by high-resolution mod-
elling. Since December 2011, MARA is located at Troll sta-
tion and has operated non-stop year round, which gives us
the possibility to look at occurrence rates of tropopause folds
in this area during the whole year, as observed by radar.

2 Data Description

2.1 Radar observations

Observations used in this study were made by MARA
(Moveable Atmospheric Radar for Antarctica) which is an
interferometric 54.5 MHz wind-profiler radar. It is located
presently at the Norwegian station Troll (72◦ S, 2.5◦ E) and is
in operation year-round since December 2011. MARA mea-
sures the profiles of echo power, auto and cross correlations
at and between 3 receivers (connected to separate antenna
sub-arrays) and Doppler shift. Signal-to-noise ratio (SNR) is
derived from the echo power and horizontal wind speeds are
calculated using full correlation technique (Holdsworth and
Reid, 1995). Also measured, but not used in this study, are
the vertical wind speeds determined from the Doppler shift.
For easier direct comparison of MARA data with ECMWF
data, buoyancy frequency is calculated. These calculations
are done based on the fact that, for vertically pointing radars
operating around 50 MHz, the echo power returned from the
upper troposphere and lower stratosphere is mostly deter-
mined by temperature gradients with allowance for the dis-
tance from which the signal is returned and the scale height
of atmospheric density. Estimates of static stability can be
thus made based on the echo power:

RB
2 =Fe z exp(z/H)Pr

1/2. (1)

Here Pr is radar echo power, z is height and H is at-
mospheric scale height (6700 m). Fe is a constant of
proportionality and independent of height. This constant
can be found by comparison with radiosonde measurements.
In our case, a radiosonde measurement was available only
on 27 January 2012. The constant of proportionality was
found from this measurement and applied to the whole
time-series of radar measurements. When humidity is or

can be assumed to be negligible, as in the upper troposphere
and lower stratosphere, RB provides a good estimate of
buoyancy frequency (Kirkwood et al., 2010, or for further
details Hooper et al., 2004).
During the time-frame used in this study, MARA ran in
several operating modes. For the analysis here, the following
modes were used: in December 2011 until mid-January
2012: fcd 300i, mid-January to mid-February 2012: fca 150
and since mid-February until August 2012: fcw 150 were
used for the SNR and buoyancy frequency calculations.
These provided good height resolution (200 m, 150 m and
100 m respectively) but relatively low SNR. Therefore
throughout this time measurements made by operating
modes fcw 300 and fca 4500 with height resolutions of
300 m and 600 m but higher SNR were used for analysis of
the wind speeds and directions in the upper troposphere and
tropopause region. Details of MARA radar and the modes
of operation are summarised in Tab. 2.1.

2.2 ECMWF data

A comparison of profiles observed by MARA with time pro-
files constructed from ECMWF data for the MARA loca-
tion were made. For this purpose, the ECMWF operational
analysis data for wind components and temperature (used
in the calculations of buoyancy frequency) on model levels,
were used. This data is based upon the T1279L91 spectral
model, which is available with a time resolution of 6 hours.
Around 55 out of the 91 vertical levels cover the region from
the ground up to around 16 km. In the analysis process,
tropopause maps (2 pvu level geopotential height and wind
speed and direction maps) and maps of potential vorticity on
the 300 K and 315 K potential temperature level were also
utilised.

3 Methodology and Results

As was shown by previous studies (in the northern hemi-
sphere Rao and Kirkwood, 2005, and in the southern hemi-
sphere Mihalikova et al., 2012) folds can be positively iden-
tified in radar data by static-stability features which agree
closely with layers of enhanced ozone measured by co-
located in situ measurements by ozonesonde. This makes
radar observations a powerful source of information about
the occurrence rates of tropopause folds in areas without
the possibilities of targeted ozonesonde measurement cam-
paigns. In this study the properties of tropopause fold occur-
rence rates during the winter (June, July, August) and sum-
mer (December, January, February) months of the southern
hemisphere are investigated.
Analogously to the study done by Rao et al. (2008) for a radar
site at Arctic latitudes, the fold in the radar data is identified,
if the following conditions are met. That is if the buoyancy
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Table 1. MARA: technical details and radar operating modes December 2011–August 2012.

Location 72◦ S, 2.5◦ E
Altitude 1275 m a.s.l.
Frequency 54.5 MHz
Max. duty cycle 7.5 %
Peak power 20 kW
No. of receivers: 3
Operating modes fca 150 fcw 150 fcd 300i fcw 300 fca 4500
Sampling resolution 150 m 100 m 200 m 300 m 600 m
Code none none none 8-bit complementary 8-bit complementary
Further information: http://www.irf.se/link/MARA AFP IRF
Online data: http://www.irf.se//program/paf/?link=Data

frequency or SNR data shows a change in the altitude of the
tropopause, which can vary from several hundred meters up
to 3 km, and there is a sloping high-reflectivity structure vis-
ible, descending from the tropopause level into the middle or
lower troposphere. The wind velocities in the upper tropo-
sphere should also be greater than 30 m/s (based on WMO
definition of the jet stream) and large wind shear should be
observed along the frontal zone.
Data was investigated for cases fulfilling these conditions,
using a partly automatic, partly manual method. The objec-
tive part of the analysis represents the analysis of change of
tropopause height, where an algorithm for tropopause height
detection was developed. The tropopause was detected
based on approximately 3 hours running mean of buoyancy
frequency data as the height with the steepest gradient of
buoyancy frequency over a distance of 600 m between 6 km
and 12 km height. After that, all cases with a change in
tropopause height of 1 km or more, over a 3 hour period, were
highlighted and these were further investigated for the rest of
the conditions subjectively.
Two case studies of tropopause fold observations are pre-
sented here in detail to illustrate typical conditions. The folds
were identified based on MARA observations, and the syn-
optic situation is depicted with the help of ECMWF analysis
data.

3.1 Case Study 1: 21 and 22 June 2012

On 21 and 22 June 2012 a ridge of high pressure was located
to the north-west of Troll and a deep low pressure system
to the east of Troll station. A jet stream with wind speeds
over 45 m/s was located between these synoptic structures.
In the night from 21 to 22 June 2012, a streamer of potential
vorticity (visible at the 300K Potential Temperature level
- not shown here) with an associated tropopause fold on
the right flank of the jet stream crossed over the site of the
MARA radar. Measurements of this event are shown in
Fig. 1. The SNR, buoyancy frequency and horizontal wind
direction and wind speed measured by MARA are shown
on the left and a profile constructed from ECMWF analysis
data is shown on the right side of the figure. The change of

height of the tropopause (black dots in SNR and buoyancy
frequency panels) is visible as the fold comes over the site
of MARA (21 June late evening) together with a sloping
structure descending deep into the troposphere. This event
was accompanied by a substantial wind shear detectable
along the frontal zone (especially in the wind speed panel).
At the same time strong vertical velocities were observed
which indicate the presence of mountain waves (not shown
here). According to the aforementioned criteria, this data
suggests that a deep tropopause folding event took place at
this time. From the comparison with ECMWF-constructed
profiles it can be seen that the ECMWF analysis of wind
speed and direction agrees well with the observations. There
is also sloping structure, similar to that observed, visible
in the ECMWF-calculated buoyancy frequency profile,
however its structure is less detailed because of the lower
space and time resolution of the model. The vertical black
line in Fig. 1 represents the time (22 June 2012 6 UTC) when
the cross-section and tropopause map in Fig. 2 were plotted.
In panel a) of Fig. 2 is shown the vertical cross-section along
2.5◦ E longitude. A deep folding event is visible in the buoy-
ancy frequency data and the -2 pvu dynamical tropopause
(white line) to the south of MARA location (vertical green
line). Wind speeds in the upper troposphere reach over
45 m/s which is consistent with the radar measurements. The
conditions at the dynamical tropopause level are shown in
the panel b) of Fig. 2, in which topography of the tropopause
level, wind speed and direction is depicted. The ridge of
high pressure and the jet stream located to the north and
north-west of the MARA location (red cross) and the fold to
the south from MARA are clearly indicated by the height
of the tropopause. The vertical white line represents the
position of the vertical cross-section from panel a) of the
figure. This case represents a typical radar observation of a
deep tropopause fold event at Troll station.

3.2 Case Study 2: 24 and 25 January 2012

Deep folding events like the one described in subsection 3.1
are prevalent in the data mainly in the winter months. How-
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Fig. 1. Observation of a tropopause folding event on 21 and 22
June 2012 at Troll station, Antarctica, by MARA radar (left side)
and as seen by ECMWF-constructed time profiles (right side).
Black dots represent the radar tropopause height. Vertical black
line represents the time (22 June 2012 6 UTC) corresponding to the
vertical cross-section and tropopause map in Fig. 2.

ever, cases of shallow folding are also present and observed
in MARA data and are characteristic mainly for summer
months. One example of a folding event which was also ac-
companied by lower wind speeds in the associated jet stream
is the fold observed on 24 and 25 January 2012. In this case
the fold was associated with a shallow high level cut-off low
pressure system over site of MARA which was slowly filling
in and a weak high pressure ridge reaching to the MARA site
from north-east. MARA observations of this event are shown
in Fig. 3 together with the ECMWF-constructed time-height
profiles. On 24 January a change of the detected tropopause
height of around 1 km is visible in the buoyancy frequency
data as well as a weak structure sloping down to the mid-
troposphere (around 4.5 km height). Wind shear in wind di-
rection and speed is also visible, however the wind speeds
just reach the value of 30 m/s which is the threshold cho-
sen for detecting a fold. ECMWF profiles, given their 6 h
time resolution, represent the observed change in wind di-
rection and speed in agreement with MARA observations.
However, the change of tropopause height in the buoyancy
frequency data is not as pronounced as in the observed data
although some down-sloping structure is visible in ECMWF
profiles as well. Again the vertical black line represents

Fig. 2. ECMWF analysis at 22 June 2012 6 UTC. Panel a) vertical
cross-section of buoyancy frequency along 2.5◦ E longitude. White
line shows the dynamical tropopause level (-2 pvu) and wind speed
contours are indicated in black. Vertical green line represents the
position of MARA measurements. Panel b) shows the height, wind
speed and direction at the dynamical tropopause level. MARA posi-
tion is indicated by a red cross and the vertical white line represents
the position of the cross-section in panel a).

the time (25 January 2012 00UTC) when the vertical cross-
section and the tropopause map in Fig.4 were constructed.
In panel a) the observed tropopause fold is located south of
the MARA position (green vertical line) and the -2 pvu line
reaches only down to around 6.5 km, representing a rather
shallow fold-like structure. The tropopause map in panel
b) of Fig.4 shows the position of the high pressure ridge to
the north of MARA (red cross) and the weak jet stream (just
around 30 m/s) associated with this event. The radar obser-
vations suggest that the deepness of the tropopause fold is
more than the ECMWF -2 pvu level would suggest. Previ-
ously it has been shown, by high-resolution modelling, that
with improved spatial resolution of a model, the model rep-
resentation of a radar-observed fold is significantly improved
and matches also the observed vertical profile of ozone con-
centration in detail (Mihalikova et al., 2012). This may have
implications for future model based studies (e.g. ones based
on dynamical tropopause properties) and assessments of fold
contributions to stratosphere-troposphere exchange in polar



M. Mihalikova and S. Kirkwood: Antarctic Tropopause Folds 5

latitudes.

Fig. 3. Observation of a tropopause folding event on 24 and 25
January 2012 at Troll station, Antarctica, by MARA radar (left
side) and as seen by ECMWF-constructed time profiles (right side).
Black dots represent the radar tropopause height. Vertical black line
represents the time (25 January 2012 00 UTC) corresponding to the
vertical cross-section and tropopause map in Fig. 2.

3.3 Occurrence rates of Tropopause Folds

In the two previous subsections the use of criteria to iden-
tify tropopause fold events in MARA data was demonstrated.
These criteria were previously used also in the northern
hemisphere to create a climatological study of tropopause
folds at Arctic latitudes (68◦ N) by Rao et al. (2008). By
adopting the same rules, we wanted to gain information
which would be directly comparable with the previous study.
During the measurement period from December 2011 until
August 2012, a total number of 38 folds was identified in the
data. Percentage fold occurrence was calculated as 100 times
the total number of folds observed over the total number of
observational days. So this represents an average percentage
fold occurrence of 14 %. Percentage fold occurrence rates
were calculated for individual months as well and are shown
in Fig.5. Here we can see that the occurrence rates in the win-
ter months (15-26 % which represents 5 to 8 observed folds
per month) is much higher than in the summer months (6-7 %
- 1 to 2 observed folds per month). The winter season is char-
acterized by a higher number of observed tropopause folds,
which are deeper with the change of tropopause height more
pronounced and happening in a shorter time-frame compared

Fig. 4. ECMWF analysis at 25 January 2012 00U̇TC. Panel a) ver-
tical cross-section of buoyancy frequency along 2.5◦ E longitude.
White line shows the dynamical tropopause level (-2 pvu) and wind
speed contours are indicated in black. Vertical green line represents
the position of MARA measurements. Panel b) shows the height,
wind speed and direction at the dynamical tropopause level. MARA
position is indicated a by red cross and the vertical white line repre-
sents the position of the cross-section in panel a).

to the summer season. The folding events are often accom-
panied by the concurrent observation of mountain lee waves
at this particular site, which can increase irreversible mixing
of the ozone-rich air-masses brought to lower altitudes by
tropopause folds (Kirkwood et al., 2010) and possibly influ-
ence the O3 gradients even in the lower troposphere (Miha-
likova and Kirkwood, 2011).
We have to bear in mind that only one season of mea-
surements from Troll station is available so far and thus
we can not state if these occurrence rates are around the
average, higher or lower for this location. The seasonal
change of tropopause fold occurrence with a winter maxi-
mum and a summer minimum agrees with the study from
Rao et al. (2008) which showed a similar annual cycle in
the high-latitudes of the northern hemisphere. Qualitatively
it also agrees with the ECMWF-model-based 1-year clima-
tological global study by Sprenger et al. (2003), which also
showed same annual cycle for tropopause fold occurrence of
both hemispheres, but mainly for mid-latitudes. In the later
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study the tropopause fold occurrence was identified from the
topology of the dynamical tropopause (2 pvu level) in the
ECMWF operational model data. In the high-latitudes of
the southern hemisphere, for a rather wide area around Troll
station, the fold occurrence frequency was found to be up
to 1-4 % for shallow folds, 0.3-1 % for medium folds and
0.1 % for deep folds for either summer or winter season with
winter season leaning towards the higher values. This is
in significant disagreement with the status observed by the
MARA radar. However, both of these studies are based on
only one year of observations or model data, and do not take
into account possible inter-annual differences. Further stud-
ies and observations are needed to determine the climatology
of tropopause folds in the Antarctic latitudes.

Fig. 5. Percentage fold occurrence at Troll station between Decem-
ber 2011 and August 2012

4 Summary and conclusions

Information about the occurrence rates of tropopause folds
in high-latitudes of either the northern or southern hemi-
sphere is still very scarce, but the tropopause fold annual cy-
cle seems to exhibit the same properties in both hemispheres.
A winter maximum of observed tropopause folds at Troll
station, Antarctica (15-26 % occurrence rate – 5-8 folds per
month) is characterized by a higher number of deeper fold-
ing events and a more active tropopause region. Summer
is characterized mainly by observation of lower number of
shallow tropopause folds (6-7 % occurrence rate – 1-2 fold
observations per month). The percentage occurrence rates
for the winter and summer seasons of 2012 probably par-
tially underestimate the fold occurrence rates. The reason for
this is that, during the whole observation period but mainly
in the summer season, folding like events were identified in
the data which were not included in the statistics. The rea-
son was usually that the observed wind speeds did not reach
30 m/s speeds in the upper troposphere and the change of

the tropopause height was less than 1 km or happened over
a longer than 3 h time-frame. These chosen values for the
selection criteria are arbitrary, mainly based on experience
and measurement possibilities, and still open for discussion.
Folding-like events, when measured wind speeds over the ob-
servation site do not reach decided 30 m/s, can in reality be
a tropopause folding events which bring ozone-rich airmass
from the lower stratosphere or extratropical transition layer
(see e.g. Gettelman et al., 2011) to significantly lower alti-
tudes, as suggested by radar measurements, ozonesonde ob-
servation and high-resolution modelling for a summer-fold at
Wasa, Antarctica (Mihalikova et al., 2012).
An earlier ECMWF model-based global study found an oc-
currence rate of tropopause folds in high-latitudes up to 4 %
(Sprenger et al., 2003). It was, probably, not always able
to detect folding events as their detectability in the dynamic
tropopause shape is highly dependant on the model resolu-
tion and also on the level chosen to represent the dynamical
tropopause. Presently, various values of potential vorticity
are used to represent tropopause height. Recent studies show
that, for polar regions, the value of 2 pvu is suitable to rep-
resent the dynamical tropopause. These studies are either
based on ECMWF model data (e.g. Kunz et al., 2011) or
comparison of model with radar measurements (e.g. Alexan-
der et al., 2012). Comparison studies show that the rela-
tionship between radar tropopause height, ozone tropopause
height and 2 pvu level are in good agreements under most
synoptic conditions as both of these tropopauses are dy-
namically controlled, however, they might diverge from the
tropopause height defined by temperature gradient (Alexan-
der et al., 2012). Because models can be useful tools for
global studies, high-resolution models might need to be em-
ployed to resolve the dynamical tropopause in better de-
tail in order to represent a dynamical tropopause in fold-
ing events which is closer to reality. Further studies are
needed to determine the climatology of tropopause folds in
high-latitudes, which is important for proper evaluation of
stratosphere-troposphere exchange and tropospheric ozone
budgets in these remote areas.
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