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Abstract. The Middle Atmosphere Alomar Radar System
(MAARSY) on the island of Andøya in Northern Nor-
way (69.3◦ N, 16.0◦ E) observes polar mesospheric summer
echoes (PMSE). These echoes are used as tracers of atmo-
spheric dynamics to investigate the horizontal wind variabil-
ity at high temporal and spatial resolution. MAARSY has the
capability of pulse-to-pulse beam steering allowing for sys-
tematic scanning experiments to study the horizontal struc-
ture of the backscatterers as well as to measure the radial ve-
locities for each beam direction. Here we present a method
to retrieve gravity wave parameters from these horizontally
resolved radial wind variations by applying velocity azimuth
display and volume velocity processing. Based on the ob-
servations a detailed comparison of the two wind analysis
techniques is carried out in order to determine the zonal and
meridional wind as well as to measure first-order inhomo-
geneities. Further, we demonstrate the possibility to resolve
the horizontal wave properties, e.g., horizontal wavelength,
phase velocity and propagation direction. The robustness of
the estimated gravity wave parameters is tested by a simple
atmospheric model.

1 Introduction

The mesosphere/lower thermosphere region (MLT) is char-
acterized by a high temporal and spatial variability due to
planetary and gravity waves. Gravity waves (GW) are an
important driver of the atmospheric dynamics. They carry
energy and momentum from their source regions and de-
posit them far away from the point of origin, altering the

circulation pattern in the middle atmosphere (e.g.,Fritts and
Alexander, 2003; Becker, 2012).

There are several in situ (e.g.,Eckermann and Vincent,
1989; Theuerkauf et al., 2011) and ground-based observa-
tion techniques like, e.g., meteor radars (e.g.,Hocking, 2005;
Fritts et al., 2010b, a; Placke et al., 2011), MF radars (e.g.,
Hoffmann et al., 2010, 2011; Placke et al., 2013), lidars
(e.g.,Rauthe et al., 2006; Gerding et al., 2008), airglow im-
agers (e.g.,Nakamura et al., 1999; Pautet and Moreels, 2002;
Suzuki et al., 2004, 2010) or CCD images of noctilucent
clouds (NLC) (e.g.,Pautet et al., 2011) as well as satellite-
borne observations (e.g.,Preusse et al., 2000; Ern et al., 2004,
2011) to quantify the properties of gravity waves and their ef-
fect on the background flow. Here we investigate short-period
gravity waves using horizontally resolved radar observations.

MAARSY is dedicated to accessing the horizontal wind
variability. The radar is capable to perform pulse-to-pulse
beam steering allowing to conduct systematic scanning ex-
periments. During summer 2011 MAARSY was operated
employing 97 different beam directions to observe the hor-
izontal variability of polar mesospheric summer echoes
(PMSE). Some initial results of the properties of gravity
waves using MAARSY multi-beam experiments have been
derived from the pure morphology of the observed echoes
as discussed inRapp et al.(2011). In the current paper, the
next step to determining the wave properties is taken, that is,
the PMSE backscatter (e.g.,Rapp and Lübken, 2004) is used
as a tracer to deduce the horizontal variability of mesospheric
winds by applying a velocity azimuth display analysis (VAD)
(Browning and Wexler, 1968) and volume velocity process-
ing (VVP) algorithm (Waldteufel and Corbin, 1979).
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Here we demonstrate that scanning experiments are useful
to derive horizontally resolved radial velocity measurements
and how these images/snapshots of the horizontal wind vari-
ability are analyzed with respect to gravity waves. Further,
we evaluate our analysis method with a simple model similar
to the approach presented inFritts et al.(2010a). This model
includes a mean background flow and a superposition of two
dominant GW. The meridional, zonal and vertical GW am-
plitudes are coupled by the linear polarization relations for
GW. The vertical wavelength is given by the dispersion equa-
tion (e.g.,Fritts and Alexander, 2003; Suzuki et al., 2010) for
short-period GW.

The manuscript is structured as follows. Section 2 con-
tains a short technical description of the radar and the experi-
ment. Section 3 provides an overview over the general PMSE
conditions during the observations, including a selected 3-D
case of the PMSE structure. In Sect. 4 we present a short in-
troduction of the VAD and VVP technique. The mean wind
situation for the investigated period is described in Sect. 5,
which includes a comparison of the VAD and VVP wind
measurements. Section 6 contains a method to create 2-D ra-
dial velocity variation images and how such images can be
analysed regarding gravity waves using modelling results. In
Sect. 7 we describe our analysis procedure and demonstrate
the ability to retrieve GW parameters based on four cases.
The results are summarized and discussed in Sect. 8.

2 MAARSY multi-beam experiments

MAARSY employs an active-phased array antenna consist-
ing of 433 linearly polarized Yagi antennas. Each of the an-
tennas is connected to its own transceiver module, which is
adjustable in power and phase. This design permits to steer
the beam on a pulse-to-pulse basis. A more detailed tech-
nical description of the radar is presented inLatteck et al.
(2010, 2012). Making use of this rapid beam steering ca-
pability, MAARSY is able to conduct systematic scanning
experiments covering an area of about 80 km in diameter at
mesospheric heights. The number of different beam direc-
tions per experiment is mainly given by the required Nyquist
frequency to ensure reliable radial velocity measurements.
With an increasing off-zenith angle the radial Doppler shift
increases as well, due to the horizontal winds.

During summer 2011 MAARSY was operated in a multi-
beam mode with 97 different beam directions. This was
achieved by a sequence of four experiments containing
25 beams each. The vertical beam was included in each ex-
periment, leading to 97 individual and unambiguous beam
directions. In Fig.1 a projection of all 97 beam directions at
85 km altitude is shown. The black lines indicate the coast
line of Northern Norway. The diameter of the red circles cor-
responds to a beam width of 3.6◦. The beam positions for
each of the four experiments are shown in Fig.2.
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Fig. 1. Beam position of MAARSY scanning experiment during summer 2011. The black contour lines
indicate the Northern Norwegian coast line. The red circles represent the beam positions assuming a 3.6◦

beam width at 84 km.

26

Fig. 1. Beam position of MAARSY scanning experiment during
summer 2011. The black contour lines indicate the Northern Nor-
wegian coast line. The red circles represent the beam positions as-
suming a 3.6◦ beam width at 84 km.

In Table1 the experiment parameters are summarized. The
order of the experiments corresponds to the labels of the pan-
els a–d in Fig.2. In particular, the experiments meso006b25,
meso006c25 and meso006d25 were designed to be analyzed
applying a velocity azimuth display analysis, viz. the ra-
dial velocity is measured for 24 different azimuth directions,
whereas the zenith angle is kept constant for each of the sub-
experiments. A critical point in performing such multi-beam
experiments is the Nyquist frequency. The PMSE observa-
tions are carried out with a pulse repetition frequency (PRF)
of 1250 Hz. This PRF avoids any issues with range aliasing
effects. On the other hand a higher PRF would be desirable to
increase the Nyquist frequency or the corresponding Nyquist
velocity, which is equivalent to the highest observable un-
aliased due to the limited horizontal wind speed.

In particular, the radial velocities for off-zenith angles
larger than 10◦ could be aliased due to limited Nyquist veloc-
ity. Therefore, each radial velocity measurement is checked
for a likely aliasing and – if possible – is unwrapped. This is
done by computing an initial mean prevailing wind estimate
just using the beam directions from experiment meso006a25.
The wind is computed by using a straight-forward Doppler
Beam Swinging method (DBS). Based on the prevailing
zonal and meridional wind it is possible to compute a ra-
dial velocity for each beam direction, which is compared to
the measured one. By simply adding or subtracting multiples
of the Nyquist velocity we unwrap likely aliased radial veloc-
ity measurements from the experiments with larger off-zenith
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Table 1. Experiment configuration for all four experiments. The abbreviations stand for: CI – coherent integration, PRF – pulse repetition
frequency, IPP – inter-pulse period.

Parameter meso006a25 meso006b25 meso006c25 meso006d25

PRF 1250 Hz 1250 Hz 1250 Hz 1250 Hz
CI 2 2 2 2
running time 21 s 21 s 21 s 21 s
pulse length 6.67 µs 6.67 µs 6.67 µs 6.67 µs
pulse code/complementary 8 bit 8 bit 8 bit 8 bit
IPP 0.8 ms 0.8 ms 0.8 ms 0.8 ms
duty cycle 2 % 2 % 2 % 2 %
sampling start range 49.8 km 49.8 km 49.8 km 49.8 km
sampling end range 116.7 km 116.7 km 116.7 km 116.7 km
sampling resolution 300 m 300 m 300 m 300 m
Nyquist velocity 17.51 m s−1 17.51 m s−1 17.51 m s−1 17.51 m s−1

off-zenith angles 0◦, 5◦, 10◦ 0◦, 15◦ 0◦, 20◦ 0◦, 25◦D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

a) b)

  14oE   15oE   16oE   17oE   18oE 

 40’ 

  69oN 

 20’ 

 40’ 

  70oN 

  14oE   15oE   16oE   17oE   18oE 

 40’ 

  69oN 

 20’ 

 40’ 

  70oN 

c) d)

  14oE   15oE   16oE   17oE   18oE 

 40’ 

  69oN 

 20’ 

 40’ 

  70oN 

  14oE   15oE   16oE   17oE   18oE 

 40’ 

  69oN 

 20’ 

 40’ 

  70oN 

27Fig. 2. The multi-beam sequence is conducted using four ex-
periments with 25 beams each. The black contour lines indicate
the Northern Norwegian coast line. The red circles represent the
beam positions assuming a 3.6◦ beam width at 84 km. The labels
a,b,c,d correspond to the experiments meso006a25, meso006b25,
meso006c25 and meso006d25 summarized in Table1.

angles, before we actually apply the different more sophisti-
cated wind analysis techniques.

3 PMSE observations with MAARSY

PMSE are a well-known radar backscatter at polar and mid
latitudes for VHF radars, indicating a huge variability at var-
ious temporal and spatial scales (e.g.,Nicolls et al., 2007;

Latteck et al., 2012). Former studies of PMSE investigated
the physical processes leading to the formation of this meso-
spheric backscatter at VHF Bragg wavelengths (see, e.g.,
Rapp and Lübken, 2004, for a review) or focussed on the
issue of the aspect sensitivity of this radar backscatter (e.g.,
Zecha et al., 2001; Chilson et al., 2002; Smirnova et al., 2010,
2012). There have also been many studies inferring the meso-
spheric dynamic situation by gaining valuable information
about the neutral wind speed and wind variation inside the
phenomenon itself (e.g.,Zecha et al., 2001; Morris et al.,
2006; Nicolls et al., 2010; Dalin et al., 2012; Stober et al.,
2012; Nicolls et al., 2012).

Due to the beam steering capabilities of MAARSY it is
possible to investigate the wind field in much more detail,
applying more sophisticated wind analysis methods such
as VAD (Browning and Wexler, 1968) or VVP (Waldteufel
and Corbin, 1979). However, these methods require that the
strength of the backscatter or at least the accuracy of the ra-
dial velocity measurements is rather homogenous inside the
observation volume. Therefore, we searched our measure-
ments for strong and long-lasting PMSE events. It turned out
that on 20 and 22 July 2011 the strength of the PMSE as well
as the vertical extension were stronger compared to the other
days during the campaign.

In Fig. 3 the Range–Time–Intensity (RTI) plots of the ver-
tical beam for 20 and 22 July are shown. 21 July is not shown
due to a change of experiment leading to a gap during the
day. The RTI plots indicate most of the well-known features
of PMSE, like, e.g., times with a multiple layer structure or
the decreasing PMSE intensity between 16:00 to 17:00 UTC,
which are common for the Andenes observations. Further,
it is possible to see the modulation of the layers within the
PMSE due to GW, which is a well-known feature from pre-
vious studies (e.g.,Rüster et al., 2001; Chilson et al., 2002;
Hoffmann et al., 2008; Chen et al., 2008). Based on these ob-
servations of the vertical beam we decided to use 83.4 km as
the reference height for our wind analysis. Further, we took
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Fig. 3. RTI plots of a PMSE as observed with MAARSY in the vertical beam direction with a vertical resolution of 300 m and temporal
resolution of 5 min. The time is given in UTC.

into account the change of the vertical resolution due to the
large off-zenith angle. An off-zenith angle of 25◦ in combi-
nation with the MAARSY beam width of 3.6◦ leads to a ver-
tical smearing of about 2.4 km at 83.4 km altitude, although
the range resolution is kept the same as for the vertical beam.

Figure4 shows the 3-D structure of the PMSE for three
successive measurements, after interpolating the observa-
tions to a Cartesian grid using a cubic spline (Latteck et al.,
2012). The image reveals the huge variability of the PMSE
intensity on spatial scales of 10–15 km. It seems to be char-
acteristic for the PMSE that the SNR can drop by more than
10–20 dB within a distance of a few kilometers. As outlined
in Hoffmann et al.(2008), short-period GW are a likely cause
of this high variability inside the PMSE layer. In particular,
the up- and downward motion of the lower edge of the PMSE
is likely explained by short-period GW.

4 VVP and VAD wind analysis to account for horizontal
inhomogeneities in the wind field

Previous studies used different methods to infer the GW
properties from the wind field, such as wavelet spectra or
hodograph analysis (e.g.,Hoffmann et al., 2008; Rapp et al.,
2011; Placke et al., 2013). Here we want to make use of
multi-beam experiments to reveal the horizontal wind vari-
ability due to GW. Following the approach ofBrowning and
Wexler(1968) the wind field can be expressed as a Taylor se-
ries for the horizontal wind components consisting of a mean
prevailing zonal and meridional wind (labeled by index 0)
and the first-order gradient terms:

u = u0 +
∂u

∂x
· x +

∂u

∂y
· y

andv = v0 +
∂v

∂x
· x +

∂v

∂y
· y. (1)

In Eq. (1)u denotes the zonal andv the meridional wind di-
rection. Transforming the Cartesian coordinates into spheri-
cal ones permits to express the radial wind velocityvrad in
dependence of the azimuth (φ) and zenith (θ ) angle yields:

vrad(φ, θ) = u · cos(φ) sin(θ) + v · sin(φ) sin(θ)

+w cos(θ). (2)

The azimuth angleφ is referenced to the east and mea-
sured counterclockwise andθ refers to the zenith distance.
The mean vertical wind velocityw0 is assumed to be con-
stant within the measurement volume. Using the approach
of Browning and Wexler(1968) in Eq. (2) leads to an ex-
pression of the radial velocity in dependence of the mean
zonal, meridional and vertical wind and the first-order gradi-
ent wind inhomogeneities.

The fact that the number of beam directions is larger than
the number of unknowns (right-hand terms in Eq. 1) permits
to solve the set of equations using a least squares fit. The
major difference between the VAD and VVP method is the
way the fitting of the wind field is done. The basic idea of
the VAD is to decompose Eq. (2) into its Fourier compo-
nents (Browning and Wexler, 1968) and fitting for each of the
Fourier coefficients, whereas the VVP procedure directly fits
the set of equations for all the unknown variables (Waldteufel
and Corbin, 1979).

The MAARSY multi-beam experiments were analyzed us-
ing both methods. The advantage of a VAD scan is that
one needs fewer measurements to gain information about the
first-order inhomogeneities. In principle one needs no mea-
surement from inside the scanning area. In the same time as
one VVP scan with 97 beams, we can perform four VAD
scans. The disadvantage of the VAD technique is that it just
uses a small portion of all the information gathered by the
97-beam experiment. Another difficulty of a VAD analysis
is that it does not allow to distinguish between the vertical
wind velocity and the horizontal divergence inside the scan-
ning volume just using one scan. Following the nomenclature
of Browning and Wexler(1968) the first Fourier coefficient
a0 is given by

a0 = −r · sin(θ) · divh + 2w0 · cos(θ), (3)

wherer denotes the radius of the VAD scanning circle de-
pending on the altitude or range and divh is the horizontal di-
vergence. This issue is partly solved by an extended velocity
azimuth display (EVAD) (Larsen et al., 1991; Matejka and
Srivastava, 1991). Such an analysis combines several VAD
scans with different off-zenith angles to distinguish between
contributions of the vertical wind velocity and the horizontal
divergence. For each of the off-zenith angles one measures

Atmos. Meas. Tech., 6, 2893–2905, 2013 www.atmos-meas-tech.net/6/2893/2013/
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Fig. 4. RTI plot of the 3-D structure of the PMSE for three successive scans from 20 July 2011. The SNR
for each beam direction was gridded using a cubic spline. The vertical distance between the horizontal
slices is 1 km. The horizontal slices show a significant beam to beam as well as the temporal variability.

30

Fig. 4.RTI plots of the 3-D structure of the PMSE for three successive scans from 20 July 2011. The SNR for each beam direction was gridded
using a cubic spline. The vertical distance between the horizontal slices is 1 km. The horizontal slices show a significant beam-to-beam as
well as the temporal variability.

the coefficienta0, which, hence, permits to solve Eq. (3) with
respect to the horizontal divergence and the vertical velocity.

By applying a VVP fit, this problem is completely over-
come and one gets an unambiguous result for the vertical ve-
locity and the horizontal divergence within the observation
volume. In addition the VVP is more robust so as to deter-
mine a prevailing mean wind, because the method can bet-
ter deal with gaps/inhomogeneities of the PMSE backscat-
ter. The VVP technique permits to determine a reliable wind
velocity based on 50 % of the available different beam di-
rections, whereas the VAD method tends to be more biased
by gaps along the scanning circle caused by the horizontal
variability of the PMSE backscatter. A VAD experiment was
only analyzed when we had radial wind measurements from
21 different azimuth directions out of the 24 oblique beams
along one VAD circle.

5 VVP and VAD/EVAD wind comparison

The quasi-simultaneous multi-beam experiment is an ideal
possibility to compare both techniques to understand the
advantages and disadvantages of both analysis procedures.
Before we are going to compare both techniques we will
have a look at the background wind situation. In Fig.5 the
determined zonal and meridional wind velocity within the
scanning volume is shown. Both days indicate a dominat-
ing semi-diurnal tidal structure in both components and a
much weaker diurnal tide. The zonal wind component shows
a mean westerly flow at the altitude of the PMSE, whereas
the meridional wind component indicates a mean southward
direction. Concerning the mean winds and the tidal structure
both days represent a typical polar summer situation. Note
that the vertical structure is mainly dominated by the off-
zenith beams (zenith angle> 15◦), which leads to a vertical

smearing. The layered structure that can be found in the RTI
plots (Fig.3) of the vertical beam disappears in the analyzed
zonal and meridional wind fields due to this vertical smearing
effect.

The basic idea of the approach fromBrowning and Wexler
(1968) was to use a Taylor series of the wind field to ac-
count for first-order inhomogeneities in the wind field. The
MAARSY multi-beam observations are suitable to deter-
mine these first-order distortions. In particular, the relation
of the horizontal divergence and the vertical velocity should
provide some information about the GW activity. In Fig.6
the computed vertical wind velocity and the horizontal di-
vergence for both days are visualized. The vertical velocity
shows values of±5 m s−1, which still seems to be slightly
too large as a mean vertical velocity considering the observa-
tion volume used here. The highest vertical velocities occur
at edges of the PMSE layer and are likely related to rela-
tively large deviations from the nominal off-zenith angle. On
the other hand a visual inspection of the color bar demon-
strates that the vertical velocity is most of the time close to
0 m s−1, which in so far should be a good estimate for such
a huge volume. However, similar vertical velocities were ob-
served byHoppe and Fritts(1995) using the EISCAT. On the
other hand there are EISCAT measurements indicating even
higher Doppler shifts of about±10 m s−1 (e.g.,Fritts et al.,
1990; Strelnikova and Rapp, 2011, 2013).

Although it is not possible to identify single gravity waves,
these two parameters visualize the high variability of the
horizontal wind field and the importance of considering
such inhomogeneities, in particular if one uses measurements
that have a spatial separation of several kilometers. The
first-order distortions permit to estimate how the wind field
changes with increasing distance from the radar site. A hori-
zontal gradient in the wind field in the order of 0.5× 10−3 1/s
can lead to a 20 m s−1 change of the total wind velocity at a

www.atmos-meas-tech.net/6/2893/2013/ Atmos. Meas. Tech., 6, 2893–2905, 2013
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Fig. 5.Observed zonal and meridional wind from MAARSY measurements using PMSE as tracer for 20 and 22 July 2011. The time is given
in UTC.

Fig. 6.Observed vertical and horizontal divergence wind from MAARSY measurements using PMSE as tracer for 20 and 22 July 2011. The
time is given in UTC.

horizontal distance of 40 km. Hence, it can be of importance
to consider these horizontal differences, in particular if the
measurement volumes are not completely coincident. This
should be considered if one aims to compare different wind
observation techniques that employ different beam point-
ing directions or are spatially separated (e.g., lidar, meteor
radars, satellite).

To get a first impression of how well both methods com-
pare with each other, the observations were analyzed apply-
ing the VVP technique using all available beam directions
and VAD scans for three different off-zenith angles. To avoid
any difficulties with edge effects, only the observations from
an altitude of 83.4 km were considered. The scatter plots of
VAD vs. VVP are shown in Fig.7. The correlation coeffi-
cient and the number of data points are given by the capital
lettersR andN , respectively. The red line indicates the slope
1 regression and one black line is given by a linear fit to the
scatter plot. The second black line is computed after swap-
ping the x and y axes.

The comparison also includes some measurements from
21 July 2011. Figure7 clearly visualizes that the correlation
between both methods increases with increasing off-zenith
angle. The best agreement is achieved between the VVP and
VAD analysis for the 25◦ off-zenith angle. However, there is

still a reasonable agreement for the 5◦ off-zenith VAD scan
and the VVP technique. This comparison provides two es-
sential results: the VVP and the VAD analysis result in sim-
ilar horizontal wind speeds as long as the volumes are the
same, viz. the VVP horizontal wind components are dom-
inated by the largest off-zenith angle using the MAARSY
beam positions. The second point is that this comparison di-
rectly provides a first idea of the horizontal variability of the
wind field. The increased scattering of the 5◦ off-zenith VAD
scan vs. the VVP is likely caused by GW with horizontal
wavelengths much shorter than the VVP scanning diame-
ter. In the absence of such small-scale distortions the scatter
plots should look almost identical, like for the 25◦ off-zenith
angles.

Further, it is not very difficult to combine several VAD
scans to an EVAD analysis to resolve the ambiguity between
horizontal divergence and vertical velocity. In Fig.8 the scat-
ter plots of the vertical wind velocity and horizontal diver-
gence for EVAD vs. VVP are shown. The correlation coeffi-
cients still indicate a generally reasonable agreement for both
parameters. The major difference is that the VVP tends to
systematic higher values for the vertical wind velocity and
horizontal divergence. Based on the available data it is not
possible to judge which method provides the more reliable

Atmos. Meas. Tech., 6, 2893–2905, 2013 www.atmos-meas-tech.net/6/2893/2013/
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Fig. 7. Scatter plots and correlation coefficients of the zonal and meridional wind determined by a VVP
or VAD analysis including also the available data from 21st of July. The zenith angle of the VAD
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Fig. 7. Scatter plots and correlation coefficients of the zonal and meridional wind determined by a VVP and a VAD analysis including also
the available data from 21st of July. The zenith angle of the VAD analysis of each scatter plot is given in the right lower part. The correlation
coefficient and the number of data points are given by the capital lettersR andN , respectively.
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Fig. 8.Scatter plots and correlation coefficients for the vertical wind
velocity and horizontal divergence applying a VVP and an EVAD
analysis to the measurements. The correlation coefficient and the
number of data points are given by the capital lettersR and N ,
respectively.

values. A comparison of the shearing and stretching defor-
mation leads to similar results (data not shown).

The comparison between the VVP and EVAD winds
and first-order inhomogeneities demonstrates that both
techniques are in excellent agreement concerning the mean
wind components and are able to determine first-order

inhomogeneities with reasonable agreement. Considering
these results it is not possible to make any statement as to
which method would be more preferable to determine the
wind field. Both methods have advantages and disadvan-
tages. However, for the gravity wave analysis in the follow-
ing sections all available beam directions are used, so for this
analysis we preferred the VVP technique.

6 Simulation of the quasi-simultaneous scans

Another critical issue related to the here applied VVP is the
experiment time. To gather a complete scan of 97 different
beam directions MAARSY needs almost 2 min. This overall
time includes the experiment running time plus some time
to upload the transceiver settings for the next experiment.
This introduces a time shift between each sub-experiment of
the sequence that has to be taken into account when analyz-
ing short-period GW, which can propagate at relatively high
phase speeds.

To investigate the horizontal variability of the wind field
we developed an imaging technique similar to the OH-
emission observations (e.g.,Suzuki et al., 2010). Consider-
ing the approach ofBrowning and Wexler(1968), the wind
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field is decomposed into mean winds and the first-order gra-
dient wind terms from Eq. (1), which are related to large-
scale GW. “Large” refers here to the horizontal extension of
the observation volume. These waves have horizontal wave-
lengths much larger than the scanning diameter and periods
of several hours. Applying a VVP analysis permits to deter-
mine the mean prevailing wind and these first-order inho-
mogeneities. Hence, we can rewrite Eq. (2) and express the
radial wind velocity for each azimuth and off-zenith angle
by a mean zonal (u0), meridional (v0) and vertical (w0) wind
velocity and the large-scale GW denoted byu′, v′ andw′:

vradVVP(φ, θ) = u0 · cos(φ)sin(θ) + v0 · sin(φ) sin(θ)

+w0 · cos(θ) + u′
· cos(φ) sin(θ)

+v′
· sin(φ) sin(θ) + w′

· cos(θ). (4)

The variablesu′, v′ andw′ refer to the gradient wind terms
and their absolute values depend on the position inside the
measurement volume(u′, v′, w′)(φ, θ). On the other hand
MAARSY measures the radial wind velocity for each beam
direction, which contains contributions of the mean prevail-
ing wind and a superposition of large-scale and small-scale
waves given byu′′, v′′ andw′′:

vradmeas(φ, θ) = u0 · cos(φ) sin(θ) + v0 · sin(φ) sin(θ)

+w0 · cos(θ) + u′
· cos(φ) sin(θ)

+v′
· sin(φ) sin(θ) + w′

· cos(θ)

+u′′
· cos(φ) sin(θ) + v′′

· sin(φ) sin(θ)

+w′′
· cos(θ). (5)

In Eq. (4) the parameter vradmeas represents the actually
measured radial velocity, which contains contributions of all
waves and wind field distortions. By subtracting Eq. (3) from
Eq. (4) for each beam direction we obtain the radial velocity
variation inside the observation volume. In order to gener-
ate an image of these radial wind variations, all 97 different
beam directions are interpolated to a grid with a horizontal
resolution of 250 m using a cubic spline, which results in a
radial velocity variation image similar to the horizontally re-
solved RTI images shown in Fig.4.

In order to test our decomposition of the wind field, we
introduce a simple atmospheric model similar toFritts et al.
(2010a). The model assumes a mean background wind field
including also the first-order wind gradient terms (e.g., hor-
izontal divergence, stretching and shearing deformation) on
which we superimpose monochromatic gravity waves with
different phase velocities, wind amplitudes, wavelengths and
periods. Further, we assume that the GW behave according
to linear theory. The zonal, meridional and vertical wind dis-
tortions (amplitudes) are linked by the polarization relations
of the GW (e.g.,Fritts and Alexander, 2003).

The simulated GW properties were selected to be repre-
sentative of the gravity waves that one could expect at An-
denes.Nielsen et al.(2006) analyzed short-period gravity
waves over Northern Norway using OH, Na and O2 emission

as well as meteor radar wind measurements from Andøya
and Esrange. The observed GW showed horizontal wave-
lengths between 10–42 km and phase speeds of 29–72 m s−1.
The intrinsic periods of the GW were determined to be in the
range of 8–24 min.Pautet et al.(2011) investigated GW by
using NLC as a tracer of the dynamics. These observations
were carried out from Stockholm (59.4◦ N). Although there
is no absolute spatial coincidence between the observation
volumes, these GW observations from NLC provide at least
an idea of the GW properties that one could expect to mea-
sure at Andenes (69.3◦ N) during the summer months.Pautet
et al.(2011) found a variation of the phase velocities between
10–60 m s−1 for most of the observed GWs and horizontal
wavelengths in the range of 10–40 km.

In addition we considered that there is a small time shift
between each experiment and investigated the effect on the
radial velocity variation image and whether the general GW
properties are preserved by the quasi-simultaneous multi-
beam experiments. Therefore we conducted two simulations
assuming 25 and 125 s observation time between each ex-
periment, which means that a complete scan consisting of
97 beam positions takes 100 or 500 s, respectively. The ac-
tual measurement time for each experiment was 20.48 s plus
a few seconds for updating of all the transceiver modules
for the next experiment (uploading new phases for the new
beam positions of the next experiment). Thus the 25 s case is
a good approximation of the multi-beam observations con-
ducted with MAARSY, which means it takes approximately
100 s to measure one complete radial velocity variation im-
age consisting of all 97 beam directions.

To test if there is a critical effect of a sampling delay
between the quasi-simultaneous experiments we assume a
mean prevailing wind and the first-order inhomogeneities to
be in a similar range to our observations. To ensure a good
visibility of the GW the first-order wind gradient terms are
removed from the images using the suggested decomposi-
tion of the wind field. The gravity wave properties are given
in Table2. In Fig. 9 the horizontal wind variability for the
two test cases is shown. Figure9a and c visualize the hor-
izontal structure of the zonal wind and superimposed GW1
and GW2. Figure9b and d represent radial velocity variation
images based on the above outlined procedure. As indicated
by Fig. 9a and b, a time delay of 25 s is not critical and the
GW properties remain preserved in the radial velocity vari-
ation image. Assuming a 125 s time shift between each suc-
cessive experiment leads to a deformation of the GW phase
lines due to the then too slow sampling of the image. The
GW structure appears to be bent and the wave structure is
no longer preserved. For this case the phase velocity of the
GW1 of 45 m s−1 is too fast to still be resolved using an ob-
servation configuration of four sub-experiments with a 125 s
measurement time each.

The propagation of two superimposed GW within the field
of view was also investigated using the same GW proper-
ties as above (Table2). The temporal resolution between the

Atmos. Meas. Tech., 6, 2893–2905, 2013 www.atmos-meas-tech.net/6/2893/2013/



G. Stober et al.: Investigation of gravity waves 2901

Fig. 9. Simulation of prevailing wind and superimposed gravity
waves considering the sampling time of the multi-beam experi-
ments.(a) shows mean wind plus gravity waves for a 25 s time shift
for each experiment.(b) indicates radial velocities after subtracting
the mean winds.(c) and(d) are computed assuming the same pre-
vailing wind and gravity waves, but for a time shift of 125 s between
the experiments.

images was 5 min. Based on the introduced model, it is pos-
sible to simulate the temporal evolution of the GW consider-
ing different time resolutions. This procedure allows to deter-
mine the fastest resolvable phase speeds before the sampling
time creates an ambiguity concerning the phase speed and
propagation direction. In Fig.10 a time series of four radial
velocity variation images with a 5 min temporal resolution is
shown, which corresponds to the MAARSY multi-beam ob-
servations. The images clearly indicate a propagation of the
phase lines for both GW. For this case the propagation di-
rection is unambiguously resolvable. The intrinsic period of
15 min used for the simulation is almost the lower limit. For
GW with shorter periods it is hard to determine the phase
speed and direction unambiguously.

Considering the results of the simulations, the MAARSY
multi-beam observations are suitable to detect GW with sim-
ilar properties as observed byNielsen et al.(2006) andPautet
et al.(2011). This demonstrates that it should be possible to
resolve GW from the radial velocity images and to determine
the GW properties. Further it is possible to determine the di-
rection of propagation and phase speed of the GW using a
temporal resolution of 5 min. However, a better temporal res-
olution than 5 min, which corresponds approximately to the
buoyancy frequency in the mesosphere, would be desirable.

Table 2.Gravity wave parameters used for the simulation. Hereλh
andλz denote the horizontal and vertical wavelength of the GW,
respectively.

Parameter GW1 GW2

λh 27 km 34 km
λz 18.7 km 14.7 km
propagation direction 330.0◦ 184.6◦

intrinsic period 15 min 15 min
phase speed 45 m s−1 37.77 m s−1

amplitude 5.0 m s−1 2.0 m s−1

Fig. 10. Simulation of radial velocity variation images computed
using a superposition of two GW. The temporal evolution of the
field of view is shown in(a)–(d). The temporal resolution is 5 min.

7 Extracting GW parameters from horizontally
resolved radial velocity images

Considering the results of the analysis procedure with the
synthetic data, the algorithm was applied to the MAARSY
observations carried out on the 20 and 22 July 2011. The
wind field was analyzed using the VVP technique. The corre-
sponding wind variation images were computed decompos-
ing the wind field according to Eqs. (3) and (4).

In a first step the radial velocity measurements were in-
terpolated to a Cartesian grid centered at the radar site
(42× 42 km) at 83.4 km for thex and y axes using a cu-
bic spline. The grid resolution is 250 m. We only considered
times when we received a sufficient SNR (SNR> 3 dB) from
all 97 beam directions at 83.4 km using a 2.4 km vertical win-
dow to account for the vertical smearing of the 25◦ off-zenith
beam. The time resolution between the measured radial ve-
locity variation images is 5 min.
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Table 3.Determined gravity wave parameters estimated from the radial wind variation images. Herec denotes the intrinsic phase speed,λh
the horizontal wavelength and “az” the azimuth angle of the propagation direction.

date and time λh c az duration

20 July 2011, 05:10 UTC 28± 3 km 77± 10 m s−1 330.0◦ 30 min
20 July 2011, 06:20 UTC 24± 5 km 43± 7 m s−1 229.6◦ 20 min
20 July 2011, 22:30 UTC 47± 6 km 15± 2 m s−1 292.8◦/112.8◦ 20 min
22 July 2011, 11:10 UTC 23± 3 km 12± 3 m s−1 332.4◦/152.4◦ 15 min

To investigate the GW activity only radial velocity vari-
ation images with all 97 beam directions were searched for
events with one dominating monochromatic GW. In Fig.11
the radial velocity images of three successive scans show the
huge horizontal variability inside the measurement volume.
Further, it seems that there is a wave-like structure, which
is assumed to correspond to phase lines of a monochromatic
gravity wave. The phase lines of the GW are indicated by
black lines. The dashed lines in Fig.11b and c represent the
position of the GW phase lines of the radial velocity varia-
tion image measured at 06:25 UTC (20 July 2011). The solid
lines indicate the phase lines at the time of the radial velocity
variation image. The SNR 3-D structure of the PMSE for this
wave is shown in Fig.4.

The GW parameters are extracted by analyzing these im-
ages by hand considering the geometry. The phase speed is
determined by averaging the horizontal differences between
several phase lines (solid and dashed). The direction of prop-
agation of the gravity wave is given by the angle of the phase
line to thex axis or y axis. The horizontal wavelength of
the GW is obtained by determining the horizontal distance
between the phase lines in each image.

In total we were able to identify four events with a domi-
nating monochromatic GW that lasted at least over a period
of 15 min and had almost constant properties (e.g., horizon-
tal wavelength, phase speed and propagation direction) over
this period. In Table3 the GW parameters from all four ex-
amples are summarized. However, in some cases it was not
possible to resolve the direction of propagation unambigu-
ously due to the temporal resolution of 5 min between the
radial velocity variation images. For those events the phase
lines did not show a progression between the successive pic-
tures, which either means that the wave did not propagate or
that the GW propagated within 5 min by a horizontal distance
that corresponds approximately to the horizontal wavelength.
Figure12 visualizes the observed propagation directions for
all four GW events. For the cases with an unambiguously
determined propagation direction both possibilities are in-
cluded in the polar diagram. However, the four events are
not sufficient to draw conclusions about a likely source of
these waves or to speculate about the “typical” GW proper-
ties yet. However, the radial velocity images seem to be suit-
able to gather valuable information about the horizontal wind
variability inside the measurement volume that is resolvable
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Fig. 11. Remaining horizontally resolved radial wind variation images indicating a dominating
monochromatic gravity wave over a period of 15 min. This GW event was recorded on 20 July 2011.
The black lines indicate the phase lines assuming a monochromatic GW.
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Fig. 11.Remaining horizontally resolved radial wind variation im-
ages indicating a dominating monochromatic gravity wave over a
period of 15 min. This GW event was recorded on 20 July 2011.
The black lines indicate the phase lines assuming a monochromatic
GW.

with such a quasi-simultaneous multi-beam experiment and
to gather the GW properties.

A comparison of the here obtained results toNielsen et al.
(2006), who also presented observations above Northern
Norway, shows reasonable agreement concerning the hori-
zontal wavelengths, which took values between 10–42 km.
The intrinsic phase speeds presented inNielsen et al.(2006),
ranging from 0–80 m s−1, are in a remarkable agreement
with the here determined phase speeds ranging between 12–
77 m s−1. Further, the winter measurements showed mainly
southward propagating GW, whereas the MAARSY sum-
mer observations reveal also northward propagating GW.
These differences are likely related to the seasonal pattern
of the background wind field. A comparison to the GW
properties analyzed from noctilucent clouds (NLC) observed
from Stockholm (Pautet et al., 2011) indicates an even bet-
ter agreement concerning the observed range of horizontal
wavelengths and phase speeds.
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Fig. 12. Polar diagram of gravity wave propagation directions. The radial scale denote the number of
events per angular bin.
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Fig. 12.Polar diagram of gravity wave propagation directions. The
radial scale denotes the number of events per angular bin.

8 Conclusions

In this study we presented mesospheric measurements con-
ducted with MAARSY from the summer campaign in
2011. This summer campaign demonstrates the capability
of MAARSY to perform systematic scans at mesospheric
heights consisting of several multi-beam experiments lead-
ing to a total number of 97 different beam directions. The
observations show the 3-D variability of PMSE backscatter
on horizontal scales of a few kilometers and on time scales of
5 min. The quasi-simultaneous scanning experiments permit
to apply more sophisticated wind analysis methods such as
VAD and VVP (Browning and Wexler, 1968; Waldteufel and
Corbin, 1979).

The comparison between both methods reveals that the
VVP and VAD/EVAD horizontal wind components are in ex-
cellent agreement. Further, we find a still reasonable agree-
ment for the vertical wind velocity and the horizontal diver-
gence. The comparison between the different sampling vol-
umes (VAD scans for different off-zenith angles vs. VVP)
implies that one should always consider the spatial sampling
volume when comparing different observation techniques. In
addition the ability to determine first-order inhomogeneities
could further improve our understanding of how different ob-
servation methods should be compared, in particular if the
observation volumes are different or the instruments are spa-
tially separated.

Based on the Taylor series approach fromBrowning and
Wexler (1968) it is possible to decompose the wind field
into mean prevailing winds, large-scale waves (larger than
the observation volume) and small-scale variability (smaller
than the observation volume), as outlined in this study. By

separating the contribution of the mean prevailing wind and
the large-scale waves for each radial velocity measurement,
one obtains the radial velocity residuum for each beam di-
rection, which is finally interpolated to yield a radial velocity
variation image.

The introduced atmospheric model was used to investi-
gate how the images should be composed out of a sequence
of several sub-experiments and which temporal resolution is
required to resolve short-period GW. Further, it was possi-
ble to test the decomposition of the wind field using syn-
thetic data to investigate whether the GW properties were
preserved within the radial velocity variation images. Our
analysis shows that the outlined imaging technique permits
to extract the GW properties for monochromatic waves simi-
lar to airglow observations (e.g.,Nielsen et al., 2006; Suzuki
et al., 2007).

Finally, two days with a strong and long-lasting PMSE
were analyzed and inspected for GW events. In total we
found four cases with a dominating monochromatic GW
within the investigated period. The obtained GW parame-
ters are in reasonable agreement with the results presented
in Nielsen et al.(2006), Suzuki et al.(2007) andPautet et al.
(2011). The radial velocity variation images demonstrate the
capability of MAARSY to resolve horizontal structures in
the wind field down to a wavelength scale of 7–10 km with a
temporal resolution of 5 min.

Here we present a first case study to visualize the horizon-
tal variability of the PMSE backscatter in the mesosphere at
83.4 km. In particular, the horizontal variability of the wind
field provides a new insight into the MLT dynamics on spatial
and temporal scales that were so far unresolvable. The possi-
bility to retrieve inhomogeneities in the horizontal wind field
and to extract horizontally resolved short-period GW prop-
erties is essential to understand the MLT dynamics on scales
of a few kilometers and minutes. This is especially of im-
portance when comparing different measurement techniques
like, e.g., lidars or other radars employing a much smaller
number of beam pointing directions to determine the wind
field.
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