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Abstract. Inertia-gravity waves with very short vertical measured by the radar can be used to estimate wave ampli-
wavelength {; <1000 m) are a very common feature of tudes, horizontal wavelengths, intrinsic periods and momen-
the lowermost stratosphere as observed by the 52 MHzum fluxes which are consistent with the estimates from the
radar ESRAD (Esrange MST radar) in northern Scandinaviaadiosondes.
(67.88 N, 21.10 E). The waves are seen most clearly in
radar-derived profiles of buoyancy frequendy)( Here, we
present a case study of typical waves from 21 February to 22
February 2007. Good agreement betweééhderived from 1 Introduction
radiosondes and by radar shows the validity of the radar de-
termination of N2. Large-amplitude wave signatures A Gravity and inertia-gravity waves (IGWSs) play a very impor-
are clearly observed by the radar and the radiosondes itant role in the physics of the stratosphere and mesosphere.
the lowermost stratosphere, from 9km to 14—-16 km height.For example, in the high-latitude stratosphere, large verti-
Vertical profiles of horizontal wind components and poten- cal displacements induced by mountain waves can reduce
tial temperature from the radiosondes show the same wavedocal temperatures by up to 10K and can lead to the for-
Mesoscale simulations with the Weather Research and Forgnation of polar stratospheric clouds in winter (Dérnbrack et
casting (WRF) model are carried out to complement the analal., 2002). Gravity waves (GWSs) also have a strong influ-
ysis of the waves. Good agreement between the radar and r&nce on the general circulation of the atmosphere (Holton,
diosonde measurements and the model (except for the wavE992) by the transport of momentum from the lower levels
amplitude) shows that the model gives realistic results ando the middle and upper levels of the atmosphere (Fritts and
that the waves are closely associated to the upper-level frorhlexander, 2003). In this way, they change the dynamics and
in an upper-troposphere jet—front system. Hodographs of théhermal balance of the atmosphere. Since the horizontal and
wind fluctuations from the radiosondes and model data showvertical scales of most GWs are too small to be explicitly
that the waves propagate upward in the lower stratosphereesolved in atmospheric general circulation models (GCMs),
confirming that the origin of the waves is in the troposphere.the waves must be parameterized in the models. The uncer-
The observations and modelling all indicate vertical wave-tainty of such parameterizations causes substantial uncertain-
lengths of 70G: 200 m. The radiosonde hodograms indicate ties in the models (Morgenstern et al., 2010). A detailed un-
horizontal wavelengths between 40 and 110 km and intrinsidlerstanding of wave-generation processes and the spectrum
periods between 6 and 9h. The wave amplitudes indicate@f waves that they produce is therefore crucial for the accu-
by the model are however an order of magnitude less thamacy of global models.
in the observations. Finally, we show that the profilesvaf The properties of GWs are very dependent on the pro-
cesses that cause them. Known sources of waves include
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topographic effects and convection (Smith, 1979; Lilly et and S), IGWs with non-orographic sources, suggested to be
al., 1982; Bretherton and Smolarkiewitcz, 1989; Shutts andet-front systems, were found to be of comparable impor-
Gray, 1994; Fritts and Alexander, 2003, and specifically attance to orographic waves regarding their contribution to mo-
the location considered in the present study, Kirkwood etmentum flux in the lower stratosphere (Vincent et al., 2007).
al., 2010b; and Réchou et al., 2013), fronts (Eckermann and Measurements from satellites are today often considered
Vincent, 1993; Griffiths and Reeder, 1996), diabatic heatingto offer the best possibility for global, climatological studies
(Hooke, 1986), wind shear (Rosenthal and Lindzen, 1983;0f GWSs. Certainly, characterization of GWs has been much
Fritts, 1982; Lott et al., 2009) and instability of the upper- improved in recent years, particularly in polar regions where
tropospheric jet (Ucellini and Koch, 1987; Ziilicke and Pe- ground-based observations are relatively sparse, thanks to
ters, 2008). In the present study, we focus on IGWs generateHigh-resolution satellite observations. Both climatologies
by the jet at high latitudes. and case-studies have been made using data from satellite
A number of observational and modelling studies haveinstruments (e.g. Atmospheric Infrared Sounder/High Reso-
suggested that the polar jet stream (in the upper-troposphetation Dynamics Limb Sounder, Alexander and Teitelbaum,
at mid- or high latitudes) can generate IGWs. For example,2011; National Oceanic and Atmospheric Administration
Plougonven et al. (2003), using a very large number of ra-Advanced Microwave Sounding, Wu, 2004; and GPS radio
diosoundings at midlatitudes-(40° N) over the North At-  occultation, Hei et al., 2008). However, the lower limit of
lantic, showed IGW packets propagating upward in the lowervertical wavelengths which can be resolved by such satellite
stratosphere and downward in the midtroposphere, closelyneasurements is 2—4 km (Preusse et al., 2008) which is not
correlated in space with regions of strongest curvature andufficient to study the jet-related IGWs as observations show
highest wind speeds in an upper-troposphere jet. The wavethat they can have vertical wavelengths of less than 2 km. An-
had short vertical wavelengths, generally 2—3 km, small am-other possibility might be to use modelling, as in case studies
plitude, typically 2—4 ms! in the stratosphere, and low in- (e.g. O’Sullivan and Dunkerton, 1995; Wu and Zhang, 2004;
trinsic frequency, betweeri and 2f (where f is the Cori-  Zhang, 2004; Plougonven and Snyder, 2007; Zilicke and Pe-
olis parameter). In later modelling work (Plougonven andters, 2008). However, it is not practicable to use such mod-
Snyder, 2007), they were able to reproduce the main charelling for climatological studies due to the necessity of both
acteristics of the wave generation by the jet stream. Lanéhigh resolution and large domain sizes.
et al. (2004) used dropsondes in the vicinity of an intense In this paper, we examine whether IGWs from the upper-
jet—front system near 40N over the Pacific to study the as- troposphere jet can be observed and characterized by the
sociated IGWSs. They also found short vertical wavelengths VHF radar ESRAD (Esrange MST radar), located near
from 1 to 2.3km. Using 8years of observations from the Kiruna in northern Sweden (67.88l, 21.10 E). This radar
UK MST (Mesosphere-Stratosphere-Troposphere) radar ahas been operating in a mode capable of resolving perturba-
Aberystwyth (52 N), Vaughan and Worthington (2007) de- tions associated with short-vertical-wavelength> 300 m)
termined the occurrence and properties of long-period quasiGWs, continuously since 2005. The radar is less power-
monochromatic oscillations in the wind vector identified ful than those generally used for gravity-wave climatolo-
with IGWs. They found that the waves had typical ampli- gies based on fluctuations in horizontal winds. The wind
tudes 1-2 ms!, vertical wavelengths around 2 km, and that perturbations associated with jet-source IGW’s are expected
waves with 6—8 h (ground-based) periods were strongly corio be very small (a few metres per second as observed in
related with the jet stream. In the stratosphere, the waveshe radiosonde data) and cannot be reliably determined us-
were dominated by upward energy propagation (clockwiseing high-vertical-resolution measurements at ESRAD. How-
rotation of the wind vector) and in the troposphere by down-ever, buoyancy frequencyV( can be measured with high
ward propagation, consistent with the dominant source foraccuracy (see Appendix) and shows strong wave signatures,
IGWs being at tropopause level. Over northern Germanyparticularly for short vertical wavelengths (Kirkwood et al.,
(54° N), Ziilicke and Peters (2008) showed combined obser2010a, b; Réchou et al., 2013). The radar is located, most
vations and modelling studies (MM5 mesoscale model) ofof the time, poleward of, but close to, the jet stream associ-
jet-generated waves. They also include the Lagragian Rossbgted with the northern Atlantic storm tracks; so there is the
number as an indicator for potential wave-generation regionspotential for climatological study of the characteristics of jet-
At high southern latitudes, Guest et al. (2000) examinedinduced waves. In this first step, we make a case study. We
high-resolution upper-air soundings of wind and temperatureanalyse the characteristics of GWs obtained by the radar and
released from Macquarie Island (58). They found waves by collocated radiosondes from 21 to 22 February 2007. To
with vertical wavelengths between about 1 and 7 km and in-complement the observations, simulations with the high res-
trinsic frequency betweefi and 2f. They used a ray-tracing olution non-hydrostatic mesoscale model WRF (Weather Re-
model to show that waves propagating into the lower stratosearch and Forecasting Model; Skamarock and Klemp, 2008)
sphere probably had their source in a jet—front system to theare made and the characteristics of the waves obtained by
SW of the island. Finally, in a recent study using a number ofthe model are compared to the observations. To determine
long-duration balloon flights at very high latitudes (60280  the characteristics of the waves, we use spectral analysis (for
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observations and model), hodograph analysis (for radiosonde ESRAD N? 21/22 February 200 <10~
and model winds) and, for the radar data, the amplitude of the |} =gss T et o
perturbations inv2 and the assumption that the wave ampli- = 5
tudes are at the wind-shear instability limit (Gubenko et al., 144 .
2008, 2011). 3k
h ;
'% 9
2 Methods s 2
6
2.1 VHF radar Pl s !
5 10 15 20 25 30 35 40 p
i h f sonde
We use measurements from the 52 MHz radar ESRAD, lo- Time hours afler21 Feb 2007 00T —ESRAD
cated at Esrange (European space range; 6R881.10 E) 21Feb21UT  22Feb02UT  22Feb0SUT  22Feb12UT  22Feb17UT
! ‘ ‘ ‘ ‘ ‘

near Kiruna in northern Sweden. The radar has a peak |
transmitter power of 72kW and an antenna array consist- 5] <
ing of 284, 5-element Yagi antennas spread over an area 0 129 £
72 mx 64 m and pointing vertically. Echo power and Doppler €' =
shift (vertical wind) are measured using the whole array. The £ 7|
array is divided into 6 sub-arrays to allow horizontal winds 2
and turbulence parameters to be determined using interfer-
ometry. The radar in general provides information on the dy-
namic state of the atmosphere such as winds, waves, turbu 3 ¢ 506 s 100 5 100 5 100 5 10
lence and layering, from about 1 to 20 km altitudes in the =~ N* (10™s™) N (107s7) N? (107™*s72) N2 (107s7%) N* (10757%)
troposphere and lower stratosphere. Further technical detail
can be found in Chilson et al. (1999), updated in Kirkwood quency,N2 (in s2; colour), from ESRAD observations. The hor-
etal. (2010a). izontal axis gives the time in hours from 00:00 UTC 21 February
The radar usually (since 2005) operates in two modes Witfpoo7 to 18:00 UTC 22 February 2007, and the vertical axis gives
vertical sampling intervals of 150 and 600 m, respectively.the height in kilometres. The scale i is given by the coloured
The mode with 150 m sampling is used here. Each sampléar on the right of the top row. Lower panels: comparison of profiles
corresponds to a Gaussian-weighted average over a height N2, between radar (red) and radiosondes (black) launched at the
interval with half-power width of about 200 m. For heights radar site at 21:00 UTC 21 February 2007, 02:00, 05:00, 12:00 and
above about 5km, this mode provides accurate estimate47:00 UTC 22 February 2007. Vertical black lines on the top panel
only of echo power and Doppler, not of horizontal wid. ~ Show the times of the radiosonde launches.
is derived form echo powe) by

o N ® ©
T

Eigure 1. Top panel: time—height diagram of squared buoyancy fre-

N2— Az exp(z/H)Prl/z, 1) The period 21/22 February 2007 was chosen for this study
due to the presence of inertia-gravity wave signatures which
wherez is the height from which the echo is returngd,  are typical for this site (clear descending wave fronts with
is the atmospheric scale height addis a calibration fac-  short vertical wavelength,, < 1km, and long ground-based
tor which can be found either by technical calibration of the period, 74> 6 h) and the availability of a number of closely
radar or by comparison of the derived profile &# with collocated radiosonde measurements with high vertical reso-
co-located radiosoundings (in the present case we use raution. The top panel in Fig. 1 shows the radar measurements
diosoundings and botl®. and A are in arbitrary units. For ~ of NZ. The thin black line at around 9 km height follows the
a discussion of the value of A wha is in watts, see Kirk- maximum vertical gradient iv? and is the radar-based es-
wood et al., 2010a). timate of the tropopause height. Further analysis of the radar
Equation (1) is strictly applicable only in the absence of measurements is considered in Sect. 5.
humidity, i.e. in the stratosphere. However, previous studies
have shown that the method gives accurate estimata&of 2.2 Radiosondes
in both the upper troposphere and the lower stratosphere (e.g.
Kirkwood et al., 2010a; Arnault and Kirkwood, 2012). Five radiosondes were launched from Esrange, at 21:00 UTC
In this study, we use fluctuations iN? rather than the (universal time coordinated) on 21 February 2007 and at
more usual wind fluctuations measured by the radar to char02:00, 05:00, 12:00 and 17:00UTC on 22 February 2007.
acterize the waves since this can be measured with highefhe raw data were sampled at 2 s intervals, resulting in an un-
accuracy in the relevant conditions. A more detailed discus€ven vertical interval, which varies from 6 to 9 m. For the cal-
sion of this issue can be found in the Appendix. culation of N2, the raw values of potential temperature were
smoothed to have the same height resolution (200 m) as the
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radar data. The lower panels in Fig. 1 compai&from the WRF N? 21/22 February 2007 -
sondes with the values measured by the radar. Profiles fron - ‘ ‘ ‘ : == ‘

the radar represent 1 h averages following the sonde launch
The vertical lines on the top panel indicate the times of
launch. The value of the proportionality constann Eq. (1) £
has been found by comparison with the sonde at 02:00 UTC%1
on 22 February, so there is necessarily good agreement in thiz
average value ofV? for that sonde. Fluctuations about the
average are independently measured by the two techniques
On this occasion, the sondes drifted north or northwest af-

ter launch reaching horizontal distances of 20-35km at the % hours after 21 Feb 2005 00Ut L %

height of the tropopause. They then drifted back toward the
radar, passing within 3—20 km at 18—-20 km height. The two 21Feb21UT  22Feb2UT  22Feb5UT  22Feb12UT  22Feb17UT

15 I I I I I

sondes at 02:00 and 05:00 UTC on 22 February passed clos ,] L . . .
est to the radar beam in the lower stratosphere — coming as 13- o o o -
close as 3 and 5km, respectively. The agreement betweer 121 F . . F
the radar-derived and the sonde-derivéd] even as regards I N N

=1
€
small fluctuations in the height profiles, is generally good, z " | ] B
particularly for those two sondes. Further analysis of the ra- £ . L L .
diosonde measurements is considered in Sect. 5. 71 . . L .
6 B [
5

2.3 WRF model

T T T T T
0 5 0 0 5 10 0 5 0 0 5 10 0 5 10
4 -2

NZ (10%s72) N2 (107%s 452

2y N2 (10%s7%) N2 (107%s72) N2 (107%s72)
The WRF model (Skamarock and Klemp, 2008) was con-_ _ _ _ P
Figure 2. Time-height diagram ofV< (in s~<, colours), from the

gg;:]e?ef?ji)tmh;ncazigg Lurgyzjgoak::]oir:{g%g;oif\l/t;i?ogigmthWRF model experiment (same time and height axes as Fig. 1). Pro-
g 9 files of N2 obtained by the WRF data at 21:00 UTC 21 February

dinavia and western Russia, between about SON7&Nd 5007, 02:00, 05:00, 12:00 and 17:00 UTC 22 February 2007, corre-
10-50 E. Conditions at the outer boundaries were definedsponging to the radiosonde launches.

by ECMWEF (European Centre for Medium-Range Weather
Forecasts) model-level analysis. In the model domain, a hor-

izontal resolution of 6 km was used, together with 251 verti- ECMWF) which drive the WRF model. For the present study,
cal levels between the surface and 24 km height. The correthe area of the model domain was extended to cover all of
sponding vertical interval is 90-100 m above 800 m height,Scandinavia and the orography was included. It can also be
and 26-89 m below that. A 5000 m thick damping layer wasmentioned that the WRF model has been previously used to
used at the top of the model domain to prevent spurious wavetudy spontaneous generation of inertia-gravity waves in ide-
reflections. Convection is explicit and microphysics is pa- alized jet/front conditions, e.g. by Plougonven and Snyder
rameterized with the three-class liquid and ice hydrometeor§2007), so it is likely suitable for the task.
scheme of Hong et al. (2004). The modelled values/éf Model results are discussed in more detail in Sects. 3-5.
for the location of the ESRAD radar are shown in Fig. 2, for
the same time interval as the radar data shown in Fig. 1. It can
be seen that the morphology of what appear to be the shor3  Synoptic situation
vertical-wavelength wave fronts, seen in Fig. 1, is reproduced
well by the model, although the amplitudes in the model areFigure 3 presents the synoptic situation from 00:00 UTC on
clearly smaller. It is also observed in the fluctuationsVéf 20 February 2007 to 00:00 UTC on 22 February 2007, each
corresponding to the times of each sonde. 24 h, computed with ECMWEF analyses at 8.5 km altitude, in
In an earlier paper (Réchou et al., 2013), we have reportedrder to be close to the centre of the jet (Lane et al., 2004) and
observations and WRF modelling of the period 18—20 Febru-in the upper part of the troposphere. On 20 February, the lo-
ary 2007. In that study, several model runs were made botltation of ESRAD is affected by strong cyclonic winds related
with and without orography, and with and without clouds. to the lower pressure to the east, and on 21 and 22 Febru-
The modelling was continued up to the end 22 February, alary by anticyclonic winds due to the high pressure to the
though only the first part (waves of convective origin) was north. Strong west—northwesterly winds are seen across the
reported in Réchou et al. (2013). The waves we focus orsouthern part of Scandinavia, with a region of strong curva-
in the present study appeared in model runs with or withoutture in this jet at 00:00 UTC on 21 February, moving further
mountains and with or without clouds, so their cause lies ineast by 22 February. Figure 4 shows Advanced Very High
the larger-scale wind, pressure and temperature fields (fronResolution Radiometer (AVHRR) images taken by the polar
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orbiting NOAA-17 satellite in the thermal infrared (10.3— ECMWF P, U, V
11.3 um) channel 4 at 01:35 UTC on 20 February, 01:24 UTC
on 21 February and 01:14UTC on 22 February 2007 (from
http://www.sat.dundee.ac.uk), i.e. close to the times of the
ECMWEF analyses in Fig. 3. We particularly draw attention
to the band of clouds stretching across the north of Scotland
and the south of Scandinavia, with a sharp border to the north
indicating a NW-SE aligned front at the lower levels, below
the jet stream shown in Fig. 3. The cloud images also show
the progression of the system eastward over the course of the
study interval.

Figures 5 and 6 show vertical and horizontal (at 12 km al-
titude) cross sections of wind aé? from the WRF model
results, at 00:00UTC on 21 and 22 February, respectively.
The vertical cross sections are taken along two lines, marked
A-B and C-B on the horizontal cross section. The western
line A-B provides a cross section through the radar location
(marked by the vertical line on the left-hand panels and by
the circle and letter “E” on the horizontal cross sections); the
eastern line C-D intersects the region of highest wind speed
in the jet. The vertical sections clearly shows the jet, between
5 and 12 km altitude, in the southern part of each cross sec-
tion. The tropopause (boundary between low and high values
of N?) is at about 12 km altitude on the equatorward side of
the jet, and around 10 km on the poleward side. In A—B the jet
has maximum strength at 00:00 UTC on 21 February, and has
almost disappeared by 00:00 UTC on 22 February. A sharp
front (sloping layer of highv2 below about 10 km) separates
stronger winds to the south from slower winds to the north.
This front coincides with the sharp poleward boundary in the
clouds (Fig. 4) at about 5 km altitude and continues upwards
to the tropopause, reaching the tropopause at 65kafitude
in A-B, 55° in C-D.

Finally, we note that the horizontal cross sections at 12 km
altitude in Figs. 5 and 6 show cyclonic (northwesterly) winds
over the north of Scandinavia. Comparing with Fig. 3, this
means that, at the location of ESRAD and further north, the
wind on 21 and 22 February reversed direction or stalled be-
tween the lower part of the troposphere and the stratosphere.
This means that any waves generated in the troposphere (e.
orographic waves) would be blocked by the wind reversal,
and would not propagate upwards to the stratosphere.

l835 hPa

325 hPa
315 hPa

305 hPa

295 hPa

285 hPa

FGSS hPa

325 hPa
315 hPa

305 hPa

295 hPa
285 hPa
5335 hPa
325 hPa
315 hPa

305 hPa

295 hPa

285 hPa

lgi'gure 3. Horizontal cross sections at 8.5 km altitude of pressure

(colour) in hectopascal and horizontal winds (arrows) in metres per

second, from top to bottom, at 00:00 UTC on 20, 21 and 22 February

2007, from ECMWF analyses. The pressure scale is given by the

coloured bar to the right, and the wind scale by the arrow at the

4 Source of the waves in the lower stratosphere bottom right corner of each panel. The black cross gives the location
of ESRAD radar.

Figures 5 and 6 show signatures of several waves. Those

most clearly related to the jet—front system are the wave

fronts, sloping upwards towards the south, over the main axis

of the jet, and sloping upwards towards the north poleward ofallel with the upper-level front are those seen at the radar lo-

the jet, parallel with the upper-level front. The latter start at cation. It is clear from the horizontal cross section that these

about 10 km altitude in the region of strong wind shear be-waves extend all along the poleward/eastward edge of the

tween the jet axis and the upper level front. Similar patternget/front system from the north of Scandinavia to the vicin-

are seen in both vertical sections, A—B and C-D, but shifted dty of St Petersburg and Moscow. In the horizontal plane, the

few degrees towards the south in C-D. The wave fronts parwave fronts are curved — they are close to the jet axis along
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5 Characteristics of the waves in the lower stratosphere

In order to better understand the characteristics of the waves
as they appear in the simulation and in the measurements,
and their significance for momentum transport, we next ex-
amine the wave parameters — wavelength, frequency and am-
plitude.

5.1 Vertical wavelengths

To obtain the vertical wavelength,, we applied a classical
multi-taper algorithm (Percival and Walden, 1993) to obtain
the spectrum of the height profiles of buoyancy frequency
satellite in the thermal infrared (10.3—-11.3 um) channel 4, from Ieftgggn;rgg :ﬁga;]ggérl(j’:rphees roz;c}gre |:)Et;d;g§?1ng?fk){;2i$nrgglgf ?hne-
to right, at 01:35UTC 20 February 2007, 01:24 UTC 21 Febru- . . R -
ary 2007 and 01:14 UTC 22 February 2007 (from http:/Awww.sat. radiosondes). Results are illustrated in Fig. 7 for the times
dundee.ac.uk). of the two sondes where the waves were clearest. Although
the waves are clearest between 10 and 12km altitude, we
use the larger interval 10-14 km for this analysis to allow as

C-D, but spread out further from the jet axis along A—B. This many vertical wavelengths as possible to be included. As can
is likely a propagation effect and will be discussed later. also be seen in the time/height presentation ®from the

A complete set of figures, the same as Figs. 5 and 6, but foradar and from the model (Figs. 1, 2), the energy of the spec-
each 20 min from 12:00 UTC on 20 February to 24:00 UTC trum of fluctuations in¥? from the model is lower than for
on 22 February is included in the Supplement. These clearlyhe radar or the radiosondes. However, for each method there
show the propagation of wave packets northward over theare clear spectral peaks for vertical wavelengths between 0.5
radar location, starting between the jet axis and the uppeand 0.8 km (with a peak at around 600—700 m). The results
level front, propagating through the upward continuation offor A, are summarized in Table 1, where the uncertainties
the front, and continuing further poleward. are taken as the half-widths of the spectral peaks. The val-

It can also be noticed that the amplitude of the waves pole-ues for i, are significantly shorter than found in previous
ward of the jet/front is higher (more extreme values\ot studies (see introduction) where 1-2 km has typically been
are reached) along C-D than along A-B. As we noted earthe shortest reported. However, previous studies have been at
lier, the simulations underestimate the amplitude at the radamuch lower latitudes, so we would not necessarily expect the
location, so this may be a problem of the exact location ofsame wave characteristics, and some previous studies (e.qg.
the frontal system, which may not be represented accuratelthe radar-based results of Vaughan and Worthington, 2007)
enough by the ECMWEF analysis which is used as the inputmay not have been able to resolve such short wavelengths.
to the simulation.

The waves directly over the main jet, tilting equatorward -2 Ground-based period
with height, are very similar in morphology and location (rel-
ative to the jet) to those found in the simulations by Lane
et al. (2004), Plougonven and Snyder (2007) and Zilicke
and Peters (2008). However, the waves propagating polewar ; . .
from the poleward edge of the jet were not identified in those 2 "F“ h_elght. Both show a dominant peak at 7.5h (F'g' 8).
studies. It is clear from Figs. 5 and 6 that they have not Onlyconflrmlng further that the model reproduces the dominant
short vertical wavelengths (Fig. 2), but also rather short hori-Vaves seen by th? radar. . .
zontal wavelengths of less than 100 km. The horizontal reso- The inertial period at the latitude of ESRAD is
lution usc:]d bykl)DIougonven:nd Snylder (5007), at bes_trﬁs kaf =2r/f = 21/(2Q sing), 2)
may not have been enough to resolve these waves. The sim- . . .
ulations of Lane et al. (2004), on the other hand used slightlyWhere f is the Coriolis parameter_ at the radar latitude
better horizontal resolution than current WRF modelling. In (¢_= 67.88 N),5and thle angular rotatE)n frequency ff_Elarth
Fig. 7a of Lane et al. (2004), there are indications of Weakg2 =7.292-10"°rads ~. This yieldsf = 1.3511x 10~"s

. . and Tr=12.92h. So the ground-based wave period
waves in the lower stratosphere with wave fronts parallel to f= o L
P P Ty =7.5his of the same order as the inertial period, indicat-

the upper-level front. At the same time, the waves directly.ng that the wave may be an inertia-gravity wave, although
ngedrythe jet core were stronger and were the focus of thathis is really determined by the intrinsic period which may
' be longer or shorter than the ground-based period due to
Doppler shifting by the background wind.

Figure 4. AVHRR images taken by the polar orbiting NOAA-17

The ground-based period is obtained from the time series of
N? from the model and from the radar data over the time
interval 21 February 05:00 UTC-22 February 09:00 UTC, at
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a) WRF N / wind speed A-B b) WRF N? / wind speed C-D o WRFN? at 12 km / wind speed at 10 km

=S

altitude km
altitude km
distance km

55 60 65 70 600 1200 1800
latitude latitude distance km

Figure 5. Results from the WRF model for 00:00 UTC on 21 February 2Q8y\Vertical cross section along line A-B in Fig. 5c, vertical
black line indicates the radar locatid(v) Vertical cross section along line C—D in Fig. %c) Horizontal cross section fov? at the model
level which is at 12 km altitude at the radar site (marked by a black circle), and for wind at 10 km. Colour scalevéhgmws—2). Black
contours and arrows show wind speed and directiofa)and(b) the arrows show the wind component in the plane of the cross section.

b) WRF N? / wind speed C - D

altitude km
altitude km
distance km

o e —— = ! . =
50 55 60 65 600 1200
latitude latitude distance km

Figure 6. Results from the WRF model as in Fig. 5, but for 00:00 UTC on 22 February 2007.

5.3 Intrinsic frequency and horizontal wavelengths wherek =2 [ Ap andm = 25t [ A, are the magnitudes of hor-
izontal and vertical wave numbers, respectivify m? and
The relationship between intrinsiei) and ground-based R is the ratio of amplitudes of the wind fluctuations along and

(wg) frequencies is given by perpendicular to the direction of wave propagation.
To calculate the intrinsic period, we need to know the
wi = (wg—U - k), (3)  magnitude and direction of the wave veclkoand the back-

ground windU (Eg. 3), or the ratio of horizontal to vertical
wherewyg is the ground-based frequencyr(27y), andU -k wave numbersk/m, and the (mean) buoyancy frequency,
is the dot product of the mean background wind vedtdr, N2 (Eq. 4), or the ratio of wind fluctuations perpendicu-
and the wave vectadr. So, even if we have measurements of lar and parallel to the direction of propagatiaR, from the
U, we cannot determine the intrinsic period unless we knowhodogram ellipse, Eq. 5). This is easiest to do for the model

k. results, using Eq. (4). By plottingy? at a fixed height, the
From the dispersion and polarization relations for hydro-horizontal wavelength can easily be determined from the
static IGWs (e.g. Sato et al., 1997) we can write spacing between wave fronts. Using a height of 12km (as
in Figs. 5 and 6), in the vicinity of the radar site and at
w,z = f2 + Nz(k/m)z, 4) the times of radiosonde launches, together with the vertical
wi = f/R, (5)  wavelength as described in Sect. 5.1, to calcutdte, we
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Figure 7. Spectrum of fluctuations a¥2 in vertical profiles from 10 to 14 km height, from ESRAD, the WRF model and radiosondes, for
the times of two radiosondes, 02:00 and 05:00 UTC on 22 February 2007.

o X 1078 Height=12 km
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Figure 8. Spectrum of fluctuations a¥2 for time series at 12km
height from ESRAD and from the WRF model at the ESRAD loca-

find the intrinsic periods given in Table 1. The orientation
of the wave fronts also gives the direction/of{perpendic-
ular to the wave fronts), listed also in Table 1. The intrin-
sic periods we find7; = 27 / wj =6.8-8.9 h, are close to the
ground-based period, consistent with the wind direction be-
ing close to perpendicular to the direction of wave propaga-
tion at 12 km at the radar location.

For the radiosondes, hodograph analysis and Eq. (5) are
used to determine the intrinsic frequency. Figure 9a and b
show fluctuations of the temperature and wind in the lower
stratosphere (from 10 to 12 km) associated with the waves
from (a) the five radiosondes and (b) the WRF model data.
For these figures, the background winds and temperature gra-
dients have been subtracted (using a third-order polynomial
fit for the winds, and a linear fit for the temperature). The alti-
tude range has been chosen in order to have a clear figure and
since the structure of the waves (Figs. 1, 2) is clearest in this
altitude range. Variations of temperature oscillate frefnto
1°K, while the absolute variation of wind is aboi#t8 ms™1
(less for the model). Hodographs have been plotted in the
lower panels of Fig. 9a and b. According to the linear theory
of GWs, the orientation of the major axis of the ellipse of

tion, from 05:00 UTC on 21 February to 09:00 UTC on 22 February the hodograph is aligned with the horizontal wave vector of

2007.

Atmos. Chem. Phys., 14, 678%799 2014

the inertia-gravity wave, and the ratio of the major to the mi-
nor axes of the ellipse is proportional to the wave frequency
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Further, as described for example in Guest et al. (2000),

@ =" =" == the linear theory of GWs in a uniform background flow pre-
Tul T = dicts that one vertical wavelength of an upward-propagating
g | _— inertia-gravity wave traces an elliptical path, which rotates
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clockwise in the Northern Hemisphere (anticlockwise in the
Southern Hemisphere). For a downward propagating wave,
the rotation is anticlockwise in the Northern Hemisphere
(clockwise in the Southern Hemisphere). The hodograph of
the wind between 10 to 12 km for every radiosonde and the
model data shows a clockwise rotation of the wind, most
clearly in the first 3 sondes and for the model data corre-
sponding to the two first and two last sondes, which means
that the waves are propagating upward in the stratosphere.

[~}

Height (km)

AU(m ™) AU(m™) The downward progression with time of the wavefronts in
the radar data (Fig. 1) is also an indication of upward propa-
b " 2 . v = gation (although it could in principle be misleading if strong
- q B = ; e
£ > 4 ; < i < wind shear was present, but this is not the case here).
£ > / > & b There has been much criticism of the hodograph method.
R R e For example, Zhang et al. (2004) simulated a near monochro-
matic wave of intrinsic frequency f3 using the MM5
12 12 12 12 12 . .
- mesoscale model, and found that, in a region of background
Al " " " " wind shear, although the vertical wavelength could be accu-
tH o " o o o rately determined, neither the intrinsic frequency nor the hor-
Tl D e ek ek D ek izontal wavelength could be reliably derived. They further
P o, o, i 05 showed how the method breaks down when there is a super-
é 0 @ 0 G@‘ of e+ o @ 0 position of waves. One possibility would be to apply band-
S . o /é pass filters to the data to ensure that the hodograph analysis

S0 1 oo 1 o 0 1 "bs o 055 o o is confined to near monochromatic oscillations, as done by

Aulme o Bume o guime Ty Bume T Au(me Vaughan and Worthington (2007), but in our cases there was
Figure 9. (a) Vertical profile of wind (/, V) and temperaturel)) a single dominant vertical wavelength so this should not be a
fluctuations from the five radiosondes in Fig. 1, and correspondingproblem. Since the wind in the lower levels around the radar
hodographs for the wind fluctuations between 10 and 12 km heightslocation in the present case comes from the northeast, which
(b) Vertical profile of wind ¢/, V') and temperaturef() fluctuations s rather flat, we would not expect strong mountain waves
from the WRF data experiment corresponding to the five radiosonand, in any case, any such waves would be cut-off by the
o_Ies in Fig. 1, and corresponding hodographs for thc_e wind ﬂucwa‘change of wind direction at the tropopause. So we can be
tions between 1.0 and 12 km helghts: The Iowe_st height (10km) of¢ o nfijent that the wave from the jet—front system was dom-
the hOd.Ograph 's marked by ared circle, the highest (12km) by 4nant. Plougonven and Teitelbaum (2003) also showed that
green diamond. . L ! . .

the hodogram technique has limitations in conditions with

strong background wind shear and is only appropriate for a

(Eq. 5). Wave parameters derived by fitting ellipses to thePart of the wave spectrum (low frequency, long wave limit).
hodograms from the first three sondes are given in Table However, in the present cases, at the radar site, the wind shear
(note that the direction of by this method has an ambigu- Was weak and the frequency low. _

ity of 180°). For the radiosondes, best fit ellipses have been FOr the radar data, we base our analysis on the method
found by least-squares fitting to intervals of 600 m (overlap-developed by Gubenko et al. (2008, 2011). This method as-
ping by 300m) for the entire height range 10-14km, with SUMes that QWS, observed as quaS|—'smu50|daI fluctuations in
mean and standard deviations of the resulting estimates of 2 height profile of temperature, densityf, where the am-
and7; quoted in the Table. Witk determined by Eq. (5), plltude doe_s not grow with height, corresp_ond to_ the max-
horizontal wavelengtiy, can be found using Eq. (4), as also Imum amplitude which can be rgached without ms_tablllty
shown in Table 1. There is good agreement between the Wa\,_@sultmg fr_om the waye-mduced wmd—shear gnd static stabil-
parameters found by the hodograph analysis and those frory flgctuatloqs. In this case, there is a.relqtlo.n between the
the model, although the uncertainties are quite large. In somgelative amplitude of the wave, and the intrinsic frequency:
hodographs, the ellipses are nearly circles which makes the
uncertainties in determining the direction of the wave vector® = (21— fz/wtz)O'S]/[l—’_ a- fz/wlz)o.s]’ ©)
particularly large.
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whereq, is the relative amplitude of the wave, which can be Estimates of the wave amplitudes| |, | v’ | and Fpn/p,

written in terms ofN2 as the momentum flux per unit mass, are given in Table 1
for each method. We can see that there is good agree-

e = (Nfay— Nain)/ (Nax+ NZin). (7) ment between the radiosondes and the radar-based esti-

) ) , » mates, with |/ |=2.5-2.7ms?, | v/ |=1.3-2.0ms?, and
whereNa, and Ny, are the maximum and minimum values ) _ 0.03-0.04fs~2, being consistent with both ra-
of Ninthe height profile. Once; has been calculated using giosonde and radar-based estimates. However, the model un-
Eq. (6), the horizontal wave number can be computed usingjerestimates the wave amplitude by about a factor 5, and the
Eq. (4). ) i momentum flux by at least an order of magnitude.

Here,a, is calculated separately for each 20 min averaged Eq comparison with other studies, we can also express
profile between 10 and 14 km heights. A correction factor ofine momentum flux, for example at 12km height, in abso-
1.1 is applied to account for smoothing out of the extreme| e terms usingo = 0.4 kg n3. This yields Foh=0.012—
values of N% by the relatively poor resolution of the mea- ¢ 916 NnT2 (12—16 mPa) according to the observations. This
surements (a Gaussian-weighted height average with widthy similar to the lower-stratosphere momentum-flux esti-
2020 m) compared t0... Average values o, and mean  mates for the corresponding regions (high-latitude winter jet-
N< over the time interval 00:00 UT_C on 21 Febru_ary and streams) by Ern et al. (2004), which suggested 10—-20 mPa.
12:00UTC on 22 February, and their standard deviation argqowever, they could only resolve waves with>5km, so
given in Table 1. These are used together with the verticathe waves with shorter, represent an addition to this flux.
wavelength to calculate intrinsic frequency and horizontal|; is also about an order of magnitude more than the aver-
wavelength. As can be seen in Table 1, there is good consisyge zonal fluxes suggested to come from wintertime jet—front
tency with the wave period and horizontal wavelength from gystems in the gravity-wave resolving model study of Sato
the sondes and from the model. Finally, it is possible t0 s+t 51, (2009), or in the analysis of long-duration stratospheric
timate the direction of wave-vectdr, relative to the back-  pajioon flights by Vincent et al. (2007). Since the waves iden-
ground wind using information on mean wind (here availableifieq here are a common occurrence at the radar site, and the
from radiosondes) and Eq. (2). The result is ambiguous as tnodel shows that they extend over a large area, they can be
the sign of the angle with respect to the background wind, Squypected to make a significant contribution, even in an av-
two results are quoted in Table 1. One of these matches Weuerage sense. Orographic waves over major mountain ranges
the results from the model and the sondes. can contribute an order of magnitude more to the momentum
flux when they occur (Alexander and Teitelbaum, 2011; Vin-
centetal., 2007), but they are probably less common, at least
at high northern latitudes.

Wave amplitudes in terms of horizontal wind fluctuations Ehe r;mphtudeg |Of the IGWdeO not mcreas(,je W'lt(h helght,
and v’ (parallel and perpendicular to the direction of wave ather they are fairly constant (between 10 and 14 km). Since
reduced density towards higher altitudes would be expected

propagation) have been estimated for the model by exami ) , ,
nation of the fluctuations between 10 and 14 km heights af° lead to increased amplitude, this means that they are shed-
ding energy and momentum at a rate which keeps their am-

the ESRAD location. For the radiosondes, wind fluctuations litud lowi | his lead
are determined from the elliptical fits to the hodograms agPlitude constant. Following Sato et al. (1997), this leads to

described above. For ESRAD, they are calculated (followingan expression for the wave-driven forces (also referred to as
Gubenko et al., 2008) as gravity-wave drag) in the direction of wave propagati®R)(

Fh ~ Fpn/(ph),

5.4 Wave amplitude, momentum flux and wave-driven
force

|u/| = (2—ae)A;N/2m, (8) . . .
"W 05,y 9 where i is the atmospheric scale height (taken as 7 km).
V| = 1 —a,)*®1.N/m. ©)  For Fyn/p=0.03-0.04rRs 2, Fy=0.4-0.5ms day?,

The vertical flux of horizontal momentum in the direction of which represents a significant forcing.

wave propagation can be estimated as (Fritts and Alexander Also ;hown in Table 1 are estimates of the magnitude of
2003) the horizontal phase velocitg,, = wj/k. These show low

values, a few metres per second so that the wave will be read-
Foh = p[1— (f/@1)?](t'w)mean (10) ily Doppler shifted and distorted by the background wind.
For example, according to the model, at 00:00 UTC on 22
wherew’ are the fluctuations in vertical velocity, apds the February,U - k at 12km altitude, just poleward of the jet
atmospheric density. Substituting the polarization relation-along A-D, is between 0 mg (at 65 N) and—3ms™! (at

ship w’ = —(k/m)u’, and assuming sinusoidal fluctuations 70° N), while poleward of the jet along C-D it is between O

so that (('w")mean= |u’[?k/(2m), this gives ms~! (at 60° N) and—15ms™! (at 65 N). This means that
the wavefronts move poleward at the radar location (along

Foh=p[1— (/w3 1Pk 2. (11)  A-B), but are almost stationary further to the east, e.g. along
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Table 1. Wave parameters from three different methods. Values in bold are directly estimated from the observed or modelled fluctuations,
other parameters are calculated using wave dispersion and polarization relations as described ir‘N%eist.rﬁean squared buoyancy
frequencyg, the relative amplitude of the wave W?, Ty the ground based wave peridd, andip, the vertical and horizontal wavelengths,

| «’| and |v’| the amplitudes of the wind fluctuations parallel and perpendicular to the horizontal wavekgtthe direction ofk, f the

Coriolis parametery;j the intrinsic frequencyf; the intrinsic period of the waveipr/p the vertical flux of horizontal momentum parallel

to k, Cp, the horizontal phase speed parallelktoSondel/modell are at 21:00 UTC on 21 February, sonde2/model2 at 02:00 UTC on 22
February, sonde3/model3 at 05:00 UTC on 22 February. All model results for the vicinity of the radar.

N§ ao Ty A Wl v 0 an  floi T Fp/p  Cp
52 h m ms! mst °NofE  km h s2 ms!
Radar 42 081 75 700 2.7 1.9 33¢125) 113 068 88 0.03 3.4
10-14km  +0.3 +0.10 4200 +0.2 +0.6 +8 +48 +0.17 +22 4001 407
0-36h x10~4
Sondel 4.1 500 3.3 15 56(-124) 37 045 58 0.07 1.8
10-14km x10~4 +15 +0.7 438 +34 +0.24 +32 +0.04 404
Sonde2 4.1 700 2.8 16 82(-98) 78 059 7.7 0.04 2.8
10-14km x10~4 +0.7 +0.4 460 426 +0.11 +1.4 4001 0.3
Sonde3 4.0 600 3.1 1.4 42(-138) 46 046 6.0 0.06 2.2
10-14km x1074 +0.9 +0.8 +43 +49 +£0.27 +35 40.03 405
Model1 45 700 04 03 29 100 069 89  0.002 3.1
12km x1074
Model2 4.2 700 05 03 28 66 052 6.8 0.004 2.7
12 km x10~4
Model3 4.2 550 05 0.3 25 76 067 87 0.002 2.4
12km x104

C-D. This explains the curvature in the wave fronts seen inusing VHF radar, radiosondes and high-resolution non-
the horizontal sections in Figs. 5 and 6. hydrostatic modelling, for a 2-day period in February 2007.
Finally, we calculate the magnitudes of the vertical andWe have used squared buoyancy frequen&, as the pri-
horizontal group velocitiesCg, and Cgn, which determine  mary variable to illustrate the waves as this can be used for all
how quickly a wave packet moves away from it's source. Inthree methods. All methods find dominating, upward propa-
the hydrostatic inertial gravity wave assumption, this is givengating, IGWs over the radar/radiosonde launch site, with ver-

by tical wavelength of 500—-700 m and intrinsic period of 6-9 h.
- 3 Horizontal wavelengths in the range 40-110km are consis-

Cg: = N7/ (wim?), tent with all three methods although the uncertainties using

Cgh= Nk /(wim?). radar and radiosondes are large (several tens of kilometres).

Radar and radiosonde measurements give similar estimates
Using N2=0.42.103s2, 7; =8.8h, Ap=113km and for amplitude, about 3md in wind perturbation along the
A, =700m, Cg,~0.09 ms®, or 326mh?t, while Cgh direction of propagation. The amplitude in the model at the
~15ms1or52kmh?. Soitshould take about 12 h for the radar location is a factor of 5 less, but higher amplitudes are
wave disturbance to travel upwards from its source above théound at other locations within the same wave packet. The
jet around 10 km height, to the maximum height where it is amplitudes observed by the radar and radiosondes give es-
clearly seen in the observations, around 14 km. In the saméimates for the vertical flux of horizontal momentum in the
time it will have travelled 600 km horizontally. The group range 12-16 mPa, which is an order of magnitude higher than
velocity Cgp is greater than the phase velocity, so thatthe — estimates of the average for non-orographic-source waves
disturbance can propagate poleward even when the groundit similar latitudes (e.g. Vincent et al., 2007; Sato et al.,
based phase velocity is Doppler-shifted to zero by the back2009). This shows that IGWs of the type identified here,
ground wind. with vertical wavelengths of less than 1 km, even though they
will be intermittent, can provide significant contributions to
) momentum-flux budgets in the lower stratosphere.
6 Summary and conclusions The model clearly shows the source of the waves as a
We have investigated the source of short—vertical—wavelengtﬁe'[_front system, with the jet core moving across the south-

. .~ 2 ern part of Scandinavia. The waves reaching the radar site
IGWs in the lower stratosphere over northern Scandinavia P 9
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appear to originate on the upper, poleward/eastward edge of High vertical-resolution measurements &f by the ES-
the jet, at about 10 km altitude, between the latitude of the jetRAD radar in northern Sweden often show similar wave sig-
core and the upper-level front which is located about 200-natures to those shown here. In this study, we have used a
300 km poleward of the jet core at 10 km height. Waves withmethod proposed by Gubenko et al. (2008, 2011), based on
such short vertical wavelengths, emanating from this sourcevave saturation assumptions, to derive wave parameters, in-
region, appear not to have been reported in earlier studeluding intrinsic period, horizontal wavelength and the verti-
ies of inertia-gravity wave generation by jet—front systems.cal flux of horizontal momentum, from vertical profiles/of
Earlier studies of the same parts of jet—front systems (e.galone. The agreement found here between wave parameters
Plougonven and Snyder, 2007; Lane et al., 2004; Ziilicke andlerived from radav? profiles and those from radiosondes
Peters, 2008) have reported waves with longer vertical waveand modelling show that the method is useful. Given the syn-
lengths (> 1 km), located above the jet core. These waves areptic context of the waves, it is likely that the direction of the
also seen in our simulation but they do not propagate to thenomentum flux will be predominantly towards the northeast.
high northern latitude of the radar site. Since almost 10 years of suitable observations are available
from ESRAD, it will be possible to make a statistical study
of this type of wave, including seasonal variations in the mo-
mentum flux.
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Appendix A: Precision of ESRAD measurements

In order to characterize wave fluctuations, the radar must be
able to make measurements with a precision which is bet-
ter than the expected amplitude of the wave-induced fluctua-
tions. For a single radar pulse from ESRAD, echoes from the
upper troposphere and lower stratosphere have much lower
power than the background noise, which has contributions
from both internal (electronic) and external (interference and
galactic) sources. In order to achieve measurable signal lev-
els, echoes from a large number of radar pulses are integrated
coherently (i.e. components which are in-phase or in quadra-
ture compared to the initial phase of the transmitted pulse are
added separately). This leads to an increase in the signal-to-
noise ratio (SNR) by a factor equal to the number of coher-
ent integrations. The number of coherent integrations whichFigure Al. Standard deviation of measured parameters as a func-
can be used depends on the pulse repetition rate (determingidn of SNR, and distribution of SNR, for ESRAD using experiment
by the maximum height coverage needed, typically 30 km atmode fca_150, altitudes 11-13km (based on 1min data records
ESRAD during winter) and on the maximum sampling time covering the whole month of April 2009)., v andw are zonal,
which can be used. The maximum sampling time is deter_meridiona_l and vgrtical_wind components, respectively, using 0._25
mined by the application. coherent integrationV is buoyancy frequency. Dashed and solid

- . . black lines show results fa¥2 using 0.2s and 1.0 s coherent inte-
For Doppler wind measurements (used for vertical wind atgration times, respectively
ESRAD), the sampling rate has to be at least twice the max- ' '

imum Doppler shift expected. Vertical winds up to 3Ths

can be expected at the ESRAD location (due to orographignine the precision of the measurements from the differences

waves), corresponding to a Doppler shift of 1 Hz, requiring hetween those pairs of measurements using the statistical re-
maximum sampling times less than 0.50 s. Horizontal winds|ation

at ESRAD are measured using the full correlation technique.

The relation between sampling time and maximum wind 01— x2) =G(§1)+U(2xz),

speed which can be measured using this technique has been ) . ) ]

addressed by Holdsworth and Reid (1995). It can be estiWheres?,_ ., isthe variance of the difference between two
mated as estimates of the same parameté;l) which can be assumed

equal tos?,,, and is the variance in the individual estimates.
Almax = 4.84/(Vmaet). qugure M shows estimated standard deviatiorfsr pa-
where ATmax is the sampling timeVmax the corresponding rameters which could be used to characterize waves in the
maximum wind speed, the radar wavelength, artidss the UTLS. Results from the analysis of a whole month (April
effective angular half-width (in degrees) of the polar diagram 2009, when all six receivers were operating) at heights of 11—
of the scatter (including both antenna beam effects and thd 3 km have been used for the estimates. For horizontal winds,
characteristics of the scatterers). For ESRAD, witgfeis is 2-3ms 1 when SNR > 1 but increases to several metres per
generally dominated by the antenna beam-width, abdut 2 second for lower SNRs. Since most of the observations in
this yieldSA Tmax= 0.2 s forVimax =75 ms 1, whichisarea- this height region have a lower SNR, this means that wave-
sonable upper limit for the upper troposphere—lower stratoinduced horizontal wind fluctuations of only a few metres
sphere (UTLS). For echo power measurements, used to fingder second cannot be reliably determined. Smaller fluctua-
buoyancy frequency, longer coherent integration times cartions could be detected in vertical winds, down to 0.1 s
be used, limited only by the correlation time of the echoes.at SNR > 0.5, which would include about half of the available
For typical UTLS conditions at ESRAD, we find that no in- measurements (assuming that sigma should be less than half
crease in SNR is achieved after about 1 s integration time. Sthe amplitude of the fluctuations to be detected). Wave sig-
we use integration times of 0.2 s for wind estimates and 1satures as small as 20 % M? could be detected more than
for echo power. 90 % of the time (SNR>0.1).

When fully operational, ESRAD uses six separate re- The waves studied in the current paper have amplitudes of
ceivers, each connected to a separate segment of the aB—-3 ms! in horizontal wind components, 0.15-0.30Thén
tenna array. Since only three receivers/antenna segments avertical wind (estimated from the ratio of vertical to horizon-
needed to determine the horizontal wind, we can make twdal wavelengths) and 80 % iN2. This makes observations
independent estimates of the wind (and the other parametersf N2 the most suitable for characterizing the waves using
at each height and time. This gives us the possibility to deterESRAD.

standard deviation o

% of time present
o u 5 &
|

0 3 4

1
SNR at 0.2 s coherent integration
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