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Abstract. One of the important mechanisms of stratosphere—see e.gVan Haver et al. 1996 Beuermann et 31.2002
troposphere exchange, which brings ozone-rich stratospherior Semane et gl.2007. Among direct observation meth-
air to low altitudes in extratropical regions, is transport re- ods, VHF radars in particular have proved to be a very useful
lated to tropopause folds. The climatology of folds has beerntool in the study of tropopause folds. In the Northern Hemi-
studied at high latitudes of the Northern Hemisphere with thesphere, folds at mid-latitudes were studied with the help of
help of radars and global models. Global models supply in-Vaughan et al(1994, Hocking et al.(2007) or at Arctic
formation about fold occurrence rates at high latitudes of thelatitudes byRao and Kirkwood(2005. Improved knowl-
Southern Hemisphere as well, but so far comparisons withedge of tropopause folding processes is needed for under-
direct measurements are rare. The Moveable Atmospheristanding of the stratospheric source in the long-term devel-
Radar for Antarctica (MARA), a 54.5MHz wind-profiler opment and budgets of tropospheric ozong)(@ the case
radar, has been operated at the Norwegian year-round st@f polar regions, this knowledge may also aid in the explana-
tion Troll, Antarctica (72 S, 2.5 E) since December 2011. tion of the variation of many trace gases and their isotopic
Frequent tropopause fold signatures have been observedomposition in the climate records stored in ice (see e.g.
In this study, based on MARA observations, an occurrenceHelsen et al.2007). Studies estimate the importance of the
rate statistics of tropopause folds from December 2011 unstratospheric source for tropospherig i@ a wide spectrum
til November 2012 has been made, and radar data have beaf values. Based on global European Center for Medium-
compared with the analysis from the European Center forRange Weather Forecasting (ECMWF) datasets, 40—-60 % of
Medium-Range Weather Forecasting (ECMWF). The fold pre-industrial tropospheric £is estimated to come from
occurrence rates exhibit an annual cycle with winter maxi-the stratospherelLélieveld and Dentener2000. An esti-
mum and summer minimum and suggest significantly highemate of 23 % is based on a tagged tracer method in a global
occurrence rates for the given location than those obtaineg¢hemical model (GCM) bysudo and Akimota2007) and
previously by global model studies. down to 0.5 and 2 % for high latitudes in the Arctistohl
2006 and Antarctic §tohl and Sodemani2010 based on
a Lagrangian dispersion model. In addition to these trans-
port studies, a study of surfaces@ariations using a GCM
by Tarasova et al(2007 concluded that up to 55 % of sur-
face G in high latitudes originates in the stratosphere. With
1 Introduction these diverse results, better understanding of the climatol-
ogy and occurrence of STE processes is needed to decrease
Tropopause folding is an important mesoscale process anghe uncertainties of the estimates. StudiesSpyenger et al.
likely one of the major sources of stratosphere—troposphergzoogg andSprenger and Wern{2003, based on global me-
exchange (STE) in the extratropickiditon et al, 1993.  teprological datasets, showed that STE due to tropopause

It has been studied intensively in the mid- and high lat-fo|ds at the extratropical tropopause is important especially
itudes by direct observations or high-resolution modelling
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in mid-latitudes, but suggested that these events are rathélARA data with ECMWF data, buoyancy frequency is cal-
rare at high latitudes. For the high latitudes of the Northernculated. These calculations are done based on the fact that,
Hemisphere, these studies suggested fold occurrence ratésr vertically pointing radars operating around 50 MHz, the
substantially lower (0-2 %) than the study based on severa¢cho power returned from the upper troposphere and lower
continuous years of VHF radar measurementfRbyp et al.  stratosphere, where humidity effects are negligible, is mostly
(2008 (5-10%). The studies also described an annual cy-determined by temperature gradients, with allowance for the
cle of tropopause fold occurrence with winter maxima anddistance from which the signal is returned, and the scale
summer minima, which was confirmed Byao et al(2008. height of atmospheric density. Estimates of static stability
This can mean that, although the models are representingan be thus made based on the echo power:

the processes leading to formation of tropopause folds, the 12
folds were not resolved with high enough resolution in the Rg“=F, z exp(z/H) P~ 1)

models, thus leading to underestimation of fold OCCUITeNCEgre p. is radar echo powet; height andH atmospheric
rates. For the Southern Hemisphere the studySpsenger  goje height (6700 MY, is a constant of proportionality and

et al. (2003 estimated occurrence rates of tropopause folds,yenendent of height. This constant can be found by com-
in high latitudes to be 0-4%, with nearly 0% occurrence s with radiosonde measurements. In our case, a ra-
rates in summer months (December, January, February) ijosonde measurement was available on 27 January 2012.
the areas of Wasa (73, 13.5 W) and Troll (72 S, 2.5°E)  1hg constant of proportionality was calculated based on this
station, where starting in 2007 a VHF radar — MARA —Was 045 rement and applied to the whole time series of radar
located. A case study of a tropopause fold observation ap,eaqrementst, is generally found to be independent of
Wasa station bylihalikova et al.(201_2 showed an agree- time (Kirkwood et al, 2010 provided the radar charac-
ment between ozo_nesonde observatlons_ and radar measUligiistics (antenna gain and loss, transmitter power) remain
ments as well as improved representation of a tropopaUsge same. In the summer season 2012/2013, five more ra-

fold by high-resolution modelling. Since December 2011, 4i550nde measurements were realized at the radar site. The
MARA has been located at Troll station, and it operates con-,

X e 2 same constant of proportionality was found based on these

tinuously throughout the year. This gives us the possibility 10 heasurements with a standard deviation of 8 %. When hu-

look at occurrence rates of tropopause folds in this area fo"midity is or can be assumed to be negligible, as in the upper

the whole year, as observed by radar. troposphere and lower stratospheRg, provides a good es-
timate of buoyancy frequencKirkwood et al, 201Q or for
further detailsHooper et al.2004).

2 Data description During the time frame used in this study, MARA
] ran in several operating modes. For the analysis here,
2.1 Radar observations the following modes were used for the SNR and buoy-

. . . ancy frequency calculations: from December 2011 un-
Observations used in this study were made by MARA mid-January 2012, fc®B00i; mid-January to mid-

(Moveable Atmospheric Radar for Antarctica), which is an February 2012, fca50; and from mid-February until

interferometric 54.5MHz wind-profiler radar. MARA was \ovember 2012. fowd50. These provided good height res-
located in the summer season 2006/ 2007_ at Wasas73 qytion (200, 150 and 100 m respectively) but relatively low
13.5'W) station in Antarctica. It was run during subsequent gNg Therefore throughout this time measurements made by
summer season months until the season 2010/2011. DUfsperating modes fcv800 and fcad500 with height resolu-

ing this time a tropopause fold observation was SUCCeSSgjons of 300 and 600 m but higher SNR were used for anal-
fully made and reportedMihalikova et al, 2012. How-  yqiq of the wind speeds and directions in the upper tropo-

ever, the database was insufficient to infer any informationsphere and tropopause region. Details of MARA radar and
about tropopause fold occurrence rates. Since the SUMMEf,. modes of operation are summarised in Table
season 2011/2012, MARA has been located at the Norwe-

gian station Troll (72S, 2.5 E) and has been in continu- 2.2 ECMWEF data

ous operation since December 2011. This gives us an op-

portunity to analyse a whole year of tropopause fold obser-A comparison of profiles observed by MARA with time pro-
vations. MARA measures the profiles of echo power, auto-files constructed from ECMWF data for the MARA loca-
and cross correlations at and between 3 receivers (connectdin was made. For this purpose, the ECMWF operational
to separate antenna sub-arrays) and Doppler shift. Signal-tanalysis data for wind components and temperature (used
noise ratio (SNR) is derived from the echo power, and hor-in the calculations of buoyancy frequency) on model levels
izontal wind speeds are calculated using the full correlationwere used. These data are based upon the T1279L91 spec-
techniqgue KHoldsworth and Reidl995. Also measured, but tral model, which is available with a time resolution of 6 h.
not used in this study, are the vertical wind speeds deterAround 55 out of the 91 vertical levels cover the region
mined from the Doppler shift. For easier direct comparison offrom the ground up to around 16 km. In the analysis process,
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Table 1. MARA: technical details and radar operating modes December 2011-November 2012.

Location 72S,25E

Altitude 1275ma.s.l.

Frequency 54.5 MHz

Max. duty cycle 7.5%

Peak power 20 kW

No. of receivers: 3

Operating modes fcas0 fcw 150 fcd300i few.300 fca4500
Sampling resolution 150 m 100m 200m 300m 600 m
Code none none none 8-bit complementary  8-bit complementary
Further information: http://www.irf.se/link/ MARA_AFP_IRF

Online data: http://www.irf.se//program/paf/?link=Data

tropopause maps (2 pvu level geopotential height and windropopause height of 1 km or more, over a 3 h period, were

speed and direction maps) and maps of potential vorticity orhighlighted and these were further investigated for the rest of

the 300K and 315K potential temperature level were alsothe conditions subjectively.

utilised. Two case studies of tropopause fold observations are pre-
sented here in detail to illustrate typical conditions. The folds
were identified based on MARA observations, and the syn-

3 Methodology and results optic situation is depicted with the help of ECMWF analysis

data.
As was shown by previous studies (in the Northern Hemi-

sphereRao and Kirkwood2005 and in the Southern Hemi- 3.1 Case study 1: 21 and 22 June 2012
sphereMihalikova et al, 2012, folds can be positively iden-
tified in radar data by static-stability features which agreeOn 21 and 22 June 2012, a ridge of high pressure was lo-
closely with layers of enhanced ozone measured by cocated to the north-west of Troll and a deep low pressure sys-
located in situ measurements by ozonesonde. This makegm to the east of Troll station. A jet stream with wind speeds
radar observations a powerful source of information aboutover 45 m s was located between these synoptic structures.
the occurrence rates of tropopause folds in areas withouln the night from 21 to 22 June 2012, a streamer of po-
the possibilities of targeted ozonesonde measurement cantential vorticity (visible at the 300K potential temperature
paigns. In this study the properties of tropopause fold occurdevel — not shown here) with an associated tropopause fold
rence rates during the winter (June, July, August) and sumen the right flank of the jet stream crossed over the site of
mer (December, January, February) months of the Southerthe MARA radar. Measurements of this event are shown in
Hemisphere are investigated. Fig. 1. The SNR, buoyancy frequency and horizontal wind
Analogously to the study done B¥ao et al.(2009 for a direction and wind speed measured by MARA are shown
radar site at Arctic latitudes, a fold in the radar data is iden-on the left, and a profile constructed from ECMWF analy-
tified, if the following conditions are met: if the buoyancy sis data is shown on the right side of the figure. The change
frequency or SNR data show a change in the altitude of theof height of the tropopause (black dots in SNR and buoyancy
tropopause, which can vary from several hundred meters ufrequency panels) is visible as the fold comes over the site of
to 3km, and there is a sloping high-reflectivity structure vis- MARA (21 June late evening) together with a sloping struc-
ible, descending from the tropopause level into the middle orture descending deep into the troposphere. This event was ac-
lower troposphere. The wind velocities in the upper tropo-companied by a substantial wind shear detectable along the
sphere should also be greater than 30f(®ased on WMO  frontal zone (especially in the wind speed panel). At the same
definition of the jet stream), and large wind shear should betime strong vertical velocities were observed, which indicate
observed along the frontal zone. the presence of mountain waves (not shown here). Accord-
Data were investigated for cases fulfilling these conditions,ing to the aforementioned criteria, these data suggest that a
using a partly automatic, partly manual method. The objec-deep tropopause folding event took place at this time. From
tive part of the analysis represents the analysis of changéhe comparison with ECMWF-constructed profiles, it can be
of tropopause height, where an algorithm for tropopauseseen that the ECMWF analysis of wind speed and direc-
height detection was developed. The tropopause was detectan agrees well with the observations. There is also sloping
based on approximately 3 h running mean of buoyancy fresstructure, similar to that observed, visible in the ECMWF-
quency data as the height with the steepest gradient of buoyecalculated buoyancy frequency profile. However, its structure
ancy frequency over a vertical distance of 600 m betweeris less detailed because of the lower space and time resolution
6 and 12km height. After that, all cases with a change inof the model. The vertical black line in Fid.represents the
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Fig. 1. Observation of a tropopause folding event on 21 and 8o°sf —~--= 1 SRR L

22 June 2012 at Troll station, Antarctica, by MARA radar (left side) = Y s S

and as seen by ECMWEF-constructed time profiles (right side). The 40°W 30°W 20°W 10°W 0°E 10°E 20°E 30°E 40°E

indicated height is height above mean sea level. Black dots repre- Langiuia

sent the radar tropopause height. Vertical black line represents thEig. 2. ECMWF analysis on 22 June 2012, 06:00 UT@) Ver-

time.(22 June 2012, 06:00 UTC) corresponding to the vertical CroSSi.a| cross section of buoyancy frequency z;longOEﬂongitude.

section and tropopause map in Fg. White line shows the dynamical tropopause levePR pvu), and
wind speed contours are indicated in black. Vertical green line rep-

. . . resents the position of MARA measuremet(ky.shows the height,
time (22 June 2012, 06:00 UTC) when the cross section anq\/ind speed and direction at the dynamical tropopause level. MARA

tropopause map in Fig were plotted. Figur@a shows the  position is indicated by a red cross, and the vertical white line rep-
vertical cross section along 2.6 longitude. A deep fold-  resents the position of the cross sectiofah

ing event is visible in the buoyancy frequency data and the
—2pvu dynamical tropopause (white line) to the south of

MARA location (vertical green line). Wind speeds in the

upper troposphere reach over 45T swhich is consistent months._One example_ of a foIdmg_ event whlch was also ac-
with the radar measurements. The conditions at the dynamE@mpanied by lower wind speeds in the associated jet stream
ical tropopause level are shown in F&p, in which topog- is the fold observeq on 24 and 25 Janugry 2012. In this case
raphy of the tropopause level, wind speed and direction ardhe fold was associated with a sha'llow high level cgt.-off I'ow
depicted. The ridge of high pressure and the jet stream loPressure system over MARA, which was slowly filling in,
cated to the north and north-west of the MARA location (red @1d @ weak high pressure ridge reaching MARA site from
cross) and the fold to the south from MARA are clearly in- the north-east. MARA observations of this event are shown

dicated by the height of the tropopause. The vertical whit i

eln Fig. 3together with the ECMWF-constructed time—height

line represents the position of the vertical cross section fronProfiles. On 24 January a change of the detected tropopause

panel (a) of the figure. This case represents a typical radaR€ight of around 1km is visible in the buoyancy frequency

observation of a deep tropopause fold event at Troll station, dat@ as well as a weak structure sloping down to the mid-
troposphere (around 4.5 km height). Wind shear in wind di-

3.2 Case study 2: 24 and 25 January 2012 rection and speed is also visible. However, the wind speeds
just reach the value of 30 nT$, which is the threshold cho-
Deep folding events like the one described in S8ct.are  sen for detecting a fold. ECMWEF profiles, given their 6h
prevalent in the data mainly in the winter months. How- time resolution, represent the observed change in wind di-
ever, cases of shallow folding are also present and observegection and speed in agreement with MARA observations.
in MARA data and are characteristic mainly for summer However, the change of tropopause height in the buoyancy
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Fig. 3. Observation of a tropopause folding event on 24 and 25 Jan-  80°Sf - - - r o oo ou, g A

uary 2012 at Troll station, Antarctica, by MARA radar (left side) — geglti0 LTI T

and as seen by ECMWF-constructed time profiles (right side). The 40°W 30°W 20°W 1°°Vton<;'t5ud;°°5 20°E 30°E 40°E

indicated height is height above mean sea level. Black dots repre-

sent the radar tropopause height. Vertical black line represents thpig_ 4. ECMWF analysis on 25 January 2012 00:00 UT&). Ver-

time (25 January 2012, 00:00 UTC) corresponding to the verticalijcg cross section of buoyancy frequency along® E9ongitude.

cross section and tropopause map in ig. White line shows the dynamical tropopause leveR pvu), and
wind speed contours are indicated in black. Vertical green line rep-
resents the position of MARA measuremeifty.shows the height,

frequency data is not as pronounced as in the observed dat@ind speed and direction at the dynamical tropopause level. MARA

although some down-sloping structure is visible in ECMWF position is indicated a by red cross, and the vertical white line rep-

profiles as well. Again the vertical black line represents theresents the position of the cross sectiofe)
time (25 January 2012, 00:00 UTC) when the vertical cross

section and the tropopause map in Eigiere constructed.
In panel (a) the observed tropopause fold is located sout
of the MARA position (green vertical line), and the2 pvu
line reaches only down to around 6.5km, representing

2km om/s

%.3 Occurrence rates of tropopause folds

aIn the two previous subsections, the use of criteria to iden-

rather shallow fold-like structure. The tropopause mapbig. . X
shows the position of the high pressure ridge to the nort ity tropopau;e fold eventgln MARA data was demonstrated.
hese criteria were previously used also in the Northern

of MARA (red cross) and the weak jet stream (just around : . ;

30ms1) associated with this event. The radar observationsHemISphere _to cre ate a climatological study of tropopause
suggest that the deepness of the tropopause fold is mor]:;@IdS .at Arctic latitudes (68N) by Rao et a_I.(ZOOQ. BY .

than the ECMWF-2pvu level would suggest. Previously adopting the same r_ules, we gain |nformat|on.wh|ch s di-
it has been shown by high-resolution modelling that, with rectly comparable with the previous study. During the mea-

improved spatial resolution of a model, the model represen-surement period from December 2011 until November 2012,

tation of a radar-observed fold is significantly improved and48 folds were identified in the data. Percentage fold oc-

matches also the observed vertical profile of ozone concencUrrénce was calculated as 100 times the total number of

tration in detail Mihalikova et al, 2012. This may have folds observed divided by the total number of observational

implications for future model-based studies (e.g. ones basegays' So this represents an average percentage fold occur-

: ) 9 -
on dynamical tropopause properties) and assessments of fo gnce of 13 %. Percentage fold occurrence rates were calcu

contributions to stratosphere—troposphere exchange in pol fﬂEd for individual months as well and are shown n Fag._
latitudes. ere we can see that the occurrence rates in the winter

months (15-26 %, which represents 5 to 8 observed folds

www.ann-geophys.net/31/591/2013/ Ann. Geophys., 31, 5998 2013
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per month) are much higher than in the summer months (6- 35—+
7% — 1 to 2 observed folds per month). The winter season is
characterized by a significantly higher number of observed

w
o

tropopause folds happening in a shorter time frame com- § 25¢ .
pared to the summer season. The folding events are often £
accompanied by the concurrent observation of mountain lee § e |
waves at this particular site, which can increase irreversible g 15 1
mixing of ozone-rich air masses brought to lower altitudes £
by tropopause foldsKirkwood et al, 2010 and possibly ® 10 1
influence the @ gradients even in the lower troposphere 5t -
(Mihalikova and Kirkwood 2011). l I

We have to bear in mind that only one season of mea- 0 Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
surements from Troll station is available so far, and thus we 2011-2012

cannot. state if these occu'rrence 'rates are around the ave,ETg' 5. Percentage fold occurrence at Troll station between Decem-
age, higher or lower for this location. The seasonal changger 2011 and November 2012,

of tropopause fold occurrence with a winter maximum and

a summer minimum agrees with the study frétao et al.

(2008, which showed a similar annual cycle in the high possible inter-annual differences. Further studies and long-
latitudes of the Northern Hemisphere. A recent radar studyterm observations are needed to determine the climatology
of the tropopause region reports a similar annual cycle ofof tropopause folds in the Antarctic latitudes.

tropopause folds with winter maximum peak but with half

the number of observed folds at Davis station (B&578 E)

on the Antarctic coast. This study uses a different algorithm4  Summary and conclusions

for tropopause fold detection in radar data based on returned

echo power and not buoyancy frequency. It does not take intdnformation about the occurrence rates of tropopause folds in
consideration horizontal winds as these were not availabléigh latitudes of either the Northern Hemisphere or Southern
for the site Alexander et al.2012. Qualitatively both these Hemisphere is still very scarce, but the tropopause fold an-
studies agree with the ECMWF-model-based 1yr climato-nual cycle seems to exhibit the same properties in both hemi-
logical global study bySprenger et al(2003, which also  spheres. A winter maximum of observed tropopause folds
showed an annual cycle for tropopause fold occurrence irat Troll station, Antarctica (15-26 % occurrence rate — 5-8
both hemispheres, but mainly for mid-latitudes. In the lat- folds per month), is characterized by a higher number of fold-
ter study the tropopause fold occurrence was identified fromng events. Summer is characterized mainly by observation
the topology of the dynamical tropopause (2 pvu level) in theof lower number of tropopause folds (6—7 % occurrence rate
ECMWF operational model data. The folds were divided into— 1-2 fold observations per month). The percentage occur-
three categories according to their deepness based on vertience rates for the winter and summer seasons of 2012 prob-
cal changes in pressure at the dynamical tropopause inteably partially underestimate the fold occurrence rates. The
sections. In the high latitudes of the Southern Hemispherereason for this is that, during the whole observation period
for a rather wide area around Troll station, the fold occur-but mainly in the summer season, folding-like events were
rence frequency was found to be up to 1-4 % for shallowidentified in the data, which were not included in the statis-
folds, 0.3-1% for medium folds and 0.1 % for deep folds tics. The reason was usually the observed wind speeds did
for either summer or winter season with winter season leannot reach 30 ms! in the upper troposphere, and the change
ing towards the higher values. Thus the detected total occuref the tropopause height was less than 1 km or happened over
rence rate of folds is in significant disagreement with thea longer than 3 h time frame. These chosen values for the se-
status observed by the MARA radar. In the area of Davislection criteria are arbitrary, mainly based on experience and
station, the study bgprenger et al2003 reports total oc- measurement possibilities, and are still open for discussion.
currence rates of tropopause folds around 4-9 %, again witlrolding-like events, when measured wind speeds over the ob-
higher percentage for winter months. This could suggest thatservation site do not reach decided 30Th,san in reality be
around Davis station on the coast, the tropopause folds aropopause folding events, which bring ozone-rich air mass
expected to be observed more frequently than at Troll stafrom the lower stratosphere or extratropical transition layer
tion, which is located at the edge of the Antarctic plateau.(see e.gGettelman et a).2011]) to significantly lower alti-
Based on the radar studies, this seems to be not the castides, as suggested by radar measurements, ozonesonde ob-
However, in addition to the difference in the working def- servation and high-resolution modelling for a summer-fold at
inition of tropopause folds, all of these studies are basedVasa, AntarcticaNlihalikova et al, 2012).

on only a limited amount of data with different properties An earlier ECMWF model-based global study found an
(observations or model data), and do not take into accounbccurrence rate of tropopause folds in high latitudes up to

Ann. Geophys., 31, 591598 2013 www.ann-geophys.net/31/591/2013/
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4% (Sprenger et al2003. It was, probably, not always able Hocking, W. K., Carey-Smith, T., Tarasick, D. W., Argall, P. S.,
to detect folding events as their detectability in the dynamic  Strong, K., Rochon, Y., Zawadzki, I., and Taylor, P. A.: Detection
tropopause shape is highly dependant on the model resolu- of stratospheric ozone intrusions by wind profiler radars, Nature,
tion and also on the level chosen to represent the dynamical 4°0, 281-284d0i:10.1038/nature06312007. .
tropopause. Presently, various values of potential vorticityHOldjwol;th’kD' A. aerDReld_, . M. A;'mplf model ofr?trpcl)ls phenlc
are used to represent tropopause height. Recent studies show/29a" Packscatter: Description and application to the full correla-

) . . tion analysis of spaced antenna data, Radio Sci., 30, 1263-1280,
that, for polar regions, the value of 2 pvu is suitable to repre-

. . . d0i:10.1029/95RS00643.995.
sent the dynamical tropopause. These studies are either basgd;.o, j R Haynes, P. H., Mcintyre, M. E., Douglass, A. R.

on _ECMWF model.data (e.Kunz et al, 2011) or com- Rood, R. B., and Pfister, L.: Stratosphere-troposphere exchange,

parison of model with radar measurements (Algxander Rev. Geophys., 33, 403—-4380i:10.1029/95RG020971995.

etal, 2012. Comparison studies show that the relationshipsHooper, D. A., Arvelius, J., and Stebel, K.: Retrieval of atmospheric

between radar tropopause height, ozone tropopause height static stability from MST radar return signal power, Ann. Geo-

and 2pvu level are in good agreement under most synop- phys., 22, 3781-3788l0i:10.5194/angeo-22-3781-2Q@004.

tic conditions as both of these tropopauses are dynamicallyirkwood, S., Mihalikova, M., Rao, T. N., and Satheesan, K.: Tur-

controlled. However, they might diverge from the tropopause bulence associated with mountain waves over Northern Scan-

height defined by temperature gradiediexander et al. dinavia — a case study using the ESRAD VHF radar and the
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