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ABSTRACT

The authors present a climatological analysis of tropospheric horizontal wind profiles and jet stream events

using long series of wind profiles from two VHF profilers located in France: Lannemezan (2001–14) and

Opme (1999–2014). A case study of jet stream and stratospheric intrusion of air into the troposphere that

occurred in January 2013 is first described and demonstrates the capability of the VHF profilers to detect jet

stream events. The climatology study over the two sites reveals the strongest values of seasonal wind during

winter (21.4m s21 at 8.7-km height at Opme; 25.1m s21 at 9.6-km height at Lannemezan). A methodology

based on the automatic detection of maximum winds on a decadal series of hourly wind profiles allows the

detection of jet stream events and establishes its climatology for each site. A frequency analysis of jet stream

events of westerly winds over 50m s21 presents a clear seasonality at the two sites, with a maximum in winter

(3.5%–9.7% of hourly profiles) and a minimum in summer (near 1%). Cosmogenic radionuclides sampled at

Opme also exhibit a clear seasonal variation with maximum in spring and minimum in the cold seasons; the
7Be/22Na activity ratio confirms stratosphere-to-troposphere exchanges for the studied cases. The mean in-

terannual variability of the frequency of jet stream events is 1.5% inOpme and 2.9% in Lannemezan. Positive

decadal trends are observed for the two sites:11.66 1.2%decade21 forOpme and12.46 2.2%decade21 for

Lannemezan.

1. Introduction

Jet streams are strong zonal winds in the upper tro-

posphere, identified in the first half of the twentieth

century by observing the motions of clouds (Schaefer

1953). The jet streams are caused by the combination of

Earth’s rotation on its axis and atmospheric heating by

solar radiation. Palmin and Newton (1948) showed the

coincidence between the jet stream’s maximum wind

and tropopause discontinuities, paving the way to nu-

merous studies of dynamical coupling and exchanges

between the stratosphere and the troposphere (Shapiro

1980; Ancellet et al. 1991; Holton et al. 1995; Baray et al.

1998; Trickl et al. 2011; Ivanova 2016). Krishnamurti

(1961) distinguished two eastward jet streams in the

upper troposphere of the Northern Hemisphere: the

subtropical jet stream located at the poleward edge of

the Hadley cell, and the polar jet stream, farther pole-

ward. Jet streams are dynamical processes that are

concentrated in zones of maximum wind speed that

strongly influencemesoscale meteorology. For example,

shifts in the polar-front jet stream patterns are linked to

the severe winter of 2009/10 in northwestern Europe and

the eastern United States (Cattiaux et al. 2013; Cohen

et al. 2010; Fereday et al. 2012), and to the wet British

summer of 2007 (Blackburn et al. 2008). Analyzing the

relationship between the European blocking and jet

stream north–south shift, Davini et al. (2014) showedCorresponding author: Dr Jean-Luc Baray, j.l.baray@opgc.fr
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that the majority of blocking events influence the west-

erlies above the Atlantic Ocean and are associated with

their poleward displacement. The subtropical jet stream

can enhance the deep-layer vertical shear of the hori-

zontal wind and inhibit intense hurricanes (Bukunt and

Barnes 2015).

In the global climate change context, the long-term

evolution of the jet stream strength and location remains

uncertain. Based on the European Centre for Medium-

Range Weather Forecasts (ECMWF) ERA-40 and

NCEP reanalyses from 1979 to 2001, Archer and Caldeira

(2008a,b) found that jet streams have risen in altitude,

moved poleward, and globally weakened, with some

local and seasonal exceptions. Strong and Davis (2007,

2008) found slightly different results, with jet core speeds

increasing above the midlatitudes. Degirmend�zić and

Wibig (2007) performed a complex classification of jet

stream patterns in Europe and noticed that most jet

stream types produce day-to-day changes of the wind

field, indicating an enhancement of circulation dynamics

in the upper troposphere. Barnes and Polvani (2013)

documented how the midlatitude jet stream responds to

climate change using model output from CMIP5. They

also found that climate change induces a poleward mi-

gration of jet streams and a change of the pattern

variability.

Direct observations of jet streams using very high

frequency (VHF) Doppler radar made it possible to

identify and to document the dynamics of jet streams

(Thomas et al. 1986; Yoe and Rüster 1992). Fukao

et al. (1991) used 2 years of VHF radar observations to

examine the average vertical velocity profiles near the jet

stream wind maximum. However, to our knowledge, no

recent publications document the evolution of jet

streams using decadal direct observations. This is the

purpose of this study, focusing on jet stream events

characterized by westerly winds greater than 50ms21.

Two French VHF profiler radars were installed in Lan-

nemezan (43.18N; 0.48E) and Opme (45.78N; 3.18E) in the

1990s and have been operated almost continuously through

the present time. This instrumentation is useful to describe

dynamical processes and to establish upper-tropospheric

local wind climatologies. The data from these locations are

assimilated in global models within the framework of the

European E-Profile network, a European Meteorological

Services Network (EUMETNET) observation program

(Haefele et al. 2014), and could be used for satellite vali-

dation, such as the future satellite mission of the European

Space Agency Atmospheric Dynamics Mission Aeolus

(ADM-Aeolus; Reitebuch et al. 2009).

A number of observational studies have demonstrated

the feasibility of using cosmogenic radionuclide mea-

surements to estimate the presence of stratospheric air at

ground level (Leppänen et al. 2012; Steinmann et al.

2013). Because some such measurements are routinely

sampled at Opme and Lannemezan, their concentrations

will be studied to develop a jet stream climatology.

In this paper, after describing the instruments, data-

sets, and methodology, we present a case study of jet

streams and stratosphere–troposphere exchange ob-

served above the two sites. Climatology and decadal

trends of wind and jet stream frequency over the two

measurement sites are then presented, analyzed, and

compared with stratosphere–troposphere exchanges

from radionuclide measurements.

2. The instrumentation, data, and model analyses

a. VHF profiler radars

Radio waves are scattered by turbulence in the atmo-

sphere. Remote sensing of atmospheric parameters is

based on the analysis of backscattered waves. Wind pro-

files by radars depend on the scattering of electromagnetic

energy by minor irregularities in the index of refraction,

which is related to the speed at which electromagnetic

energy propagates through the atmosphere. When an

electromagnetic wave encounters a refractive index ir-

regularity, part of its energy is scattered in all directions.

Backscattering occurs preferentially from irregularities

of a size on the order of one-half the wavelength of the

incident wave. Because the refractive index fluctuations

are advected by the background wind, they can be used as

tracers. Tropospheric winds can be measured by VHF

profilers that use the Doppler frequency shift of signals

scattered from atmospheric turbulence to monitor wind

profiles from near the surface to the lower stratosphere

(Ecklund et al. 1979). The Opme and Lannemezan radars

are clear-air Doppler wind VHF profiler radars (Fig. 1).

The pulse peak power is 4.5kW for the Opme system,

and 6kW for Lannemezan. For both systems, the trans-

mitter frequency is 45.0MHz, and the pulse repetition

frequency is 6.4 kHz. The antenna field is made of two

perpendicular sets of 60-m coaxial–collinear lines fed

with orwithout fixed delay, enabling the radar beam to be

successively pointed vertically, and at 158 off the vertical

in four oblique beams, depending on a control sequence.

For each of the five beams, the radial velocity is estimated

from the Doppler frequency shift. This allows the mea-

surement of the time evolution of the vertical profiles of

the three wind components and of the atmospheric re-

flectivity observed in the five directions, with a radial

resolution of 375m and a time resolution of 15min.

The vertical wind measurement is directly calculated

from the vertical beam. The uncertainty of the vertical

wind is then only associated to the variability of the signal-

to-noise ratio (SNR) and to the statistical variability of the

3082 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 56

Unauthenticated | Downloaded 09/02/21 02:55 PM UTC



Doppler measurement. This has been estimated to be on

the order of 1cms21, (Nastrom et al. 1990). The errormust

actually increase with altitude (since the SNR decreases)

but remains generally low and will increase abruptly when

the SNR approaches 0dB.

The horizontal wind is determined from a combina-

tion of inclined radar beams. Hence, the uncertainty can

be more important because of the hypothesis on the

uniformity of the wind field between these different

beams. According to Strauch et al. (1987), Adachi et al.

(2005), andRao et al. (2008), these errors vary according

to the method used (two, three, or four shots) but is on

the order of 1–2m s21. The measurement uncertainty is

therefore negligible in comparison.

For this study, hourly averaged data were used. After

being installed at Aubière (close to Clermont-Ferrand)

from December 1990 to December 1995, the system was

moved to Opme, a rural site about 10km away from the

center of Clermont-Ferrand and at 660m above sea level.

The number of days of operation by year and month of

both systems is given in Tables 1 and 2.

With three other French VHF radars located in Toulon,

Toulouse, and at the Observatoire de Haute Provence,

these two systems were used previously for several studies

of tropospheric dynamics, including the tropopause folding

(Caccia andCammas 1998; Bertin et al. 2001), variations of

the tropopause height (Kim et al. 2001), atmospheric tides

(Diaz de Argandona et al. 2010), and also a sky-mapping

study (Campistron et al. 2001). They were deployed

for the field campaigns the Pyrenees Experiment (PY-

REX; Bougeault et al. 1990), the Mesoscale Alpine

Program (MAP; Petitdidier et al. 1997), and the

Stratosphere–Troposphere Exchanges, Meso-Scale

Investigations (in French) (ESTIME; Caccia et al.

2000). Lannemezan and Opme are the two last VHF

radars of this network still in operation.

b. Radionuclide measurements

The cosmogenic radionuclides attached to aerosols were

also studied, and their variation was compared with dy-

namical parameters measured with VHF radars. Aerosols

have been sampled inOpme since 2006 and inLannemezan

since 2014 using a homemade sampler developed by IRSN

and operating at 335m3h21. The aerosol sampler is

equipped with a four-layer polypropylene fiber filter (JPE

13160; Jonell, Inc.) to ensure a high collection efficiency

(minimum of about 95% for particles with an aerodynamic

diameter of 30nm). Aerosol filters were measured by

gamma spectrometry on low-background high-purity ger-

manium (HPGe) detectors. The studied cosmogenic ra-

dionuclides are easily quantified based on gamma-ray

emissions at 477.6 and 1274.5 keV, respectively. Relative

error does not exceed 10%. Radionuclide measurements

are sampled on a weekly basis. Among the numerous cos-

mogenic radionuclides, we focus on beryllium-7 (7Be; half-

life 5 53.3 days) and sodium-22 (22Na; half-life 5 2.6yr).

Their production is localized in the upper troposphere and

lower stratosphere. They result from interactions (named

spallation reactions) of high-energy particles (mostly pro-

tons) with light atmospheric nuclei, that is, oxygen and

nitrogen atoms in the case of 7Be or argon in the case of
22Na (Tokuyama and Igarashi 1998). Cosmogenic radio-

nuclides rapidly attach to submicrometer aerosols, by

which they are transported to the ground-level air (Arnold

FIG. 1. (a) Schematic representation of a VHFwind profiler. Photographs of the systems at (b) Opme (copyright by

LaMP@CNRS photothèque Cyril Fresillon), and (c) Lannemezan (copyright by Solène Derrien).
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andAl-Salih 1955). Their stratospheric concentrations are

generally one to two orders of magnitude greater than

corresponding ground-level concentrations (about some

millibecquerels per meter cubed for 7Be and some mi-

crobecquerels per meter cubed for 22Na). There exists a

large scientific literature devoted to 7Be that can be easily

quantified thanks to their high concentration levels in the

air (from thousand to tens of thousands ofmicrobecquerels

permeter cubed).Regarding 22Na, the number of studies is

rather small because the detection requires a combination

of high volume sampling and low-background gamma

spectrometer. 22Na was only determined in Opme because

the flow rate of the sampler in Lannemezan was too low to

exceed the detection limits for 22Na. 7Be and 22Na have

been recognized as powerful tracers of tropospheric

downdrafts or springtime stratosphere–troposphere ex-

changes (Cristofanelli et al. 2006; Jasiulionis andWershofen

2005; Steinmann et al. 2013) and are both used in aerosol

transport modeling from the stratosphere to ground-level

air (Feely et al. 1989; Peters 1959; Tokuyama and

Igarashi 1998).

c. ERA-Interim, trajectories, and reverse domain
filling

In our study, we use also parameters extracted from the

ERA-Interim reanalysis archive produced by ECMWF.

Several horizontal resolutions have been used: 18 for back-
trajectory computations, 0.258 in latitude and longitude for

synoptic fields and 0.1258 for profiles at the grid point

nearest the sites. The temporal resolution is 6h (0000, 0600,

1200, and 1800 UTC). The parameters are extracted for 37

pressure levels between1 and 1000hPa.ERA-Interim is the

reanalysis of the period 1989 to the present that has

replaced the ERA-40 archive. The main advances in the

ERA-Interim data assimilation relative to ERA-40 are the

12-h 4D variational analysis, the T255 horizontal original

resolution, improvement in the humidity analysis, model

physics and data quality control, variational bias correction

of satellite radiance data, and other improvements in bias

handling (Dee et al. 2011).

To determine the origin of the air masses, we calculated

kinetic 3D back trajectories with the ‘‘LACYTRAJ’’

trajectory model (Clain et al. 2010) with a 15-min time step.

The resolution of ERA-Interim is sometimes too coarse to

highlight subgrid-scale structures; therefore, we calculated

vertical cross sections of potential vorticity with 48-h ad-

vection using the reverse domain-filling technique code

based on LACYTRAJ (LACYTRAJ-RDF). This ap-

proach consists of running back trajectories with a regular

gridded array, then interpolating the tracer to back-

trajectory points, and finally copying values forward to

regular grid; this insures improvement of the vertical reso-

lution and retrieval of subgrid information that was not

in the initial field (Dritschel 1988). LACYTRAJ and

LACYTRAJ-RDF have previously been used to study

stratosphere–troposphere exchange in the southern sub-

tropics (Clain et al. 2010),monsoondepressions (Barayet al.

2010), long-range interhemispheric transport of carbon

monoxide (Duflot et al. 2010), or interactions between the

mixing layer and the free troposphere (Freney et al. 2016).

3. Example of jet stream and stratosphere–
troposphere exchange

Before documenting the climatology of jet streams,

we present an illustrative case study. Our motivation is

to describe the dynamical processes during a jet stream

event that occurred above western Europe in January

2013 and which was observed at the two sites.

TABLE 2. VHF profiler dataset: number of days of operation by

month for each site.

Month Opme radar Lannemezan radar

1 420 322

2 409 264

3 468 324

4 432 295

5 458 290

6 413 345

7 407 382

8 378 375

9 401 346

10 451 372

11 412 351

12 426 395

TABLE 1. VHF radar dataset: number of days of operation by year

for each site.

Opme Lannemezan

Days of

operation

Hourly

profiles

Days of

operation

Hourly

profiles

1998 3 68

1999 195 4432

2000 324 7489

2001 306 7103 202 4493

2002 353 8449 358 8429

2003 359 8446 364 8630

2004 359 8429 363 8649

2004 363 8606 359 8436

2006 281 6560 337 7978

2007 355 8364 309 7216

2008 366 8866 39 912

2009 365 8518 336 7720

2010 363 8594 233 5285

2011 360 8517 229 5286

2012 252 5718 217 5134

2013 298 6924 359 8470

2014 174 3970 356 8442
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Figure 2 gives the temporal evolution of the hori-

zontal wind profiles measured by the VHF radars and

compares the two ECMWF grid points nearest Lanne-

mezan (43.1258N, 0.3758E) and Opme (45.758N,

3.1258E). The maximum horizontal wind is found be-

tween 8- and 12-km height during the day of 26 January

2013 and between 6 and 11 km during the day of

28 January 2013. The maximum horizontal wind values

observed are 59ms21 at 12 km on 1000 UTC 26 January

above Lannemezan and 51m s21 at 9 km on 0900

UTC 28 January above Opme. This upper-tropospheric

wind structure corresponds quite well to wind fields

given by ERA-Interim, and is of the same order of

magnitude, except for the maximum of wind above

Opme on 28 January, which is less than 46ms21 in the

ERA-Interim. Polar and subtropical jet streams are not

continuous westerly wind tubes. They take a wave

structure and are made up of jet cores where the wind

speed is maximum. The air masses that enter or leave a

jet core area are strongly accelerated or decelerated.

FIG. 2. Hourly averaged horizontal wind speed profile (m s21) measured by the VHF profiler

above (a) Lannemezan and (c) Opme between 0000 UTC 26 Jan and 1200 UTC 30 Jan 2013,

and the ERA-Interim horizontal wind speed profile (m s21) for the grid point nearest to

(b) Lannemezan and (d) Opme.
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The present case is a succession of several jet cores that

form above the Atlantic Ocean and are advected west-

ward, giving the jet stream, a Rossby wave structure.

Two of them are observed above the two sites on 26 and

28 January. This results in transverse and vertical

ageostrophic circulations inducing, in the most intense

cases, tropopause folds and stratosphere–troposphere

exchanges (Shapiro 1980; Holton et al. 1995).

Figure 3 gives the temporal evolution of the vertical

wind profiles measured by the VHF radars and compares

the two ECMWF grid points nearest Lannemezan and

Opme. Strong vertical winds are indeed observed in the

upper troposphere during this period at both sites byVHF

radars andERA-Interim: downdrafts on 28 January in the

morning above Opme and Lannemezan and from 2000

UTC 28 January to 2200 UTC 29 January above Opme

and updrafts in the evening in Opme and at noon in

Lannemezan on 27 January. The ERA-Interim provides

also similar vertical wind structures, but with large dif-

ference of the wind speed. The time resolution is different

(6 vs 1h) and vertical winds are stronger above Lanne-

mezan for ERA-Interim, but stronger above Opme for

the VHF profiler. The agreement between the ERA-

Interim and the profiler time series at time scales larger

than 6h is good, particularly for Lannemezan. At shorter

time scales, the agreement may deteriorate because the

FIG. 3. As in Fig. 2, but for the vertical wind.
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vertical velocity is the component of the wind that has the

largest variability in space and in time. Vertical winds

from NCEP reanalysis (not shown) are similar to ERA-

Interim vertical winds. The cause of the difference in the

vertical wind speeds between observations and global

models for this case study is not known.

Figure 4 shows time series of dynamical indicators,

the relative humidity and potential vorticity, a tracer of

stratospheric air (Staley 1960), for the nearest points

from Lannemezan and Opme. They present similar

characteristics that suggest subsidence of stratospheric

air into the upper troposphere on the morning of

28 January, with low values of relative humidity and high

values of potential vorticity.

A Raman lidar providing water vapor mixing ratio

profiles has been operational at Aubière since 2009

(Fréville et al. 2015). Figure 5 shows that thewater vapor
profile obtained during the night between 29 and

30 January presents successive layers of wet air (below

2km, and between 4 and 5.5 km) and dry air (near 3 km,

FIG. 4. (a) ERA-Interim relative humidity (%) for the grid point nearest to (a) Lannemezan

and (b) Opme between 0000 UTC 26 Jan and 1200 UTC 30 Jan 2013, and ERA-Interim po-

tential vorticity (PVU, 1 PVU5 1026 Km2 kg21 s21) for the grid point nearest (c) Lannemezan

and (d) Opme.
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and above 5.5 km). These values can be compared with

the monthly mean water vapor profile obtained by av-

eraging all January profiles for 2013: The two dry layers

near 3 km and above 5.5 km show water vapor mixing

ratios about 0.70 and 0.25 g kg21; this is less than the

climatological profiles of about 1.2 and 0.4 g kg21 at the

corresponding altitude layers. This is to be contrasted

with the two wet layers below 2km and between 4 and

5.5 km that have water vapor mixing ratios near 6 and

3 gkg21 as compared with the climatological profiles

that have ratios near 3 and 0.9 g kg21.

Figure 6 focuses on the 28 January 2013 episode. It

presents the evolution of ERA-Interim wind and potential

vorticity fields. The wind field confirms the presence of a

jet core, and indicates that, on 28 January in the morning,

Opme is under the influence of an exit area of a jet core

centered on England with a southeast direction. The po-

tential vorticity field displays a stratospheric filament of

stratospheric air (more than 6 PVU), passing over Opme

on 28 January in the morning.

Figure 7 presents a group of 7-day back trajectories

computedusingLACYTRAJand avertical cross section of

potential vorticity advected by back trajectories following

the reverse domain-filling method. The stratification of wet

and dry layers observed by Raman lidar could be the sig-

nature of air masses from different origins, with traces of

stratospheric intrusions occurring before themoment of the

lidar measurement, at the altitude of dry layers, or during

the night of 29 January, but being not well resolved by

ERA-Interim. Indeed, the Opme VHF wind profiler de-

tects strong downward motions (more than 1ms21) from

2000 UTC 28 January to 2200 UTC 29 January (Fig. 3c).

These subsidences are not observed at Lannemezan,

and are also not clearly visible on ERA-Interim winds

(Figs. 3a,b,d). The back trajectories indicate a mixing of

stratospheric–polar and of lower-tropospheric–oceanic or-

igins for the air masses arriving over Clermont-Ferrand on

0600 UTC 28 January 2013. Finescale cross sections of

potential vorticity have been calculated using the reverse

domain-filling technique (Fig. 7b). The high values (.2

PVU) near 458N above 400hPa, corresponding to 7-km

altitude, confirm the stratospheric origin of the dry layer

seen by the lidar above 5.5km. Some finescale bubbles of

high values of potential vorticity are also seen near 450 and

550hPa, consistent with the successive wet and dry layers

seen by the lidar, but it is difficult to establish a direct link

between them with certainty.

To summarize, in this case study, we show that the two

sites can beunder the influence of an upper-level jet stream

and associated stratospheric intrusions. In addition, in the

present case study, a succession of jet cores is observed

above the two sites. The Opme and Lannemezan VHF

profilers have the capability to detect jet core events,

while the Raman lidar in Aubière can detect signatures

of stratospheric intrusions in the water vapor profiles.

4. Climatology and trends

a. Seasonal wind profiles

To address the climatological wind behavior of the two

sites, we calculated the seasonal profiles in the horizontal

wind speed from 1998 to 2014 at Opme (Fig. 8) and from

2001 to 2014 at Lannemezan (Fig. 9). The lower limit of

FIG. 5. Water vapor mixing ratio profile (g kg21) measured with Raman lidar at Clermont-

Ferrand during the night from 29 to 30 Jan 2013 (solid line) compared with the mean of 16 lidar

profiles of January 2013 (dashed line).
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the validity domain of the OpmeVHF radar is compared

with surface winds measured with a sonic anemometer

operating at the summit of the puy de Dôme, 1465m

above sea level, and located less than 15km away from

Opme. Both mean values and standard deviation in the

wind speeds are consistent with the bottomof the profiles.

Above Opme, the strongest values of the seasonal wind

speed are obtained during winter reaching 21.4ms21 at

8.7km, with a standard deviation near 13ms21. For the

rest of the year, the maximum wind speed is between

18.3 and 20.4ms21, and located between 8.5- and 10-km

height, with a standard deviation slightly lower than in

winter. Above Lannemezan, the maximum climatologi-

cal wind speed is also observed in winter. The wind speed

profile has a maximum of 25.1ms21 at 9.6-km height,

with a standard deviation near 15ms21. For the other

seasons, the maximum is between 21.2 and 21.5ms21 and

is located between 10- and 11.5-km height. The ECMWF

climatological profiles present a similar structure and sea-

sonality, but with a largermaximumofwind speed, located

at a slightly higher altitude: Opme maximum wind is

27.1ms21 at 10.3-km height in winter, 24.2ms21 at 11-km

height in summer, and Lannemezan maximum wind is

26.2ms21 in winter, 23.2ms21 in summer, at the same

height as Opme. The wind direction calculated from the

two horizontal wind components indicates strong westerly

winds associatedwith the polar and subtropical jet streams.

Opme,when comparedwith Lannemezan, shows a smaller

maximum wind speed, located at a lower altitude. The

wind speed difference between the two sites is less than

FIG. 6. ERA-Interim (a) horizontal wind (m s21) and (b) potential vorticity (PVU) on the 300-hPa surface at 0600 UTC 28 Jan 2013.
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4ms21, and the altitude difference is less than 1km. This

difference, slightly higher than the measurement uncer-

tainty, is not clearly reproduced by ERA-Interim and

could be because of differences in the local topography.

b. Methodology of detection of jet stream events on
VHF radar wind fields

Despite the continuous improvement of atmospheric

models, it remains important to establish climatological

distributions and long-term trends of climatic variables

from observations. Hence, we exploit the available

decadal series of VHF radar wind profiles to automati-

cally detect jet stream events over the stations.

Our methodology is based on the analysis of hourly

wind profiles. The detection is based on several criteria:

the westerly component must be positive, and the wind

speed must be larger than 50ms21. These two criteria

have to be fulfilled for two (or more) radar levels, con-

secutive or not, between 6- and 14-km height, and during

4h or more. With these criteria, we could detect all iden-

tified jet stream events over the stations, after performing

sensibility tests with differentwind speed and time values.

FIG. 7. (a) Seven-day back trajectories arriving over Clermont-Ferrand on the 300-hPa surface at 0600UTC 28 Jan 2013. The color scale

indicates the altitude (km) of the air masses. (b) Vertical cross section of 48-h advected potential vorticity (PVU) at 38E as a function of

pressure level (hPa) at 1800 UTC 29 Jan 2013.
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Jet streams are nonlinear processes in which the wind

speed can decrease and increase during a single event.

Their shapes can depend on the season:Kuang et al. (2014)

showed that upper-tropospheric jet streams frequently

have a spiral-like pattern in winter, but a quasi-annular

structure in summer. Therefore, if the algorithm detects

two events separated by less than 6h, we consider that this

corresponds to the same event.

To provide a cross validation between observations and

reanalysis, another jet stream statistic has been obtained

using solely the ECMWF reanalysis horizontal winds with

the station data. We took the same threshold for the wind

speed (50ms21), and the same criteria on the direction

(positive westerly component). However, the temporal and

vertical resolutions of VHF and ECMWF are very differ-

ent: 1 versus 6h, and 375mversus 1kmnear the tropopause.

Thus, we adapted the criteria of ECMWF detection: only

one point following the criteria, in time along the vertical, is

enough to consider a profile as ‘‘jet stream flagged.’’

c. Seasonal variability of the jet stream and
radionuclide measurements

As already stated, there is a very large variability of

horizontal winds, especially below the tropopause at the

altitude of the maximum wind speed, as shown in Figs. 8

and 9. Some of this variability can be attributed to the

presence or absence of jet streams over the measure-

ment site. To evaluate the interannual and seasonal

variability of the jet stream, we applied themethodology

described in the section 4b.

Figure 10 displays the frequency of jet stream events

per month. For the two sites, we observe a clear sea-

sonality of the frequency of the jet stream. In winter, the

occurrence reaches its peak, between 6.7% and 9.7% in

Lannemezan and between 3.5% and 7.8% inOpme. The

minimum, near 1%, occurs in June in Lannemezan and

May and August in Opme. This result is in agreement

with the seasonality of the climatological wind profiles,

stronger in winter than in summer. The ECMWF sta-

tistic presents the same variations and order of magni-

tude as the VHF statistic.

The weekly sampling duration of radionuclide mea-

surements is typically not sufficiently time resolved to

insure checking for a possible relationship between

variations in the radionuclide concentration and the

stratosphere–troposphere air exchanges at a given date.

However, it is suitable for seasonal variations. Indeed,

an overall seasonal variability is also found on radionuclide

FIG. 8. Climatological profiles from the horizontal wind speed (solid lines) and direction (arrows on the right side) observed with the

Opme VHF radar (1998–2014) for spring (green), summer (red), autumn (black), and winter (blue). The dotted lines mark 61 standard

deviation. The dashed lines provide the ERA-Interim climatological profiles for the same period. The plus signs below 2 km indicate the

mean and 61 standard deviation values obtained by the sonic anemometer at the top of the puy de Dôme station.
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measurements: a maximum in spring (April–June) and a

minimum in autumn–winter can be found for 7Be and 22Na

(Fig. 11a). The 7Be spring value in Opme is 1.7 times as

high as in autumn. The difference is even more pro-

nounced for 22Na with a 9-yr averaged ratio (spring–

winter) of 2.7. This cyclic seasonal structure is typical

for Europe and consistent with other seasonal patterns

found at many European locations, among them Poland

(Błazej and Mietelski 2014), Sicily (Agelao et al. 1984),

Serbia (Ajtic et al. 2013), Sweden, or the Czech Republic

(Kulan et al. 2006). 7Be is produced roughly 1/3 in the

upper troposphere and 2/3 in the stratosphere (Gaggeler

1995). More generally, 7Be activity concentration at a

given location provides integrated information on both

FIG. 9. As in Fig. 8, but for the Lannemezan VHF radar (2001–14).

FIG. 10. Monthly frequency (%) of jet stream events at Opme (dark blue: VHF; light blue:

ECMWF) and Lannemezan (dark red: VHF; orange: ECMWF). The frequency is obtained by

dividing the number of hourly profiles within the jet stream by the total number of profiles

produced by the radar systems.
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production areas and transport (Leppänen et al.

2012). Conversely, 22Na is mostly produced in the

upper troposphere and 1/3 in the stratosphere.

Therefore, the 7Be/22Na activity ratio can be used to

assess the seasonal stratosphere–troposphere air-

mass exchange. In the upper troposphere, his ratio is

higher than in lower stratosphere. At ground level,

this ratio exhibits a seasonal cycle (Fig. 11b). The weekly
7Be/22Na ratio ranges between 4300 and 27 100 while

seasonal averages clearly depict lower values in spring

and higher values in autumn similarly to what was

observed in Poland (Błazej and Mietelski 2014), Fin-

land (Leppänen et al. 2012), or Switzerland (Steinmann

et al. 2013).

A low 7Be/22Na ratio indicates a low-stratosphere or

upper-troposphere origin. A simultaneous increase of

7Be and decrease of the 7Be/22Na ratio in spring points

out the enhanced mixing of lower-stratospheric and/

or upper-tropospheric air into the ground-level air

(Leppänen et al. 2012; Steinmann et al. 2013). In con-

clusion, these observations of radionuclide ratio are in

agreement with the jet stream seasonality observed

over the two sites.

d. Interannual variability and decadal trend of the jet
stream

The frequency of jet stream events per year is given

in Fig. 12. The Opme yearly series varies between

0.7% (in 2006) and 6.3% (in 2014). The Lannemezan

series shows a slightly larger variability, between 0.8%

in 2011 and 8.7% in 2010. The mean interannual var-

iability of the frequency of jet stream events is 1.5% in

FIG. 11. The 9-yr seasonal variations (a) of average 7Be and 22Na and (b) of the 7Be/22Na ratio in

ground-level air at Opme.
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Opme and 2.9% in Lannemezan. One can observe

quite large differences between the trends calculated

from the VHF and ECMWF data after 2010. The

trends at Opme, on the contrary, have some large

differences in early years but generally seem to agree

after 2009. Linear trends have been calculated from

monthly occurrence time series for the whole VHF

profiler dataset of the two sites, and as function of the

seasons (Table 3). The trends are positive and slightly

significant in the two sites, 11.6 6 1.2% decade21 for

Opme, and12.46 2.2% decade21 for Lannemezan. If

we separate the datasets by seasons, the trends are

maximum in winter, and significant. For the rest of the

year, the trends remain positive, but not significant.

The positive trend observed at the two sites is in

agreement with a global study based on NCEP–NCAR

and ECMWF ERA-40 reanalysis (Strong and Davis

2007). This study shows increased eddy-driven jet core

speeds (115%) and probabilities (130%) over the

midlatitudes, collocated with increases in baroclinicity

driven by a spatially heterogeneous pattern of large-

scale warming with cooling centers embedded pole-

ward of 608N. However, these global increasing trends,

larger than local trends observed over Opme and

Lannemezan in our study, are based on longer series

(1958–2007), and present important differences as

function of longitude, and also depend on the model

used (ERA-40 and NCEP). Barton and Ellis (2009)

investigated the variability of the subtropical jet

stream without confirming the theory of a general

poleward shift in midlatitude jet stream in association

with recent climate change, but other recent studies

have reported a poleward shift of the jet stream

(Rivière 2011; Hudson 2012; Pena-Ortiz et al. 2013).

This highlights the need for long-term observation

studies of jet stream characteristics and trends.

5. Conclusions

In this study, we used a long series wind measurement

from two VHF profilers in France to establish the

climatological behavior of upper-tropospheric winds

and of the frequency of jet stream events.

First, a case study of jet stream and stratosphere–

troposphere exchange occurring in January 2013 was

characterized usingVHFwind profiler data, water vapor

lidar measurements, ERA-Interim, trajectories, and

reverse domain-filling calculations.

Then, the climatology study over the two sites

revealed that the strongest values of seasonal winds

occurred during winter. This wind speed maximum in

the upper troposphere is expected to be associated with

jet streams, strong eastward winds in the upper tropo-

sphere, likely to induce stratosphere–troposphere ex-

changes of ozone and dry air (Shapiro 1980).

Amethod of detection of jet stream events has been

proposed, and its application on the VHF wind profile

series over the two sites shows a clear seasonality of

jet stream detection, with a maximum in winter

(3.5%–9.7% of hourly profiles) and a minimum in

summer (near 1%). Cosmogenic radionuclides sam-

pled in Opme also exhibit a clear seasonal variation

FIG. 12. As in Fig. 10, but for yearly frequency.

TABLE 3. Linear trends (% decade21) of the frequency of jet

stream events determined from the long series of VHF observa-

tions. The confident interval estimate has been estimated using the

Student’s t distribution at 95% level of confidence.

Opme Lannemezan

Whole year 11.6 6 1.2 12.4 6 2.2

Winter 15.6 6 3.1 16.9 6 5.5

Spring 10.4 6 1.1 12.5 6 5.3

Summer 10.2 6 1.8 10.9 6 1.4

Autumn 10.7 6 2.6 10.3 6 3.4
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with maximum in spring and minimum in the cold

seasons while the 7Be/22Na activity ratio confirms

the stratospheric intrusion for the studied cases. The

mean interannual variability of the frequency of the

jet stream events is 1.5% in Opme and 2.9% in Lan-

nemezan. We observe positive and slightly significant

decadal trends for the two sites (11.66 1.2% decade21

for Opme, and12.46 2.2% decade21 for Lannemezan),

maximum in winter (15.66 3.1% decade21 for Opme,

and 16.9 6 5.5% decade21 for Lannemezan).

Many studies based on global models describing the

long-term global behavior of jet streams have been

published. The results are very dependent on the

methodology and models used. The current study shows

that long series of observations with wind profilers and

a regular monitoring of radionuclides are useful to

understand the evolution of climate processes, com-

plementing model-related studies. A way to do this

could be to link jet stream changes to atmospheric

drivers. For instance, Hall et al. (2015) have recently

reviewed the possible drivers (cryospheric, oceanic, and

stratospheric) of the polar front jet variability. Using

wind observations and EOF-based approach in a prin-

cipal component analysis, several authors investigated

the connections between the North Atlantic jet stream

and weather regimes such as the North Atlantic Oscil-

lation or the east Atlantic pattern. Athanasiadis et al.

(2010) showed that the zonal wind field yield patterns

are robust with respect to the range of frequencies in-

cluded in the data, clearly relate to the position of the

climatological mean jets, and are broadly consistent with

their traditionally defined counterparts in terms of cli-

matic impacts. Woollings and Blackburn (2012) showed

that jet stream changes can be related to leading pat-

terns of variability: the North Atlantic Oscillation and

east Atlantic pattern. Future work will aim at linking the

long series of French VHF profiler data to the leading

patterns influencing weather over Europe.
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