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Abstract. Fourteen years of meteorological parameters,

aerosol variables (absorption and scattering coefficients,

aerosol number concentration) and trace gases (CO, NOx,

SO2) measured at the Jungfraujoch (JFJ, 3580 m a.s.l.) have

been analyzed as a function of different synoptic weather

types. The Schüepp synoptic weather type of the Alps

(SYNALP) classification from the Alpine Weather Statistics

(AWS) was used to define the synoptic meteorology over the

whole Swiss region. The seasonal contribution of each syn-

optic weather type to the aerosol concentration was deduced

from the aerosol annual cycles while the planetary bound-

ary layer (PBL) influence was estimated by means of the

diurnal cycles. Since aerosols are scavenged by precipita-

tion, the diurnal cycle of the CO concentration was also used

to identify polluted air masses. SO2 and NOx concentra-

tions were used as precursor tracers for new particle forma-

tion and growth, respectively. The aerosol optical parame-

ters and number concentration show elevated loadings during

advective weather types during the December–March period

and for the convective anticyclonic and convective indiffer-

ent weather types during the April–September period. This

study confirms the consensus view that the JFJ is mainly in-

fluenced by the free troposphere during winter and by injec-

tion of air parcels from the PBL during summer. A more

detailed picture is, however, drawn where the JFJ is com-

pletely influenced by free tropospheric air masses in winter

during advective weather types and largely influenced by the
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PBL also during the night in summer during the subsidence

weather type. Between these two extreme situations, the PBL

influence at the JFJ depends on both the time of year and the

synoptic weather type. The fraction of PBL air transported to

the JFJ was estimated by the relative increase of the specific

humidity and CO.

1 Introduction

The Jungfraujoch (JFJ) Sphinx research station is situated

at 3580 m a.s.l. in the middle of the Swiss Alps (Fig. 1).

Since 1995 continuous aerosol and trace gas measurements

have been performed at this site within the Global Atmo-

sphere Watch (GAW) program of the World Meteorological

Organization. Due to its high elevation, the JFJ research sta-

tion allows investigation of the lower free troposphere (FT)

over central Europe and the mixing of planetary boundary

layer (PBL) and FT air masses. It is recognized as a station

measuring FT air masses, even if the JFJ is partially influ-

enced by the PBL. The annual cycle of all measured aerosol

variables (absorption coefficient babs, scattering coefficients

bscat, aerosol number concentration N , aerosol surface area

concentration, chemical composition, particle mass concen-

tration, and radon decay product concentration), which at-

tain a maximum in summer and a minimum in winter, can

be attributed to the vertical transport of PBL air masses

by thermally-driven convection occurring from late spring

to late summer (Baltensperger et al., 1997; Nyeki et al.,

1998a; Lugauer et al., 1998, 2000). Autumn is far less in-

fluenced by this dominant transport mode (Lugauer et al.,
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Fig. 1. Map of Switzerland with the four measuring sites of Payerne

(PAY), Jungfraujoch (JFJ), Kleine Scheidegg (KSG) and Stabio

(STA). The altitude is given by the grey color scheme.

1998, 2000). The regional extent of thermally-driven con-

vection was studied during an airborne lidar campaign over

the JFJ and the Swiss Alps. The gradual evolution of the

PBL on a summer day in 1997 clearly showed that the PBL

attained a near-uniform height of up to 4200 m a.s.l. by the

early afternoon (Nyeki et al., 2000). A later in-situ and air-

borne study by Henne et al. (2004) reported that PBL air

was efficiently injected into the altitude range from 2000 to

4000 m a.s.l. where it had a substantial influence on air mass

chemistry (Henne et al., 2005a). These processes are impor-

tant from May to September, especially in summer (Henne et

al., 2005b), so that the transport mechanisms of air masses to

the JFJ during the warmest months depend mainly on these

PBL injections over the whole Alpine area rather than on

the local, thermally induced upslope wind. The annual cy-

cle was observed in one-year measurements of several in-

situ aerosol variables (babs, bscat, N , etc.) (Nyeki et al.,

1998a). Long-term trends were found to be positive and sta-

tistically significant in winter, when the FT influence at the

JFJ is the greatest (Collaud Coen et al., 2007). The PBL in-

fluence does not modify the aerosol size distribution to any

large extent, but mainly influences the concentration of ac-

cumulation mode particles (Weingartner et al., 1999; Nyeki

et al., 1998b). Diurnal cycles are observed for all the mea-

sured aerosol variables during the warm months and are more

pronounced in convective meteorological situations (Wein-

gartner et al., 1999; Lugauer et al., 2000). Analyses of the

aerosol surface area concentration, concentrations of radon

decay products, and the total aerosol mass concentration as a

function of the Alpine Weather Statistics (SYNALP) scheme

show that synoptic-scale lifting processes occur occasionally

in winter and more significantly in April. In addition, max-

imum values in aerosol variables are attained during anticy-

clonic conditions (Lugauer et al., 1998, 2000). It was also

shown that transport of gaseous and aerosol species is similar

during anticyclonic but different during cyclonic conditions.

Lugauer et al. (1998, 2000) analyzed long time series (9

years and 7 years) of the aerosol surface area concentration,

aerosol-attached radon decay products and the mass concen-

tration of Total Suspended Particles (TSP) as a function of

SYNALP classification defined by Schüepp (1979). Nyeki et

al. (1998) and Weingartner et al. (1999) presented one-year

time series of aerosol parameters measured operationally in

the GAW program. In this paper, climatologies (14-year data

set, 1995–2008) of the optical aerosol parameters (babs, bscat)

and particle number N are presented. The contribution of the

SYNALP synoptic weather types to the median aerosol sea-

sonal cycle is determined. Correlations between the aerosol

seasonal cycle and the local meteorological conditions are

also evaluated. Since aerosols are one of the most sensitive

parameters to the influence of the PBL (due to a strong ver-

tical gradient), this paper also presents a study of the trans-

port of air masses from the PBL to the JFJ analyzed by the

diurnal cycles of N , babs, bscat and the scattering Ångström

exponent åscat as a function of the year periods and synoptic

weather types. The absorption coefficient is mostly deter-

mined by the black carbon concentration arising from com-

bustion processes, and is hence more characteristic of pol-

luted air masses. N is the most sensitive parameter to the

formation and subsequent growth of new particles (Weingart-

ner et al., 1999), because the number concentration is gov-

erned by Aitken mode particles whereas babs is proportional

to an equivalent mass of black carbon and bscat is sensitive

to accumulation and coarse mode particles (Chamaillard et

al., 2006). However, N is also sensitive to primary pollu-

tion sources. The scattering coefficient is sensitive to both

primary pollution and condensational growth of the parti-

cles and thus combines characteristics of both babs and N .

In combination with SO2 and NOx concentrations (which

are precursors for aerosol number and mass concentration,

respectively) and with meteorological parameters favorable

for new particle formation, N allows new particle formation

events at the JFJ and on the Swiss plateau to be determined.

In addition, as CO is not washed out by precipitation in con-

trast to aerosols, it can also be used as a tracer for polluted air

masses during weather situations with precipitation. How-

ever, CO has a less pronounced vertical profile than other

chemical species due to a longer atmospheric lifetime, result-

ing in higher background concentrations and less pronounced

diurnal cycles (Zellweger et al., 2000). Finally, the mean ex-

port of PBL air to the JFJ will be quantified by the relative

increase of CO and the specific humidity (remains constant

during vertical motion in the absence of precipitation).

2 Experiment

2.1 Measurement site

The JFJ high alpine research station (46◦33′ N, 7◦59′ E) is lo-

cated on a mountain crest on the northern edge of the Swiss
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Alps. The saddle position of the JFJ, between the Jungfrau

(4158 m a.s.l.) and the Mönch (4089 m a.s.l.) mountains,

channels the local horizontal flow in a north-western or

south-eastern direction. With north-westerly wind directions,

air-masses from over the Swiss plateau are advected to the

JFJ, while during south-easterly wind direction, air-masses

come from the inner Alpine area and from South of the Alps.

Contamination due to local sources is rare as electricity is

supplied by a high-voltage connection from the valley. A

local diesel generator is only in operation for short periods

during power failures. Emissions due to tourist activities are

usually negligible. All diurnal times mentioned in this study

are given as local standard time LST (equal to UTC+1 h).

2.2 Instrumentation and methods

Ambient aerosol particles were sampled and measured at the

old JFJ research station (3454 m a.s.l.) from 1995 to January

1998 and at the JFJ Sphinx research station (3580 m a.s.l.)

thereafter with a new inlet. At both sites, the aerosol

is first brought into the laboratory (mean temperature of

22(±2) ◦C), which lowers the relative humidity (RH) to be-

low 20 %. Therefore cloud droplets are evaporated at an early

stage of the sampling process, so that only dried aerosols are

measured. Calculations for the latter inlet set-up showed that

cloud droplets with a diameter smaller than 40 µm can be

sampled at wind speeds of up to 20 m s−1 (Weingartner et

al., 1999). No discontinuities induced by the altitude and in-

let changes were detected in the aerosol data sets (Collaud

Coen et al., 2007).

The aerosol light scattering and backscattering coeffi-

cients were measured at three wavelengths (λ = 450, 550 and

700 nm) by an integrating nephelometer (IN, TSI 3563) and

were corrected for the truncation error according to Ander-

son and Ogren (1998) and Nessler et al. (2005), which makes

use of the scattering Ångström exponent åscat to calculate the

wavelength dependent correction factor. The value of åscat

was obtained by fitting bscat with a power-law dependence

bscat = βscat·λ
−åscat .

The aerosol light absorption coefficients were measured

by two different aethalometers. A “white light” aethalome-

ter (AE-10, Magee Scientific) with a broad spectral range

from 500 nm to 1100 nm and a peak sensitivity in the near

IR at about 840 nm (Weingartner et al., 2003) was used until

March 2001. A 7-wavelength aethalometer (AE-31, Magee

Scientific) with narrow band light sources in the wavelength

range 370–950 nm was operated thereafter. The absorption

coefficients for both aethalometers were calculated by the

correction method described by Collaud Coen et al. (2010).

The multiple scattering constant Cref = 2.88 was determined

by comparing the absorption coefficients from a multi-angle

absorption photometer and the multi-wavelength aethalome-

ter and was applied to the AE-31. A slightly higher value for

the AE-10, Cref = 2.97, was estimated by normalizing both

datasets, and is anticipated since the AE-10 filter tapes differ

from those of the AE-31. For analysis of the whole 1995–

2008 period, the λ = 880 nm channel from the AE-31 was

chosen as it is closest to the maximum light source intensity

of the AE-10.

The aerosol number concentration was measured using a

TSI 3025 condensation particle counter (CPC) before March

1997, and a TSI 3010 thereafter. Although both CPCs have

slightly different lower aerosol diameter cut-offs, all data

were considered since only the cycles and not the trends were

studied in this paper.

All meteorological parameters, (temperature T , rela-

tive humidity RH, global short wave radiation W (from

λ = 200 nm to λ = 3.6 µm), erythemally weighted ultra-violet

radiation UV (from λ = 200 nm to λ = 340 nm), and wind

speed and direction) were measured by MeteoSwiss at the

JFJ, Payerne (46.82◦N, 6.95◦ E, 491 m a.s.l.) and Stabio

(45.85◦ N, 8.93◦ E, 353 m a.s.l.) SwissMetNet stations

(Fig. 1). Precipitation is not measured at the JFJ, but daily

precipitation (from 5:40 a.m. to 5:40 a.m. the day after) is

measured at the Kleine Scheidegg (2061 m a.s.l.) located at

the foot of the Eiger mountain next to the Mönch and the JFJ.

Continuous trace gas measurements are performed at the

JFJ Sphinx laboratory as part of the Swiss National Air Pollu-

tion Monitoring Network (NABEL). CO has been measured

with cross flow modulated non-dispersive infrared absorption

technology (NDIR, Horiba APMA-360; since June 2007,

APMA-370). NO and NOx are determined with chemilu-

minescence detectors (Ecophysics CLD 770 AL ppt, and

CLD89p since January 2007). NOx is analyzed as NO af-

ter photolytic conversion (Ecophysics PLC 760, and Eco-

physics PLC 762 since 2000). SO2 was previously mea-

sured as 24-h bulk samples by wet chemical absorption of

SO2 in a hydrogen peroxide solution and subsequent off-

line analysis with ion chromatography. Since January 2007,

SO2 has been measured on-line with a UV fluorescence in-

strument (Thermo Electro Cooperation, Enviromental Instru-

ments, TEI43C TL). The trace gas observations at Payerne

used in this study (CO with a Horiba APMA-360; SO2 with

a MonitorLabs 8850S, since June 2000, TEI43C TL) are also

conducted within the NABEL network. All gaseous concen-

trations are given in ppbv.

Median values were calculated for the aerosol and gas-

phase variables that are neither normally nor lognormally

distributed, while for normally distributed variables arith-

metic mean values were computed. Confidence limits of

the medians were calculated by a nonparametric method de-

fined by an order statistic (i.e. rank observation) and using

the cumulative binomial distribution (Gibbons and Coleman,

2001). A running 30-day average was also applied to the

annual cycles. For the annual cycles of aerosol variables, pre-

cipitation and gaseous compounds, the contributions of each

synoptic weather type to the averaged annual cycles were de-

termined by weighting the measured parameters during the

www.atmos-chem-phys.net/11/5931/2011/ Atmos. Chem. Phys., 11, 5931–5944, 2011
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defined weather type by its frequency of occurrence:

Y =

nb SYNALP
∑

i=1

YSYNALP(i) =

nb SYNALP
∑

i=1

ȳSYNALP(i) ·
mSYNALP(i)

mtotal
(1)

where Y is the average annual value, with the summation

performed over all weather types (nb SYNALP). ȳSYNALP(i)

is the average value during the SYNALP(i) weather type,

mSYNALP(i) is the number of cases with SYNALP(i) weather

type and mtotal is the total number of cases (= number of

years). YSYNALP(i) is the contribution of the ith SYNALP

weather type and is represented with a different color in

Figs. 3, 5 and 8.

2.3 Alpine weather type classification

The synoptic weather types classification system (SYNALP)

(Schüepp, 1979; SMI, 1985) is a daily classification of

synoptic weather situations based on the diurnal analysis

of the pressure distribution at the surface and at 500 hPa

(∼5.6 km a.s.l.). It is defined for a circular area (radius of

222 km) centered 80 km east of the JFJ (46◦30′ N, 9◦ E) and

covering Switzerland and western Austria. The classification

into 40 weather situations is determined by the combination

of four key parameters at 12:00 UTC (Schüepp, 1979; Wan-

ner et al., 1998):

1. speed of the surface wind derived from the surface pres-

sure gradient,

2. direction and speed of the 500 hPa wind,

3. height of the 500 hPa surface over the central point of

the system,

4. baroclinicity.

If these parameters cannot be unambiguously determined

from the 12:00 UTC surface map, the corresponding 850 hPa

heights or the 15:00 UTC or the 09:00 UTC surface map are

additionally taken in account (SMI, 1985). The determined

40 weather situations can be grouped into three basic (con-

vective, advective and mixed) and eight extended weather

types (Table 1).

The convective types describe weather situations where

the vertical motion predominantly influences the weather, ei-

ther as a single effect or in connection with the effects of

horizontal motion. The three convective weather types dif-

fer by the sign of the synoptic scale vertical motion (Lugauer

et al., 1998). Divergence at low altitude caused by subsi-

dence is predominant for the anticyclonic type CA, resulting

in adiabatic warming and cloud dissipation. This synoptic

subsidence does not induce upward vertical transport of PBL

air masses on a large scale; however, the temperature and the

global radiation (low cloud coverage) are a maximum during

subsidence, leading to PBL growth and thermally induced

injections of PBL air that can reach the altitude of the JFJ.

Ascent of air caused by convergence at low altitude is pre-

dominant for the cyclonic type CC, resulting in adiabatic

cooling and cloud formation with subsequent precipitation.

The convective indifferent weather type CI is characterized

by a flat pressure distribution and therefore alternating small-

scale up- and downdrafts depending on the effects of the ter-

rain (Schüepp and Schirmer, 1977). The difference in the

synoptic scale vertical motion of weather types CA and CC

results in differences in the thermodynamic variables that are

considerably more pronounced than between the four advec-

tive weather types.

The advective types include weather situations where the

horizontal motion of the atmosphere is predominant, so that

in flat terrain the vertical wind components are unimportant.

However, the orography of the Alps adds vertical compo-

nents to this air flow resulting in well-marked upslope and

lee phenomena (Schüepp and Schirmer, 1977; Henne et al.,

2004) such as Foehn. Eight wind sectors of 45◦ are dis-

tinguished depending on the wind direction at the 500 hPa

level over the central Alpine area. The number of sectors

within each advective type is different (Table 1). The AW

type comprises only one wind sector and is characterized by

advection of maritime air masses from the Atlantic. The AN

type comprises two wind sectors and occurs when the Alps

are influenced by cold polar air masses after a cyclone has

passed to the North of Switzerland (Schüepp, 1979). The AE

type comprises three wind sectors and represents situations

when the usual zonal circulation is blocked. The AS type

comprises two wind sectors and induces most precipitation

on the southern side of the Alps. Vertical motion due to the

Alpine orography during advective types is often associated

with cloud formation and precipitation on the upwind side.

The aerosol concentration at high Alpine sites is therefore

not only determined by the different origin of air masses but

also by modifications arising from the forced vertical motion.

This is reflected in the small differences in aerosol concentra-

tion for each advective type associated with high differences

in aerosol concentration between the JFJ and Colle Gnifetti

(4452 m a.s.l., approximately 75 km southwest of the JFJ)

(Lugauer et al., 1998). The diurnal cycles are partly used in

this study to determine the PBL influence at the JFJ. Synop-

tic and topographic lifting during advective situations does

not depend on the time of the day, so that the absence of a

diurnal cycle does not imply that there is no PBL influence.

The values of aerosol variables allow the PBL influence in

these cases to be estimated.

The mixed type M describes weather situations where both

the horizontal and the vertical wind components are signifi-

cant, and occurs when an active cyclone or a front is present

in the surface chart.

The weather types AW, AN, and AE show similar an-

nual and diurnal cycles for aerosol and some meteorolog-

ical parameters and hence these three types were grouped

(AW+N+E) in the analyses and the figures for clarity.
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Table 1. The SYNALP synoptic weather types described by 3 basic types, 8 extended types, and by the dominant synoptic scale motion.

Basic weather type Extended type Abbreviation Synoptic motion

Convective Anticyclonic CA Subsidence

Indifferent CI Small-scale circulations

Cyclonic CC Lifting

Advective West AW W at 500 hPa

North AN NW-N at 500 hPa

East AE NE-SE at 500 hPa

South AS S-SW at 500 hPa

Mixed M Active cyclone or jet flow

Table 2. Yearly frequency distribution in percent of SYNALP weather types for 1945–1994 (Wanner et al., 1998), 1988–1996 (Lugauer et

al., 1998) and 1995–2008. For the 1995–2008 period (this work) the spread in data corresponding to two standard deviations is given.

CA CI CC A M

1945–1994 16.5 27.4 7.4 42.6 6.2

1988–1996 23.0 31.3 6.4 35.4 3.9

1995–2008 20.9±9.2 30.3±8.0 6.7±4.6 35.7±6.0 6.4±3.8

Fig. 2. Monthly frequency distribution of SYNALP weather types

for the 1995–2008 period.

3 Results

3.1 Occurrence and annual cycle of SYNALP synoptic

weather types

The mean frequency distribution of SYNALP weather types

during the 1995–2008 period is presented in Fig. 2 for each

month. Advective weather types are seen to predominate

during winter and convective weather types during the rest

of the year. Similar annual frequency distributions were cal-

culated by Wanner for the 1945–1994 period (Wanner et al.,

1998; Stefanicki et al., 1998) and by Lugauer for the 1988–

1996 period (Lugauer et al., 1998). The mixed weather type

frequency is fairly constant during the year, always ranging

between 5 % and 8 %. Within the convective weather types,

CI predominates almost during the whole year with a clear

annual cycle that reaches a maximum in summer (∼40 %)

and a minimum in winter (∼20 %). The CA type also occurs

often (10–35 %), however, without a very clear annual cy-

cle. The CC type occurs more frequently during spring and

autumn, but its frequency never exceeds 11 %. Advective

weather types have an inverse annual cycle to the CI type,

with a minimum occurrence during summer (∼20 %) and a

maximum occurrence during winter (45-50 %) when vertical

motion is suppressed by enhanced stability of the atmosphere

(Schüepp and Schirmer, 1977). All the extended advective

weather types show similar annual cycles with AN being the

most frequent wind sector and AE the least frequent.

Schwarb (1996), as well as Stefanicki et al. (1998) and

Wanner et al. (1998) showed that there has been an increase

in frequency of convective weather situations and a concur-

rent decrease in frequency of advective weather situations

since the early 1970s. These are strongly correlated with the

North Atlantic Oscillation (NAO) index and are due to higher

surface air pressure and lower horizontal pressure gradients.

Table 2 gives the frequency distribution of SYNALP weather

types for the 1945–1994 (Wanner et al., 1998), the 1988–

1996 (Lugauer et al., 1998) and the 1995–2008 periods. The

two more recent periods clearly have a greater occurrence of

CA and CI weather type, a slightly lower occurrence of lift-

ing CC and a substantially lower frequency of all advective

weather types than the former period. The mixed weather

type M occurred 6 % of the time for both the 1945–1994 and

the 1995–2008 periods, whereas the occurrence is lower for

the 1988–1996 period.

www.atmos-chem-phys.net/11/5931/2011/ Atmos. Chem. Phys., 11, 5931–5944, 2011
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Table 3. Diurnal cycle amplitude (maximum/minimum) for the temperature and the relative humidity as a function of the season and the

synoptic weather type.

WL Tmax/Tmin RHmax/RHmin

season Nov–Jan Feb–Mar Apr–May Jun–Aug Sep–Oct Nov–Jan Feb–Mar Apr–May Jun–Aug Sep–Oct

CA 1.10 1.13 1.26 1.47 1.26 1.06 1.11 1.42 1.36 1.21

CI 1.06 1.09 1.19 1.28 1.16 1.03 1.09 1.16 1.22 1.14

CC 1.06 1.05 1.11 1.16 1.09 1.08 1.12 1.11 1.14 1.09

A W+N+E 1.08 1.09 1.14 1.27 1.14 1.16 1.30 1.11 1.15 1.16

AS 1.06 1.04 1.13 1.19 1.08 1.12 1.13 1.13 1.45 1.10

M 1.03 1.04 1.09 1.11 1.07 1.08 1.06 1.15 1.23 1.11

Fig. 3. Mean 1995–2008 annual cycles of the temperature T , the

RH, the global short wave radiation W at the JFJ and the precipi-

tation at the Kleine Scheidegg as a function of SYNALP weather

types.

A least-mean square fit allowing trends of monthly aver-

ages to be determined (Weatherhead et al., 1998, 2000) was

used to determine possible trends in the frequency of occur-

rence of the synoptic weather types during the analyzed 14-

years. Only one statistically significant trend at 90 % con-

fidence level was detected: CC weather type has a negative

trend of −4 %/year. Due to the very low frequency of occur-

rence of this weather type, this corresponds to −2 h/year or

−1 day/12 years. This very small trend cannot induce signif-

icant change in the PBL influence at the JFJ.

3.2 Mean annual and diurnal cycles of meteorological

parameters

The mean 14-year annual cycles of T , RH, W at the JFJ and

precipitation (at the Kleine Scheidegg) are presented in Fig. 3

and the corresponding mean diurnal cycles for the April–

May period in Fig. 4. The UV cycles are similar to the W

cycles and will therefore not be presented here. Diurnal cy-

cles of precipitation are not shown either since only daily

values are available at the Kleine Scheidegg.

During the CA weather type associated with subsidence,

T , W and UV are higher and the RH and the precipitation

lower than for all other weather types during the whole year.

Contrary to all other weather types, the RH annual cycle is

well defined during CA situations, with a minimum in Jan-

uary (45 %) and a broad maximum in the May–August pe-

riod. All these features can be explained by the adiabatic

warming and cloud dissipation induced by CA situations.

CA situations also generally present the largest T , W and

RH diurnal cycles (Fig. 4, Table 3).

During the CC weather type associated with lifting, T is

lower than for all other weather types. A marked minimum

in T is found in February–March and can be explained by a

greater occurrence of CC with northerly upper wind (52 %)

than during the rest of the year (30 %), leading to a large

influence of Arctic air masses. A climatology of the Swiss

Alps (Urfer, 1979) describes February as the coldest month

for regions higher than 1500 m a.s.l. as well as the month

with a large number of extreme cases leading to a minimum

in T far lower than the mean T for the whole northern region

of the Alps. During the whole year, CC situations are also

characterized by high RH and precipitation and intermediate

W and UV values.

The CI weather type leads to T and RH values between

those of CA and CC, but to lower cloud coverage than for

CC (as seen by W) and to more precipitation than for CA.

The advective weather types from W, N and E lead to

rather low T during the whole year, associated with a small

diurnal cycle in T ; RH shows a continuous decrease during

the day that is superimposed on a diurnal cycle similar to that

of aerosols. The advective type W is associated with a high
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Fig. 4. Mean 1995–2008 diurnal cycles of the temperature, the rela-

tive humidity percentage RH and the global short wave radiation W

for the April–May period as a function of SYNALP weather types.

amount of precipitation, and type E with very low precipita-

tion (not shown).

The AS weather type exhibits higher T , RH and precip-

itation, and lower W than other advective situations during

the whole year. It also leads to cloud coverage and a diurnal

increase in RH associated with a continuous decrease in T

during the day that is superimposed onto a diurnal cycle in

T similar to that of aerosols (Fig. 4 and Table 3). The AS

weather type usually leads to precipitation at the end of the

day or the day after where the mean amount of precipitation

the day after AS situations (0.23 mm) is greater than after all

other weather situations (from 0.02 to 0.15 mm).

The M weather type has low W and intermediate T and

RH values during the whole year (Fig. 3), and middle to high

precipitation.

3.3 Median annual cycle of aerosol variables

The 1995–2008 median annual cycles of dry babs, bscat and

N are shown in Fig. 5a, the contributions of the different

synoptic weather types are shown in colors; they are calcu-

lated accordingly to Eq. (1). Similar graphs with the relative

contribution (YSYNALP(i)

/

Y ) of each SYNALP weather type

to the total value Y of the aerosol variables are provided in

Fig. 5b. Note that these numbers are influenced by both the

absolute values of the aerosol variables and the frequency of

occurrence of the weather type, as stated by Eq. (1).

The annual cycle is similar for all three aerosol variables

presented in Fig. 5, with: (i) a maximum in July–August co-

incident with the maximum in T , (ii) a local maximum at the

summer solstice, coincident with the maximum in W , as well

as (iii) a second local maximum in April–May. The latter is

principally due to the increase in T and convective situations

(CA and CI) leading to an increase of the aerosol concen-

tration followed by a decrease of aerosol concentration due

to wet removal by increased precipitation at the end of May

and the beginning of June (Fig. 3). The summer is domi-

nated by the influence of CA (subsidence) and CI situations,

which together have a relative contribution of 75 %, 72 % and

66 % of bscat, babs, and N , respectively (see Fig. 5b). The CC

type (lifting) has its greatest impact in the February–April pe-

riod particularly on N . All three aerosol variables have their

minimum in winter, when the greater influence of advective

types on the scattering and absorption coefficients is related

to a greater frequency of occurrence of these weather types

(Fig. 2).

The annual cycle of N (Fig. 5a) is less pronounced than

those of babs and bscat for all weather types, which is mainly

due to the fact that N is not only influenced by vertical trans-

port but also by new particle formation and growth, which

also proceeds in winter (Weingartner et al., 1999). The an-

nual maximum of N occurs at the summer solstice, which

coincides with the maximum in W and UV intensity, enhanc-

ing new particle formation. The annual cycle of babs exhibits

a lower local maximum in June than N and bscat due to its

lower sensitivity to the growth of newly formed particles.

However, the annual cycles of babs and particularly N are

quite different if only M, AW+N+E, AS and CC weather

types are considered. In this case the maxima are found in

April, while the summer concentration only presents a local

maximum. Each weather type thus results in a different PBL

influence at the JFJ (and consequently in different aerosol

properties) depending on the periods of the year. The aerosol

annual cycles allow periods of the year to be defined which

show significant differences. First, the November–January

period is characterized by low values of the aerosol vari-

ables and by a high frequency of occurrence of the AW+N+E

weather type that particularly contributes to babs and bscat.

Second, a rapid increase in aerosol variables occurs during

February–March, associated with the greater influence of CC

(lifting). Third, CA and CI weather types become predom-

inant during April–May. Fourth, the June–August period is

characterized by maximum values in all aerosol variables,

due to the largest PBL influence. Finally the September–

October period is characterized by a rapid decrease in aerosol

concentrations for all synoptic weather situations but particu-

larly CA and CI. These five periods of the year have therefore

been chosen to further investigate the diurnal cycles.
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(a) (b)

Fig. 5. Median 1995–2008 annual cycles of the absorption coefficient at λ = 880 nm, the scattering coefficient at λ = 550 nm and the aerosol

number concentration as a function of SYNALP weather types: (a) summed contributions of each weather type as a function of the measured

variables during each weather type and its frequency of occurrence, (b) relative contributions of each weather type in %.

Fig. 6. Median 1995–2008 diurnal cycles of the absorption coef-

ficient at λ = 880 nm, the scattering coefficient at λ = 550 nm and

the aerosol number concentration for 5 defined periods of the year

(see middle graph for definition) as a function of SYNALP weather

types.

3.4 Median diurnal cycles in aerosol variables

Diurnal cycles of bscat, babs and N are presented in Fig. 6 for

the five periods defined above. The M type is not represented

in Fig. 6 since it does not correspond to a well defined mete-

orological situation. In addition, it occurs rarely and is never

associated with high aerosol concentrations. However, its di-

urnal cycles are similar to those of advective situations from

W, N and E most of the time.

N always exhibits the most pronounced diurnal cycles and

babs the least distinct diurnal cycles, especially in winter,

due to their respective greatest and lowest sensitivities to the

growth of newly formed particles (see Sect. 1). The June–

August period always leads to well defined diurnal cycles

of N , with large amplitudes. The November–January and

February–March periods display the weakest diurnal cycles

of the year, with babs exhibiting no diurnal cycles for most of

the weather types. The maxima are usually found between

14:00 and 18:00, and the minima (if well defined) between

05:00 and 07:00. In summer, all weather types also present

a local maximum in babs between 08:00 and 10:00, similar

to NOx (not shown) and N that may be due to local con-

tamination by diesel exhaust from a snowcat used for tourist

purposes only in summer.

For most of the year, CA (subsidence) presents the largest

diurnal cycles. In summer both the CA maxima and minima
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Fig. 7. Amplitude (max/min) of the diurnal cycles of babs, bscat and

N concentration for CA (subsidence), CC (lifting) and advective

weather types from W, N and E. Figure 6b inset shows the April

diurnal cycle of the scattering Ångström exponent at 550 nm. Error

bars correspond to non-parametric confidence limits.

are much higher than those of all the other weather types; the

summer CA minima of babs and bscat are even higher than

the diurnal maxima for all other weather types and seasons.

In September–October, bscat has a particularly large diurnal

cycle compared to babs for the CA and CI weather types.

During CC situations, a larger diurnal cycle of bscat is

observed during November–March periods with the highest

daily maxima, whereas the N diurnal cycle presents the same

features only in February–March with high maxima and min-

ima.

During April–October periods, the AS weather type

presents a continuous decrease of all aerosol variables during

the day, which is superimposed onto the usual diurnal cycle

during summer. Such a continuous diurnal decrease is most

probably due to aerosol wet removal on the Alpine windward

side during AS situations.

To gain information on the PBL influence during the af-

ternoon, the amplitude of the diurnal cycles – ratio between

the maximum and the minimum values of the monthly me-

dian diurnal cycle – are plotted for babs, bscat, and N during

CA, CC and AW+N+E weather types (Fig. 7). Diurnal cycle

amplitudes are neither plotted for the AS type since a contin-

uous diurnal decrease is usually observed, nor for the CI type

since their amplitudes remain rather constant between 1.4

and 2.7 throughout the year, nor for the M type that is sim-

ilar to the AW+N+E type. The annual cycles of the diurnal

amplitude are almost similar for the three described aerosol

variables. For the CA type (subsidence), the diurnal cycles

are significantly more pronounced in the spring (April–May)

and in the autumn (September–October) and lower in sum-

mer. For the CC type (lifting), the diurnal cycles of bscat and

N are significantly more pronounced in January–March and

Fig. 8. Mean 1995–2008 annual cycles of NOx and SO2 concentra-

tions as a function of SYNALP weather types.

in July. During advective situations from W, N and E, the

diurnal cycles are most pronounced in summer for babs and

bscat, which is not observed for N . The inset in Fig. 7b shows

the CA diurnal cycle of the scattering Ångström exponent in

April, which is the only month showing a clear diurnal cy-

cle with smaller values corresponding to larger particles in

the morning, and larger values corresponding to smaller par-

ticles during the afternoon. The diurnal cycle of the aerosol

size between the FT aged aerosol in the morning and the PBL

aerosol in the afternoon is therefore only observed in April

for the subsidence (CA) case. This means that for all other

weather types and months, the scattering Ångström exponent

cannot detect a diurnal evolution of the aerosol size distribu-

tion.

4 Discussion

4.1 PBL influence at the JFJ

Advective weather types are predominant from November

to January with a 45 % frequency (Fig. 2). During this pe-

riod, babs and bscat are effectively dominated by the contribu-

tion of advective weather types (>40 %, see Fig. 5), whereas

CA and CI weather types also contribute substantially to N

(50 %). This difference is due to the sensitivity of N to the

growth of newly-formed particles at the JFJ and in the ad-

jacent valleys (see the diurnal cycle of N in winter, Fig. 6).

The SO2 concentration, which enhances new particle forma-

tion, is at a maximum from November–April, whereas the

NOx concentration, which enhances particle growth, is at a

maximum in March–April and in November (Fig. 8). Dur-

ing winter, longer lifetimes and higher emissions (due to do-

mestic heating, cold start engine conditions, etc) explain the
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Fig. 9. Median 1995–2008 diurnal cycles of CO concentration for

the 5 defined periods of the year as a function of SYNALP weather

types.

higher concentrations of primary gas phase compounds mea-

sured in the FT at the JFJ (Balzani Lööv et al., 2008). The

CA and CI weather types lead to high global radiation and

the lowest cloud coverage, so that their contributions to new

particle formation in winter are clearly visible in the annual

cycle of N (Fig. 5).

In February and March, babs,bscat and N increase for all

weather types, but particularly for lifting (CC) and advection

from W, N and E. Lifting also shows particularly strong di-

urnal cycles in N and bscat. The absence of a diurnal cycle

in babs shows that the increase in N and bscat during the af-

ternoon is not due to aerosol from the Swiss plateau reaching

the JFJ. The high CO concentration during the whole year

(Fig. 9) indicates that the CC weather type allows PBL air

masses to be transported to the JFJ altitude, but that aerosols

are removed most of the time by wet deposition. The for-

mation rate of new particles from gaseous precursors and

their subsequent growth are generally enhanced by solar ra-

diation, by lower temperature (due to higher supersaturations

of the condensable gas phase species at colder temperatures;

Clausius-Clapeyron equation), by high precursor concentra-

tions and a low aerosol surface area concentration available

as a condensational sink (i.e., a low concentration of accu-

mulation mode particles). Clouds inhibit however new par-

ticle formation and growth processes and enhance loss pro-

cesses of newly formed particles by scavenging (Boulon et

Fig. 10. Difference between the diurnal maximum and minimum in

median N values measured at the JFJ versus W ·SO2/T 2 measured

at Payerne (Swiss plateau) for different SYNALP weather types,

and periods of the year. The upper and lower confidence limits on

the y-axis are calculated with a non-parametric estimator, where the

x-axis error bars are calculated with standard error propagation of

the instrument uncertainties. The x-axis error bars are plotted only

for CC for the purpose of clarity.

al., 2010). In February and March, the high precursor con-

centration (Fig. 8) is associated with relatively high global

radiation at the JFJ (W is higher during CC than during M

and all advective weather types), low surface area concentra-

tions and very low temperatures; all these parameters favor

high rates of new particle formation and contribute to the di-

urnal cycle in N and bscat. To model this dependence, the dif-

ferences between the diurnal maximum and minimum in me-

dian N values at the JFJ are plotted (Fig. 10) as a function of

W ·[SO2]/T 2. The parameters W (global short wave solar ra-

diation), [SO2] (SO2 concentration in ppbv), and T (temper-

ature in K) are measured at Payerne which is considered to be

representative of the Swiss plateau region. In this simplified

model, [SO2] is used as a proxy for all the precursors gases,

while the square of the temperature was chosen to represent

the temperature dependence of the Clausius-Clapeyron equa-

tion. Figure 10 shows that the high concentration of particles

in February–March during CC can be simply explained by

meteorological parameters and the precursor concentration

over the Swiss plateau region. The contribution of new parti-

cle formation during CC is particularly visible in February–

March due to the very low aerosol number concentration dur-

ing all other weather types. This correlation is worse for

other weather types, due to the decoupling between the Swiss

plateau region and the JFJ during the coldest months or to

lower wet removal leading to a higher condensation sink.

Weingartner et al. (1999) showed that the aerosol size dis-

tribution presents a high concentration of Aitken and nucle-

ation mode particles in case of CC. However, considering all
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synoptic situations, new particle formation at the JFJ is at

a maximum in late spring and early summer (Manninen et

al., 2010; Boulon et al., 2010). The JFJ is further character-

ized by a high amount (22.3 %) of ion-mediated nucleation

and a high growth rate (∼5 nm h−1 for particles in the range

d = 1.3–20 nm (Boulon et al., 2010)).

In April and May, the CA and CI weather types become

dominant, presenting the major contribution to all aerosol

variables (Fig. 5). For subsidence (CA), large diurnal cy-

cles are found for all aerosol variables and their amplitudes

are at a maximum in April for babs and bscat, and in May for

N (Fig. 7). The CO concentration also shows a clear diurnal

cycle during subsidence (Fig. 9). April is the only month pre-

senting a clear diurnal cycle of the scattering Ångström expo-

nent indicating a larger aerosol size (low scattering Ångström

exponent) from 02:00 to 12:00 and a smaller aerosol size

(high scattering Ångström exponent) from 14:00 to 24:00

(see insert in Fig. 7). The large diurnal cycles of aerosol

variables, of CO concentration and of the Ångström expo-

nent and the higher concentration of aerosols from more pol-

luted air masses during the afternoon show that the influence

of the PBL due to thermal convection occurs from April on-

ward during the CA weather type. The minima of aerosol

variables, CO concentration and of the Ångström exponent

remain, however, similar to the values during winter and dur-

ing April–May in case of all other synoptic weather types.

These low aerosol and CO concentrations during the night

associated with the presence of larger particles (Ångström

exponent) prove that FT conditions prevail during the night

for all weather types. This alternation of FT and PBL air

masses leads to a maximum amplitude in diurnal cycles dur-

ing the CA weather type. All other weather types exhibit

a small diurnal cycle reflecting a very small and unsystem-

atic influence of the PBL during the afternoon, while the AS

weather type exhibits no diurnal cycle.

Aerosol variables are greatly enhanced in summer (June–

August) during subsidence (CA) even if the frequency of oc-

currence of the CA weather type is not really higher than

during the rest of the year; the higher aerosol concentration

is due to mountain venting induced by higher temperatures

and allowing the export of PBL air to the FT, as was also

observed by Henne et al. (2005b). The diurnal minima of

all aerosol variables are much higher in summer for the CA

weather type than for other weather types (see Fig. 6). Higher

aerosol concentrations during the night are due to the remain-

ing influence of residual layers under these meteorological

(high T ) and synoptic conditions. All other weather types

also present pronounced diurnal cycles of aerosol variables,

RH and CO concentration which implies that PBL air masses

reach the JFJ during the afternoon due to high values of T in

summer, but that FT air masses prevail during the night. The

high aerosol concentration during summer is lower at the be-

ginning of June as a result of high precipitation, and lower in

the second half of August due to both precipitation and lower

W during CA weather types.

Finally, the September–October period is characterized by

a less sharp decrease in aerosol variables than in August

with values similar to the February–March period, but with a

larger diurnal cycle for all weather types except for CC (lift-

ing). During CA and CI weather types, bscat and N have a

larger diurnal cycle than babs due to higher global radiation

and therefore enhanced new particle formation and growth.

During autumn, thermally driven convection above the tem-

perature inversion frequently brings high-alpine air masses

to the JFJ (Lugauer et al., 2000).

The PBL influence at the JFJ as a function of the synop-

tic weather types is summarized in Fig. 11, which shows the

diurnal maxima and minima of the median babs and N . The

AW+N+E weather type exhibits the lowest diurnal maximum

in babs and N in winter, involving the smallest PBL influence

and lowest concentration of newly formed particles. The

PBL influence during the afternoon is shown by diurnal max-

ima in babs and occurs from April–September during subsi-

dence (CA) with a maximal PBL influence in July and Au-

gust. The relatively high diurnal minima in babs indicate the

influence of residual layers at the JFJ during the night from

June–August during subsidence (CA) and to a far lesser ex-

tent during the CI weather type. All other weather types (CC,

M and all advective situations) present higher diurnal max-

ima in summer but the diurnal minima remain low, leading

to a PBL influence during the afternoon but to FT conditions

during the night. The growth of newly-formed particles is

observed in January–April during lifting (CC) as can be seen

in diurnal maxima and minima of N , although this high con-

centration of new particles can be explained by meteorolog-

ical parameters and precursor concentrations over the Swiss

plateau. Finally, new particle formation is also enhanced dur-

ing subsidence (CA) due to higher global radiation, as can be

seen by the higher diurnal maxima in N during the whole

year but particularly in September and October.

4.2 Quantification of PBL air masses exported to the

JFJ

The export of PBL air masses to the JFJ can be quantified

by the relative increase (ri) in the specific humidity and CO

concentration (Prévôt et al., 2000; Henne et al., 2005b):

ri =
CJFJ(afternoon)−CJFJ(morning)

average(CPAY)−CJFJ(morning)
(2)

where CJFJ and CPAY are the concentrations measured at the

JFJ and in Payerne, respectively. For the morning and after-

noon values, the averaged daily minimum (restricted to the

morning between 04:00 and 12:00) and maximum (restricted

to the afternoon between 12:00 and 23:00) were used, respec-

tively. The average in Payerne was taken as the daily aver-

age between 09:00 and 20:00. The value of ri for the spe-

cific humidity was calculated from measurements at Stabio

(SwissMetNet station in Tessin, see Fig. 1) for AS situa-

tions, but ri for the CO concentration is not reported since CO
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Fig. 11. Monthly diurnal maxima and minima of babs and N as a function of SYNALP weather types. Error bars correspond to non-

parametric confidence limits.

Fig. 12. Relative increase in the specific humidity and in CO con-

centration calculated from JFJ and Payerne data for all weather

types and for the defined periods of the year. Data for the AS

weather type was taken from the Stabio site, south of the Alps.

measurements south of the Alps are only reported for urban

areas and are not representative of the boundary layer con-

centration. Days with a too high wind velocity (>10 m/s) and

precipitation (>1 mm/day) were excluded from this analysis

(Henne et al., 2005b). When the vertical motion is zero then

ri = 0 %, whereas similar concentrations measured at the JFJ

and on the Swiss plateau would yield ri = 100 %. The maxi-

mum export of PBL air masses occurs during the CA weather

type in the April–August period with respect to specific hu-

midity and in June–August with respect to CO concentration,

ri reaching 35 % and 45 % respectively (see Fig. 12). For

all other weather types, the mean ri during summer is about

20 % for both the specific humidity and CO concentration.

The lowest ri values (5–10 %) are found in the November–

January period for the AW+N+E, CA and CI weather types.

Since the CC weather type is often connected with precip-

itation, the relative increase in CO concentration probably

leads to a better estimate of the export of PBL air masses to

the JFJ than the specific humidity. The CO relative increase

during lifting (CC) is usually higher than for other weather

types, with 25 % from April–October, a minimum (7.5 %)

in November–January and a maximum in February–March

(40 %). The M weather type leads to high ri for both the

specific humidity and CO concentration for February–May.

For the time with the lowest vertical transport (November

to January and within this time period particularly for the

weather types AW+N+E), a maximum of 5–10 % of PBL air

masses are exported to the JFJ. During strong vertical trans-

port weather types (CA in April–August, CC in February–

March), ri always remains under 45 % so that the most pol-

luted air masses at the JFJ contain less than 50 % of PBL

air masses. In a study concerning two years of reactive ni-

trogen (NOy) measurements (Zellweger et al., 2003), it was

concluded that a 14-20 % maximum contribution of PBL

to FT air masses occurred during convective weather types,

whereas a 12-year analysis of the specific humidity (Henne

et al., 2004) concluded that a maximum of 30 % of air masses

between 2500 and 4000 m a.s.l. originated from the PBL.

A 10-year trend analysis of the aerosol optical proper-

ties showed that positive trends were found for the scatter-

ing, backscattering, and absorption coefficients and for the

number concentration during the September–December pe-

riod (Collaud Coen et al., 2007). This increase of the ex-

tensive aerosol properties during autumn was tentatively re-

lated either to modification of the PBL influence over large

regions, or to long-range transport from areas with increasing

air pollution. No significant trends were detected for summer

when the JFJ is more strongly influenced by the injection of

PBL air masses. An analysis of the trend of PBL influence
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at the JFJ is presently being performed and will help to ex-

plain the trends of the aerosol optical properties. This re-

mains however a complex question that includes trends of

the aerosol and meteorological parameters measured on the

Swiss plateau and at the JFJ as well as trends in the diurnal

cycles measured at the JFJ.

5 Conclusions

An analysis of a 14-year dataset (1995–2008) of meteoro-

logical and aerosol variables as well as gaseous compounds

was performed for different synoptic weather types. Subsi-

dence, lifting and advective weather types present three dif-

ferent seasonalities and lead to various PBL influences at the

JFJ. The November–January period is characterized by very

low aerosol concentrations and almost no diurnal cycle of the

aerosol variables, demonstrating the negligible influence of

the PBL for all synoptic weather types except for lifting (CC)

which only occurs 6 % of the time. In February and March,

the lifting weather type makes a large contribution to the

aerosol number concentration mainly through the growth of

newly formed particles over the Swiss plateau. From March

onwards, the subsidence (CA) and convective indifferent (CI)

weather types gradually become the dominant weather types,

and result in the JFJ being influenced by the PBL during the

afternoon, while the night is predominantly influenced by the

FT. During summer, the high temperatures lead to PBL influ-

ence by thermal convection for all weather types. For subsi-

dence (CA) cases, air masses from residual layers continue

to influence the JFJ during the night, leading to higher diur-

nal minima than for other weather types. Lower W values

during CA and generally higher precipitation in August lead

to a rapid decrease of the aerosol variables after the temper-

ature maxima at the end of July. A slower decrease is ob-

served in September and October, however, with enhanced

new particle formation for the subsidence and CI cases due

to higher global radiation during these weather types. The

JFJ is negligibly influenced by the PBL during winter for ad-

vective weather types. The largest PBL influence is found

during summer for the convective anticyclonic weather type,

when residual layers influence the JFJ during the night. An

analysis of the relative increase of the specific humidity and

CO concentration allows us to estimate that on average less

than 45 % of PBL air is found at the JFJ during all synoptic

weather conditions.
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