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High altitude mountaintop observatories provide the opportunity to study aerosol properties
in the free troposphere without the added expense and difficulty of making airborne mea-
surements. Climatologies for free tropospheric aerosol radiative properties in cloud-free
air, including light scattering, light absorption, light extinction, single scattering albedo, Ångström
exponent, hemispheric backscatter fraction and radiative forcing efficiency, from twelve high alti-
tude (2.2–5.1 km)measurement platforms are presented at low relative humidity and at standard
temperature and pressure. These climatologies utilize data from ten mountaintop observatories in
the 20–50ºN latitude band:Mauna Loa, USA; LulinMountain, Taiwan;Nepal Climate Observatory—
Pyramid; Izaña, Spain; Mount Waliguan, China; Beo Moussala, Bulgaria; Mount Bachelor, USA;
Monte Cimone, Italy; Jungfraujoch, Switzerland; Whistler Mountain, Canada. Results are also in-
cluded from two multi-year, in-situ aerosol vertical profiling programs: Southern Great Plains,
USA and Bondville, USA. The amount of light absorption and scattering observed at these high alti-
tude sites either peaks in the spring or it has a broad spring to summer enhancement. The seasonal
variation of the aerosol single scattering albedo, backscatter fraction and Ångström exponent
changes from site to site but the timing can be related to aerosol sources and transport processes
known to impact the individual sites. The seasonal variation of in-situ aerosol light extinction
from these high altitude measurements is in excellent agreement with extinction values derived
from CALIPSO lidar measurements. Analysis of the systematic variability among in-situ aerosol
properties shows that these relationships can be used to infer aerosol types. In particular, the rela-
tionship between single scattering albedo and Ångström exponent can indicate the presence of
dust aerosol. Radiative forcing efficiency (RFE=aerosol forcing/aerosol optical depth) is used to
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assess the importance of single scattering albedo and backscatter fraction on aerosol forcing by
eliminating aerosol amount (i.e., aerosol optical depth) from the calculation. Variability inmonthly
cycles of RFE corresponds with changes in single scattering albedo and hemispheric backscatter
fraction. Utilizing site-specific, climatological values of single scattering albedo and backscatter frac-
tion to calculate RFE results in departures from the monthly median values of RFE typically in the
range 10–30%. The greatest discrepancy occurs for months with low aerosol loading where the ob-
served variability of single scattering albedo and backscatter fraction is the greatest. At most sites
the radiative forcing efficiency at low aerosol loading (light scatteringb10 Mm−1) is slightly less
negative (more warming) than at higher aerosol loading.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Atmospheric aerosol particles affect the earth's radiative
balance in several ways. They can scatter and absorb radiation,
directly changing how much radiation reaches any particular
location. Furthermore, aerosol particles indirectly influence
the earth's radiative balance by acting as cloud nuclei. Themag-
nitude and sign of the aerosol forcing effect are determined, in

part, by both the horizontal and vertical distribution of the
aerosol particles (Haywood and Ramaswamy, 1998). The hori-
zontal distribution of aerosol particles is important because the
aerosol forcing changes with the underlying surface (e.g.,
ocean, snow, etc.) as well as the solar angle and length of day.
The vertical location of atmospheric particles on the other
hand affects the thermal profile of the atmosphere. Sanroma
et al. (2010) suggested that, during cloud-free conditions,
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high altitude aerosol particles are the major contributor to var-
iations in solar radiation flux reaching the surface, at least at the
high altitude sites they studied. The positive radiative forcing
associated with strongly absorbing particles is amplified
when these particles are located above clouds (Zarzycki and
Bond, 2010 and references within).

With lifetimes on the order of days to weeks, aerosols are
not distributed homogeneously in the atmosphere. This results
in local, regional and global differences in radiative forcing and
creates an observational challenge. Near the surface, the cover-
age of geographic or global variation in aerosol properties due
different mixes of aerosol sources and atmospheric processing
is often addressed by using networks of measurement sites.
Two examples are NOAA's baseline observatory network
(http://www.esrl.noaa.gov/gmd/) which focuses on monitor-
ing background air and the European Supersites for Atmo-
spheric Aerosol Research (EUSAAR) network designed to
investigate regional atmospheric properties in terms of air
quality, climate change and long range transport (www.
eusaar.net/). Vertical profiles and high altitude measurements
of aerosol optical properties are sparse. During field campaigns
instrumented airplanes may obtain a small number of profiles
over a short period of time. While these short-term measure-
ments provide valuable in-depth information about processes
and events, campaign-based aircraft aerosol observations are
not designed to diagnose the annual or seasonal climatology
of aerosol optical properties. Additionally, due to the short-
term nature of field campaigns, there is often little information
aboutwhether the results are representative of the region and/
or time period. Surface and spaced-based lidars can provide
long-term time series of aerosol backscattering, and sometimes
extinction, as a function of altitude but they are do notmeasure
key climate variables such as aerosol single scattering albedo or
asymmetry parameter. High altitude mountaintop observato-
ries provide the opportunity to make long-term, continuous
observations of in-situ aerosol properties in the free tropo-
sphere (FT) without the added expense and difficulty of mak-
ing airborne measurements. Diurnal and synoptic flow
patterns can bring varying degrees of boundary-layer or FT air
to mountaintop sites. Though segregating boundary layer and
FT air can be a challenge, high altitude sites provide a unique
opportunity to understand differences and similarities in aero-
sol properties between these two layers.

Aerosol transport in the free troposphere has important im-
plications for both air quality and climate (Laj et al., 2009). Faster
wind speeds in the FT allow aerosols that have been injected into
this layer to be transported over long distances. Once lofted into
the FT, dust, biomass burning smoke and anthropogenic pollu-
tion aerosols from surface sources can be transported hemi-
spherically (e.g., McKendry et al., 2001; Wandinger et al., 2002;
Mattis et al., 2008). Under favorable meteorological conditions,
aerosols that have been redistributed in the FT can be entrained
back down to the surface, affecting air quality thousands of kilo-
meters from the aerosol source region (e.g., McKendry et al.,
2001, Colette et al., 2008).

Laj et al. (2009) suggest that the FT is more spatially repre-
sentative of the global atmosphere than the boundary layer be-
cause aerosol residence times in the FT can be on the order of
several weeks (Kent et al., 1998). Thus aerosols that are trans-
ported through the FTmay have extended climate and air qual-
ity impacts. This also implies that long-term measurements in

the free troposphere may be more useful for satellite validation
than those located close to surface aerosol sources.Most surface
aerosol measurement sites arewithin the boundary layer, how-
ever there is a small subset of high elevation sites.

The existing literature on in-situ aerosol measurements
falls into two categories. The first category encompasses de-
tailed analyses of long-term aerosol optical property measure-
ments for individual observatories. Some examples for the
high altitude measurement platforms included here are:
Marcq et al. (2010), Collaud Coen et al. (2007), Marinoni et
al. (2008), Andrews et al. (2004), Nyeki et al. (1998a), and
Bodhaine (1983). These in-depth analyses provide a wealth
of information about the sources and transport of aerosols to
the site, temporal cycles (diurnal to seasonal), etc., but the
data are not presented to allow a direct comparison with ob-
servations from other locations. The second category com-
pares long-term aerosol optical measurements from several
sites. The goals of these studies are either to diagnose regional
trends or to identify differences between observations due to lo-
cation and predominant air mass types. Examples in this catego-
ry include Delene and Ogren (2002), Gebhart et al. (2001),
Bodhaine (1983), and Bodhaine (1995), however none of
these studies focused on high altitude measurements. To our
knowledge, this is the first paper comparing long-term in-situ
aerosol optical measurements from high altitude observatories.

This work presents the first climatology of northern hemi-
sphere (20–50°N) FT aerosol optical properties based on con-
tinuous, long-term in-situ measurements at high altitude
observatories. By bringing together measurements from un-
related networks and sites we address knowledge gaps, such
as those identified by Laj et al. (2009). Over the last several de-
cades the number of mountaintop observatories continuously
measuring in-situ aerosol radiative properties has increased
significantly from a single station (Mauna Loa, USA) in the
1970s to at least ten observatories actively making these mea-
surements today. By taking this data set as a whole and devel-
oping a self-consistent climatology, the combined observatory
measurements of FT aerosol radiative properties have the po-
tential to contribute to aerosol-climate research in a way that
far exceeds the contribution from individual observatories. For
example, this type of analysis may help constrain chemical
transportmodels, validate satellitemeasurements, and quantify
the influence of anthropogenic pollution, smoke, volcanoes and
dust episodes on FT aerosol properties.

Using high altitude measurements, screened for both cloud
contamination and boundary layer contamination (the
screening is described below), the following questions are
addressed:

(1) What are the similarities anddifferences in themeans and
variability of free-tropospheric aerosol radiative proper-
ties at a wide range of locations?

(2) How do these in-situ climatologies of free tropospheric
light extinction compare to the satellite-derived
climatologies?

(3) Do FT aerosol radiative properties vary systematically?
What (if anything) does this systematic variation suggest
about aerosol sources?

(4) What is the relative importance of aerosol amount and
aerosol optical properties for direct radiative forcing
calculations?

367E. Andrews et al. / Atmospheric Research 102 (2011) 365–393



Author's personal copy

2. Methodology

2.1. Site descriptions

The aerosol climatology presented here utilizes in-situ data
from ten mountaintop observatories in the 20–50ºN latitude
band shown in Fig. 1 with site information (e.g., size cut, instru-
mentation, and length of data sets) listed in Table 1. Results are
also included from twomulti-year, in-situ aerosol vertical profil-
ing programs performed using small instrumented aircraft:
Southern Great Plains, USA (SGP) and Bondville, USA (BND).
Sites were chosen based on the following criteria: (a) availabil-
ity of long-term (N1 year) continuous measurements of light
scattering and (except Beo Moussala (BEO)) light absorption
and (b) station elevation sufficiently high (N2 km asl) to fre-
quently sample FT air (note: the surrounding terrain will also
play a role in determining whether a site is frequently in the
FT, however a simple topographical parameterization is not, to
our knowledge, something that can easily be determined on a
site-by-site basis). Potential sites were initially identified using
the GAWSIS database (http://gaw.empa.ch/gawsis/). The sites
meeting these two criteria were all in the 20–50°N latitude
range with the exception of South Pole (90.0°S, 2841 m asl)
which was considered too clean/remote to be included here.
Some additional information about each of the sites included
in this study is described below. Note: where there is a differ-
ence, we have used the site ID tag in the GAW database rather
than the local site acronym or identifier.

2.1.1. Mauna Loa, USA (MLO)
The Mauna Loa Observatory was established in 1956 on

the island of Hawaii as a site for atmospheric and meteoro-
logical measurements. The National Oceanic and Atmospher-
ic Administration (NOAA) Geophysical Monitoring for
Climatic Change (GMCC) program (now the NOAA Earth Sys-
tem Research Laboratory (ESRL) Global Monitoring Division)
began long-term monitoring of aerosol light scattering at
MLO in 1974 and light absorption in 1990. Here, we only
use data from 2001 onward as that is when the instruments
consistent with those at the other sites in this study were
installed. The current instrument installation at MLO is simi-
lar to that described in Sheridan et al. (2001). Bodhaine

(1983) and Bodhaine (1995) present time series of the first
eight years of light scattering and light absorption at MLO
and note a strong seasonal cycle where higher scattering
and absorption are observed in the springtime. These peaks
were attributed to long-range transport of Asian dust and
pollution (e.g., Perry et al., 1999).

2.1.2. Whistler, Canada (WHI)
The observatory atWhistler Mountain in British Columbia is

operated by Environment Canada and has been collecting gas
and aerosol data since March 2002 (Macdonald et al., 2011).
Aerosol optical property measurements began in 2008. Physical
and chemical measurements of the aerosol measured at WHI
are described by Takahama et al. (2011). The measurements of
aerosol radiative properties are discussed by McKendry et al.
(2011).WHI is influenced by airmasses conveyed across the Pa-
cific from Asia (e.g., Leaitch et al., 2009; Macdonald et al., 2011)
in the spring and Saharan dust can reach this site on occasion
(McKendry et al., 2007). Biogenic aerosols are measured at the
site during the late spring and summer and regional forest
fires often influence the site during the mid to late summer
(e.g. Takahama et al., 2011; McKendry et al., 2011). The site ex-
periences FT air frequently during the fall to early springwith in-
creasing boundary layer influence during late spring and into
the summer (Gallagher et al., 2011; Macdonald et al., 2011).

2.1.3. Mount Bachelor, USA (MBO)
Mount Bachelor Observatory is situated on a dormant vol-

cano in central Oregon. Mount Bachelor is home to a ski area,
and the instruments are located in the summit lift building.
The aerosol instrument set-up is described in Fischer et al.
(2010). Analysis of springtime observations from MBO has
shown that it is impacted by long range transport of Asian
dust, pollution and biomass burning aerosols (Weiss-Penzias
et al., 2007; Fischer et al., 2010). Some of the MBO aerosol in-
struments are only deployed in the springtime as a major
focus of the observatory is trans-Pacific transport, so the an-
nual cycle of light absorption and some intensive properties
are not described here. This site differs from the others in
this study in that a 1 μm aerodynamic impactor was deployed
upstream of the aerosol instruments. Thus the MBO observa-
tions only represent sub-μm aerosols.

MLO

BND

SGP

WLG

WHI

LLNPYR

BEO
MBO

CMN

JFJ

IZA

Mountain site
Aircraft site

20 N

50 N

Fig. 1. Map of stations super-imposed on a NASA city lights image(http://visibleearth.nasa.gov/view_rec.php?id=1438).
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2.1.4. Southern Great Plains, USA (SGP)
The Southern Great Plains surface site in Oklahoma is oper-

ated by the US Department of Energy (DOE) and measure-
ments of aerosol optical properties have been on-going since
1997 (Sheridan et al., 2001; Delene and Ogren, 2002). Between
2000 and 2007, a small, DOE-operated, instrumented light air-
craft flew vertical profiles over the surface site 1–2 times per
week, accumulating more than 750 profiles of aerosol scatter-
ing and absorption. A description of the first two years of mea-
surements is presented in Andrews et al. (2004). The profiles
were in the form of a descending stair step pattern with
upper altitude level legs (1800–4600m asl) approximately
10 min long and lower level legs (450–1500 m asl) approxi-
mately 5 min long. Here we assume the legs above 3000m
are in the FT, based on estimates of boundary layer height by
Turner et al. (2001), and the FT statistics we present for SGP
are from these higher altitude flight segments. The ‘all data’ sta-
tistics presented in Section 3 for SGP and BND include all level
flight legs flown between 400 and 5000 m asl.

2.1.5. Bondville, USA (BND)
The Bondville surface site in Illinois is operated by the Illinois

State Water Survey and aerosol optical property measurements
have beenmade at the surface site by NOAA since 1996 (Delene
and Ogren, 2002). Between 2006 and 2009 a small, instrumen-
ted airplane nearly identical to that at SGP flew regular profiles
over or near the surface site accumulating 401 profiles. Many
of the profiles were timed to match A-train overpasses with
the intention of validating extinction measurements from
CALIPSO. As with the SGP profiles, only legs above 3000 m asl
were assumed to be in the FT. For both airplane data sets, the
10 minute level flight leg averaging time may result in noisier
data than is found for the long-term hourly averaged data
obtained at surface sites. The airplane data are also sparser
than the continuous mountaintop measurements. There were
typically 100–200 flights per year for each aircraft which gener-
ated a large number of vertical profiles, but the total sample
time is still much shorter than that produced from continuous
surface measurements.

2.1.6. Izaña, Spain (IZA)
The Izaña observatory is located in the Canary Islands on a

volcanic mountain ridge spanning Tenerife. IZA is operated
by the Meteorological State Agency of Spain. The observatory
is well above (1–2 km, depending on the season) the top of
the marine boundary layer. Local scale circulations induce
strong diurnal cycles in water vapor, trace gasses and aerosol
number concentrations (Rodríquez et al., 2009). The two
most frequent synoptic patterns influencing the site are (a)
northwesterly subsiding airflows from the North Atlantic
which occur throughout the year and are associated with FT
air and (b) east-southeasterly transport which occurs pri-
marily in the summer (and sporadically in February and
March) and is often laden with Saharan dust (Viana et al.,
2002; Alastuey et al., 2005; Diaz et al., 2006). Maring et al.
(2000) observed low scattering during NW air flows
which they associated with pollutants, but found that up to
85% of the scattering was attributed to dust under Saharan-
influenced flow regimes. Back trajectory analyses have also
suggested that long range transport of pollution from North
America and Europe may occasionally impact the site (Diaz

et al., 2006; Maring et al., 2000). However, more recent
work (Rodríguez et al., 2011) indicates that the climatology
of anthropogenic aerosols at IZA is dominated by the arrival
of North Africa air masses which bring a mixture of dust, in-
cluding sulfate containing minerals (gypsum and anhydrite),
and anthropogenic species (sulfate, ammonium and nitrate)
linked to industrial emissions in North Africa and transported
from the Mediterranean region.

2.1.7. Jungfraujoch, Switzerland (JFJ)
The Jungfraujoch high alpine research station is a Global At-

mosphere Watch (GAW) global station; it is also part of the
SwissMetNet network (MeteoSwiss) and of the Swiss National
Monitoring Network for Air pollution (NABEL). Routine mea-
surements of aerosol optical properties at JFJ began in 1995
by the Paul Scherrer Institute (PSI), although other aerosol
properties were measured before that time (e.g., Baltensperger
et al., 1991). Throughout the year the station is within clouds
about 40% of the time. Therefore, ambient air is sampled from
a total inlet, heated to 25 °C in order to evaporate cloud hydro-
meteors and to sample both their residual particles and the in-
terstitial (or not activated) particles (Weingartner et al., 1999).
Observations of the seasonal cycle of various aerosol parameters
have found a minimum in winter and maximum in summer
(Nyeki et al., 1998a,b; Baltensperger et al., 1997; Weingartner
et al., 1999). JFJ can be considered as being in the FT during
the entire day in winter; in spring during periods of synoptic
subsidence it is influenced by planetary boundary layer air
in the afternoon; and during summer boundary layer air sys-
tematically reaches the JFJ altitude during the afternoon, where-
as the station stays in the FT during night (Lugauer et al., 1998;
Baltensperger et al., 1997, Collaud Coen et al., 2011). Saharan
dust events occur between 10 and 30 times per year generally
in spring and autumn, leading to 250–650 h/year with mineral
dust load (Collaud Coen et al., 2004). Because of the long time
series of data available at JFJ, Collaud Coen et al. (2007) were
able to examine long-term trends in aerosol optical properties.

2.1.8. Monte Cimone, Italy (CMN)
Atmospheric measurements at Monte Cimone in the

northern Apennines have been made for more than a decade
(Bonasoni et al., 2000). Measurements of light absorption
began in 2005 (Marinoni et al., 2008) and routine light scat-
tering measurements began in 2007. Here we use absorption
data only from the start of the light scattering measurements
to ensuredata consistency (i.e., data corrections, see Section2.3)
with the rest of the sites in this study. Cristofanelli et al. (2009)
describes the instrument installation at CMN. CMN is influenced
by polluted air masses transported from both eastern andwest-
ern Europe throughout the year and Saharan dust occasionally
reaches the site in the spring and summer (Marinoni et al.,
2008). CMN may also be impacted by biomass burning (forest
fires) plumes from the Iberian Peninsula and northern Africa
during the warmer months (Marinoni et al., 2008; Cristofanelli
et al., 2009). The site experiences maxima in aerosol number
andblack carbon (BC) concentrations in the summer time likely
due to enhanced vertical transport from lower elevations while
in the winter negligible diurnal variations and low aerosol con-
centrations suggest CMN is in the FT (Marinoni et al., 2008). Ex-
cept during periods of PBL influence, the CMN site is considered
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representative of FT baseline conditions in the Mediterranean
region (Bonasoni et al., 2000; Fischer et al., 2003).

2.1.9. Moussala Peak, Bulgaria (BEO)
The Basic Environment Observatory (BEO) is supported

by the Institute for Nuclear Research and Nuclear Energy
within the Bulgarian Academy of Sciences. Measurements of
meteorological parameters began in 2003, measurements of
greenhouse gasses (ozone, CO2, NOx), and trace gasses con-
centrations (CO, SO2) began in 2006 (Angelov et al., 2011).
Light scattering measurements began in 2007. Nojarov et al.
(2009) studied ozone concentrations at BEO and saw differ-
ences in concentration depending on wind direction and
time of day. They suggested the site had little boundary
layer influence in the winter but transport from lower eleva-
tions was common in the summer.

2.1.10. Nepal Climate Observatory — Pyramid, Nepal (PYR)
Measurements at theNepal Climate Observatory— Pyramid

(NCO-P) began in 2006 in order to monitor the processes af-
fecting global climate change and investigate how remote
background sites are influenced by anthropogenic pollution.
The site was established under the aegis of ABC-UNEP and
SHARE-EV-K2-CNR. It is now a Global Atmosphere Watch
(GAW) station. Bonasoni et al. (2008, 2010) present an over-
view of the measurements and the complex meteorological
conditions at PYR. Marcq et al. (2010) describe the scattering
and absorptionmeasurements in more detail. The atmospheric
measurements (e.g., aerosol optical properties) show a strong
dependence on the meteorological conditions and diurnal cy-
cles caused by upslope/downslope flow. The summertime
monsoon results in clean conditions while the pre-monsoon
period is the most polluted. Air masses sampled at the site
come from the Indian subcontinent, the Arabian Peninsula
and Persian Gulf and included dust, biomass burning and an-
thropogenic pollution as well as relatively clean air as source
types. Marcq et al. (2010) identified 0500–0900 local time as
representative of background (FT) conditions suggesting that
earlier in the morning recirculation of previously lofted air
could cause contamination and nucleation of new particles
(Venzac et al., 2008).

2.1.11. Mount Waliguan, China (WLG)
Mount Waliguan is a GAW baseline observatory located on

the north-eastern edge of the Qinghai-Xizang (Tibet) plateau in

a dry arid region. More information about the station can be
found in Zhou et al. (2003). Kivekas et al. (2009) investigated
aerosol size distributions and number concentrations at WLG
over a multi-year period. They observed higher concentrations
in summer thanother times of year, although therewere extend-
ed periods of high concentrations in winter for one of the mea-
surements. They explained the higher summer concentrations
by noting that summer trajectories often passed over regional
sources to the east (the cities of Xining and Lanzhou) while tra-
jectories from the west passed over cleaner regions. Kivekas et
al. (2009) did not observe a consistent diurnal pattern in wind
direction, water vapor mixing ratio or accumulation mode aero-
sol for their period of study although diurnal wind direction
changes have been observed for wind for other time periods
(Wang et al., 2006). Kivekas et al. (2009) suggest it is difficult
to identify times whenWLG is in the FT.

2.1.12. Lulin Mountain, Taiwan (LLN)
The Lulin Atmospheric Background Station (LABS) was

established to study the impact of air pollutants resulting from
both regional sources and those arriving at the site via long
range transport (http://lulin.tw/index_en.htm). Routine mea-
surements of trace gasses, meteorological parameters, aerosol
properties and solar radiation have been operational since
2006. In autumn of 2008 light scattering and absorption mea-
surements were added to the suite of instruments at the site.
LLN is subject to air masses influenced by southeast Asia bio-
mass burning events (primarily in the spring), as well as air
masses that have passed over China, India and cleanermaritime
regions (particularly in the summer) (Chi et al., 2010; Lin et al.,
2010). Summertime is also monsoon season. In 2009 the mon-
soon was extremely powerful, and a coupled typhoon Morakot
struck Taiwan, resulting in huge landslides which caused tragic
loss of life on the island and prevented access to LLN formuch of
the summer.

2.2. Measurements and instruments

The data used here consist of hourly-averaged, quality-
checked light scattering and light absorption (where available)
measurements from the tenmountaintop sites. For the two air-
craft platforms light scattering and absorption values averaged
over each level flight leg from every flight profile were used.
Table 1 describes the relevant instruments operated at each
site and further instrument details are listed in Table 2. In all

Table 2
Measurement description.

Scattering instrument Total scattering
wavelengths (nm)

Backscattering
wavelengths (nm)

Corrections Manufacturer info

TSI nephelometer, 3563 450, 550, 700 450, 550, 700 Anderson and Ogren (1998) TSI, St. Paul, MN USA
RR nephelometer, M903 530 – Anderson and Ogren (1998)

(see Müller et al., 2009)
Radiance Research, Seattle, WA USA

EcoTech nephelometer, 9003 520 – Müller et al. (2009) EcoTech, Knoxville, Australia

Absorption instrument Absorption wavelengths (nm)

Aethalometer 370, 470, 520, 590, 660, 880, 950 Collaud Coen et al. (2010) McGee Scientific, Berkeley, CA USA
PSAP 565 or 467, 530, 660 Bond et al. (1999) Virkkula

et al. (2005)a
Radiance Research, Seattle, WA USA

MAAP 670 (635 meas) Müller et al. (2011) Thermo, Fischer-Scientific Franklin, MA USA

a At MBO the scattering response function from Virkkula et al. (2005) was used.
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cases light scatteringwasmeasured by integrating nephelome-
ters, and at least one channel measured at a green wavelength
(in the range 520–550 nm). Light absorption wasmeasured by
various filter-based measurements (i.e., particle soot absorp-
tion photometer (PSAP), aethalometer, multi-angle absorption
photometer (MAAP)). Most but not all absorption measure-
ments also included a green wavelength channel.

From the measurements of light scattering (σsp) and light
absorption (σap) the following parameters can be calculated
(Delene and Ogren, 2002; Andrews et al., 2006):

Light extinction σep

� �
; σep ¼ σsp þ σap ð1Þ

Single scattering albedo ωoð Þ; ωo ¼ σsp=σep ð2Þ

°Angstr
::
om exponent °að Þ; °a ¼ −ln σsp;1=σsp;2

� �
=ln λ1=λ2ð Þ ð3Þ

Backscatter fraction bð Þ; b ¼ σbsp=σsp ð4Þ

Asymmetry parameter gð Þ; g

¼ −7:14�b3 þ 7:46�b2−3:96�bþ 0:9893
ð5Þ

where σsp,i is the scattering coefficient at wavelength i, λi is
the wavelength i and σbsp is the backscattering coefficient
(σbsp is measured by all of the TSI nephelometers included
in this study). Unless otherwise noted aerosol optical proper-
ties are reported at 550 nm and the Ångström exponent
values are calculated using the 550 nm and 700 nm wave-
length pair. The measured parameters (σsp and σap) and σep

are extensive aerosol properties; they depend on the amount
of aerosol present. Single scattering albedo, the scattering
Ångström exponent, the backscatter fraction, and the asym-
metry parameter are independent of the amount of aerosol
present—they are termed aerosol intensive properties.

Both backscatter fraction and Ångström exponent provide
information about the size distribution of the aerosol particles
in an air mass. Backscatter fraction provides information about
the small end of the size distributionwhile Ångström exponents
are used to identify the presence or absence of large aerosol par-
ticles such as dust or sea-salt. Collaud Coen et al. (2007) present
a detailed discussion about the size distribution dependence of
both of these parameters. They show (their Fig. 7), for sub-
micron aerosol particles, that the backscatter fraction is
most sensitive to the smallest accumulation mode particles, i.e.,
diameterb0.4 μm, while the wavelength dependence of scatter-
ing efficiency (i.e., Ångström exponent) is most sensitive to
particles in the 0.5–0.8 μm diameter range. Delene and Ogren
(2002) show the importance of coarse (diameterN1 μm)
mode aerosol in controlling the Ångström exponent by present-
ing the relationship (their Fig. 9) between fine mode scattering
fraction (ratio of scattering for diameterb1 μm/scattering for
diameterb10 μm) and Ångström exponent. Thus changes in
back-scatter fraction and Ångström exponent reflect changes in
different parts of the size distribution and, depending on the
shape of the aerosol size distribution, backscatter fraction
might increase, decrease or not change when the Ångström ex-
ponent changes and vice versa.

2.3. Data consistency

A main goal of this paper is to compare and contrast the FT
aerosol optical property observed at various sites, thus mea-
surement consistency is critical. All measurements presented
here are adjusted to standard temperature and pressure (STP,
Tstandard=273.15 K and Pstandard=1013.25). The instruments
are typically operated at low relative humidity (b40%). Many
sites use humidity control techniques (e.g., heaters) to ensure
that the sample air is at low RH; however, at sites where the
humidity is not controlled the difference between ambient
(outside) temperature and lab temperature usually ensures
low RH conditions within the instruments. Table 1 specifies
whether the site utilizes RH control and provides the typical
RH values of the sample air. The scattering coefficient at low
RH can differ substantially from scattering at ambient condi-
tions, which in turn can influence the derived aerosol optical
properties (e.g., single scattering albedo).

Almost all instruments had ameasurement at or near 550 nm
so comparisons were done at this wavelength. The single wave-
length MAAP absorption measurements were adjusted to
550 nm from their original measurement wavelength utilizing
a 1/λ dependence, e.g., σap,550=σap,λ*(550/λ). The assumption
of absorption having a 1/λ dependence is based on the ‘small
particle limit’ theory (van der Hulst, 1957) and assumes small
(d~0.02 μm) spherical particles with constant index of refrac-
tion. It has been found to be fairly representative of atmospheric
aerosol (e.g., Bergstrom et al. (2002)). The spectral PSAP and
aethalometer measurements were adjusted from 567 to
550 nmusing the absorptionÅngströmexponentwhich is calcu-
lated similar to the scattering Ångström exponent (Eq. (3)) but
uses absorption values in place of scattering.

The single wavelength nephelometer measurements at
520 nm (Ecotech nephelometer at CMN) and 530 nm (Radi-
ance Research nephelometer at MBO) were not adjusted to
550 nm as the simple 1/λ dependence does not apply to scat-
tering aerosol. The magnitude of the scattering wavelength
adjustment can be estimated based on an assumed Ångström
exponent (å). If one assumes that å=2, the 520 nm scatter-
ing would decrease by ~11% when shifted to 550 nm as cal-
culated using the following equation:

σsp;550 ¼ σsp;520
� 520=550ð Þå: ð6Þ

A smaller Ångström exponent would result in a smaller
wavelength adjustment and vice versa. As shown later, the
value of the median Ångström exponent at most sites is be-
tween 1 and 2.

Another issue affecting data consistency is the instrument
specific corrections applied to the data. All TSI nephelometer
data were corrected for light source and angular non-idealities
utilizing the method described in Anderson and Ogren (1998)
which incorporates an Ångström exponent adjustment to ac-
count for particle size. In a nephelometer inter-comparison
paperMüller et al. (2009) suggested that the single wavelength
Radiance Research nephelometer had correction parameters
quite similar to the TSI nephelometer, thus we applied the An-
derson and Ogren corrections to the Radiance Research nephe-
lometer atMBO. TheAnderson andOgren correctionswere also
applied to the single wavelength Ecotech nephelometer at
CMN — we utilized the sub-micron correction factors for
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550 nm based on the assumption that there would be few
super-micron particles in the FT except during dust events.
Müller et al. (2009) suggest Ecotech nephelometer-specific ad-
justments, however without information about the specific size
distribution the appropriate correction factor was unclear.

The PSAP measurements were corrected using the Bond
et al. (1999) method which takes into account differences in
manufacturer default values and the influence of scattering
on absorption. The Bond et al. (1999) correctionwas developed
specifically for the 1-wavelength version of the PSAP; Ogren
(2010) suggests how these corrections may be applied to the
3-wavelength version of the instrument and that procedure
was followed here. The MBO PSAP was an exception — the
Bond et al. (1999) corrections for spot size, and flow were ap-
plied, but the Virkkula et al. (2005) scattering response func-
tion was utilized to correct for scattering. For the JFJ
aethalometer data, the Weingartner et al. (2003) correction
was applied (R=1), however a multiple scattering correction
factor of C=2.81 was used as suggested by Collaud Coen
et al. (2010). The MAAP has a built-in adjustment for the light
scattering artifact (Petzold et al., 2005) so aside from STP ad-
justment the only ‘correction’ applied to the MAAP data was
the assumption that the instrument wavelength was 637 nm
rather than the manufacturer's stated measurement wave-
length of 670 nm based on Müller et al. (2011). This wave-
length change affected the magnitude of the absorption
adjustment to 550 nm.

2.4. FT identification

As described in the introduction, a major advantage of
mountaintop observatories is the opportunity they provide to
conduct long-termmeasurements in the FT. However, depend-
ing on observatory location, topography andmeteorology, sev-
eral mechanisms can cause the upward movement of lower
elevation air resulting in boundary layer (BL) influenced sam-
pling conditions described in more detail below. Additionally,
once BL air has reached the FT (bywhatever process), itmay re-
main in the region for extended periods of time (hours to days)
depending on the meteorological conditions (e.g., Gallagher
et al., 2011; Collaud Coen et al., 2011; Marcq et al., 2010;
Lugauer et al., 1998). The presence of such residual layers
makes it difficult to rigorously define FT air. Because these re-
sidual BL influenced layers are the result of local conditions
the FT aerosol should be considered regional rather than global
in nature.

The location, height and steepness (topography) of the
mountain all play a role in determining the strength and fre-
quency of the diurnal wind patterns (Kleissl et al., 2007).
Local thermally-driven flow is a particularly important method
for BL air masses to be transported to sites that would other-
wise be located in the FT (Mendonca, 1969). During the day in-
solation heats the air at lower elevations resulting in flow up
the side of themountain, and at night the flow reverses as tem-
peratures decrease. Thermally-driven flow has been shown to
cause strong diurnal cycles in aerosol loading (e.g., Bodhaine,
1983), gas concentrations (e.g., Sheu et al., 2010) and water
vapormixing ratio (e.g.,Weiss-Penzias et al., 2006). The typical
diurnal pattern has concentrations (of aerosol, trace gas or
water vapor) at their peak in the afternoon while lower values
are observed in the early morning hours during downslope

flow of FT air. (Ozone and some other gaseous species may de-
part from the typical diurnal pattern due to chemical production
and, in the case of ozone, subsidence from upper troposphere
and/or lower stratosphere (e.g., Cristofanelli et al., 2010).) Be-
cause of the consistency of the diurnal cycles at manymountain
locations, time of day has been used as an indicator of when the
site is in the FT (Bodhaine, 1983;Nyeki et al., 1998a;Marcq et al.,
2010; Sheu et al., 2010; Shaw, 2007; Marinoni et al., 2008).

Unfortunately (for simplicity of analysis), disruptions to
thermally-driven, upslope/downslope flow are quite common
due to transport mechanisms occurring on larger (e.g., synop-
tic) spatial scales. Convective conditions and seasonal variability
can compromise the ability of a time window to represent FT air
(Lugauer et al., 1998; Gallagher et al., 2011; Collaud Coen et al.,
2011). Fig. 2 shows the diurnal pattern of normalized light scat-
tering as a functionof season for the tenmountaintop sites. Three
sites in this study (MLO, IZA and LLN) have strong (large ampli-
tude) diurnal cycles indicative of thermally-driven flow through-
out the year. Another site (PYR) has strong diurnal cycles for all
seasons except summer when monsoon circulation sets in
(Bonasoni et al., 2010; Marcq et al., 2010; Marinoni et al.,
2010). These four sites are the lowest latitude sites (b30°N) in
this study and their diurnal patterns are consistent with the sug-
gestion by Kleissl et al. (2007) that mountains at lower latitude
would have stronger thermal patterns due to stronger insolation.
The diurnal cycles at the other sites in Fig. 2 are less regular. In
winter, most of the higher latitude sites (JFJ, CMN, BEO, WLG)
show minimal variability over the day with only a hint of a
thermally-driven diurnal pattern while WHI and MBO appear
to have no well-defined pattern in winter. Baltensperger et al.
(1997) suggested that the lack of a diurnal pattern in thewinter-
time aerosol signal can likely be attributed to the airmassesmea-
sured at the site being decoupled from the polluted boundary
layer. Similar seasonal changes in diurnal cycles of condensation
nuclei (CN) concentrations at some mountain sites have been
observed (Gallagher et al., 2011; Venzac et al., 2009; Nyeki
et al., 1998b, Marinoni et al., 2008), although wintertime
boundary layer intrusions are possible under certain condi-
tions (e.g., Gallagher et al., 2011; Collaud Coen et al., 2011).
The seasonality of the diurnal cycle at WLG is different than
the other sites — in the winter it is similar to other high lati-
tude sites (JFJ, CMN, BEO) as mentioned above, but summer-
time suggests no diurnal pattern in light scattering while in
spring and fall the scattering peaks several hours earlier
than the other sites. This lack of a strong diurnal cycle at
WLG is consistent with the observation by Kivekas et al.
(2009) that it is difficult to identify periods of FT air at the
WLG observatory.

The annual monsoon observed at PYR is an example of sea-
sonal large scale circulation changes that can affect local,
insolation-induced diurnal cycles. Shorter term disruptions can
also occur. For example, dynamical lifting related to synoptic
scale weather patterns (fronts, cyclonic motion, etc.) (Lugauer
et al., 1998) can also cause vertical transport of boundary layer
air masses, as can mechanically-forced lifting which occurs
when lower altitude winds are fast enough to push the air up
the side of the mountain (Kleissl et al., 2007; Venzac et al.,
2009). While “tracer” alternatives to time of day and in-depth
meteorological analysis for FT identification have been sug-
gested (e.g., RH/water vapor mixing ratio (e.g., Weiss-Penzias
et al., 2006)) Lugauer et al. (1998) suggest these alternatives
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are often not robust at sites like JFJ because the topography (i.e.,
whether the mountain stands alone (e.g., MLO) or is situated
within a range (e.g., WHI)) and the “advection direction of the
synoptic scale horizontal wind” will control whether a moun-
tain site is measuring BL or FT air. The type of local meteorolog-
ical analysis required to determine the degree to which a site is
in the FT requires information beyond what is typically mea-
sured at the individual mountain sites and is thus outside the
scope of this paper.

Recognizing the limitations of broadly applying a simple
time of day approach, there are two other related approaches
which could also be used to identify FT air: (a) time of day for
winter data only and (b) time of day for all dayswith strong di-
urnal cycles. The first takes advantage of thewintertime decou-
pling from the boundary layer observed at several sites and
assumes all wintertime air is representative of the FT. Because
the lower latitude sites (MLO, IZA, PYR, LLN) still have
thermally-driven flow in the winter, a further time constraint
limiting data to early morning hours is required so that this
method is applicable to all sites in this study. Amajor limitation
of this approach is that using only wintertime data results in
missing any seasonal changes in FT aerosol loading due to
changes in sources and source regions (for example, spring-
time dust transport or summertime biomass burning) and/or
caused by enhanced boundary layer exchange (i.e., during the
summer) (Venzac et al., 2009; Liu et al., 2008b). The second ap-
proach, suggested by Baltensperger et al. (1997), was most re-
cently used by Gallagher et al. (2011) to identify the frequency

of boundary layer influence atWHI. Gallagher et al. (2011) fit a
sinusoidal function to 1 year of WHI particle number concen-
tration measurements in order to identify days with strong di-
urnal cycles and, hence, BL influence. Using this method,
boundary layer intrusions at WHI occurred 10–50% of the
time depending on the month, but they note that this is a con-
servative approach as there are other ways for BL air to be
transported vertically. This sinusoidal fit method could also be
used as a conservative means of identifying FT air, i.e., by limit-
ing the FT analysis to days with strong diurnal cycles in aerosol
scattering and selecting a narrow early morning time window
when downslope flow would likely be representative of FT
air. Limitations of this approach include (a) wintertime air
masses are often decoupled from the BL and thus may not
show a diurnal cycle and, hence, would not be identified as FT
air and (b) long range transport in the FT (e.g., dust) may also
affect the shape of the diurnal cycle, resulting in the exclusion
of those days from the analysis and thus potential exclusion
of significant FT events. Without doing the detailed meteoro-
logical analysis it is impossible to determine which of these
three approaches (time of day, winter+time of day, sinusoid
fit+time of day) results in the best representation of FT air
at each site and each has advantages and disadvantages.
Thus, aware of its limitations, the simplest method — using
only the time of day approach — is used here. Data collected
between 3 am and 9 am local time was classified as FT air; this
criterion appears to be reasonable for most sites and seasons
based on the diurnal patterns of light scattering presented in

Fig. 2. Diurnal cycles of normalized scattering at each mountain site as a function of season; spring=MAM, summer=JJA, fall=SON, winter=DFJ. MBO scatter-
ing from Radiance Research nephelometer which operated year-round.
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Fig. 2; WLG is the exception as the timing of the diurnal cycle
there changes from season to season— atWLG the time of day
based approach may only be appropriate in the winter.

2.5. Screening for local cloud influence

The final step taken for data consistency is an attempt to re-
move local cloud effects from the data sets. Clouds are a source
of inconsistency because they have the ability to scavenge aero-
sol particles (e.g., Hampl et al., 1971; Hegg and Hobbs, 1983),
resulting in lower aerosol loading. Cloud scavenging effects
have been described at some of the sites in this study: Marinoni
et al. (2008), Nyeki et al. (1998b), andWeingartner et al. (1999).
In addition, cloud scavenging may preferentially remove larger
hygroscopic particleswhile leaving smaller particles in the inter-
stitial air. As soot tends to exist in the smaller particles (at least
for recently emitted aerosol) (Putaud et al., 2004; Hitzenberger
et al., 2006), cloud scavenging may result in the non-
scavenged aerosol having a lower single scattering albedo (e.g.,
Berkowitz et al., 2011; Marcq et al., 2010; Sellegri et al., 2003).
A thorough discussion of changes in optical properties due to
cloud scavenging is beyond the scope of this paper. Some sites
are equipped with so-called “whole air inlets” but very few can
provide a satisfactory sampling efficiency curve in particular
for large cloud droplets. We therefore decided to apply a more
conservative criteria based on relative humidity. To eliminate
data during local cloudpresence, datawere included in this anal-
ysiswhen the local ambient relative humiditywas less than 95%;
Marinoni et al. (2008) used a similar criterion at CMN. Note: this
RH restrictionmay not exclude datawhen ice clouds are present
at the site. RH data were unavailable for BEO so the BEO data are
not cloud screened. BEO is, however, one of the sites equipped
with a whole air inlet and therefore the cloud artifact is mini-
mized. For MBO the ‘no-cloud’ data flag provided was used —

this flag is based on both a sheltered and non-sheltered relative
humidity measurement at the site, and it accounts for riming
conditions. The effect of this cloud screening process was small
increases in median aerosol absorption and scattering for most
sites in both the ‘all data’ and ‘FT data’ categories compared to
data without a cloud screening constraint. The single scattering
albedo was also slightly higher in the cloud-screened data for
most sites. The largest changes in scattering and absorption
due to removal of data when RHN95% occur at WHI, MBO, JFJ,
CMN and PYR. These are also the sites most frequently in-
cloud, i.e., with the largest fraction of data having RHN95%.
Table 1 lists the percentage of data removed by cloud screening.

3. Results/discussion

3.1. Annual climatologies

Fig. 3 shows annual climatological values for six aerosol op-
tical properties at each site both for ‘all data’ and data that has
been identified as being FT aerosol using the 3 am≤FT≤9 am
local time criterion (for the airplane data from SGP and BND
the flight altitude was used to identify FT air — there was no
time constraint). For both ‘all data’ and ‘FT data’ we have
screened out the cloud influence from the data as discussed
above. The 5th percentiles for some of the extensive properties
at some of the sites were not plotted. This reflects reported
measurements below zero, which occurred during very clean

conditions where the aerosol property being measured was
below the detection limit of the instrument. The data in Fig. 3
are plotted from west to east so that the six western hemi-
sphere sites are on the left side of the plot and the eastern
hemisphere sites are on the right side of the plot. We maintain
this convention throughout the paper. There are several nota-
ble features in Fig. 3.

First, there are 2 orders of magnitude difference in the
median values of light absorption and 1 order of magnitude
difference in light scattering and light extinction from the
cleanest FT air (MLO) to the FT air with the highest aerosol
loading (WLG). In other words there is significant variability
in FT aerosol loading among the locations.

Second, the extensive aerosol properties shown in
Fig. 3abc tend to increase from west to east (taking MLO as
the western most point). This is true for both ‘all data’ and
‘FT data’ and suggests that the BL and FT are coupled and/or
that the time of day screening for FT air may not be ideal.
This west to east increase in extensive properties roughly
corresponds with increases in population density and esti-
mates of global surface PM2.5 (van Donkelaar et al., 2010);
it may also be related to proximity to aerosol sources such
as desert dust or biomass burning.

Third, the extensive property values almost separate by
eastern and western hemisphere in both the full dataset and
the FT subset: MLO through BND plus JFJ tend to have lower
values — less aerosol, while IZA plus CMN through LLN tend
to have higher values. IZA likely falls out of order in the west
to east gradient because its proximity to Africa means it is
often strongly influenced by dust emissions from the Sahara
desert (Maring et al., 2000; Alastuey et al., 2005; Diaz et al.,
2006). Liu et al. (2008b) present maps showing the frequency
of dust influence as a function of season and altitude for differ-
ent regions of the globe. IZA is clearlymore impacted byAfrican
outflow than the European sites nearest to it (JFJ, CMN, BEO)
(see Liu et al. (2008b), Figs. 2 and 5). The north to south Euro-
pean gradient (IZA, JFJ, CMN, BEO) in in-situ extinction is con-
sistent with results from lidar measurements for ten sites in
the European Aerosol Research Lidar Network (EARLINET).
Matthias et al. (2004) observed a north/south increase in
lidar-derived extinction in the 2–5 km altitude range that
they suggested was caused by more exposure to African dust
for the southern sites (see Matthias et al. (2004), their Fig. 6).
There was no north to south gradient in aerosol amount if all
12 sites were considered, nor was there a consistent pattern
in aerosol amount based on observatory altitude.

Finally, at most sites, there is a decrease in the ‘FT data’
aerosol absorption, extinction and scattering compared to
‘all data’ (Fig. 3). Sites with stronger diurnal cycles (MLO,
IZA, PYR, LLN; Fig. 2) tend to have larger decreases in FT aero-
sol loading compared to their ‘all data’ aerosol loading,
reflecting the time of day FT segregation used here. The ex-
tensive properties for the two airplane platforms (BND,
SGP) also show a large difference between ‘all data’ and ‘FT
data’. As mentioned in the site descriptions, at BND and SGP
the ‘all data’ values are determined using measurements
over the entire flight profile (between 400 and 5000 m asl),
thus the ‘all data’ measurements are always strongly influ-
enced by boundary layer air. For the sites with little indica-
tion of diurnal cycle in scattering (WHI, WLG), there is very
little difference between FT air and the entire data set.
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Lidar extinction values based on long-termmeasurements
can be compared with the in-situ extinction values reported
here for ‘FT data’ periods if the lidar observations are segre-
gated by altitude. In Matthias et al. (2004) the 2–5 km

altitude subset of data is the most analogous to the ‘FT data’
in this study. Using 10 lidar sites across Europe they found
mean values of aerosol extinction at ~351 nm to range be-
tween 20 and 70 Mm−1. This is equivalent to ~8–30 Mm−1

a

b

c

d

e

f

Fig. 3. Aerosol optical properties for ‘all data’ and FT-only data. Data are reported at 550 nm, except at CMN where light scattering is at 520 nm. Red=all data,
Yellow=FT data (based on time of day). Horizontal line is the median (50th percentile), edges of box are 25th and 75th percentiles, whiskers are 5th and
95th percentiles. Single scattering albedo, Ångström exponent and backscatter fraction are calculated with the constraint light scattering N1 Mm−1 to minimize
noise caused by taking ratio of two small numbers. Ångström exponent is calculated for 550/700 nm pair.
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at 550 nm if an Ångström exponent of 2 is assumed, and
equivalent to ~10–35 Mm−1 at 550 if an Ångström exponent
of 1.5 is assumed. Mattis et al. (2004) found a mean FT
(below 5 km) extinction value at 532 nm of 7.4±8.4 Mm−1

for measurements made over Leipzig. Median values of FT
in-situ extinction are ~3 Mm−1 at JFJ and ~20 Mm−1 at
CMN. The median value of FT in-situ scattering (which is a
reasonable surrogate for FT extinction) at BEO is
~10 Mm−1. Thus, the lidar observations and the in-situ aero-
sol observations show a similar magnitude of aerosol light
extinction over Europe. On a housekeeping note relevant to
these comparisons, recall that the in-situ data presented in
this paper are reported at STP and low RH rather than ambi-
ent conditions. For the purposes of comparing with lidar (and
satellite) measurements the assumption can be made that
the STP and RH adjustments counteract each other, to some
extent. A measurement at STP conditions will decrease by ap-
proximately 1.4 when adjusted to the pressure representa-
tive of 2.5 km altitude. Typical hygroscopic growth factors
will increase the dry scattering by a factor of 1–3 at 80% hu-
midity (e.g., Fierz-Schmidhauser et al., 2010; Carrico et al.,
2003). The extent to which STP and aerosol hygroscopicity
counteract each other at any specific site will, of course, de-
pend on the site location and aerosol composition. In Sec-
tion 3.1 further lidar/in-situ extinctions comparisons are
performed and in Section 3.2 the high altitude in-situ FT ex-
tinction values are compared with satellite observations.

Fig. 3def show differences in intensive aerosol properties
among mountaintop sites. Only data where scattering at
550 nmwas greater than 1 Mm−1 was used in the calculation
of the intensive properties. While this biases the data to-
wards less clean conditions at some of the more pristine
sites, it also eliminates some of the noise produced by taking
the ratio of two small numbers. The three sites with the most
absorbing aerosol (lowest single scattering albedo) are WHI,
MBO and PYR (Fig. 3d). Transport of Asian aerosol (dust
and pollution) has been observed at WHI in the spring
(Leaitch et al., 2009; McKendry et al., 2007) and the site is
frequently impacted by regional forest fire smoke primarily
during the summer (Gallagher et al., 2011; McKendry et al.,
2011). PYR receives significant anthropogenic pollution and
biomass burning (Marcq et al., 2010). The MBO measure-
ments are for the springtime dust season, so it is unlikely that
the low single scattering albedo is due to regional forest fire
smoke, however both biomass burning and pollutant aerosol
transported from Asia have been observed at the site during
the springtime (Weiss-Penzias et al., 2007; Fischer et al.,
2010). The indication of darker aerosol atMBO could also be bi-
ased by the 1 μm size cut (absorbing aerosol tends to be pre-
dominately in the sub-micron fraction (e.g., Delene and
Ogren, 2002; Hitzenberger et al., 2006; Putaud et al., 2004)).

Comparing the shift in single scattering albedo between
‘all data’ and ‘FT data’ for each location suggests the sites
can be grouped into three categories. In the first group
(MLO, MBO, SGP and LLN), the ‘FT data’ single scattering albe-
do is lower than for ‘all data’. Of the mountain sites, the MLO
data exhibits the largest change in median single scattering
albedo between ‘all data’ and ‘FT data’ single scattering albe-
do. This likely reflects the difference between the higher sin-
gle scattering albedo, marine-influenced aerosol sampled
during upslope conditions and aged pollution aerosol that

has been transported through the FT to MLO. A similar expla-
nation is likely the case for MBO and LLN, although the up-
slope aerosol at these two sites is unlikely to have a marine
influence. The lower FT single scattering albedo of the SGP
aerosol has been suggested to be due to cloud processing
(Andrews et al., 2004). In the second category, the median
single scattering albedo is higher for ‘FT data’ than ‘all data’.
The data from IZA, JFJ, CMN and PYR and BND fall into this
group. The likely explanation for the lower single scattering
albedo in ‘all data’ is that the boundary layer air which
reaches the sites in the afternoon is more polluted and in-
cludes relatively more absorbing aerosol (e.g. particles pro-
duced by combustion such as diesel soot or biomass smoke)
than the FT air. In addition, these four sites are influenced,
(to varying extent) by the long range, free tropospheric
transport of dust from the Sahara (IZA, JFJ, CMN) and Indian
subcontinent/Arabian peninsula (PYR) as described in the in-
dividual station sections. Dust tends to be associated with
higher single scattering albedo values than pollution/biomass
aerosol, as will be discussed in Section 3.3. A similar explana-
tion (more polluted BL air) may cause the observed increase
for FT single scattering albedo at BND, although it may also be
due to dust — the decrease in median Ångström exponent at
BND between ‘all data’ and ‘FT data’ is the largest observed at
any of the sites (Fig. 3e). Finally, the single scattering albedo
statistics at some sites (WHI and WLG) are quite similar for
both ‘FT’ and ‘all data’.

Fig. 3e shows changes in the scattering Ångström exponent
for ‘all data’ versus ‘FT data’. The Ångström exponent is inverse-
ly related to particle size and the Ångström exponent atMBO is
significantly higher than at the other sites due to a 1 μm diam-
eter size cut upstream of the nephelometer. Excluding MBO,
the aerosol particles at BEO have the highest Ångström expo-
nent (median åN2) suggesting a significant influence of an-
thropogenic fine-particle pollution. The aerosol particles at
WLG and IZA have the lowest Ångström exponent values (me-
dian åb1) suggesting that of all the sites they may be the two
most strongly influenced by dust. Most sites show a decrease
in Ångström exponent for the FT air, indicative of the presence
of larger particles in the FT. This decrease in Ångström expo-
nent may suggest the presence of a free troposphere back-
ground dust aerosol and is consistent with GOCART results
that show a large contribution from dust at 3 km for most re-
gions in most seasons (Yu et al., 2010). Other explanations in-
clude: (a) the boundary layer may have a higher contribution
from sub-micron aerosol particles (i.e., lower Ångström expo-
nent) as a result of the many sub-micron aerosol sources at
the surface and (b) aging of the FT aerosol during transport
may result in an increase in particle size due to coagulation
and/or gas to particle conversion on existing particles.

Fig. 3f compares backscatter fraction for ‘all data’ and for
‘FT data’. For all locations the median backscatter fraction
value falls in a narrow range between 0.1 and 0.15. The high-
est median values of backscatter fraction are observed at
WHI, JFJ and BEO, while the lowest are found at MLO, IZA
and LLN. This hints at a north/south gradient in backscatter
fraction with the higher latitude sites having more of a con-
tribution from accumulation mode particles. The back-
scatter fraction data at JFJ are twice as variable as those mea-
sured at any of the other stations, based on the values of the
25th and 75th percentiles, although the median values are
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consistent with the other sites. Most sites (WHI, SGP, JFJ, BEO,
PYR and WLG) see little or no change between backscatter
fraction in ‘FT data’ versus backscatter fraction for ‘all data’.
At two sites (MBO, IZA) there is a slight decrease in back-
scatter fraction for the FT aerosol compared to the entire
data set, suggesting a size distribution shift away from smal-
ler accumulation mode particles in the FT, while at BND the
decrease in backscatter fraction is quite large. In contrast, at
MLO and LLN there is a noticeable increase in backscatter
fraction in the ‘FT data’ implying an increase in smaller parti-
cles relative to ‘all data’. Mie theory predicts that backscatter
fraction should be higher for fine mode spherical aerosol par-
ticles; however, several studies have found backscatter frac-
tion values to be higher for dust than other types of aerosol
particles (Carrico et al., 2003; Doherty et al., 2005). Doherty
et al. (2005) suggested that changes in backscatter fraction
can also be driven by particle shape and that we may not
fully understand the uncertainty associated with corrections
applied to the nephelometer data. This suggests that back-
scattering fraction may not be a robust indicator of particle
size, particularly for data at low RH conditions where particle
sphericity is not assured.

3.2. Monthly climatologies

Fig. 4 presents monthly climatologies of various FT aerosol
properties at each site. There are also horizontal lines on each
plot indicating site median seasonal values. Most parameters
show seasonal variability; however, that is not the case for all
sites and all aerosol optical properties. Below we discuss each
optical property in more detail. As with Fig. 3, only data
where scattering at 550 nm was greater than 1 Mm−1 were
used in the calculation of the intensive properties.

3.2.1. Extensive properties — light absorption, light scattering
and light extinction

Light scattering and absorption tend to track each other at
most sites suggesting common sources for scattering and ab-
sorbing aerosol (Fig. 4ab). Aerosol loading tends to be highest
in the spring and/or the summer (Fig. 4abc) at all sites. MLO
and LLN have distinct springtime peaks due to transport from
Asia at MLO (Perry et al., 1999) and biomass burning influ-
ence at LLN (Chi et al., 2010; Lin et al., 2010). Extensive prop-
erties at JFJ, CMN and BEO peak in the summer, while many of
the other sites have broad or even bi-modal peaks encom-
passing spring and summer (WHI, SGP, BND, IZA and WLG).
The spring/summer increases in extensive properties are
likely related to enhanced boundary layer influence on the
FT caused by increases in boundary layer height and stronger
upslope transport due to increased insolation. At PYR the
June increase in intensive properties is due to an intense
transport of dust mixed with pollution during a break in the
monsoon. The monsoon at PYR brings high humidity and

precipitation during July and August, and the cloud free con-
straint (RHb95%) screened all but two data points from in-
clusion in Fig. 4. Therefore, at PYR, there is only a line
rather than a box-whisker drawn for these months. The bi-
modal patterns observed at some sites are representative of
changing sources and/or circulation. For example, IZA has
peaks in dust aerosol in spring and summer (Diaz et al.,
2006).

There are a few anomalous months at some stations. The
high extensive property spike in March at IZA is likely due to
strong outflow from northern Africa (Liu et al., 2008b; Diaz
et al., 2006). The high scattering and absorption observed in
January atWLG is difficult to explain. This increase in scattering
aerosol corresponds to a decrease in backscatter fraction
(Fig. 4f) suggesting the aerosol being sampled is in the middle
to upper part of the 0.1–1 μm size range, but there is no corre-
sponding decrease in Ångström exponent that would suggest
an incursion of coarse mode dust aerosol particles. Kivekas et
al. (2009) measured condensation nuclei (CN) concentrations
at WLG over a 2.5 year period between 2005 and 2007. They
noted higher concentrations of CN in December 2005–January
2006, but did not observe the same phenomenon the following
year and were unable to explain it.

Fig. 4c is similar to Fig. 4a because extinction is dominated by
light scattering at all locations. We include extinction here for
comparisons with remote sensing measurements of extinction.
EARLINET lidar climatologies of FT extinction have been de-
scribed for various locations in Europe (de Tomasi et al., 2006).
They report spring/summer extinction (532 nm) at 3 km over
SE Italy to be approximately 30 Mm−1 in the spring/summer
and 10Mm−1 in the fall/winter. These values are remarkably
similar to the FT seasonal extinction values seen here for CMN.
Barnaba et al. (2010) present monthly lidar extinction profiles
for the Po Valley in northern Italy showing the broad spring/
summer time increase in extinction that is seen at CMN. Again
the lidar extinction values at the altitude of CMN are quite sim-
ilar to the extinction measurements.

3.2.2. Single scattering albedo
Although light scattering and absorption generally track

each other, there are differences in the relative proportions of
scattering and absorbing aerosol over the course of the year
resulting in variations in single scattering albedo over the annu-
al cycle. At many sites the single scattering albedo tends to be
lower and noisier in the winter (Fig. 4d) when the air is the
cleanest. These lower values of single scattering albedo suggest
the aerosol is relatively more absorbing. These lower values
may be due to bias in the measurements at low aerosol load-
ings, an increase in sources of absorbing aerosol (e.g., wood
smoke from heating or fuel combustion), and/or preferential
cloud scavenging of scattering aerosol (e.g., Marcq et al.,
2010) and/or slower secondary aerosol formation due to
lower light intensity. WLG is an exception — there the lowest

Fig. 4. Monthly climatologies of FT aerosol optical properties at each site: (a) absorption, (b) scattering, (c) extinction, (d) single scattering albedo, (e) Ångström
exponent, (f) backscatter fraction. Box-whiskers show percentiles as described in Fig. 3. Data are reported at 550 nm, except at CMN where light scattering is at
520 nm and MBO where light scattering is at 530 nm (all other MBO plots are at 550 nm). Single scattering albedo, Ångström exponent and backscatter fraction
are calculated with the constraint light scattering N1 Mm−1 to minimize noise caused by taking ratio of two small numbers. The horizontal red bars behind the
box-whiskers are the seasonal median values where the four seasons are defined as spring (MAM), summer (JJA), fall (SON) and winter (DJF). For ease of com-
paring the intensive parameters among stations despite the different y-axis ranges, an orange line has been drawn at a constant value on each plot (0.90 for single
scattering albedo, 1.5 for Ångström exponent and 0.12 for backscatter fraction). Note: the MBO scattering plot uses RR nephelometer data (530 nm) which op-
erated year round, all other MBO plots utilize the TSI nephelometer data (550 nm) which was only operated in the springtime.
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Fig. 4 (continued).
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Fig. 4 (continued).

381E. Andrews et al. / Atmospheric Research 102 (2011) 365–393



Author's personal copy

single scattering albedo values are observed in the summer cor-
responding to influence fromurban regions to the east (Kivekas
et al., 2009). The median single scattering albedo value at most
sites for most months is in the range 0.90±0.05 although in
January the single scattering albedo at WHI has a median
value of 0.75. The seasonal cycle in single scattering albedo
can be related to known patterns in aerosol transport to the
sites. Low single scattering albedo values occur at LLN during
the springtimewhich iswhen the site ismost strongly impacted
by biomass burning (Chi et al., 2010, Lin et al., 2010). At WHI
low single scattering albedo values occur in both the winter-
time and in the summertime. Potential reasons for the lowwin-
tertime values are as listed above, while the low summertime
values are likely due to forest fire smoke (Mckendry et al.,
2010, Gallagher et al., 2011). These monthly climatologies of
single scattering albedo demonstrate the relevance of long-
term measurements; a short-term field campaign would pro-
vide little indication of the large variation in single scattering al-
bedo occurring on amonthly/seasonal basis. Again, it should be
noted that these single scattering albedo values represent dry
aerosol particles. As the scattering coefficient will respond
more strongly to an enhancement in relative humidity than
the absorption coefficient (Nessler et al., 2005), the ambient
single scattering albedo values are expected to be higher.

3.2.3. Ångström exponent
There is not a consistent seasonal pattern in the Ångström

exponent (Fig. 4e) among all the sites, likely due to a combi-
nation of differing sources and transport timing. Several loca-
tions (WHI, SGP, JFJ, BEO) have lower Ångström exponent
values during winter and higher values in late summer and
early fall, while at BND the Ångström exponent peaks in
late fall. At PYR and WLG the Ångström exponent values are
lowest in the spring and highest in the autumn. The annual
cycle at WLG is particularly striking; the dramatically lower
å values during spring show the strong dust influence at
this site. There is a peak in Ångström exponent in September
at PYR coinciding with a peak in the backscatter fraction
(Fig. 4f). This suggests an increase in smaller particles at the
tail end of the monsoon season at PYR, possibly as a result
of changed source emissions, circulation or both with the
onset of dryer, colder weather. At IZA the months that typi-
cally have stronger Saharan dust incursions (February,
March, July, August, September) have lower median Ång-
ström exponents than at other times of year. MLO and WHI
are, at times, influenced by springtime Asian dust transport
(e.g., Bodhaine, 1983; Leaitch et al., 2009). However, there
are annual differences in the frequency, intensity and timing
of dust events, and the dust is often mixed with pollution
(Perry et al., 1999). These factors may explain the lack of a
strong springtime dust signal (low Ångström exponent) at
these two sites. Another reason the WHI optical data may
not show a strong dust signal is that, a springtime field cam-
paign at the site suggested that dust aerosol was primarily
found in 2–5 μm particles (e.g., Leaitch et al., 2009), but the
optical instruments deployed at WHI have 2.5 μm size cut
which would minimize the dust influence on Ångström expo-
nent. Because aerosol extinction tends to be dominated by
the scattering contribution for the sites studied here (single
scattering albedo typically greater than 0.85), the scattering

Ångström exponent is a reasonable surrogate for the extinc-
tion Ångström exponent.

3.2.4. Backscatter fraction
There is a narrow range of observed monthly median FT

backscatter fraction values, with median values typically near
0.12±0.02 (Fig. 4f). This range in backscatter fraction corre-
sponds to asymmetry parameter values in the range 0.61±
0.05 (calculated fromEq. 5).Many sites showvery little change
in themedian backscatter values (MLO, SGP, BND, JFJ,WLG and
LLN) throughout the year. At MLO and JFJ the median value of
the backscatter fraction is consistent throughout the year.Mea-
surement noise is larger during the cleaner winter months,
resulting in the larger range of backscatter fraction displayed
in the box-whisker plots. At IZA and BEO the aerosol particles
have higher median backscatter fraction in the winter suggest-
ing a larger contribution from small accumulation mode aero-
sol particles, perhaps due to increased wintertime cloud
processing of the size distribution. At IZA the wintertime aero-
sol size distribution is influenced by downward transport from
themid- and upper troposphere shifting the size distribution to
smaller particles (Rodríquez et al., 2009; Raes et al., 1997).
BEO also experiences upper atmosphere subsidence in thewin-
ter (Nojarov et al., 2009).WHI sees the opposite patternwith an
increase in backscatter fraction observed in the spring/summer
— this can likely be attributed to enhanced biogenic emissions
and, in the summer, forest fire influence (Takahama et al.,
2011). Seasonal cycles in backscatter fraction at MBO, PYR
and LLN are difficult to interpret due to months with missing
data. At LLN the lowest values of backscatter fraction occur in
March at the peak of the biomass burning transport to the site.
This suggests that the biomass aerosol is dominated by mid- to
large diameter accumulation mode particles. For the monthly
backscatter fraction climatologies in Fig. 4f there is not a distinct
pattern that can be associated with known source temporal pat-
terns, hence it is difficult to relate the changes in backscatter frac-
tion to a specific aerosol type.

3.3. Comparison with satellite measurements

The observations presented here are sufficient to charac-
terize the optical properties of aerosol particles at specific lo-
cations and they can be used to determine those parameters
that are difficult to obtain from remote sensing measure-
ments (e.g., single scattering albedo, backscatter coefficient,
etc. (Anderson et al., 2005)). However Figs. 3 and 4 have
shown that there are significant differences in aerosol optical
properties in terms of seasonality, amount and nature, even
at sites that are relatively close to each other (e.g., SGP and
BND or JFJ and CMN). This current analysis makes it obvious
there are gaps in the global and regional characterization of
aerosol properties because each of the twelve sites included
here only provides information at a single point in space.
The global coverage delivered by satellite measurements
should help fill these gaps. Here we present a comparison of
in-situ aerosol extinction with that derived from satellite
measurements. The satellite observations represent ambient
conditions, but the in-situ data are reported at STP and low
RH. As discussed previously, while humidity differences
would suggest the satellite extinction measurements should
be higher than the in-situ measurements (depending on
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aerosol composition and size), the STP adjustment is of simi-
lar magnitude but has the opposite effect. Note: this compen-
sating effect does not apply to single scattering albedo.

The SAGE II (Stratospheric Aerosol and Gas Experiment II)
and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation) satellites provide vertically resolved
aerosol extinction profiles. SAGE II was originally designed
for observing the stratosphere but with care its measure-
ments can be extended into the upper troposphere (4–6 km
asl) (Treffeisen et al., 2006). We can qualitatively compare
the SAGE II latitudinally-averaged seasonal values of FT ex-
tinction (at 1020 nm) presented by Kent et al. (1998) (their
Plate 4c) with the high altitude observatory measurements
presented in Fig. 4. Between 30 and 60°N the highest values
of SAGE II extinction are observed in the spring. Some of
the mountaintop sites (MLO, LLN) are consistent with the
SAGE II observations, and also exhibit a springtime extinction
peak, but many of the other high altitude sites exhibit
broader peaks in extinction encompassing both spring and
summer (Fig. 4c). The SAGE II aerosol extinction increases
from south to north across the northern hemisphere mid-
latitudes but the in-situ extinction measurements do not re-
veal a consistent north–south gradient. The SAGE II observa-
tions at 1020 nm are more sensitive to large particles such as
dust so one explanation may be that the SAGE extinction ob-
servations are heavily weighted by high intensity springtime
dust events. The extinction values from SAGE II peak at

~1 Mm−1 in spring which is approximately equivalent to
3 Mm−1 at 550 nm, assuming an Ångström exponent of 2
(and equivalent to 2.5 Mm−1 at 550 nm, assuming an Ång-
ström exponent of 1.5). This is substantially lower than the
springtime median, in-situ extinction data which range
from ~3 Mm−1 at MLO to 70 Mm−1 at WLG. Some of the dis-
crepancy between the satellite and in-situ observations can
be attributed to differences in measurement technique and
data evaluation. The SAGE measurements presented by Kent
et al. (1998) represent the extinction at altitudes between
6 km and the tropopause, which is significantly higher than
most of the sites included here. Mattis et al. (2008) use
lidar data taken over Leipzig to show that FT extinction
values above 5 km are a factor of 2 lower than the FT extinc-
tion measured at altitudes below 5 km. The SAGE II cloud-
screening algorithm has also been shown to misidentify
high aerosol concentrations as clouds. There is also a tempo-
ral mismatching between the SAGE II measurements (1979–
1998) and the in-situ observations presented here, many of
which began after 2005. This comparison of in-situ and
SAGE II extinction suggests that the latitudinally-averaged
SAGE II extinction observations in Kent et al. (1998) are not
representative of the in-situ FT extinction obtained from the
high altitude platforms in this study.

The CALIOP lidar on-board the CALIPSO satellite measures
aerosol extinction at 532 nm with good vertical resolution
(30 m in the low and middle atmosphere (Yu et al., 2010))

Fig. 5. Comparison of average seasonal CALIPSO ambient extinction values at 3 km (purple) 532 nmwith seasonal in-situ extinction (at 550 nm, low RH and STP).
Box-whiskers show percentiles as described in Fig. 3. CMN at 520 nm, low RH and STP. The BEO plot shows scattering. EUS is eastern US profile; NAF is northern
Africa profile; WEU is western Europe profile; WCN is western China profile and ECN is eastern China profile. CALIPSO values come from Yu et al. (2010).
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down into the boundary layer (Winker et al., 2007). Thus the
CALIPSO data are more suitable to compare with the high alti-
tude in-situ measurements. Yu et al. (2010) present seasonal
average extinction profiles based on CALIPSO data from June
2006 to November 2007 for several regions. Fig. 5 shows sea-
sonal variability of in-situ aerosol light extinction for 8 sites
along with the seasonal extinction at 3 km altitude for the ap-
propriate overlap region from Yu et al. (2010). This figure rep-
resents a comparison of low relative humidity, in-situ
extinction measurements (at STP and at 550 nm) to average
extinction measurements from CALIPSO (ambient RH, T, P
and at 532 nm).

In general the comparisons suggest strong similarities in
terms of seasonal cycle and aerosol amount. For the eastern US
region comparison with SGP and the western Europe region
comparisons with JFJ, CMN and BEO the satellite extinction
values have the same seasonal pattern and are quite similar in
magnitude to the in-situ extinction. The comparison between
the CALIPSO eastern U.S. region and in-situ data from SGP is ex-
cellent. For BND, also compared with the CALIPSO eastern U.S.
region, the comparison is not as good as for SGP — the values
of extinction are quite similar for both in-situ and CALIPSOmea-
surements but the seasonal in-situ extinction measurements
peak in spring while CALIPSO measurements for the eastern
US indicate a summertime extinctionmaximum. The springtime

values for IZA and the CALIPSO northern Africa region exhibit
the largest discrepancy of any of the comparisons, with CALIPSO
being much higher than the in-situ measurements. There are
two possible explanations for this difference. This could be due
to stronger outflow from Africa in spring 2007 compared to
the 2008–2009 time period covered by the IZA measurements.
It is also possible that the northern Africa region is not represen-
tative of the aerosol sampled at IZA. The comparison between
WLG and CALIPSO observations over western China suggests
that CALIPSO underestimates aerosol extinction in this region.
As with IZA, the CALIPSO results are regional averages that
may not be representative of a single point and temporal differ-
ences in the two measurement periods may also play a role in
the discrepancy. Yu et al. (2010) also suggest that CALIPSO
may underestimate extinction due to dust. The results pre-
sented in Fig. 5 are obviously not an exhaustive comparison
but it suggests the potential for CALIPSO to provide global free
tropospheric aerosol extinction values and provides validation
for the lidar ratio that NASA uses to derive extinction from the
180-degree backscatter.

3.4. Systematic relationships among aerosol properties

Abetter understanding of systematic variability among aero-
sol properties can help to constrain model parameterizations of

Fig. 6. Systematic variability of various mean aerosol optical properties with aerosol light scattering: (a) light absorption, (b) single scattering albedo,
(c) Ångström exponent, (d) backscatter fraction. Single scattering albedo, Ångström exponent and backscatter fraction are calculatedwith the constraint light scat-
tering N1 Mm−1 to minimize noise caused by taking ratio of two small numbers. CMN scattering is at 520 nm, at all other sites scattering is at 550 nm.
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those aerosol properties and also reduce uncertainties in algo-
rithms for deriving aerosol optical properties from remotely
senseddata (Delene andOgren, 2002). Spatial and temporal res-
olution inmodels canmake it difficult to directly compare abso-
lute values of absorption and scattering from in-situ point
measurements with model predictions, however, comparison
of measured and modeled systematic variability may help indi-
cate whether models are properly incorporating emissions,
transport and atmospheric processing (e.g., cloud scavenging)
into their computations. Fig. 6 demonstrates how several aero-
sol properties (light absorption, Ångströmexponent, single scat-
tering albedo, and backscatter fraction) vary with aerosol
loading (as represented by light scattering). Themedian aerosol
optical properties were calculated over 5 Mm−1 light scattering
intervals. The standard error (SE=standard deviation of sam-
ple/square root of number of points in sample) was calculated
for each scattering bin for each of the parameters plotted.
Fig. 6 only includes points where the SE was less than ~2% of a
typical value of the parameters plotted on the y-axis, i.e., for sin-
gle scattering albedo the SEb0.02, for backscatter fraction
SEb0.002, and for Ångström exponent SEb0.04. This choice en-
sured that the systematic variability depicted is representative
of the data set as a whole. Data from MBO is only shown on
Fig. 6a, the SE for the MBO intensive parameters was too large
due to low numbers of data points.

3.4.1. Light absorption vs. light scattering
Aerosol light absorption and scattering vary approximate-

ly linearly, with light absorption generally increasing with in-
creasing light scattering as would be expected from Fig. 4ab.
The slope of the relationship between light scattering and ab-
sorption differs amongst the stations and is equal to 1/ωo−1.
At lower aerosol loadings (σspb20 Mm−1) the lines for many
of the sites overlap. This indicates similar proportions of scat-
tering and absorbing aerosol across those sites during clean
periods. The IZA measurements, which are dominated by
dust aerosol at high aerosol loading (Maring et al., 2000),
tend to have a lower slope than the other sites. PYR and
LLN, two sites where high aerosol loading coincides with
the presence of pollution and/or biomass burning plumes

have larger slopes. PYR is also influenced by dust transport,
but the relationship between Ångström exponent and light
scattering (Fig. 6c) suggests that the dust events are more
likely to occur during time periods of lower aerosol loading.
This is consistent with observations of aerosol mass loading
at PYR — Table 1 in Marinoni et al. (2010) shows relatively
more coarse aerosol during lower mass loading periods. The
slope for the absorption-scattering relationship at CMN lies
in-between those of PYR and LLN and the other 10 stations.
This could reflect that both dust and smoke plumes are trans-
ported to CMN and both types of plumes correspond to high
aerosol loading. The larger slopes for PYR, LLN and CMN are
reflected in the single scattering albedo plot (Fig. 6b).

3.4.2. Single scattering albedo vs. light scattering
Fig. 6b suggests that, in general, single scattering albedo is

lowest at low aerosol loading, and then increases to some ap-
proximately constant value as aerosol loading increases. The ob-
servation of low values of single scattering albedo at low aerosol
loading is consistentwith an aerosolmixture inwhich large scat-
tering aerosol particles have been preferentially removed (e.g.,
by cloud scavenging and/or deposition), leaving behind a rela-
tively darker aerosol (e.g., Berkowitz et al., 2011; Sellegri et al.,
2003, Marcq et al., 2010; Targino et al., 2005). The LLN plot
does not follow the pattern of the other stations; at LLN the sin-
gle scattering albedo is approximately constant for most of the
scattering range, but decreases slightly at the highest scattering
values. This could be explained if the highest scattering values
observed at LLN are associated with transported biomass burn-
ing aerosol and/or the highest loadings correspond with
the least processed (freshest) biomass plumes. Similarly, com-
parisons of the aerosol optical properties of local and long
range transported biomass smoke at SGP showed that local
(fresh) smoke had a lower single scattering albedo than smoke
that was transported over several days and ~1000 km distance
(Andrews et al., 2004). Reid et al. (2005) present an overview
of single scattering albedo measured in various ways (in-situ,
remote sensing) that suggests single scattering albedo will in-
crease as the smoke aerosol ages. They suggest twomechanisms
for this increase (1) transformation of the aerosol by

Fig. 7. Systematic variability as a function of single scattering albedo (a) single scattering albedo vs. Ångström exponent (b) single scattering albedo vs. back-
scatter fraction (c) single scattering albedo vs. asymmetry parameter. Single scattering albedo, Ångström exponent and backscatter fraction are calculated with
the constraint light scattering N1 Mm−1 to minimize noise caused by taking ratio of two small numbers.
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condensation and coagulation during transport and (2) mixing

in of less absorbing aerosol from other sources. Such an effect
may also occur for pollution plumes during transport. Fischer
et al. (2010) compare single scattering albedo values observed
in aged Asian plumes at MBO. They show that for Asian air
masses transported across the Pacific Ocean, the single scatter-
ing albedo increases with age due to transformation of the aero-
sol by condensation and coagulation during transport.

3.4.3. Ångström exponent vs. light scattering
The Ångström exponent is between 1 and 1.7 at most of

the sites during periods of very low loading (σspb10 Mm−1).
The Ångström exponent values reported for MBO are higher
due to the 1 μm impactor upstream of the nephelometer.
Fig. 6c shows that the Ångström exponent can increase or de-
crease as aerosol loading increases depending on the site. The
Ångström exponent at dust-influenced sites (IZA and WLG)
decreases with aerosol loading indicating that at these sites
the highest aerosol loads are due to strong dust events. A
similar decrease in Ångström exponent with increased load-
ing can also be seen at marine sites (Delene and Ogren,
2002), however a marine influence is unlikely to be a major
influence for the FT aerosol particles investigated here. The
PYR relationship falls between those of IZA and WLG and
the rest of the sites, consistent with the influence of both
dust and biomass burning at PYR. For the remaining sites,
the Ångström exponent increases with loading which one
would expect for anthropogenic pollution or biomass burn-
ing plumes (Toledano et al., 2007).

The relationship between Ångström exponent and scatter-
ing depicted in Fig. 6c can be compared with similar relation-
ships developed from spectral column measurements of
aerosol optical depth (AOD) and Ångström exponent at various
AERONET sites. The variability in aerosol loadingwith Ångström
exponent can be attributed to changes in aerosol type due to
changes in source or changes in contribution of a source (Eck
et al., 1999; Dubovik et al., 2002; Toledano et al., 2007). This is
most clearly illustrated by Toledano et al. (2007) who
show how the Ångström exponent and AOD relationship vary
as a function of five different aerosol types sampled at the El
Arenosillo station in southwestern Spain. They show (in their
Fig. 11) that desert dust events detected at El Arenosillo are
represented by low Ångström exponent and high AOD, while
biomass burning and continental aerosol particles have high
Ångström exponent values along with high AOD. This is

consistent with the relationship between Ångström exponent
and aerosol light scattering presented for the in-situ data in
this study.

3.4.4. Backscatter fraction vs. light scattering
Similar to what was presented in Delene and Ogren

(2002) the backscatter fraction tends to decrease with aero-
sol loading at most high altitude sites (Fig. 6d). BND and
WHI are the only sites that display the opposite relationship:
backscatter fraction increases with increasing aerosol light
scattering. The higher values of backscatter fraction at lower
aerosol loading indicate a greater contribution from smaller
accumulation mode particles. This would be consistent with
the preferential removal of large particles by cloud scaveng-
ing and or depositional losses during transport of the aerosol
particles to the site, shifting the size distribution to the small
end of the accumulation mode. Alternatively, new particle
formation (which occurs within clean air masses) followed
by condensation/coagulation could generate small but even-
tually optically active particles.

3.4.5. Ångström exponent and asymmetry parameter vs. single
scattering albedo

The previous sections show that the relationships be-
tween intensive aerosol properties and aerosol loading can
be related to aerosol type and atmospheric processing such
as cloud scavenging. The relationships among the intensive
properties can also provide information about the size and
composition characteristics of the aerosol. Fig. 7 shows the
systematic variability of Ångström exponent, backscatter
fraction and asymmetry parameter with single scattering al-
bedo for the sites studied here. Again, only points with low
standard error are plotted. The median aerosol optical prop-
erties were calculated over 0.02 single scattering albedo
intervals.

In Fig. 7amost of the sites show little variability of Ångström
exponent over the range of single scattering albedo. In contrast,
the Ångström exponents at the three dust-influenced sites
(PYR, WLG and IZA) vary in a similar fashion; the Ångström ex-
ponentdecreases as single scattering albedo increases. This sug-
gests that the absolute increase in light scattering is larger
than that of light absorption in the dust sampled at these
sites. Fischer et al. (2010) present similar results for MBO
(their Fig. 5c): Asian plumes containing dust were character-
ized by both high single scattering albedo and low Ångström
exponent values compared to Asian aerosol plumes without a
large contribution fromdust. Collaud Coen et al. (2004) indicate
that this type of relationship (lowå, highωo) can be also used to
identify dust events at JFJ (their Figs. 1 and 3) although they
note that the wavelength dependence of single scattering albe-
do is the definitive way to identify a dust event. At lower single
scattering albedo values (ωob0.9), the LLN and PYR lines show
the tendency of Ångström exponent to increase with decreas-
ing single scattering albedo. LLN and PYR are impacted by
smoke from bio-mass burning smoke and this observation is

Table 3
Constants for TOA forcing efficiency calculation.
From Haywood and Shine (1995).

Parameter value

D (fractional day length) 0.5
So (solar constant) 1370 Wm−2

Tat (atmospheric transmission) 0.76
Ac (cloud fraction) 0.6
Rs (surface reflectance) 0.15

Fig. 8. (a) Free troposphere radiative forcing efficiency. Box-whiskers show percentiles as described in Fig. 3. RFE is calculated with the constraint light scattering
N1 Mm−1 to minimize noise caused by taking ratio of two small numbers. (b) Monthly variation of FT RFE. Box-whiskers show percentiles as described in Fig. 3.
RFE is calculated with the constraint light scattering N1 Mm−1 to minimize noise caused by taking the ratio of two small numbers. The purple line represents the
RFEclim calculated when the site-specific climatological single scattering albedo and FT backscatter fraction from Fig. 3d and f are used. (c) RFE as function of scat-
tering coefficient in the FT. RFE is calculated with the constraint light scattering N1 Mm−1 to minimize noise caused by taking the ratio of two small numbers.
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consistent with that reported by Reid et al. (1999) for smoke in
Brazil.

Fig. 7bc shows the systematic variation of backscatter
fraction and asymmetry parameter with single scattering al-
bedo for FT aerosol particles for the sites in this study. The
asymmetry parameter is related to backscatter fraction by
Eq. (5). The asymmetry parameter and backscatter fraction
are two simple surrogates for the aerosol phase function
and estimates of aerosol radiative forcing efficiency require
single scattering albedo plus some representation of the an-
gular scattering of light. Andrews et al. (2006) discuss differ-
ent methods for calculating radiative forcing efficiency
depending on what in-situ measurements are available. At
most sites, the asymmetry parameter increases with single
scattering albedo while backscatter fraction decreases. An-
drews et al. (2006) presented a similar systematic variation
(in their Fig. 5) between these two parameters for the SGP
surface site and airplane measurements (not FT). They sug-
gest one explanation for the observed relationship between
single scattering albedo and backscatter fraction (or asym-
metry parameter) is preferential cloud scavenging of larger,
primarily scattering aerosol. Data from remote sensing in-
struments show similar variability between column average
asymmetry parameter and single scattering albedo (Liu
et al., 2008a). WHI and LLN are the exceptions to this rela-
tionship — the aerosol particles at these two sites have the
highest (LLN) and lowest (WHI) asymmetry parameter and
asymmetry parameter is relatively constant across the
range of single scattering albedo for both sites.

3.5. Radiative forcing efficiency of free troposphere aerosol at
low RH conditions

Haywood and Shine (1995) present an equation (Eq. (3)
in their paper):

ΔF
AOD

¼ −DSoT
2
at 1−Acð Þωoβ 1−Rsð Þ2⋅ 2Rs

β

� �
1
ωo

� �
−1

� �� 	
ð7Þ

to calculate global mean, annually averaged, top of the atmo-
sphere aerosol forcing (ΔF) if ωo, β, a function of backscatter
fraction: (β =0.0817+1.8495b−2.9682b2) and aerosol op-
tical depth (AOD) are known. The ratio of ΔF/AOD is known
as the aerosol radiative forcing efficiency (RFE). RFE depends
only on the nature of the aerosol (the right side of Eq. (7))
rather than the amount (Sheridan and Ogren, 1999), i.e.,
AOD is not needed for the calculation of RFE. Simplifying as-
sumptions (e.g., no spectral dependence of aerosol optical
properties, changes in surface albedo, etc.) mean that the cal-
culation is really just a zero-order estimate of radiative flux
changes. Table 3 provides the values assumed here for the
constants in the RFE equation. By using the same values for
each of these parameters (D, So, Tat, Ac, and Rs), and varying
only single scattering albedo and backscatter fraction the in-
trinsic radiative forcing efficiency of the dry aerosols due to
changes in these properties can be compared. The climatolo-
gy and seasonal variation of RFE is presented first and then
the RFE calculation is used to explore the sensitivity of aero-
sol forcing to variations in single scattering albedo and back-
scatter fraction. It should be stressed that the values of RFE
presented here do not represent the actual top of atmosphere

radiative forcing efficiency — those will be quite different for
each site due to differences in relative humidity, solar angle,
surface albedo (i.e., snow versus lava rock), etc.

Fig. 8a presents a climatology of calculated top of atmo-
sphere RFE for ten sites in this study for all data available and
for data identified as FT using the time of day restriction. Back-
scatter fraction is not available for CMNand single scattering al-
bedo is not available for BEO so RFEwas not calculated for these
two sites. Despite significant variability in the aerosol optical
properties observed among the sites (Fig. 3), the median RFE
falls between −20 and −30Wm−2 AOD−1 for both ‘all data’
and ‘FT data’. The four sites with the lowest single scattering al-
bedo (WHI,MBO, PYR and LLN) have the least negative RFE, i.e.,
their aerosol is slightly less cooling than the sites with more
negative RFE. At some sites the RFE increases in the FT com-
pared to that calculated for ‘all data’while at others there is lit-
tle change or a slight decrease. The sites with the biggest
increases in RFE between ‘all data’ and ‘FT data’ are MLO, SGP
and BND. At MLO and SGP this shift appears to be controlled
by differences in single scattering albedo for ‘all data’ and ‘FT
data’ (Fig. 3d), while at BND the shift is controlled by a change
in backscatter fraction (Fig. 3f).

Fig. 8b shows the monthly variability of RFE and demon-
strates the need for simultaneous measurements of back-
scatter fraction and single-scattering albedo for quantifying
aerosol direct radiative forcing. For example, at IZA the aero-
sol single scattering albedo is relatively constant regardless of
season but backscatter fraction is high in the winter and
lower at other times of year. The monthly values of RFE at
IZA are lower (more cooling) when backscatter fraction is
higher, i.e., when more sunlight is reflected back to space.
In contrast, the aerosol at MLO undergoes seasonal changes
in single scattering albedo but the backscatter fraction is rel-
atively constant. The resulting RFE is highest (more warm-
ing) in the winter months when the single scattering albedo
is lower. At the other sites, where single scattering albedo
and backscatter fraction co-vary, both parameters play a
role in controlling the RFE. Biomass burning plumes impact
LLN in the spring and WHI in summer causing lower single
scattering albedo values which are reflected in higher
(more warming) RFE in those months at those stations.

To investigate how well the assumption of static values
for single scattering albedo and backscatter fraction can rep-
resent the observed temporal variability in RFE, the calculat-
ed monthly RFE values are compared with RFEclim (calculated
using site-specific climatological medians of single scattering
albedo (from Fig. 3d) and backscatter fraction (from Fig. 3f)).
RFEclim is represented in Fig. 8b by a purple line. At some sites
(IZA, WLG), the monthly RFE values are within 10% of RFEclim,
suggesting site-specific climatological values may reasonably
be used to calculate forcing at these sites. At MBO the median
values of RFE and RFEclim are virtually on top of each other,
however RFEclim is based on only two months of data and
may not represent measurements outside that limited time
period. At other sites, the monthly median values of RFE can
be quite different (10–35%) from RFEclim. The biggest one
month discrepancy is at WHI where the March RFE value
(~7 Wm−2 AOD−1) is a factor of 3 different than the RFEclim
value of ~−22 Wm−2 AOD−1. This comparison indicates the
importance of using appropriate values of single scattering
albedo and backscatter fraction and understanding that
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large uncertainties in RFE and hence aerosol forcing may
ensue when the variability in single scattering albedo and
backscatter fraction are not considered. At most sites the dif-
ferences between RFEclim and the monthly median RFE tend
to be larger for lower aerosol loading. This is consistent
with the observation that we see the most variability in sin-
gle scattering albedo and backscatter fraction at low loading
conditions (Section 3.1). We also see the widest range of sin-
gle scattering albedo and backscatter fraction values among
sites at low loading (e.g. Fig. 6bd).

Fig. 8c depicts the systematic variability between aerosol
light scattering and RFE. When the light scattering coefficient
is greater than ~10 Mm−1 the RFE is relatively constant (less
than ±1Wm−2 AOD−1 variability) for all the sites except
LLN. A constant RFE does not mean that the absolute aerosol ra-
diative forcing is constant — aerosol radiative forcing changes
with aerosol loading — it just suggests that the intrinsic nature
of the aerosol will not significantly affect the calculation of RFE.
At LLN the RFE increases by ~6Wm−2 AOD−1 (i.e., relatively
more warming) as the light scattering coefficient increases
from 0 to ~80 Mm−1. The high values of scattering at LLN
tend to occur in the spring due to transport of smoke from re-
gional biomass burning in the region and the increase in RFE
is consistent with a more strongly absorbing aerosol. For low
aerosol loading (σspb10 Mm−1) the RFE appears to be slightly
less negative (i.e., relatively more warming) than for higher
aerosol loading conditions at all sites but LLN. This is consistent
with the picture of smaller, darker aerosol at low aerosol load-
ings depicted in Fig. 6. The WHI aerosol has the highest RFE
at low aerosol loading — this is likely associated with the low
wintertime single scattering albedo values at the WHI dis-
cussed in Section 3.1.2. The variation of RFE with aerosol
amount ranges from quite low (b0.5 Wm−2 AOD−1) at JFJ up
to ~6Wm−2 AOD−1 at WHI and LLN. This latter value is
quite a bit more variable than the ~±1Wm−2 AOD−1 that
was observed for the four sites studied by Delene and Ogren
(2002). Based on the low variability in RFE over the wide
range of aerosol loading at the sites they studied (0–
140 Mm−1), Delene and Ogren (2002) hypothesized that the
amount of aerosol is of primary importance in direct radiative
forcing calculations while the value of the intensive aerosol op-
tical properties (single scattering albedo and backscatter frac-
tion) is of secondary importance. With the possible exception
of measurements at LLN and WHI, our results are consistent
with the hypothesis presented by Delene and Ogren (2002).

4. Conclusions

An overview of free troposphere (FT) aerosol optical
properties determined from high altitude in-situ measure-
ments at locations across the northern hemisphere has been
presented in this paper. Time of day was used to identify pe-
riods of FT air, with the caveat that this simple approach is
likely to include boundary layer air at certain locations and
during specific synoptic conditions. There is significant vari-
ability in aerosol optical properties in terms of aerosol load-
ing (light absorption, scattering and extinction) and
intensive properties (single scattering albedo, Ångström ex-
ponent and backscatter fraction) among the 12 sites. Aerosol
loading generally increased on a west to east gradient where
the western-most site was Mauna Loa (MLO) in Hawaii and

the eastern-most site was Mount Lulin (LLN) in Taiwan. Dif-
ferences in the intensive properties clearly showed the influ-
ence of different sources/aerosol types on the different sites.

There were clear seasonal cycles in aerosol loading with
the peak occurring in spring (LLN and MLO) or spring/
summer (all the other sites). In-situ extinction values from
the European observatories (Jungfraujoch (JFJ), Monte
Cimone (CMN), Beo Moussala (BEO)) were in the same
range as FT extinction measured by the EARLINET lidar net-
work. The annual cycles for intensive properties were less
well-defined and more variable (e.g., depending on the site,
the lowest single scattering albedo could occur in spring
(LLN), summer (MountWaliguan (WLG)), fall (Nepal Climate
Observatory — Pyramid (PYR)) or winter (MLO)). In general,
the changes in intensive property values could be related to
known sources and the timing of their maximum impact
(e.g., biomass burning transport to LLN and dust transport to
Izaña (IZA)).

There were large discrepancies between the in-situ ex-
tinction values and averaged SAGE II upper troposphere ex-
tinction data. In contrast, comparisons of in-situ aerosol
extinction measurements with regional extinction profiles
derived from CALIPSO presented in Yu et al. (2010) were in
good agreement both in absolute amount and in seasonal
cycle. This result suggests that aggregated CALIPSO swaths
are likely to provide a relatively accurate global map of FT
seasonal aerosol extinction (to the extent that aerosol hygro-
scopic growth can be assumed to be equal in magnitude but
opposite in effect to the STP conditions at which these high
altitude aerosol particles were reported). However, in-situ
measurements are still crucial for determining other aerosol
optical properties in the FT.

Investigation of the systematic variability of aerosol proper-
ties as a function both of aerosol loading and of single scattering
albedo demonstrated common patterns that could help con-
strain model estimates of aerosol parameters. Cloud-scavenging
during transport was hypothesized as on explanation for
the observation that aerosol particles were more absorbing
(lower single scattering albedo) and smaller (higher back
scatter fraction) at low aerosol loading. The Ångström
exponent-light scattering relationship showed different pat-
terns for dust aerosol (Ångström exponent decreases with load-
ing) andpollution/biomass burning aerosol (Ångströmexponent
increases with loading) similar to Ångström exponent-aerosol
optical depth relationships derived from AERONET sunphot-
ometer measurements. These systematic variations may be use-
ful for identifying aerosol type if other information such as
aerosol chemistry is unknown. The ability of models to repro-
duce the systematic variability of aerosol optical properties de-
rived from in-situ measurements may also be a useful way to
assess whether models are properly simulating the processing
that occurs during atmospheric transport.

Despite large variability in aerosol extensive and intensive
properties among the sites, the median values of the top
of atmosphere radiative forcing efficiency (RFE=radiative
forcing/optical depth) were in a narrow range between −30
to −20 W m−2 AOD−1 at all the sites. Seasonal variations in
RFE were related to changes in single scattering albedo and
backscatter fraction. The difference betweenmedian monthly
RFE and RFEclim calculated using the site-specific climatologi-
cal median single scattering albedo and backscatter fraction
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were in the 10–35% range for most sites. These differences
tended to be larger at low aerosol loading consistent with
the observation that these aerosol optical properties spanned
a larger range of values at cleaner conditions. Atmost sites the
radiative forcing efficiency at low aerosol loading (light scat-
teringb10 Mm−1) was slightly less negative (more warming)
than at higher aerosol. Consistent with the analysis by Delene
and Ogren (2002) the aerosol loading was typically more im-
portant for direct aerosol radiative forcing of climate than the
intensive properties (single scattering albedo, backscatter
fraction) of the aerosol particles.
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