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Abstract. The radiative effect of anthropogenic aerosols
over Europe during the 2008 European Integrated Project on
Aerosol Cloud Climate and Air Quality Interactions Long
Range Experiment (EUCAARI-LONGREX) campaign has
been calculated using measurements collected by the Facility
for Airborne Atmospheric Measurements (FAAM) BAe-146
aircraft and radiative transfer modelling. The aircraft sam-
pled anthropogenically perturbed air masses across north-
western Europe under anticyclonic conditions with aerosol
optical depths ranging from 0.047 to 0.357. For one spe-
cially designed “radiative closure” flight, simulated irradi-
ances have been compared to radiation measurements for
a case of aged European aerosol in order to explore the
validity of model assumptions and the degree of radiative
closure that can be attained given the spatial and tempo-
ral variability of the observations and their measurement
uncertainties. Secondly, the diurnally averaged aerosol ra-
diative effect throughout EUCAARI-LONGREX has been
calculated. The surface radiative effect ranged between
−3.9 and −22.8 W m−2 (mean −11± 5 W m−2), whilst top-
of-the-atmosphere (TOA) values were between −2.1 and
−12.0 W m−2 (mean−5± 3 W m−2). We have quantified the
uncertainties in our calculations due to the way in which
aerosols and other parameters are represented in a radiative
transfer model. The largest uncertainty in the aerosol radia-
tive effect at both the surface and the TOA comes from the
spectral resolution of the information used in the radiative
transfer model (∼ 17 %) and the aerosol description (compo-
sition and size distribution) used in the Mie calculations of
the aerosol optical properties included in the radiative trans-

fer model (∼ 7 %). The aerosol radiative effect at the TOA is
also highly sensitive to the surface albedo (∼ 12 %).

1 Introduction

Atmospheric aerosols play an important role in the Earth’s
climate through modifications of the global radiation bud-
get, directly through the scattering and absorption of radia-
tion (Charlson et al., 1992; Haywood and Shine, 1997) and
indirectly via changes to cloud microphysics and properties
(Kaufman et al., 2005). These effects are potentially consid-
erable but uncertain. The global mean direct radiative forcing
from 1750 to 2011 due to all anthropogenic aerosol has been
estimated as −0.27± 0.5 W m−2, and the indirect effect as
−0.55 (with a range from −1.33 to −0.06) W m−2 (IPCC,
2013). This rather large uncertainty in both the direct and in-
direct forcing is due to the variability of the optical properties
and the spatial-temporal distribution of the aerosols, together
with the variability of the macrophysical and microphysical
properties of clouds in the case of the indirect forcing. In
order to reduce these uncertainties, the integration of data
from different platforms (ground-based networks, satellite,
aircraft, etc.) and techniques (in situ measurement, remote
sensing, numerical modelling, and data assimilation) is re-
quired (Penner et al., 1994; Heintzenberg et al., 1996; Diner
et al., 2004; Yu et al., 2006). For this reason, a great effort
has been made in the last decades to establish ground-based
networks, develop new satellite sensors, and perform field
experiments around the world (Kahn et al., 2004).
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In situ measurements made by ground-based networks or
in field experiments provide important aerosol information
such as loading, vertical distribution, optical properties, or
chemical composition, although they usually are very limited
in space and time. Nowadays, satellite measurements allow
regional-to-global-scale analyses, while chemical transport
models are used to interpolate and provide data in regions
where observations are not available. However, in situ mea-
surements are still needed for evaluating both the satellite
retrievals and the model simulations. Moreover, climate sim-
ulations by numerical models require accurate representation
of the physical and chemical properties of aerosols and their
processes, and this will be ultimately based on experimental
measurements. Thus, the comparison of different measure-
ment platforms and techniques, together with the compari-
son of dependent aerosol properties and effects, is leading
to a better understanding of the properties and processes of
atmospheric aerosols as well as their role in radiative trans-
fer. These studies, which are referred to as “closure” studies,
have been performed before in a variety of aerosol regimes
in field campaigns such as the Tropospheric Aerosol Ra-
diative Forcing Observational Experiment, TARFOX (Rus-
sell et al., 1999); the Indian Ocean Experiment, INDOEX
(Ramanathan et al., 2001); the Southern African Regional
Science Initiative, SAFARI 2000 (King et al., 2003); the
Aerosol Characterization Experiment-Asia, ACE-Asia (Hue-
bert et al., 2003); and the Aerosol Direct Radiative Impact
Experiment, ADRIEX (Highwood et al., 2007).

The European Integrated Project on Aerosol Cloud Cli-
mate and Air Quality Interactions Long Range Experi-
ment (EUCAARI-LONGREX) was an aircraft field cam-
paign conducted over central Europe and off the UK coast
in May 2008. This campaign focused on the horizontal and
vertical distribution of aerosol and trace gases on a continen-
tal scale throughout the tropospheric column. The synoptic
and pollution situation during EUCAARI-LONGREX can be
found in Hamburger et al. (2011); in summary, an anticy-
clone over Scandinavia provided easterly flow across north-
ern Europe such that aged European aerosol could be mea-
sured over the eastern North Atlantic Ocean. The chemical
composition of airborne measurements inside the boundary
layer and its impact on the radiative budget over Europe are
presented in Morgan et al. (2010a, b). The black carbon mea-
surements have been analysed by McMeeking et al. (2010).
The aerosol optical measurements have been discussed by
Highwood et al. (2012). The level of agreement between the
calculated and measured aerosol optical properties during the
campaign has been analysed by Esteve et al. (2014).

In this case study, we have used the data collected by the
Facility for Airborne Atmospheric Measurements (FAAM)
BAe-146 aircraft during EUCAARI-LONGREX to calculate
the radiative effect of aerosols of different ages over Europe.
Building on Esteve et al. (2014), we have also quantified
the uncertainties in our calculations due to the variability
of aerosol properties and the way in which they are repre-

sented in models. Section 2 of this paper briefly describes
the data and instrumentation from the FAAM BAe-146 air-
craft and the radiative transfer model used in our calcula-
tions. Section 3 presents a radiative closure study for the only
specially designed flight for this purpose within EUCAARI-
LONGREX, a case with predominantly clear skies and high
concentrations of aged European aerosol. For this flight
alone, radiation and aerosol in situ measurements were pos-
sible within, above, and below the aerosol layer, which al-
lows validation of the model radiation calculations. Such ra-
diation measurements were not possible during the rest of
the EUCAARI-LONGREX flights due to aircraft operational
restrictions, so for these flights the in situ aerosol measure-
ments are used in Sect. 4 to calculate the radiative effect over
Europe during the campaign. Section 5 discusses the uncer-
tainties associated with the calculated aerosol radiative ef-
fects. The conclusions are presented in Sect. 6.

2 Methodology

2.1 FAAM BAe-146 aircraft data and instrumentation

During the EUCAARI-LONGREX campaign, the FAAM
BAe-146 aircraft made 15 flights in the region 47–57◦ N
and 12◦W–22◦ E. Flight patterns generally consisted of ei-
ther north–south transects to cut across air mass gradients or
east–west transects to follow the air mass trajectories. Air-
craft manoeuvres consisted of straight level runs (SLRs) at
different altitudes and vertical profiles through the bound-
ary layer. Table 1 shows the flights and deep vertical profiles
made during EUCAARI-LONGREX that have been selected
in this paper to calculate the radiative effect of aerosols over
Europe during this case study.

The instrumentation aboard the FAAM BAe-146 aircraft
measured the chemical composition, microphysical, opti-
cal, and hygroscopic properties of the atmospheric aerosols,
as well as the shortwave solar radiation, and it has been
described in detail in Johnson et al. (2000), Haywood et
al. (2001, 2003), Osborne et al. (2007), McMeeking et
al. (2010), and Morgan et al. (2010a). Only the instrumen-
tation relevant for our study is briefly described here, and it
is summarized in Table 2.

The aerosol scattering coefficients at 440, 550, and 700 nm
are measured by a TSI 3563 integrating nephelometer. These
values are corrected for angular truncation, temperature, and
pressure following Anderson and Ogren (1999) and Turn-
bull (2010). Although the sample is not actively dried during
these flights, these measurements are assumed to be applica-
ble to “dry” aerosol. A second TSI 3563 integrating neph-
elometer (“wet nephelometer”) is operated with a humidified
relative humidity (RH) between 45 and 95 % in series with
the first nephelometer (e.g. Haywood et al., 2008). During a
SLR, the humidity is either cycled through a range between
these values or set at a fixed high level. Thus, the hygroscopic
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Table 1. Flights and deep vertical profiles selected to calculate the radiative effect of aerosols over Europe during EUCAARI-LONGREX.
Deep vertical profiles provide the most complete description of the vertical distribution of the aerosol.

Flight Profile Date Altitude (m) General location

b362 P9+P10 6 May 2008 a.m. 90–3000 Germany/Belgium and N. Sea
b365 P7 8 May 2008 a.m. 60–3100 Eastern Europe and Baltic Sea
b369 P6.3 10 May 2008 p.m. 70–2600 Baltic Sea and Germany
b370 P1 12 May 2008 a.m. 60–3000 Germany, Netherlands, and N. Sea
b370 P4.2 12 May 2008 a.m. 580–3400 Germany, Netherlands, and N. Sea
b371 P2.2 12 May 2008 p.m. 40–1900 Germany and Baltic Sea
b373 P7 13 May 2008 p.m. 60–3000 Southern UK coast
b374 P2 14 May 2008 a.m. 20–3700 Atlantic Ocean SW of Ireland
b374 P6 14 May 2008 a.m. 3–6700 Atlantic Ocean SW of Ireland
b380 P3.2 22 May 2008 a.m. 640–2300 Germany, Netherlands, Belgium, and southern UK coast

Table 2. Summary of the aerosol and radiation sampling instrumentation aboard the FAAM BAe-146 during the EUCAARI-LONGREX
campaign.

Instrument Measurement Sensitivity

TSI 3563 integrating “Dry” and “wet” aerosol light scattering coefficient ∼ 20 % (Johnson and Osborne, 2011)
nephelometer at 450, 550, 700 nm
PSAP Dry aerosol absorption coefficient at 567 nm ∼ 30 % (Bond et al., 1999)
PCASP Dry aerosol size distribution ±20 % (diameter), ±15 % (concentration)
ToF-AMS Aerosol composition (non-refractory mass) ∼ 25 % (Canagaratna et al., 2007)
SP2 Refractory black carbon mass ∼ 30 % (Schwarz et al., 2006)
PSP Downwelling and upwelling irradiance (0.3–3 µm) ±8 % (Haywood et al., 2001, 2003)

scattering growth factor, f (RH), can be estimated as the ra-
tio of the scattering coefficient measured in the wet neph-
elometer to the scattering coefficient measured by the stan-
dard nephelometer and plotted as a function of RH to obtain a
hygroscopicity curve for each flight of the campaign. To min-
imize the uncertainty due to the unknown RH of the sample
in the “dry nephelometer”, only sections of SLRs where the
RH measured in the dry nephelometer is less than 30 % are
used. The “measured” scattering for “ambient” aerosol at a
given relative humidity is then derived by increasing the scat-
tering from the nephelometer by the growth factor indicated
by the hygroscopicity curve. A more detailed description of
this process can be found in Highwood et al. (2012).

The aerosol absorption coefficient at 567 nm is measured
by a Radiance Research Particle Soot Absorption Photome-
ter (PSAP). These values are corrected for pressure and flow
rate and for spot size effects following Bond et al. (1999),
Ogren (2010), and Turnbull (2010). The absorption at 550 nm
is found assuming an inverse dependence of the absorp-
tion with the Ångström exponent (e.g. Bond and Bergstrom,
2006). These measurements are also assumed to be represen-
tative of dry aerosol and not to change with relative humidity.
As such, the derived ambient extinction coefficient is com-
prised of a humidity growth adjusted scattering and humidity
unchanged absorption.

The aerosol size distribution is measured by a wing-
mounted particle measuring system, the Passive Cavity
Aerosol Spectrometer Probe 100-X (PCASP). This provides
aerosol sized in 15 bins (previously calibrated in the labo-
ratory) with diameters between 0.1 and 3 µm approximately.
Considering the dehydrating nature of the PCASP (Strapp et
al., 1992), this is taken to be the dry aerosol size distribu-
tion. We have taken into consideration the known difference
in bin sizing from the calibration latex spheres based on our
estimate of the refractive indices of the aerosol as described
in Rosenberg et al. (2012). The drift of this offset has been
shown to be small over the duration of a campaign.

The aerosol composition is measured by an Aerodyne
Time-of-Flight Aerosol Mass Spectrometer (ToF-AMS) for
the total non-refractory mass (e.g. organics, nitrate, sulphate,
ammonium, and chloride) and by a Single Particle Soot Pho-
tometer (SP2) for the mass of sub-micron refractory black
carbon.

Measurements of downwelling and upwelling irradiances
are made using Eppley Precision Spectral Pyranometers
(PSPs) mounted above and below the fuselage. These instru-
ments have a spectral range of 0.3–3 µm. The accuracy of
standard PSPs is ±1 % (Burns et al., 2000), but additional
uncertainties encountered when mounted and flown on the
aircraft due to pitch and roll corrections result in an overall
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accuracy of the FAAM BAe-146 PSPs of up to ±8 % (Hay-
wood et al., 2001, 2003).

2.2 Radiative transfer calculations

Calculations of downwelling and upwelling irradiances are
performed using the Edwards and Slingo (ES96) radiative
transfer model (Edwards and Slingo, 1996; Randles et al.,
2013) with a plane-parallel atmosphere and a spectral resolu-
tion of 220 bands in the range 0.2–10 µm. Vertical profiles of
temperature, water vapour, ozone, and aerosol mass mixing
ratio are calculated from measurements of the FAAM BAe-
146 aircraft. At altitudes above the aircraft profiles, the mid-
latitude climatology of McClatchey et al. (1971) is used for
temperature, water vapour, and ozone. When the aircraft was
unable to get close enough to the surface (SFC) (since it is
difficult to fly at low altitude over European land), these pa-
rameters were also extended to the surface, assuming a con-
stant profile from the minimum aircraft altitude. McClatchey
et al. (1971) mid-latitude climatology is also used for CO2,
O2, CH4, and N2O, which the aircraft did not measure.
Aerosol optical properties (single-scattering albedo, mass ex-
tinction coefficient, and asymmetry parameter) are specified
in the simulations by calculating them with a Mie scattering
code within a framework that includes the measured compo-
sition and dry size distribution for the closest SLRs to each
vertical profile and grows the aerosol according to parame-
terisation of growth factors from the literature (Esteve et al.,
2014). Since ES96 is run in two streams, the asymmetry pa-
rameter is provided rather than a description of the full scat-
tering phase function. The vertical aerosol profile in terms
of mass mixing ratio is provided as an input to ES96. For
this, the vertical profile of the aerosol scattering measured by
the FAAM BAe-146 aircraft must be converted first to a ver-
tical profile of the extinction coefficient by dividing by the
single-scattering albedo measured at an appropriate altitude,
and then the extinction coefficient can be converted to a mass
mixing ratio using the mass extinction coefficient. For sim-
plicity, a Lambertian surface albedo is assumed. This is ob-
tained either from pyranometer measurements of upwelling
and downwelling irradiance during SLRs close to the sur-
face or from the Modern Era Retrospective-analysis for Re-
search and Applications (MERRA) database (Rienecker et
al., 2011). Solar zenith angle is specified for each case de-
pending on flight time and location. The solar irradiance at
the top of the atmosphere (TOA) is specified based on stan-
dard solar geometry.

3 Radiative closure between model and measurements
– case study

Pyranometer-measured irradiances can be used together with
ES96-modelled irradiances in order to validate the results
from the model and evaluate the degree of radiative closure

Figure 1. Flight b374 pattern for each SLR as a function of geo-
graphic location showing the southwest of Ireland shaded grey (top)
and the pressure at which the measurements were made (middle).
Vertical profile of aerosol extinction at 550 nm during flight b374
(bottom).

that can be achieved. However to do this, very specific flight
patterns (full profiles to close to ground level, stacked straight
and level runs, including close to ground level and above the
aerosol layer) and conditions (cloud-free skies, high aerosol
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concentrations) are needed. During EUCAARI-LONGREX,
only one such opportunity was available. Flight b374, which
was performed on 14 May 2008 off the western coast of
Ireland, had a flight pattern designed specifically to do this
based on the predominantly clear skies and high concentra-
tions of aged European aerosol. Figure 1 shows the loca-
tion of the seven SLRs that were performed at different al-
titudes during flight b374. The SLRs designed specifically
for radiative closure purposes include two SLRs within the
aerosol layer off the Irish coast (R2 at ∼ 928 mb and R5 at
∼ 811 mb), two SLRs in opposite headings below the aerosol
layer (R3 and R4 at ∼ 1011 mb), and two SLRs in opposite
headings above the aerosol layer (R6 and R7 at ∼ 392 mb).
Vertical profiles through the boundary layer were also per-
formed between SLRs. An additional SLR was performed
within the aerosol layer much closer to the Irish coast (R1)
while overflying the Mace Head ground sampling site, likely
sampled different aerosol, and was not consistent in time
or space with the rest of the flight segments. It is there-
fore not analysed further in this study. The vertical profile
of the aerosol extinction calculated from the measured scat-
tering and absorption (from the nephelometer and PSAP) for
flight b374 is shown as well in Fig. 1.

In order to obtain model irradiances comparable to pyra-
nometer measurements, average solar zenith angles for the
times of each SLR are used to run ES96, and model results
are then selected at pressure levels corresponding to those
of the flight SLRs. Pyranometer data are also averaged over
SLRs in order to compare to model data. The surface albedo
in this case is calculated as the ratio of the upwelling ir-
radiance to the downwelling irradiance measured when the
aircraft was flying close to the surface (below 20 m height),
providing a value of 0.033± 0.001. This value is close to the
lower limit of the range found by Jin et al. (2004) for the
clear-sky ocean albedo, which varies greatly (0.03–0.4) de-
pending on the solar zenith angle, the aerosol loading, and
the wind speed.

Figure 2 shows the comparison of the modelled irradi-
ances to the measured ones for both the shortwave down-
welling (SWD) and upwelling (SWU) irradiances (• sym-
bols) through scatter plots (Fig. 2a and b) and in terms of
absolute differences (Fig. 2c and d) and percentage differ-
ences (Fig. 2e and f) as a function of the pressure at which
the pyranometer measurements were made. There is very
good agreement between model and pyranometer for both
the SWD and SWU irradiances, with the difference between
pyranometer and model data being within the pyranometer
uncertainty. Good agreement at high altitudes is expected for
SWD since there was no aerosol above the FAAM BAe-146
aircraft. Lower down in the atmosphere the good agreement
between model and measurements indicates that interactions
between SWD and the aerosols are well represented. The
best agreement for SWU is found at the lowest altitudes,
which suggests that our calculated surface albedo is appro-
priate. Therefore, our assumptions about aerosol properties

and hygroscopic growth lead to fluxes consistent with those
measured when the surface albedo is also well constrained
with consistent models, and we can say that radiative clo-
sure is indeed possible with our current instrumentation and
a specially defined flight plan. We will use the ES96 radia-
tive transfer model in Sect. 4 to estimate the aerosol radia-
tive effect over Europe during other EUCAARI-LONGREX
flights.

4 Aerosol radiative effect

The shortwave aerosol radiative effect, from now on
aerosol radiative effect (ARE), is the change in net
shortwave irradiance due to the presence of aerosols,
ARE=NETaer

−NETclr, where NET=SWD−SWU. A
negative value represents a decrease in the NET irradiance,
likely to result in surface cooling, while a positive value sug-
gests an increase in the NET irradiance and possible surface
heating.

Having some confidence in our representation of the aged
aerosol from the success of radiative closure obtained in Sec-
tion 3, we would like to estimate the aerosol radiative effect
at the surface and the TOA for this and other profiles from
the EUCAARI-LONGREX campaign. Such a detailed val-
idation as shown in Sect. 3 is not possible for other flights
since operations and logistics did not routinely permit the
specially designed flight pattern performed on flight b374.
Nevertheless, the range of aerosol properties measured dur-
ing EUCAARI-LONGREX can be used to drive ES96 and
calculate the aerosol radiative effect for each case, albeit
without radiometric validation measurements.

For each case, ES96 is provided with the in situ meteoro-
logical and aerosol measurements as described in Sect. 2.2.
Additionally the surface albedo must be supplied. For
flight b374 the surface albedo was obtained directly from
the aircraft measurements, but this is not possible for pro-
files over land as air traffic restrictions prevent the aircraft
from flying close to the surface. One source of surface albedo
data is the MERRA reanalysis (Rienecker et al., 2011). In
order to assess the sensitivity of the modelled irradiances
to use of the MERRA surface albedo, the value from the
MERRA reanalysis for flight b374 (0.047) has been used
to rerun ES96 for this profile, and the modelled irradiances
have been compared to the pyranometer measurements (×
symbols in Fig. 2). As we would expect, the change in sur-
face albedo causes very small changes in the SWD irradi-
ance (< 5 W m−2). However, the higher surface albedo leads
to an increase in the SWU irradiance such that the model
overpredicts the pyranometer measurements by 8–43 %, this
difference being now outside the uncertainty in the observa-
tions. Thus, our model calculations of SWD are more reliable
than those of SWU when using the surface albedo from the
MERRA reanalysis, and both SWD and SWU are less reli-
able than those obtained using a surface albedo from pyra-
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Figure 2. Comparison of modelled to measured irradiances for flight b374. (a, b) Scatter plots of modelled and measured shortwave down-
welling (SWD) and upwelling (SWU) irradiances. Error bars show the maximum uncertainty of 8 % in the pyranometer measurements
(Haywood et al., 2001, 2003); (c, d) difference between measured and modelled irradiances as a function of the pressure at which the mea-
surements were made; (e, f) percentage difference between measured and modelled irradiances as a function of the pressure at which the
measurements were made. Dashed lines show percentage errors of less than 8 %, representing the maximum uncertainty in the pyranometer
measurements. Dots (•) show results obtained with values of the surface albedo from pyranometer measurements close to the surface, and
crosses (×) results from the MERRA reanalysis.

nometer measurements of upwelling and downwelling irra-
diance during SLRs close to the surface. In Sect. 5 we will
assess the sensitivity of the calculated aerosol radiative effect
over Europe during EUCAARI-LONGREX to this factor.

In order to compare our results to values from the litera-
ture, the aerosol radiative effect for each flight has been di-
urnally averaged by calculating the irradiances at three times
during each day, and weighting them based on a Gaussian
distribution, which varies throughout the year. We assume
that the aerosol remains unchanged diurnally.

Table 3 shows the ambient aerosol optical depth at 550 nm
(AOD) from the aircraft profiles and dry single-scattering
albedo (SSA) and specific aerosol extinction (kext) at 550 nm
from the closest SLR to each profile derived from the mea-
surements of the aerosol scattering and absorption made by
the FAAM BAe-146 aircraft, together with the diurnally av-
eraged values of the ARE and radiative efficiency (RE) at
the surface and the TOA over Europe during EUCAARI-
LONGREX.

The highest AOD values during the EUCAARI-
LONGREX campaign were found for flights b373 (0.176)

Atmos. Chem. Phys., 16, 7639–7651, 2016 www.atmos-chem-phys.net/16/7639/2016/



A. R. Esteve et al.: A case study of the radiative effect of aerosols over Europe 7645

Table 3. “Ambient” aerosol optical depth at 550 nm (AOD), “dry” single-scattering albedo at 550 nm (SSA), dry specific aerosol extinction
at 550 nm (kext), and diurnally averaged values of the aerosol radiative effect (ARE) and radiative efficiency (RE) at the surface (SFC) and
top of the atmosphere (TOA) across Europe during EUCAARI-LONGREX.

Flight Profile AOD SSA kext ARESFC ARETOA RESFC RETOA
(m2 kg−1) (W m−2) (W m−2) (W m−2 AOD−1) (W m−2 AOD−1)

b362 P9+P10 0.099 0.96 3425.9 −7.4 −4.4 −75.1 −43.9
b365 P7 0.047 0.94 2703.5 −3.9 −2.1 −82.5 −43.8
b369 P6.3 0.061 0.95 2234.3 −8.0 −3.0 −131.1 −48.7
b370 P1 0.101 0.96 2684.8 −10.4 −5.3 −103.0 −52.1
b370 P4.2 0.081 0.93 2549.7 −9.1 −3.7 −112.0 −45.4
b371 P2.2 0.111 0.95 1974.4 −9.6 −4.2 −86.9 −37.4
b373 P7 0.176 0.94 2570.6 −15.9 −7.6 −90.5 −43.1
b374 P2 0.126 0.94 2950.6 −13.1 −5.9 −103.9 −46.6
b374 P6 0.357 0.96 2628.4 −22.8 −12.0 −63.9 −33.5
b380 P3.2 0.099 0.96 3201.7 −12.3 −5.2 −124.2 −52.9

and b374 (0.357), located on the southern UK coast and
in the Atlantic Ocean south-west of Ireland, while the
lowest AOD values were found for flights b365 (0.047)
and b369 (0.061), performed over eastern Europe and
the Baltic Sea. Considering that the majority of flights
of EUCAARI-LONGREX took place during a period
dominated by a strong high-surface-pressure system po-
sitioned in the region of Denmark (Morgan et al., 2010a,
b; McMeeking et al., 2010; Hamburger et al., 2011), it
seems that the relatively clean air mass from the Baltic Sea
was swept by the anticyclonic flow south and eastwards,
collecting emissions from north-western Europe, and thus
the most aged aerosol sample was found to the west of
Ireland. Moreover, the SSA over Europe during EUCAARI-
LONGREX was relatively high (> 0.93), which reflects the
large fraction of scattering material (sulphate, nitrate, and
organics) in the European aerosol. The geographical and
temporal variations of the aerosol scattering and absorption
during EUCAARI-LONGREX have been studied in more
detail by Highwood et al. (2012). Whilst any estimate of
the aerosol radiative effect from a field campaign can be
only a snapshot, EUCAARI-LONGREX covered more of
north-western Europe than previous campaigns, and even a
snapshot is useful to compare with similar snapshots from
TARFOX (Russell et al., 1999), INDOEX (Ramanathan
et al., 2001), the Mediterranean Intensive Oxidant Study
(MINOS; Markowicz et al., 2002), ACE-Asia (Huebert et
al., 2003), SAFARI 2000 (King et al., 2003), ADRIEX
(Highwood et al., 2007), the Chemistry-Aerosol Mediter-
ranean Experiment/Aerosol Direct Radiative Forcing on the
Mediterranean Climate (ChArMEx/ADRIMED; Mallet et
al., 2016), etc.

The diurnally averaged values of the ARE across north-
western Europe during EUCAARI-LONGREX ranged be-
tween −3.9 and −22.8 W m−2 at the surface and from
−2.1 to −12.0 W m−2 at the TOA, with mean values for
the whole campaign of −11± 5 W m−2 at the surface and

Figure 3. Aerosol radiative effect in W m−2 at the surface (top)
and TOA (bottom) across north-western Europe during EUCAARI-
LONGREX.
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Figure 4. Aerosol radiative efficiency in W m−2 per AOD unit at
the surface (top) and TOA (bottom) across north-western Europe
during EUCAARI-LONGREX.

−5± 3 W m−2 at the TOA. The RE (Meywerk and Ra-
manathan, 1999), which is independent of the solar zenith
angle and the aerosol amount, has been calculated as well by
normalizing the ARE values by the aerosol optical depth. The
radiative efficiency during EUCAARI-LONGREX ranged
between −63.9 and −131.1 W m−2 per AOD unit at the sur-
face and from −33.5 to −52.9 W m−2 per AOD unit at the
TOA, with mean values for the whole campaign of−97± 21
and −45± 6 W m−2 per AOD unit at the surface and the
TOA, respectively. Figures 3 and 4 show these diurnally av-
eraged values of the aerosol radiative effect and radiative
efficiency across north-western Europe during EUCAARI-
LONGREX. It is observed that the largest aerosol radiative
effect was obtained to the west of Ireland, where the largest
AOD and the most aged aerosol sample were found, while
the smallest was obtained over the Baltic Sea, where the low-
est AOD and the cleanest air mass were found.

The results obtained for the aerosol radiative effect over
Europe during EUCAARI-LONGREX are similar to those
reported in one of the most polluted regions in Europe, the

Po Valley in northern Italy, where the mean daily aerosol
forcing ranged between −10± 5 and −14± 7 W m−2 at the
surface and between −4± 2 and −8± 4 W m−2 at the TOA
during ADRIEX (Barnaba et al., 2007). The uncertainty in
our results falls also within the reported values for MINOS,
where the mean daily aerosol forcing was −8± 2 W m−2 at
the surface and−6± 2 W m−2 at the TOA (Markowicz et al.,
2002). However, the aerosol radiative effect obtained over
Europe during EUCAARI-LONGREX is smaller than that
obtained on the eastern coast of the United States in one of
the world’s major industrial pollution plumes (ARE=−26 at
the surface and−9 W m−2 at the TOA) (Hignett et al., 1999),
with the exception of the more polluted and aged aerosol case
of flight b374. Thus the aerosol radiative effect calculated
from the EUCAARI-LONGREX measurements contributes
to a bank of measurements showing that – under aged, rel-
atively polluted conditions – radiative effects across Europe
can be sizeable.

5 Sensitivity of calculated aerosol radiative effect

The values of the aerosol radiative effect calculated in Sect. 4
include uncertainties due to the modelling methods used in
the radiative transfer model and the spatial variations in the
aerosol. There are a number of assumptions made in calcu-
lating the aerosol radiative effect, and we test the relative im-
portance of these in this section. Figure 5 shows in a box-and-
whisker diagram the sensitivity (in percentage) of the calcu-
lated aerosol radiative effect at the surface and the TOA to the
various assumptions or choices made in the radiative transfer
modelling, these being spectral resolution of the information
used in ES96 (SP_RES), the aerosol description (composi-
tion and size distribution) used in the Mie calculations of
the aerosol optical properties included in the radiative trans-
fer model (AVG_AER), the surface albedo (SFC_ALB), the
SSA and the hygroscopicity of organic aerosol (GF_OC).
The number of cases with an increase (↑) or decrease (↓)
of the calculated aerosol radiative effect is also shown. The
sensitivity to the various assumptions made in the radiative
transfer model is estimated by repeating our calculations
of the aerosol radiative effect using a different assumption
and then comparing the new results with the original val-
ues and calculating the difference between them. All the
flights and deep vertical profiles made during EUCAARI-
LONGREX that have been used to calculate the radiative ef-
fect of aerosols over Europe have been used in these tests.

5.1 Sensitivity to modelling methods

The ES96 model covers the range 0.2–10 µm, but its spec-
tral resolution is flexible, with differing resolutions typically
being used for offline calculations (220 bands, as in the previ-
ous sections of this paper) and within numerical weather pre-
diction (NWP) and climate models (more typically 6 bands).
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Figure 5. Sensitivity (in percentage) of the calculated aerosol ra-
diative effect at the (a) surface and (b) TOA to the spectral reso-
lution of the information used in the ES96 radiative transfer model
(SP_RES), the aerosol description (AVG_AER), the surface albedo
(SFC_ALB), the single-scattering albedo (SSA), and the hygro-
scopicity of organic aerosol (GF_OC). The dividing segment in the
box is the median. The bottom and top box limits represent the 1st
and 3rd quartiles, respectively. The box bars represent the minimum
and maximum. The number of cases with an increase (↑) or de-
crease (↓) of the calculated aerosol radiative effect is also shown.

Figure S1 in the Supplement shows the spectral dependence
of the aerosol extinction, the single-scattering albedo, and the
phase function over the ranges 0.2–10 µm. To test the sensi-
tivity of the calculated aerosol radiative effect to the spec-
tral resolution of the information used in ES96, we have re-
peated our calculations using the spectral resolution used for
the HadGEM climate model and the Met Office global fore-
cast model. The changes in the calculated ARE (SP_RES in
Fig. 5) compared to our original higher-spectral-resolution
version are large: an increase of∼ 17 % on average and up to
20–21 % at the surface and the TOA.

The sensitivity to the surface albedo is tested here by re-
peating our calculations of the aerosol radiative effect with

values of the surface albedo from pyranometer measurements
of upwelling and downwelling irradiance during SLRs close
to the surface whenever it was possible, instead of using val-
ues from the MERRA reanalysis. The change in the calcu-
lated ARE (SFC_ALB in Fig. 5) is either an increase or a
decrease, and at the surface it is relatively low: 6 % on av-
erage and up to 12 %. However, the calculated ARE at the
TOA is much more sensitive to the surface albedo: ∼ 20 %
on average and up to ∼ 65 %.

Esteve et al. (2014) found that one of the largest sources
of uncertainty in the calculated scattering is the assumed hy-
groscopic growth factor for organic aerosol. To test the sen-
sitivity of the calculated aerosol radiative effect to the hygro-
scopic growth factor for organic aerosol used in the Mie cal-
culations of the aerosol optical properties included in ES96,
we have repeated our calculations using the value from Gysel
et al. (2007), which is independent of the ambient relative hu-
midity, instead of the hygroscopic growth factor from Brooks
et al. (2004). The change in the calculated ARE is similar
at the surface and TOA (GF_OC in Fig. 5): an increase of
∼ 5 %.

5.2 Sensitivity to spatial variations in aerosol

Aerosol optical properties are included in the ES96 radia-
tive transfer model by calculating them with a Mie scattering
code based on their composition and size distribution (Esteve
et al., 2014). To test the relative importance of representing
the spatial variability of aerosol optical properties, we have
repeated our calculations using flight-mean aerosol compo-
sitions and size distributions instead of the measured ones
for the closest SLRs to each vertical profile of EUCAARI-
LONGREX used here. The change in the calculated ARE
for a particular SLR when using local vs. flight-mean values
(AVG_AER in Fig. 5) is an increase of∼ 7 % on average and
up to 12 % at the surface and the TOA, which agrees with the
change in the calculated aerosol optical properties of ∼ 7 %
on average and up to 14 %.

The ES96 radiative transfer model requires the vertical
aerosol profile in terms of mass mixing ratio as an input. This
is derived from the measured scattering profile, but this cal-
culation requires inputs of SSA and mass extinction coeffi-
cient. To test the sensitivity of the calculated aerosol radiative
effect to the single-scattering albedo used in this conversion,
we have repeated our calculations using flight-mean values
of the SSA instead of those matching the closest SLRs to
each vertical profile of EUCAARI-LONGREX (resulting in
SSA differences of 2.6 % on average and up to 11 %). (Note
that the optical properties of aerosol applied in the radiative
transfer calculations are not changed here; only the column
mass of aerosol is changed.) The change in the calculated
ARE (SSA_AER in Fig. 5) is a decrease of ∼ 2 % on aver-
age and up to 5 % at the surface and the TOA. The change in
the SSA is buffered by other factors in the model.
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6 Conclusions

The still rather uncertain radiative effect of anthropogenic
aerosols during an anticyclonic episode over north-western
Europe during the EUCAARI-LONGREX campaign has
been calculated using the data collected by the FAAM BAe-
146 aircraft. As well as adding a valuable north-western Eu-
rope case to the growing inventory of aerosol property and
radiative effect case studies over Europe, we have system-
atically quantified the uncertainties in our calculations due
to the variations in the aerosol optical properties across Eu-
rope and the way in which they are represented in a radiative
transfer model.

Pyranometer measurements aboard the FAAM BAe-146
aircraft were first used together with modelled irradiances in
a case of aged European aerosol during one flight to vali-
date the results from the model and evaluate the degree of
radiative closure that can be achieved when flight patterns
and atmospheric conditions are both optimal. The agreement
between model and measurements for both the shortwave
downwelling and upwelling irradiances was within the pyra-
nometer uncertainty, suggesting that our model calculations
of the aerosol radiative effect are as reliable as is possible
with current instrumentation so long as the flight plan is de-
signed for this purpose.

For the rest of the EUCAARI-LONGREX flights, full ra-
diative closure flight patterns could not be performed due to
operational aircraft logistics. Nevertheless, for these flights
the aerosol radiative effect during EUCAARI-LONGREX
was calculated and found to increase from north-east to
south-west across Europe, in conjunction with the aging
and transport of the polluted air mass, ranging between
−3.9 and −22.8 W m−2 at the surface and from −2.1 to
−12.0 W m−2 at the TOA. The largest aerosol radiative ef-
fect was obtained to the west of Ireland, where the largest
AOD of 0.357 and the most aged aerosol sample was found.
The mean aerosol radiative effect for the whole campaign
was −11± 5 W m−2 at the surface and −5± 3 W m−2 at
the TOA. The mean radiative efficiency during EUCAARI-
LONGREX was −97± 21 and −45± 6 W m−2 per AOD
unit at the surface and the TOA, respectively.

We also quantified here the uncertainties in our calcula-
tions due to the modelling methods used in the radiative
transfer model and the spatial variations in the aerosol. The
largest uncertainty in the aerosol radiative effect at the sur-
face and the TOA came from the spectral resolution used
in the radiative transfer model (∼ 17 % on average and up
to ∼ 20–21 %) and the aerosol description, i.e., measured
aerosol composition and size distribution for the closest
SLRs to each vertical profile vs. flight-mean values (∼ 7 %
on average and up to ∼ 12 %). The aerosol radiative effect at
the TOA was found to be also highly sensitive to the surface
albedo (∼ 12 % on average and up to ∼ 65 %). The sensi-
tivity of the aerosol radiative effect to the single-scattering
albedo used to estimate the column mass of aerosol (with-

out changing the aerosol optical properties) and to the hygro-
scopic growth factor for organic aerosol used in the Mie cal-
culations of the aerosol optical properties included in ES96
was found to be relatively low: ∼ 2 and ∼ 5 % on average,
respectively.

These results suggest that spatial variation of aerosol opti-
cal properties influences radiative effect estimates even in an
area of generally high aerosol load. This poses a challenge
for models to capture the variability in aerosol optical prop-
erties and their changes during the aging process, in order
to represent the radiative effect of aerosols to around a 10 %
uncertainty level. Of even greater importance is a good rep-
resentation of surface albedo – introducing an uncertainty of
between 12 and 65 % in the TOA aerosol radiative effect. Air-
borne field experiments and comparison with radiative trans-
fer models can provide guidance in this way as to where to
concentrate improvements in NWP and climate models.

7 Data availability

The FAAM data are publicly available at http://catalogue.
ceda.ac.uk/uuid/7e76016a24f7435da11b026d966ec4bf (Fa-
cility for Airborne Atmospheric Measurements; Met Office;
Natural Environment Research Council, NERC, 2016).
The MERRA data are publicly available at http://disc.sci.
gsfc.nasa.gov/uui/datasets/MAT1NXRAD_V5.2.0/summary
(Global Modeling and Assimilation Office, 2008).

The Supplement related to this article is available online
at doi:10.5194/acp-16-7639-2016-supplement.
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