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Abstract. In September 2002, the first INSPECTRO cam- 1 Introduction
paign to study the influence of clouds on the spectral ac-
tinic flux in the lower troposphere was carried out in East Clouds exhibit large variations in their optical properties on
Anglia, England. Measurements of the actinic flux, the irra- both small and large scales. Furthermore, their shapes have
diance and aerosol and cloud properties were made from fouan infinite multitude of realisations. Thus, due to their na-
ground stations and by aircraft. The radiation measurement#ire, clouds are a challenge to treat realistically in radiative
were modelled using the uvspec model and ancillary datatransfer calculations. Clouds are important for the radiative
For cloudless conditions, the measurements of the actini€nergy budget of the EartiRa@manathan et al1989, and
flux were reproduced by 1-D radiative transfer modelling they influence the amount of radiation available for photo-
within the measurement and model uncertainties of aboughemistry Madronich 1987). For example, the reflection
+10%. For overcast days, the ground-based and aircraft repf radiation by clouds shifts the photostationary state rela-
diation measurements and the cloud microphysical propertgionship (NO-Q-NO,) towards NO, thereby favoring NO to
measurements are consistent within the framework of 1-DNO2 conversions by other compounds thag Qhis effec-
radiative transfer and within experimental uncertainties. Fur-tively increases @formation rate in the upper troposphere.
thermore, the actinic flux is increased by between 60—100%ther photolysis rates are affected as well, and these changes
above the cloud when compared to a cloudless sky, with thénay either add to or counteract to the chemical effect of en-
largest increase for the optically thickest cloud. Correspond-hanced NQ photolysis Thompson1984. Clouds may also
ingly, the below cloud actinic flux is decreased by about 55—Poth decrease and increase the amount of biologically harm-
65%. Just below the cloud top, the downwelling actinic flux ful UV irradiance at Earth’s surface (e.plims and Freder-
has a maximum that is seen in both the measurements and tfigk, 1994.
model results. For broken clouds the traditional cloud frac- The simplest way to introduce clouds in radiative trans-
tion approximation is not able to simultaneously reproducefer models is to approximate them as a single, homogeneous
the measured above-cloud enhancement and below-cloud réayer. This approach is and has been used for a number of
duction in the actinic flux. studies. The limitation of this approximation is evident, es-
pecially when considering broken-cloud conditions. How-
ever, apparently horizontally homogeneous clouds may ex-
hibit large variations, and the corresponding radiative effects
Correspondence toA. Kylling may locally be largeCahalan et a].1994).
(arve.kylling@helse-sunnmore.no)
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Experimental investigations of the effect of clouds on the On the theoretical side, numerous model studies have in-
radiation which are of importance for the photochemistry vestigated the 3-D effects of clouds. Most of these have
of the atmosphere have been carried out by several group$ocused on cloud albedo and energy budget studies, cloud
Many of these have measured the photolysis frequencieabsorption anomalyStephens and Tsag$990 and satellite
J(O'D) and J(NQ), while rather few have investigated the retrievals Chambers et gl.1997. Also, they mostly ex-
spectral actinic flux. The spectral actinic flux is needed toamine how inhomogeneities change radiance and flux val-
calculate the photolysis frequendylddronich 1987 and is  ues at fixed locations. A more generally descriptive frame-
also the quantity calculated by radiative transfer models usedvork has been developed Marnai and Davie§1999, who
in photochemistry applications. consider how individual photons are influenced by hetero-

The J(3D) photolysis frequency was measured by geneities as they move along their paths within a cloud layer.
Junkermanr(1994 from a hangglider above snow surfaces Rather few studies have looked at the effect on the actinic
and within and above stratiform clouds. The photolysis fre-flux. The first study of 3-D cloud effects on the actinic flux
quency increased by a factor of 2 above the cloud com-was made by.os et al.(1997. They considered hexagonal
pared to cloudless conditions. Snow on the ground increasedlouds for various cloud fractions with a Monte Carlo model.
the cloudless photolysis frequency, with the increase beingMolecular and aerosol scattering was not included in their
largest for conditions with high visibility.Vila—Guerau de  simulations.Trautmann et al{1999 investigated the spatial
Arellano et al. (1994 made tethered-balloon measurementsdistribution of the actinic flux for 2D clouds in an aerosol-
of the actinic flux integrated between 330 and 390 nm infree atmosphere with both a Monte Carlo model and the
cloudy conditions. They found excellent agreement betweerSpherical Harmonic Discrete Ordinate Method (SHDOM,
a delta-Eddington radiative transfer model and the measureEvans 1998. Among their conclusions was the finding that
ments during overcast conditions. For partial cloudiness ( the plane-parallel approximation generally underestimates
oktas), there was a larger disagreement between the me#he photodissociation coefficients in and below the cloud.
surements and the model simulations (their Fig. Rel- Brasseur et al(2002 performed 3-D model investigations
ley et al.(1995 reported actinometer measurements of theof the impact of a deep convective cloud on photolysis fre-
J(NQO,) photolysis frequency during cloudless and cloud con-gquencies and photochemistry. The radiative impacts were
ditions. They reported a J(NQin-cloud enhancement of quantified with SHDOM, and enhancement factors of the lo-
up to 58%. The effect of clouds on J(MPDwas also dis- cal spectral actinic flux relative to the incoming flux were
cussed byLantz et al.(1996, and they proposed a simpli- calculated. Increases of the actinic flux relative to the in-
fied cloud model to explain J(N£ values that exceeded coming flux of 2 to 5, compared to cloudless values, were
clear sky values during partly cloudy conditions/atthi- found above, at the top edge and around the deep convective
jsen et al(1998 converted UV irradiance aircraft measure- cloud. This enhanced actinic flux produced enhanced OH
ments to J(@D) photolysis frequencies. They subsequently concentrations (120-200%) in the upper troposphere above
used cloud microphysical measurements and radiative tranghe clouds and changes in ozone production (+15%). It is
fer calculations to investigate the effect of clouds on the pho-noted that the full 3-D radiative transfer problem may be
tolysis frequency J(&D) and the OH concentration. The solved by a number of different methods. While all are
modelled profile of OH was compared with measurementscomputationally demanding, the 3-D problem is nevertheless
and generally good agreement was found for rather complesolvable. The main challenge with 3-D radiative transfer in
cloud conditions.Friih et al.(2000 compared aircraft mea- the presence of clouds is to specify the cloud input.
surements of J(N&) with model simulations for clear and
cloudless situations for altitudes up to 2.5km. Cloud input
to the model was provided by simultaneous measurements of The earlier experimental studies of the influence of clouds
thermodynamic, aerosol particle, and cloud drop propertieson the actinic flux and photolysis frequencies have either
For the cases studied, cloudless and total cloud cover, thbeen part of a larger campaign with a different main focus
measurements and model simulations agreed to within 10%and/or been performed by a single platform. As part of the in-
Shetter and Nller (1999 made measurement of the spectral fluence of clouds on the spectral actinic flux in the lower tro-
actinic flux, which was used to calculate various photolysisposphere (INSPECTRO) project, a dedicated measurement
frequencies. For flights over the Pacific Ocean, photolysiscampaign was carried out with the aim to characterize the
frequency enhancements due to clouds of about a factor of 2loud, aerosol and radiation within a well defined area. In the
over cloudless values were reportdécrawford et al(2003 following, the measurements are described first, followed by
and Monks et al.(2004) investigated the cloud impacts on a brief description of the radiative transfer model used for the
surface UV spectral actinic flux during cloudless and cloudydata interpretation. The method used to derive a cloud opti-
situations. Wavelength-dependent enhancements and reducal depth is discussed next. This is followed by a discussion
tions compared to a cloudless sky were observed when dumf the measured and simulated spectral actinic fluxes under
ing partial cloud cover the sun is unobscured and obscured;loudless, overcast and broken cloud conditions. Finally the
respectively. paper is summarized.
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Table 1. Location of the ground stations and the type of measurements made at the respective stations. For description of the instrumentation
see Table.

Place Latitude Longitude  measurements

Weybourne 525702N 0107 18E actinic flux (ATI), irradiance (ATI), lidar, chemistry
Beeston Regis 525615N 011600E actinic flux (GBM), irradiance (GBM)

Briston 525030N 010500E actinic flux (DEG), irradiance (DEG,GRT)
Aylsham 524620N 011350E actinic flux (DED), irradiance (NTN)
2 Measurements 2.2 Airborne platforms

The INSPECTRO campaign took place in East Anglia, Eng-During the INSPECTRO campaign, the Partenavia P68C air-

land, September 2002. It began with a one-week intercomcraft operated by the Leibniz-Institute for Tropospheric Re-

parison of all radiation instrumentation at the Weybourne sta-s€arch (IfT) measured the downwelling and upwelling irra-

tion. The following three weeks the instruments were in op-diances and actinic fluxes. The irradiances are measured by

eration at four different stations located such as to cover ghe so-called AlbedometeWendisch et a).2001; Wendisch

grid of approximately 12 12 kn?, see Tablé. and Mayey 2003 Wendisch et a).2004). The actinic fluxes
Aircraft measurements were carried out on 11 of the to-&'€ measured by the actinic flux density meter (AFDM) de-

tal of 20 campaign days. A list over all instruments utilized SCriPed byJakel et al(2003. In addition to the radiation in-

in the present study is given in Take Further details are strumentation, the IfT—Part_enawa has various mstrument_s for
provided below. measurement of particle size distribution and concentrations.
A Particle Volume Monitor (PVM) was used to measure the
liquid water content, with an error of abot#10%. The wa-

ter droplet effective radius, defined as the ratio of the third
to the second moment of the droplet size distribution, was

Ground measurements were made at four locations north- i
east of the international airport of Norwich. Two of the sta- deduced from Fast Forward Scattering Spectrometer Probe

tions, Briston and Aylsham, were inland, while the other two, (Fast-FSSP) measurements, with an error of adi%. Fi-

Weybourne and Beeston Regis, were on the coast (see Tg_ally, the aircraft was equipped with sensors for measure-

ble 1). All stations made irradiance and downwelling ac- min:)o;standard aV|on|ct: a_ndtrr:]et(LaK/rolo%ca_l pbalrameters.
tinic flux measurements. Both scanning and diode array]c Z g rr;r?asgremen i8'2 i it . anft ;"S' i:hwelje_per-
spectrometers were in use (see Table The instruments ormed by the Lessnha Ight aircrait from the Univer-

and their calibration have been described earlier in connec§Ity of Manchester Institute of Science and Technology.

tion with the actinic flux determination from measurementsA temperature-stabilised Optronic 742 wavelength-scanning

of irradiance (ADMIRA) project byWebb et al (2002 and spectroradiometer measured the up- and do_wnw_elling irra-
references therein. At the start of the campaign, an instrydiances at selected wavelengths. From the irradiance mea-

ment comparison was performed in Weybourne with all in- surements at various altitudes, the albedo of the surface be-

struments present. The Joint Research Centre (JRC) travellc-)W v;az derg’?d' In addition, thet al?iﬁ 0 SIL?’J Zcznéj;’.‘lotnm

ling reference spectroradiometer performed irradiance mea?/as deducedirom measurements ot the . - INStru-
ent Kylling et al., 20033 suspended below a hot air bal-

surements during the intercomparison and also travelled t(%“ .
all locations afterwards to check the stability of each instru—é)togl' (Z-B%ease albedo measurements are describedidib

ment and the possible effects of transportation. Typically,
the agreement between the various independently calibrated
instruments was withint10%, which is within their mea- 3 Radiative transfer model
surement uncertainties of ababb%.

At Weybourne the Vehicle-Mounted Lidar Syste@abbi The uvspec model from the libradtran packalgtp://www.
et al, 200Q VELIS) was in operation throughout the cam- libradtran.organd Mayer and Kylling, 2005 was used to
paign. Measurements from VELIS were used to retrieve thesimulate the measurements. Input to the model are profiles
aerosol backscatter and extinction profiles at 532 nm usingf the atmosphere taken from the U.S. standard atmosphere
the methods described Bobbi et al.(2004 andBarnaba (Anderson et al.1986. The aerosol optical depth pro-
and Gobbi(2004. These aerosol optical properties were file was taken from the VELIS measurements. The aerosol
used as input to radiative transfer simulations. In addition,single-scattering albedo and asymmetry factor were set to
VELIS provided cloud bottom altitude and cirrus cloud in- 0.98 and 0.75, respectively. Changes in the solar zenith
formation. angle during a single measurement scan are accounted for.

2.1 Ground measurements

www.atmos-chem-phys.org/acp/5/1975/ Atmos. Chem. Phys., 5, 19932005
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Table 2. Instruments located at the various stations. Additional instrumentation were also present, but not used in this study.

Acronym Place Instrument Measurements

Ground-based

VELIS Weybourne polarization lidar Particle backscatter and extinction at
532 nm. Discrimination solid/liquid/mixed
phase of clouds/aerosols. Observational
range 150 m—25 km, resolution 75 m.

ATI Weybourne Bentham DTM300  Actinic flux, irradiance, direct irradiance
spectra. Scanning 290—-600 nm with 0.5 nm
step in 3—4 min.

DEG Briston Bentham DTM300  Actinic flux and irradiance
spectra. Scanning 290—600 nm with 0.5 nm
step in about 6 min.

GRT Briston Brewer Mark IlI Global and direct irradiance spectra.
Scanning 290-365 nm with 0.5 nm step
in 67 min.

NTN Aylsham Bentham DM150 Global and direct irradiance spectra.
Scanning 290-550 nm with 0.5 nm step
in 10-12 min.

JRC travelling Bentham DM150 Global and direct irradiance spectra

reference scanning from 290-500 nm in 5-6 min.

DED Aylsham Diode array Actinic flux spectrum covering

290-700 nm with 0.5 nm step, FWHM about 2.1 nm.
Time resolution about 10 s.

GBM Beeston- Bentham DTM300  Actinic flux and irradiance spectra.
Regis Scanning 290-500 nm with 0.5 nm step
in about 7 min.
Airborne
AFDM Partenavia  Diode array Down- and upwelling actinic flux spectra
Leipzig between 305-700 nm, FWHM about 2.5 nm.
ALB Partenavia  Diode array Down- and upwelling irradiance spectra
Leipzig between 350-1000 nm, FWHM about 2.5 nm.
PVM Partenavia  Particle Volume Drop effective radius, liquid water content
Leipzig Monitor
Fast-FSSP  Partenavia  Forward Scattering  Drop size distribution,
Leipzig Spectrometer Probe  drop concentration
UMIST Cessna Optronic 742 Down- and upwelling irradiance spectra
182 between 300-500 nm, FWHM about 1.5 nm.

Temperature-dependent ozone cross sections are taken frotion measurement, thus increasing the uncertainty in the total
Bass and Paui1985. The ozone column was taken either ozone column value used for the radiative transfer calcula-
from the GRT Brewer instrument or the Earth Probe To-tions. With these uncertainties in mind, 10 DU was added
tal Ozone Monitoring Spectrometer (TOMS) (TaBB)e The  to the GRT total ozone column to achieve the agreement be-
ozone column was assumed to be constant over the measureveen model and measurement shown in Settl This de-
ment area. For days 257 and 261 the TOMS total ozone colereases the model values by about 6% at 305 nm, but has neg-
umn was used as clouds prevented measurements with tHigible effect on the integrated shortwave UV (305-320 nm)
GRT Brewer. For the other days the GRT measurementsand cloud effects presented below. The Rayleigh scattering
were utilized. The uncertainty in the total ozone column cross section is calculated according to the formuliiob-
measurements are about 2% for the Brewer under cloudledgt (1984. The surface albedo was deduced from aircraft
conditions and about 4% for the TOMS. The ozone mea-measurements reported yebb et al(2005. Here the val-
surement did not always coincide in time with the radia- ues in their Table 1 are adopted and adjusted down to be at

Atmos. Chem. Phys., 5, 1975997, 2005 www.atmos-chem-phys.org/acp/5/1975/
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Table 3. Days analysed. Ozone values are from the ground-based GRT Brewer or the Earth Probe TOMS. Missing data are indicated by a -.
St=stratus, Cu=cumulus, Ci=cirrus. Cloud cover is given in oktas. In the table 3/8 Ci west is 3 oktas of cirrus located in the western part of
the sky and 1/8 at Cu 1000 m indicates 1 okta of Cumulus clouds above 1000 m.

Date Dayof Start-end max—min Ozone Ozone Comments
year flight (UTC) sza(degrees) TOMS (DU) GRT (DU)
129 255 1242-1505 62.8-49.9 269 271 cloudless
139 256 1020-1050 52.7-50.8 257 264 partly cloudy
1320-1522 65.4-52.5 partly cloudy
149 257 1005-1231 54.2-49.2 303 - 8/8 St 610-850m, no Ci
189 261 1239-1358 57.8-52.3 273 - inhomogeneous St 1400-1700 m and Cu 460-610m ,
4/8-8/8 Ci
20.9 263 1230-1412 60.0-42.5 284 280 8/8 St 1800-1950 m, 3/8 Ci west, 1/8 Cu at 1000 m

the lower error margin for the lowest wavelengths. The ra-is vertically homogeneous and that the effective droplet ra-
diative transfer equation is solved by the discrete ordinatedius is 10um. By effective cloud optical depth is meant the
algorithm developed byptamnes et al(1988. This algo-  optical depth that when used in the model best reproduces
rithm has been modified to account for the spherical shap¢he measurements. Hence, the effective cloud optical depth
of the atmosphere using the pseudo-spherical approximatiomcludes both aerosol and cloud optical depths. Mostly due
(Dahlback and Stamng$991). The pseudo-spherical radia- to northerly winds, both lidar and sunphotometers showed
tive transfer equation solver was run in 16-stream mode. Thevery low aerosol abundances throughout the campaign, with
extraterrestrial spectrum was adopted from several sourcesypical 500-nm aerosol optical depth values ranging between
Between 280 and 407.8 nm, the Atlas 3 spectrum shifted td@.05 and 0.15. Hence, it may be assumed that the estimated
air wavelengths was used. Atlas\®/dods et al.1996 was  effective cloud optical depths are not significantly affected
used between 407.8 and 419.9 nm. Above 419.9 nm, the sddy aerosols. In addition to the cloud optical depth, the cloud
lar spectrum in the MODTRAN 3.5 radiation model was usedtransmittance is derived by taking the ratio of the measured
(Anderson et a).1993. The uncertainty in the model simu- irradiance to the cloudless modelled irradiance. Except for
lations is for a given condition controlled by the uncertaintiesthe GRT spectroradiometer, a wavelength region centered at
in the input parameters. The effect of uncertainties in input380 nm and weigthed with a triangular function with a band-
parameters on the accuracy of model simulations have beepass of 5 nm was used to estimate the effective cloud optical
investigated byschwander et a{1997 andWeihs and Webb  depth and the cloud transmittance. For the GRT instrument,
(1997. Here it is noted that the present model for irradiancesa wavelength region centered at 350 nm was used.

agree with other models and measurements to wit#r5% The derivation of a cloud optical depth by this method is

under well-defined cloudless conditioiddyer etal, 1997 4564 on a direct comparison between measured and mod-

Kylling et al., 1998 Van Weele et a).2000. Comparison  qjied irradiances. Hence, absolute agreement between the
between the model and the albedometer (ALB) have been régq45urements and simulations must be ensured. 11 Big.

ported bywendisch and May€2003 to be within£10%for  5mpjes are shown of measured and simulated spectra during

the downwelling irradiances. The model ag;rees with ground—;|qdjess conditions. The agreement between the measure-
based actinic flux measurements withir6% ([Bais et al,  onts and the model simulations is within the uncertainties

2003, and airborne actinic flux measurements withif%  5s50ciated with the measurements and the simulations and is
for altitudes between 3000-12 000 Hdfzumahaus et al. ot the same magnitude as that reported earligviayer et al.
2009. (199%); Kylling et al. (1998 andVan Weele et al(2000 for
similar conditions. Differences between the measurements
and the simulations of:5% gives uncertainties of around
10% in the derived cloud optical depth. The uncertainty is

To quantify the effect of clouds on the actinic flux, a measurel2rgest for optically thin clouds.

is needed of the cloud optical depth over the domain. From The cloud optical depths derived from the ground mea-

the surface irradiance measurements, the effective cloud osurements were compared with in situ aircraft data for two

tical depth was derived using the methodSilmnes et al. days, days 257 and 263, when the sky was overcast. On
(1991). The effective cloud optical depth is determined by both days the aircraft made several triangular patterns at con-
comparing the irradiance at a wavelength where absorptiorstant altitudes above the ground stations and some profiles.
by ozone is negligible with model-generated irradiances forHere attention is paid to the profile measurements. The lig-

various cloud optical depths. It is assumed that the clouduid water content and the effective radius measured during

4 Cloud optical depth
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Fig. 1. Measured irradiance spectra, green lines, from the GRT instrument located at Bajtamd the NTN instrument at Aylsharth).
The spectra were recorded at 14:00 UTC on day 255. In blue is shown the uvspec model simulations of the spectra. The red lines are the
model/measurement ratios. Note the different scales on the x-axes in a) and b).

the descent and ascent around 12:00 UTC on day 257 an@57 and 3—am on day 263. It is generally increasing with
the ascent on day 263 are shown in Fig.Using the water  altitude. The sensitivity of the water cloud optical depth to
cloud parameterization diu and Stamnegl993, the pro- r, may be exemplified by noting that for the ascent on day
files on day 257 yield total cloud optical depths of about 30.3257 the in situ optical depth was 19.7 at 380 nm. Using the
for the descent and 19.7 for the ascent for a wavelength osameL W C but constant, of 5, 7.5 and 1@m gives optical
380nm. The cloud on day 263 was thinner, with an opticaldepths of 34.6, 22.7 and 16.9, respectively.
depth of about 9.2. The differences in the optical depths on The effective cloud optical depths measured from the sur-
day 257 are mainly caused by differences irbetween the face are shown in the Fig8b and3d. For day 257, the cloud
ascent (dashed line) and the descent (solid line). For shorteptical depths deduced from the NTN and GRT instruments
wave radiation, the water cloud volume extinction coefficient were both around 38 at 1200. At 1140 the NTN optical depth
Bext IS directly related to the liquid water conte@tW C, and  was 32. On day 263 the optical depths varied between 7 and
the droplet equivalent radius,, (Stephensl978 15 at the time the cloud profile was made (around 1300).
These optical depths are larger than the optical depths de-
) 1) rived from the in situ aircraft measurements. One possible
Te reason for the discrepancy is cloud horizontal inhomogenity
Thus, for a constant W, a reduction i, by a factor of 2 in the sense that the cloud optical depth was different at the
will double the cloud optical depth. The in situ measurgd ~locations of the aircraft and the ground stations.
on day 263 is shown in Fi@ and varies over 4-9m on day

3LWC

ext ~ =
2
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For day 257, the profile was made about°Gsthuth of the  considerably. In Fig5 is shown model simulations of the
NTN site, and the wind was blowing from the north. On day albedo as a function of cloud optical depth at the two flight
263, the profile was made slightly east of the Weybourne sitealtitudes. The clouds vertical distribution were taken from
Thus, on both days cloud inhomogeneties may be part of thé-ig. 2 and the total optical depth scaled between 0 and 50.
reason for the differences between the in situ and groundThe solar zenith angles for the simulations were representa-
based cloud optical depths. Just after the ascents on dayive for the flight conditions. For day 257, the albedo varied
257 and 263, constant altitude legs were made above thbetween 0.65 and 0.75. This corresponds to cloud optical
clouds. The measured albedos derived from the Albedomedepths between about 15 and 25. Similar numbers for day
ter onboard the Partenavia, are shown in BigThe albedo 263 are 0.4-0.5 for the albedo and 2-6 for the cloud op-
appears to exhibit relatively small variations. However, thetical depth. Thus, horizontal variations of the cloud may
cloud optical depth of the underlying cloud may still vary explain the differences between the in situ aircraft and the
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Fig. 3. Downwelling actinic fluxes integrated between 380-400 nm at the grdahday 257 andc) day 263, as measured in Weybourne

(ATI, blue points), Beeston (GBM, red points), Briston (DEG, black points) and Aylsham (DED, green points). No data are available from
the DED instrument on day 263. The black solid lines are cloudless model results for Weybourne, and the black dashed line is the solar
zenith angle. Ir(b) and(d) are shown the effective cloud optical depths (squares) and the cloud transmittances (asterisks) for day 257, (b),
and 263, (d). The black colours represent data from the GRT instrument, green the NTN instrument, and blue the ATl instrument. The black
vertical lines indicate the interval in which the flights took place. Note different scales on y-axes of optical depth.

ground-based cloud optical depths. Nevertheless, the opticdl.1.1 Ground data comparison

depths estimated from the ground measurements give a good

indication of the horizontal variability over the domain and The time evolution of the downwelling actinic flux is shown
are used in the subsequent analysis. in Fig. 6. The downwelling actinic flux is shown for a wave-
length region where ozone absorbs, 305-320 nm (&ag.

and a wavelength region where ozone does not absorb, 380—
400 nm (Fig.6b). The different diurnal behaviour of the ac-
tinic flux in these two wavelength regions is evident. It is

) ) _ caused by the larger direct contribution to the total actinic
Surface measurements were made continously in the perioglyy at larger wavelengths. In addition to the measurements,

12-29 September 2002. A number of flights were made dursimylations of the cloudless actinic flux are shown as well.
ing the same period. Here attention is paid to five days withTpe dip in the modelled clear-sky actinic flux between 1500
clearly defined cloudless (1 day), overcast (2 days) and brognq 16:30 UTC is caused by significant increases, from about

5 Measurements versus simulations

ken clouds periods (2 days) (TakB 0.05 to about 0.2, in the aerosol optical depth. For the in-
o tegrated 380-400 nm wavelength range, the DED measure-
5.1 Cloudless situation ments are about 2—4% smaller, while the ATl measurements

are 4-6% higher than the simulations. The GBM measure-
At the very first day of the main campaign, 12.9, day 255, thements are 0-2% lower than the simulations for the same
sky was partly cloudy until about 12:00 UTC. It then cleared range. For the integrated 305-320 nm range, ATl and GBM
up and the sky became cloudless. Also, VELIS indicatedare 3—-10% higher than the model simulation, and DED is
that no subvisible cirrus was present. During the cloudless3—-10% lower. These spectral differences are also visible in
condition, flights were made over the ground stations in aindividual spectra, as shown in Fig.for the ATl and DED
triangular pattern. In addition, the ground stations intensifiedinstruments, together with uvspec model simulations. The
their measurement schedules. spectral resolution is higher for the spectrum from the ATI
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Fig. 4. Albedo for the 380—400 nm interval measured at constant flights altitudes of about 2830 m, day, 25d 2349 m, day 26@).
The albedo is derived from irradiance measurements onboard the Partenavia. Data points where the pitch of the aircraft was larger than 5
or the roll was larger than®lhave been excluded.

instrument. This is due to the spectral width of the slit func- The spectral actinic flux is about a factor 2 larger than the
tion, which is 0.5 and 2.2 nm at FWHM for the ATl and DED simultaneously measured irradiances shown in EigThis
instruments, respectively. is in agreement with the theoretical predicitions for these so-

The measurement-model differences are of the same mag®" zenith angles and atmospheric conditions of (eglling

nitude to those reported Wriih et al.(2003 for 27 ground- et al, 2003k in their Figs. 1 and 2 and Eq. 7). Itis noted that

based measurements of the actinic flux and to those reporte'aO §|mple relationship eX|§ts bej[ween the |rrad|anpe and the
by Hofzumahaus et al2002. In the latter, the # spec- actinic flux as such a relationship depends on various atmo-

tral actinic flux measured between 120m to 13000m byspherlc parameters, all of which are generally not available

an aircraft-mounted spectroradiometer was compared to théRuggaber etal1993 Van Weele, Arellano and Kuik.995

same radiative transfer model used here. Considering the urKy”'ng etal, 2003).

certainties in both the measurements and the simulations, itis

concluded that the simulations and the measurements agréel.2 Aircraft data comparison

within the uncertainties. Furthermore, the overall agreement

between the measurements and the model simulations of th€he flights made during the cloudless period went up to an
actinic flux is similar to that for the irradiances presented in altitude of about 2000 m. The ascent starting at 13.6068 and
Fig. 1. ending at 13.8767 UTC was selected for further analysis. The
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B albedo have been calculated using the discrete ordinate algo-
I ] rithm developed bystamnes et al1988. A thorough dis-
cussion of the correction factors has been presentedis/

et al. (2005. The measurements have been corrected for

?% the non-perfect angular response using these factors, how-
= ] ever, an ideal correction implies complete knowledge about
day 263 1 the sky radiance, which is not generally available. Also, the
day 257 1 upwelling fluxes are rather sensitive to the albedo of the un-
1 derlying surface. Uncertainties in the surface albedo esti-

oy T T T a0 30 a0 s  mate causes large changes in the upwelling radiation, espe-

cially for low altitudes and longer wavelengths. However,

since the agreement was reasonable at 58 m and the albedo

is small for the conditions here, the albedo is not a likely

(blue line) and 263 (red line). The albedo for day 257 (263) is cal- CaUSe for the differences at 1961 m. Furthermore, uncertain-

culated for a flight altitude of 2835 (2349) m and a solar zenith angleli€S in the aerosol optical depth, single-scattering albedo and

of 49.3 (54.8). asymmetry factor may affect the model results the most for
the upwelling actinic flux at 1961 m. The operational pitch
and roll angles range of the stabilization systeatt@. Dur-

) _ ) ing the ascent the acceleration of the aircraft meant that this
solar zenith angle varied between 53aid 54.8 during the a6 in periods was exceeded. Data outside the operational
ascent. Th|s_v§r|at|qn in solar zenith angle gaused. I(_ess thaPange was excluded from the analysis. Nevertheless, part
2% (6%) variations in 'the. surface 'do'vvnwellmlg actinic flux ot the ascent and descent data may be influenced by air-
in the UVA (UVB). This time slot is in the middle of the o movements although the magnitude is assumed to be
cloudless period, hence the data are minimally effected by 5 while the differences between the model and mea-
possible clouds on the horizon. surements are larger for the upwelling than the downwelling

In Fig. 8is shown examples of the measured downwelling actinic flux, it is noted that the magnitude of the upwelling
and upwelling actinic fluxes at some altitudes. Also shownactinic flux is much smaller than the downwelling actinic flux
are model simulations and model/measurement ratios. Théor a cloudless sky and a small albedo. Hence, the contribu-
downwelling measured and simulated actinic fluxes for all al-tion to the 4r actinic flux is rather small from the upwelling
titudes agree similarly to the measured and simulated irradipart. Note that the FWHM of the DFD and DFU instruments
ances shown in Fidl. The model overestimates by about 3— is about 2.5nm. Hence, the spectra shown in Bitpave
4% below 320 nm and underestimates by 5—7% above abowimilar spectral structure to those shown for the DED instru-
350nm. This is within the combined model and measure-ment in Fig.7. In Fig. 9 vertical profiles are shown of the
ment uncertainties. The latter is estimated-&6 inthe UV ~ measured and simulated up- and downwelling actinic fluxes
range (305—400 nm) antt5% in the visible (400—700nm) integrated over the 380—400 nm and 305-320 nm wavelength
(Jakel et al, 2005. For the upwelling spectra, the disagree- intervals. The differences between the measured and simu-
ment between the model and measurements is larger. For tHated actinic fluxes reflects the spectral differences discussed
58 m altitude upwelling spectrum, the overall agreement isabove and shown in Fi@®. Both the down- and upwelling
reasonable. Part of the structure seen may be caused by uaetinic fluxes increase with altitude for both wavelength in-
accounted wavelength shifts. All ground and aircraft spec-tervals presented. The increase is largest for the upwelling
tra, except the upwelling aircraft spectra, have been waveactinic fluxes because as the altitude increase, the amount
length shift corrected with the SHICRIVM algorithrBlgper  of atmosphere below the aircraft increase, thereby causing
et al, 1995. The model overestimates the upwelling spec- an increase of upscattered radiation due to Rayleigh scatter-
trum at 1961 m significantly below about 380 nm. There ising. The wavelength dependence of the Rayleigh scattering
also a similar trend for the spectrum at 58 m . Causes for th&ross section also causes the increase in the upwelling actinic
differences may be attributed to several reasons. One is thiuxes to be largest for short wavelengths. Similarily, the in-
non-perfect angular response of the input optics. This givesrease with altitude of the downwelling actinic flux is largest
crosstalk between the upper and lower hemisphere. For lowfor the shortest wavelengths.
albedo and low-altitude conditions, the contributions from
the upper hemisphere to the lower hemisphere signal may
be considerable (seElofzumahaus et al2002 Fig. 6). The Except for the upwelling actinic flux, the model and the
angular response correction depends on altitude, wavelengtimeasurement agree within their uncertainties for the cloud-
surface albedo and solar zenith angle. In addition, clouds antess case. Furthermore, the measurements made at the dif-
aerosol will affect the correction. Angular correction fac- ferent ground stations agree within their uncertainties. With
tors as a function of wavelength, altitude, cloud, and surfacehis in the mind, attention is turned to overcast situations.

Cloud optical depth

Fig. 5. Albedo as a function of cloud optical depth for days 257
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Fig. 6. Downwelling actinic fluxes at the ground as measured in Weybourne (ATI, blue points), Beeston (GBM, red points), and Aylsham
(DED, green points), integrated between 305—@9@nd 380—400 nn{b). The black solid lines are cloudless model results for Weybourne.

All data are from day 255. The black vertical lines indicate the interval in which the flights took place. The black dashed lines are the solar
zenith angles.

5.2 Overcast hibited differences of about 40% between the stations. These
variations are also seen in the cloud optical depth and trans-

Two days, 14th and 20th of September (days 257 and 263)nittance in Figs3b and3d. During the flight, the wind was

were considered as “homogeneous” overcast cases. In pafrom the north and relatively strong.

ticular, 14 September was a “clean” situation with no cirrus

above the stratocumulus cloud layer (TaBje 5.2.2 Aircraft data comparison

5.2.1 Ground data comparison In Fig. 10 the measured and simulated actinic fluxes are
shown as a function of altitude for the ascents (blue) and de-
In Fig. 3 the time evolution of the measured actinic flux on scent (red) on days 257 and 263. The black lines are model
the ground is shown during the flights on these days. Alsosimulations of the measurements. The effect of the clouds on
the effective cloud optical depth as deduced from the surfacehe actinic flux is similar on both days. Above the cloud the
irradiance measurements is shown. Compared to the cloudactinic flux is enhanced, a maximum is observed just below
less situation, the actinic flux is reduced by about 75% (50%)he cloud top in the downwelling actinic flux, and below the
on day 257 (263). The variability in the actinic flux during cloud the actinic flux is reduced compared to the cloudless
the flight hours indicates that the cloud was not horizontallysituation. The variability seen at about 2900 m for the de-
homogeneous, and the downwelling actinic flux at times ex-scent (red points) and 1500 m for the ascent (blue points) day

www.atmos-chem-phys.org/acp/5/1975/ Atmos. Chem. Phys., 5, 19932005
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Fig. 7. Measured actinic flux spectrua), green line, from the ATI instrument located at Weybourne. The spectrum was recorded at
14:00 UTC on day 255. In blue is shown the uvspec model simulation of the spectrum. The red solid line is the model/measurement ratio.
(b) Similar to (a) but for the DED instrument at Aylsham.

257, are due to the aircraft spending some time at these alti- Just below the cloud top, theory predicts a maximum in
tudes, thus viewing different parts of the clouds. These vari-the actinic flux. The maximum has theoretically been de-
ations thus indicate cloud horizontal inhomogeneities andscribed byMadronich(1987 andVan Weele and Duynkerke
their effect of about 11% on the downwelling and total ac- (1993. The magnitude of the maximum is largest for small
tinic fluxes for these measurements. solar zenith angles and decreases as the solar zenith angles
increasesde Roode et gl.2001, and Fig.11). Also, the

The above-cloud enhancement depends on the opticahagnitude of the maximum increases with increasing cloud
thickness of the cloud (see Fig. 9 afan Weele and optical depth, while the geometric extent decreases with in-
Duynkerke 1993. The optical depth for the descent on day creasing cloud optical depth. The effect disappears for large
257 was 30.3 and reduced to 19.7 for the ascent. A thickesolar zenith angles. The maximum occurs at optical depths
cloud has a higher albedo, thus the above cloud actinic flux isvere the direct beam is still significant and the diffuse radi-
higher for the descent, red points and dashed line inlg. ation is becoming appreciable. It is noted that for the solar
compared to the ascent, blue points and solid line. Correzenith angles encountered during days 257 and 263 (Bable
spondingly, the optically thicker cloud transmits less radia-the calculations shown in Fid1 indicate that the maximum
tion, resulting in lower below-cloud radiation than the opti- might be seen in the downwelling actinic flux measurement.
cally thinner cloud.
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Inspection of the measurements and the model simulationsvhere the model is consistently larger than the measurements
of the downwelling actinic flux, FiglOa and c, reveals a for day 257 and smaller then the measurements for day 263.
maximum for both days. It is noted that for the ascent onAs shown in Fig4, the clouds were not homogeneous, which
day 257, the maximum is not observed. This may be due tclearly affected the radiation measurements. The relative dif-
the lack of data in the topmost part of the cloud or cloud ferences in the transmittance between the stations were larger
top inhomogeneties. No enhancement is seen in the totabn day 263 compared to day 257 (see Bjg.This further in-
actinic flux. This is in agreement with the model predic- dicates cloud horizontal inhomogeneities, which may explain
tions shown in Figl1l where a maximum is observed in the the larger below-cloud differences for day 263 compared to
downwelling actinic flux for a solar zenith angle of4®ut day 257. The model simulations are 1-D and hence do not
not in the total actinic flux. Similar enhancements aroundaccount for any horizontal variability.
cloud top have been observed in tethered-balloon measure-
ments byde Roode et al(2001) andVila—Guerau de Arel-
lano et al. (1994. Below the maximum the actinic flux Compared to a cloudless atmosphere, the cloud on day 257
decreases monotonically with decreasing altitude until cloudincreases the downwelling actinic flux by about 30% above
bottom. Below the cloud the actinic flux varies little with the cloud and reduces it by about 65% below. Similar num-
altitude. This is typically for the effect of clouds over sur- bers for the total actinic flux are about 100% and 55%, re-
faces with a low albedo. Over high-albedo surfaces such aspectively. The cloud on day 263 is thinner, hence more ra-
snow, the behaviour is significantly differedig(Roode etal.  diation penetrates the cloud and less is scattered back. The
2001). total (downwelling) flux is increased by about 60% (20%)
The overall agreement in Fig0 between the model simu- above the cloud and reduced by about 55% (55%) below the
lations and the measurements is good. The simulations caploud. These number for the total actinic flux are in agree-
ture the main features of the measurements. However, somment with those reported by e.gila—Guerau de Arellano
differences are evident, especially below the cloud bottomet al. (1994 andShetter and Niller (1999.
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5.3 Broken clouds 5.3.1 Ground data comparison

The above discussed cases may be considered “simple” 1-Th Fig. 13 the downwelling actinic flux measured on the
upon visual inspection although closer analysis reveal possiground on these two days during the flights is shown. Also
ble 3-D effects. More complex cases include broken cloudsshown are the effective cloud optical depths and transmit-
multi-layer clouds and combinations of these. On day 256,tances as deduced from the ground measurements. On day
“cloud bands” oriented west-east covered 4 oktas (4/8) ovep5s6, the cloud bands were only present inland. This is seen
land. A snapshot of the cloud bands is provided in B@. in Fig. 13, as the measurements by the ATl and GBM in-
There was no cirrus on that day. Day 261 was a rather comstruments on the coast are representative of cloudless condi-
plex situation with quite inhomogeneous cumulus/stratus betions. The inland measurements by the DED instrument vary
tween 500 and 1900 m and 4/8 to 8/8 cirrus between 11 andapidly as the cloud bands pass over the measurement site.
14km. The cloud inhomogeneity was clearly visible from Occassionally the measurements are larger than the cloud-
below (see Figl2). Two flights were made on day 256. Data less model simulations, shown as a solid black line. This
from the second and longest flight are analysed here togethendicates the combined effect of scattering off cloud sides
with data from the flight on day 261. and a visible solar diskMims and Frederick1994 Nack

and Greenl1974. The variations seen in the actinic flux of

the DED instrument are also evident in the transmittance and

www.atmos-chem-phys.org/acp/5/1975/ Atmos. Chem. Phys., 5, 19932005



1990 A. Kylling et al.: Spectral actinic flux in the lower troposphere

13.09.2002 1420

18.09.2002 1334

Fig. 12. All-sky pictures taken at Briston on day 256 at 1420 (top) and day 261 at 1334 (bottom).

cloud optical depths deduced from the inland GRT and NTN  On the ground fewer variations are seen at the individual
instruments. Note, however, that the time resolution of thesestations on day 261 (see Fi§j3). However, the variations
instruments are lower than for the DED instrument. Both between the stations are of the same magnitude as the varia-
episodes of cloud gaps and cloud bands are readily identifietions at Aylsham, DED, on day 256. Thus, while the sky ap-

in Fig. 13. The steps in the cloudless model results, blackpeared to be more homogeneous on day 261 compared to day
solid lines, are due to changes in the aerosol optical deptl256, Fig.12, the cloud inhomogeneties caused considerable
deduced from VELIS. variations over the area covered by the ground stations. This
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Fig. 13. Downwelling actinic fluxes(a) and(c) at the ground as measured in Weybourne (ATI, blue points), Beeston (GBM, red points),
Briston (DEG, black points) and Aylsham (DED, green points). The black solid lines are cloudless model results for Weybourne and the
black dashed lines are the solar zenith angles. The effective cloud optical depth (squares) and the cloud transmittance (asterisks) are show
for days 256(b) and 261,(d). The black colour represents data from the GRT instrument, green the NTN instrument, and blue the ATI
instrument. The black vertical lines indicate the interval in which the flights took place.

is also evident in the albedo measurements shown inlBig. andr.=5.5um. Cloud bottom was at 900 m and cloud top
Most of time the aircraft is above the clouds. The parts withinat 930 m. With théHu and Stamne@l 993 parameterization,

the clouds are readily identified by large and spurious varia-this resulted in a cloud optical depth of 4.3 at 380 nm. The
tions in the albedo. These are during the ascents and descerdptical depths derived from the ground measurements var-
at the beginning and end of both flights and around 1400 foried between 10 and 16 when clouds were overhead,1Big.
the flight on day 256. For both days, the large variations inAs discussed earlier, this difference may be caused by cloud
the albedo measured while the aircraft was above the cloudlorizontal inhomogeneties.

reflect the horizontal inhomogeneties of the clouds. For day

256, the minimum albedo is close to the cloudless albedo For day 261 the clouds had a larger vertical extent. A

. . hear-adiabatic liquid water profile was assumed and values
while the maximum albedo reflects that the clouds were nOtbetween the maximum and minimum measured liquid wa-

gﬁ“g:"yZ(t;TCke?Q :E.'g‘kg‘:‘y' 't?nsrt:aellg:h;r: dhfzndérthz 2Ot‘hdsster contents adopted. The was assumed to increase with
Y were thicker, wi ) Wer gaps, thu altitude, Fig.15. This resulted in an optical depth of 31.7
producing the higher minimum and maximum albedos.

at 380nm. The inland, ground-deduced optical depths var-
ied between 20 and 25, which, again considering horizontal
variations, is consistent with the cloud built from the PVM

In order to simulate the measurements, vertical profiles of thea‘nd Fast-FSSP measurements.

liquid water content and effective droplet radius are required. In Fig. 16, the total and downwelling actinic fluxes mea-
As the clouds were inhomogeneous, it was not possible tesured by the Partenavia on days 256 and 261 are shown as
select data from a single cloud penetration as done abova function of altitude. Also shown are model simulations
for days 257 and 263. Instead, all liquid water content datafor cloudless and cloudy conditions. For the cloudy sim-
from the PVM and all effective radius data from the Fast- ulations, the cloud properties shown in Fith were used.
FSSP were plotted as a function of altitude, Hif. For the  As mentioned earlier, day 256 was characterised by cloud
cloud band, day 256, it was assumed that the cloud was verbands oriented west-east. Thus, from the ground, it was ei-
tically homogeneous with a liquid water content of 0.5%m ther cloudy or the sun could be seen. The flight on day 256

5.3.2 Aircraft data comparison

www.atmos-chem-phys.org/acp/5/1975/ Atmos. Chem. Phys., 5, 19932005
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Fig. 14. Albedo at 380 nm measured during the flights on day 256and day 261(b). The albedo is derived from irradiance measurements
onboard the Partenavia. The black solid lines show the altitude of the aircraft. Data points where the pitch of the aircraft was lafger than 5
or the roll was larger than®lhave been excluded.

lasted for about 2.5 h. During this time period the solar zenitha little too high. The ground measurements varied between 3
angle increased from aboutS® 65°. This changed the ac- and 16 W/n? (see Fig.13). The same variability is not seen
tinic fluxes by about 30% below the cloud and about 25% forin the aircraft data. However, this is caused by the fact that
the cloudless conditions. The variability seen in the actiniconly one ascent and descent was made on that day. Thus, the
fluxes of about-10% when the aircraft was at constant alti- aircraft data may not be fully representative for the whole
tude above the clouds, reflects the changes in the cloud coverea in its full vertical and horizontal extent.

underneath. See, for example, the horizontally oriented data As can be seen in Fid.6, the measurements lie between
points at about 1600, 2300 and 2800 m in Figa and b.  the cloudless Fiear, and cloudy,Feioudy: 1-D model simu-
The ground measurements on day 256 of the downwellindations. Thus, for this situation a simple cloud fracti@ry,
actinic flux varies between 6 and 19WinFig. 13. This  approximation

is in agreement with the below-cloud aircraft measurements

(see Fig16). Above the cloud, the aircraft measurements areF = C s Feloudy + (1 — C¢) Felear (2

0-150% larger than the cloudless ground measurements. _ _ o
might yield representative values for the total actinic flax,

For day 261, the picture is more complicated due to theprovided that the vertical extent of the cloud and its optical
horizontal and vertical variations of the cloud cover. The properties were known, and that a realistic valueCgf is
cloud simulations obviously have the cloud bottom placedavailable. For day 256, values of 0.3 (green), 0.5 (red) and
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Fig. 15. Liquid water content(a), as measured by the PVM instrument and the effective ra(bjisneasured by the Fast-FSSP instrument.
Red dots are data from day 256 and blue dots data from day 261. The solid lines are the input used for the model simulations.

0.7 (blue) were used fof ;. The above cloud actinic flux inhomogeneous and changing conditions, it is not feasible to
is reasonably well captured by any of these cloud fractionssample a larger area with aircraft. Thus, the measured data
However, below the cloud the actinic flux is either repre- may not be fully representative for the area under investiga-
sented by cloudless or overcast calculations. Thus the cloution.

fraction approximation appears to only capture part of the ) .
picture for this situation. For day 261, values of 0.5 (green), Based on the images shown in Fig, the cloud amounts

0.6 (red) and 0.7 (blue) were used 6. The overall best are estimated to 4 oktas on'day _256 and between 7 and 8
agreement both above and below the cloud is obtained with 2ktas for day 261. The relationship between cloud amount
value of 0.6, although the below-cloud actinic flux is slightly &S estimated by a surface observer and the earthview (ver-
overestimated. The best agreement below the cloud is optical) cl_oud amount needed in radiative transfer models has
tained forC ;=0.8 (not shown). However a value of 0.8 over- been discussed bienderson-Sellers and McGuff{2990

estimates the actinic flux above the cloud. Thus, the cloudnd references therein. For mid-range cloud amounts, the
fraction approach appears to be too simple to describe botfVO vViews are comparable. This agrees with the findings here

the above-cloud enhancement and the below-cloud reductiof!@t 2Cr=0.5 gives a reasonable representation above the
by a single number. It must also be noted that during suclfloud for day 256. For large cloud amounts, surface observa-
tions tend to overestimate cloud amount as compared to the
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Fig. 16. Downwelling, (a) and(c), and total(b) and(d), actinic fluxes integrated between 380—400 nm for the entire flights on day 256, (a)
and (b), and day 261, (c) and (d), as a function of altitude. The solid lines are model simulations including the model clouds ffom Fig.
with different cloud fractions. For day 256, blackdy =1.0; greenC y=0.3; redC y=0.5, and blueC y=0.7. Similarily for day 261, black

is C¢=10; greenC y=0.5; redCf:O.G, and queCf:0.7. The dashed lines are cloudless model simulations. For all lines, the rightmost
(leftmost) lines are for the smallest (largest) solar zenith angles encountered during the flights, 5&€TlRig horizontal green lines indicate

the top and bottom of the cloud layers.

earthview cloud amount. This is also found here, as a value — For cloudless conditions, the measurements of the to-
of Cy=0.9, or about 7 oktas, overestimates the actinic flux tal and downwelling actinic flux were reproduced by
by about 16% above the cloud and underestimates the actinic  the radiative transfer model within the measurement and
flux by about 33% below the cloud, comparedde=0.6. model uncertainties of abott10%.

Thus, while all-sky images are useful to document the mea- - . o
surement conditions and in the selection of interesting cases, — Under cloudless conditions the upwelling actinic flux

direct use of cloud amounts deduced from these images must ~ contributed between 5 to 30% to the total actinic flux
be used with care in models. depending on wavelength and altitude. Above 300 nm

the measured and simulated downwelling actinic fluxes
agreed withink=10%. For shorter wavelengths the dif-

6 Conclusions ferences were larger.

. . ) — For cloud conditions visually characterised as horizon-
As part of the INSPECTRO project, an extensive campaign tally homogeneous, the downwelling actinic flux at the
to study the influence of clouds on the spectral actinic flux in surface at times varied by up to 40% between sta-

the lower troposphere was carried out in East Anglia, ENg-  ions for the rather small experimental area of about
land, September 2002. The spectral actinic flux, the irra- 12x12kn?.  Simultaneously, the above-cloud varia-

diance and aerosol and cloud properties were measured by tions in the downwelling and total actinic fluxes were

aircraft and four ground stations. about 11% over the area

Data from cloudless, broken cloud and overcast situa-
tions were selected for analysis. A detailed radiative transfer — For overcast situations, 1-D radiative transfer calcu-
model was used to simulate and interpret the measurements. lations reproduced the overall behaviour of the ac-
The following findings were made. tinic flux measured by the aircraft. Especially, the
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above-cloud enhancement and below-cloud reductions Pfister, G., Martin, T. J., Roeth, E.-P., Griffioen, E., Ruggaber,
are well characterized. A., Krol, M., Kraus, A., Edwards, G. D., Mueller, M., Lefer,
B. L., Johnston, P., Schwander, H., Flittner, D., Gardiner, B. G.,

— The above-cloud enhancement increases with increas- Barrick, J., and Schmitt, R.: International Photolysis Frequency
ing optical depth. Similarily, the below-cloud reduction ~ Measurement and Model Intercomparison (IPMMI): Spectral ac-
increases with increasing optical depth. tinic solar flux measurements and modeling, J. Geophys. Res.,

108, d0i:10.1029/2002JD002 891, 2003.

— Just below the cloud top, the downwelling actinic flux Barnaba, F. and Gobbi, G.: Modeling the aerosol extinction versus
has a maximum, which is seen in both the measure- backscatter relationship in a mixed maritime-continental atmo-
ments and the model results. sphere: Lidar application and validation, J. Atm. Ocean Technol.,

21, 428-442, 2004.

— For broken-cloud situations, the cloud fraction approachBass, A. M. and Paur, R. J., The ultraviolet cross—section of ozone,
captures some of the changes in the actinic flux. How- I, The measurements, in: Atmospheric Ozone: Proceedings of
ever, no single value for the cloud fraction is able to the Quadrennial Ozone Symposium, edited by: Zerefos, C. S.
reproduce the measured above-cloud enhancement and and Ghazi, A., pp. 601-606, D. Reidel, Norwell, Mass., 1985.
below-cloud reductions for the analysed situations. ~ Brasseur, A--L., Ramaroson, R., Delannoy, A., Skamarock, W., and

Barth, M.: Three-dimensional calculation of photolysis frequen-
Thus, we conclude that for the cases studied here, cloud- cies in the presence of clouds and impact on photochemistry, J.
less and overcast single-layered clouds may be satisfacto- Atmos. Chem., 41, 211-237, 2002.
rily simulated by 1-D radiative transfer models. The rel- Cahalan. R. ., Ridgway, W., Wiscombe, W. J., Gollmer, S., and
atively simple broken-cloud cases investigated indicate that Harshvardhan: Independent pixel a.nd Monte Carlo estimates of
. . stratocumulus albedo, J. Atmos. Sci., 51, 3776-3790, 1994.
for these cloud situations and more-complex cases 3-D cor:

. . . . Chambers, L. H., Wielicki, B. A., and Evans, K. F.: Accuracy of
rections must be applied. What these corrections look like is the independent pixel approximation for satellite estimates of

an outstanding research question. oceanic boundary layer cloud optical depth, J. Geophys. Res.,
As part of the INSPECTRO project, a second campaign 102, 1779-1794, 1997.

was conducted in May 2004 in southern Germany covering aCrawford, J., Shetter, R., Lefer, B., Cantrell, C., Junkermann, W.,

larger, about 5@ 50-kn?, area to further elucidate the impact  Madronich, S., and Calvert, J.: Cloud impacts on UV spectral ac-

of clouds on the actinic flux. tinic flux observed during the International photolysis frequency
measurement and model intercomparison (IPMMI), J. Geophys.
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