Dear editor,

Thank you for the comments. The text in the conclusion section has been revised.

The third paragraph in the conclusion section refers to the point a, the spectral
dependence of the actinic flux profile. The fourth paragraph is related to the
points b,c. We have summarized the discussions about cloud layers and cloud top
height. In the track changes version of the paper, the revised text is in blue colour.

Ping Wang
31.03.2015

3/26/15 CO Editor

editor.copernicus.org/index.php?
_mdl=msover_md&_jrl=10& _Icm=o0c73Icm74a&_ms=27543&salt=213637613326
4816722 1/1

Editor Initial Decision: Reconsider after minor revisions (Editor review) (26 Mar
2015) by Dr. Stelios Kazadzis

Comments to the Author:

Dear authors,

The idea using such a device to try to measure the actinic flux profile is really
interesting. From my point of view, summarizing the reviewer's comments, | see
three major issues:

a. the disadvantages in the interpretation of the results using not well spectraly
characterized sensors.

b. The problems related with complex atmospheric situations simulated only by a
single layer cloud

c. Major issues in the presentation of the results that were extensively addressed
by the second reviewer.

For point a. there is not much more to do, as you added an analysis of different
wavelength bands. (of course a measurements of the device spectral response
would be the ideal). Then there are issues analyzed and reported thoroughly by
the reviewer 1 which affect part of the major findings. So a paragraph on the
conclusions referring to this issue and the possible effect on the discussed results
would be appropriate and very helpful for the readers of this work.

For the point b. you have chosen not to try more model simulations using multiple
layers but to comment on possible differences of the single layer approach to real



more complex cloud conditions. | suppose that this approach makes related the
conclusions weaker, but i will respect this option of yours. So this could be also
mentioned in the conclusion section, discussing possible differences from this
approach (summarizing what you have already wrote in the revised main part of
the document).

Point c. | think reviewer 2 has done an impressive work and helped a lot on the
presentation and the clarification of the results. There are several issues that had
to be approximated since this is a difficult measurement and modeling exercise.
Ithink you have answered the comments and suggestions, eliminating or adding
sentences and adding new figures. | think that there are sentences in the
conclusion section ( like the cloud top and AF link) that also need revision after
implementing all these suggestions.

In general | think that this is an interesting work worth to be published in ACP
after including the above suggestions.
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Abstract

A green light sensor has been developed at KNMI to measure actinic flux profiles using an
ozone sonde balloon. In total, 63 launches with ascending and descending profiles were
performed between 2006 and 2010. The measured uncalibrated actinic flux profiles are
analyzed using the Doubling Adding KNMI (DAK) radiative transfer model. Values of the
cloud optical thickness (COT) along the flight track were taken from the Spinning Enhanced
Visible and Infrared Imager (SEVIRI) Cloud Physical Properties (CPP) product. The impact
of clouds on the actinic flux profile is evaluated on the basis of the cloud modification factor
(CMF) at the cloud top and cloud base, which is the ratio between the actinic fluxes for
cloudy and clear-sky scenes. The impact of clouds on the actinic flux is clearly detected:
the largest enhancement occurs at the cloud top due to multiple scattering. The actinic flux
decreases almost linearly from cloud top to cloud base. Above the cloud top the actinic
flux also increases compared to clear-sky scenes. We find that clouds can increase the
actinic flux to 2.3 times of the clear-sky value at cloud top and decrease it to about 0.05
at cloud base. The relationship between CMF and COT agrees well with DAK simulations,
except for a few outliers. Good agreement is found between the DAK simulated actinic flux
profiles and the observations for single layer clouds in fully overcast scenes. The instrument
is suitable for operational balloon measurements because of its simplicity and low cost. It is
worth to further develop the instrument and launch it together with atmospheric chemistry
composition sensors.

1 Introduction

Atmospheric trace gases such as ozone and nitrogen dioxide are involved in a series of
chemical reactions driven by solar radiation at UV wavelengths (Crutzen and Zimmermann,
1991). Actinic flux — which is the integral of the radiance over all directions, i.e. 47 solid
angle — is relevant for-{o the process of photodissociation. Clouds have a large impact on
the actinic flux in the atmosphere and, consequently, on photodissociation rates (Calbé
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et al., 2005). Therefore, the actinic flux profile is important for the study of the change
in concentration of chemically reactive components in the atmosphere and is preferably
measured together with the atmospheric chemical composition. Such actinic flux profiles
have been measured by means of tethered-balloons and aircrafts during several campaigns.

During the Atlantic Stratocumulus Experiment (ASTEX), tethered balloon soundings were
made-performed on Santa Maria, Azores. Vila-Guerau de Arellano et al. (1994) compared
measured actinic flux profiles with simulations using a delta-Eddington model. Excellent
agreement was found for fully cloudy scenes. The authors reported that the actinic flux
decreased from cloud top to cloud base. At cloud top the actinic flux was higher than the
clear-sky actinic flux, while at cloud base the actinic flux was lower than the clear-sky val-
ues. In the First ISCCP Regional Experiment (FIRE Ill) Arctic Cloud Experiment actinic
fluxes were measured above sea ice in May 1998. De Roode et al. (2001) found that the
actinic flux profile within clouds is nearly constant with height, except in a shallow layer be-
low cloud top where the actinic flux revealed a large increase. The authors attributed this
feature to the bright surface of sea ice (high albedo). Actinic fluxes have been measured
on the ground and on an aircraft during the INSPECTRO campaign to study the effect
of clouds on the spectral actinic flux in East Anglia England in 2003. Kylling et al. (2005)
showed that the spectral actinic flux can be reproduced with a 1-D radiative transfer model
for clear-sky and fully cloudy cases. They reported that the actinic flux (in the UV wave-
length range) could be enhanced by as much as 60—100 % above clouds and reduced by
55-65 % below clouds, as compared to the clear-sky situation. Junkermann (1994) mea-
sured J(OD) actinic flux within and above stratiform clouds and above snow surfaces from

a hang glider —with flight altitude of up to 1 km above ground. The actinic flux showed a ver

strong contribution of reflected or backscattered radiation within the planetary boundar
layer. Palancar et al. (2011) reported extensive comparisons between aircraft-based mea-

surements (between 0.1—11.9 km altitude) of actinic fluxes and the-Tropospheric Ultraviolet-
Visible (TUV) model simulations. They found a good agreement between the measured
and TUV clear-sky model actinic fluxes (integrated from 298 to 422 nm). Including both
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model value was 1.1+4/-0.3. Furthermore, accurate spectral actinic flux measurements (280
- 420 nm) between ground and 12 km altitude were made by Hofzumahaus et al. (2002) from

Schiller et al., 1994) and in the troposphere and stratosphere (Kylling et al., 2003).

On the ground, UV monitoring stations usually measure spectral irradiances. The relation
between the actinic flux and the irradiance was studied in several papers (e.g. Madronich,
1987; van Weele et al., 1995; MeKenzie-Kazadzis et al., 206+ Kazadzis-2000;, McKenzie
et al., 26002001). In general, the actinic flux correlates well with the irradiance on the sur-
face but the relationship depends on wavelength, surface albedo, solar zenith angle, and
cloud conditions.

Most actinic flux profiles presented in the literature were measured in the lower tropo-
sphere in the UV wavelength range. Actinic flux observations at green wavelengths (about
510 nm) are more representative for photodissociation by visible light. In combination with
ozone and NO; observations, the actinic flux profile observations are useful to investigate
the photostationary state relationship between NO, NO, and Os in cloudy scenes in de-
tail (Cantrell et al., 1993; Mannschreck et al., 2004). Knowledge of the chemical inter-
relationship between O3 and NO, is important to better constrain their vertical profile in
air quality models and in satellite retrievals of Oz and NO,. Although-The actinic flux at

UV wavelengths is more relevant to the photodissociation of ritrogen-dioxide-mainly-in-GV

wavelengthNO> and Oz than the actinic flux at visible wavelengths. However, good mea-
surements and simulations of the actinic flux at visible wavetength-wavelengths will give

some confidence with-our-simutations-in-in our simulations at the UV wavelengths. It was
intended to be a cheap, disposable instrument and no harm for the environment. Therefore,
we measured actinic flux profiles using a green light sensor attached to an ozone sonde.
Another advantage of using an operational ozone sonde is the large altitude range (from
surface up to 35km) and the regularity of launching. The aims of the actinic flux profile
measurements are to evaluate the impact of clouds on the actinic flux profiles and to better
constrain the O3 and NO, chemical inter-relationship in atmospheric chemistry models.
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The cloud modification factor (CMF) is often used in the analysis of cloud effects on UV
radiation (e.g. Seckmeyer et al., 1996; Mayer et al., 1998; Schwander et al., 2002; Antén
et al., 2012; Mateos et al., 2014). The cloud modification factor is the ratio between UV
radiation under cloudy and clear-sky conditions. The U¥-radiation for clear-sky scenes is
calculated using the same atmospheric states as for cloudy scenes. GMFhas-It has been

demonstrated and explained that the surface CMF in the UV has a wavelength dependence
not have a significant wavelength dependence in the UV but Rayleigh scattering does.
According to Kylling et al. (1997), the observed wavelength dependence is due to photons
reflected by clouds, then the photons are scattered downward by Rayleigh scattering above

the clouds and transmitted through the clouds to the ground surface. CMF has been used to
evaluate the cloud effects on irradiance, actinic flux and photolysis rate. We also use CMF

in our analysis of the actinic flux profile at a green wavelength.

In this paper we will describe the instruments-instrument and measurements in Sect. 2.
The simulation method for the actinic flux profiles is presented in Sect. 3. The results are
shown in Sect. 4. Conclusions are drawn in Sect. 5.

2 Instruments and measurements

A light sensor has been developed at KNMI using a commercial green LED (Light Emitting
Diode) with a diameter of 5 mm made of Gallium-Phosphide (GaP). It is mounted in the
center of a 10 cm Styropor (Polystyrene) sphere. A picture of the light sensor and sphere is
shown in Fig. 1. The sphere acts both as a thermal insulation and a light diffuser. The de-
tector and amplifier are temperature stabilized at 25 °C. The instrument has been designed
to have uniform response to sunlight. The point on the sphere where the LED sensor was
inserted is called north pole. The senor was glued at a position in the sphere where its
sensitivity to sunlight was comparable when the sphere was lit from the north or the south
pole. After the instrument was completed, it was held in a beam of sunlight that would enter
a single window in an otherwise dark room. The response of the instrument was checked
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by rotating the sphere. If it was found to be more sensitive on one side, a black permanent
marker pen was used to make marks on that side. Typically it was found that the sensitivity
was higher (10 % or so) on the equator compared to the poles. This process was repeated
until the response of the instrument varied less than 2 % when the sphere was rotated. So
the spheres have a number of black lines around the equator to make the sensitivity uni-
form. The light sensor is not absolutely calibrated and the measured actinic profile is in an
arbitrary unit. However, before launching a light sensor, inter-comparison measurements
have been performed on the ground together with one reference light sensor which is kept
and not used for launching. If the reference sensor does not change with time, the actinic
flux profiles measured with different sensors should be intercomparable. The exact spectral
sensor_has been shown by Brooks and Mims (2001) in their Fig. 2 for the RadioShack
green LED. The spectral response of the RadioShack green LED covers the wavelength

range 450-580 nm with the peak value at about 560 nm and center at 525 nm. At present,
the light sensor is mainly used to evaluate the cloud effects on actinic flux profiles. The

green light sensor is chosen because it is not sensitive to ozone and water vapor absorp-
tions, so that the impacts of clouds and aerosols on the actinic fluxes can be separated
from the effects of gas absorptions.

The light sensor is launched together with the ozone sonde balloon and the data are

transmitted during flight. The light sensor attached to a line and located at about 20 m
below the balloon and 2m below the ozonesonde. Because the payloads of the balloon
the balloon is at high altitude and the sun is almost overhead (SZA < 30°). This can be

The measurements impacted by the shadow of the balloon have been removed before the
data are averaged over 10 s and stored. The instrument weighs about 100 gram, is low cost

and can be reused after recovery. The ozone sonde is launched at 11:30 UTC on every
Thursday at De Bilt (5.18° E, 52.10° N), the Netherlands. The vertical velocity of the ozone
sonde is typically 5ms~! and reaches an altitude of 30-35km in about 100 min. After the
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burst of the balloon the sonde drops back to the ground with a parachute in about 60 min.
The data stream includes ascending and descending values of time, altitude, pressure,
temperature, relative humidity, ozone partial pressure, and actinic flux. The trajectory of the
balloon is obtained from GPS data.

3 Methods for the actinic flux profile simulations

3.1 Radiative transfer modelling and input data

The Doubling-Adding KNMI (DAK) radiative transfer code (De Haan et al., 1987; Stammes
et al., 1989; Stammes, 2001) is used to simulate the measured actinic flux profiles. DAK
is a 1-D plane-parallel radiative transfer code with a pseudo-spherical correction for solar
zenith angles (SZAs) greater than 75°. Because the measurements were made at noon,
the SZAs are usually smaller than 75° except in December and January. The DAK model
has been used by van Weele et al. (1995) in the UV-A actinic flux calculations. The DAK
simulated surface shortwave broadband irradiances have good agreement with the ground-
based BSRN (Baseline Surface Radiation Network) measurements for clear-sky and over-
cast water clouds scenes (Wang et al., 2009, 2011). In this paper, the DAK simulations were
performed for A =550 nm to represent the green wavelength range. Absorption by ozone
is taken into account by using the shape of a climatological ozone profile and scaling it to
the assimilated total ozone column at 12:00 UTC using OMI total ozone data (Eskes et al.,
2003). The ozone absorption cross section is taken from Johnston (1997). Water vapor
absorption is not taken into account in the simulations because it is weak at 550 nm. The
Rayleigh scattering cross section is calculated according to Bodhaine et al. (1999).

For clear-sky scenes, aerosol optical thickness (AOT) data are taken from the SPUV
sunphotometer at Cabauw (4.93° E, 51.97° N, 20 km SW of De Bilt) because AOT is not
measured in De Bilt. For cloudy scenes, a default AOT of 0.18 at 550 nm is used, which is
close to the climatological value for Cabauw. The LOWTRAN rural aerosol profile is used,
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with addition of a well-mixed aerosol layer from the surface to the top of the boundary layer
for clear-sky scenes. The latter is determined from the lidar measurements in Cabauw.
For cloudy scenes, the sky is assumed to be fully overcast (cloud fraction of 1). The
cloud optical thickness, cloud phase, effective radius, cloud top height and cloud mask
are obtained from the SEVIRI/MSG Cloud Physical Property (CPP) product (Roebeling
et al., 2006). This product is available every 15min. The pixel size of SEVIRI measure-
ment is about 3km x 6 km (longitude x latitude) in the Netherlands. During one actinic flux
profile measurement there are 10 SEVIRI images taken from 11:30 to 13:45UTC. The
cloud properties are selected from every SEVIRI image according to the time and geoloca-
tion of the balloon along its trajectory from launching to landing. These time-and-ocation
times and locations are exactly matching between the SEVIRI images and the radiosonde.
Cloud properties at-are also selected when the balloon reaches 5 extra-peints-at-the-start;

tandingspecial altitudes: surface (launching, landing), cloud top heights(tin-ascendingand
‘+in-height (ascending, descending), and the-highest-attitudeof-the-profite-maximum flight
altitude. At these 5 points, the cloud properties are selected at the exact geolocation of the
balloon but on the nearest-measurement-time-of-the- SEVIRHmages-SEVIRI images taken
at the time most close to the balloon measurement. The resulting 15 COT values from SE-
VIRI, sometimes the eloud properties-are taken-with possibly 2 COT values from one image
at two geolocationsin-ene-image, largely follow the COT variations during one profile mea-
surement. The cloud top height is determined from the peak value in the actinic flux profile
and is checked with the cloud top height in the SEVIRI data. Atsmal-SZAthepeak-ofthe
actinie-fiux-profile-is-very-elose-to-Note that the location of the actinic flux peak in cloudy
scenes depends primarily on the cloud optical thickness, surface albedo and solar zenith
angle (assuming no aerosols). At small solar zenith angle, the actinic flux peak usually

occurs slightly below the cloud top for optically thick clouds over dark surface (Madronich,
1987). The cloud base heights are taken from operational ceilometer measurements in De

Bilt and Cabauw. The cloud scattering phase matrices were calculated using Mie theory for
water droplets and using the effective radius from SEVIRI CPP data. The effective radius
and cloud extinction coefficient are assumed to be constant inside the clouds. For example,

8

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



195

200

205

210

215

220

if the cloud occupies 5 100 m thick layers of the atmospheric model profile and has a COT
of 10, then every layer has a COT of 2. The DAK simulations are performed for 15 COT
values covering the SEVIRI data. COT of 1 and 100 are also used in the DAK simulations
to improve the interpolations.

Although there are 15 collocated COT values from SEVIRI during every actinic flux profile
measurement, the COT may not be representative of the actual cloud conditions during an
actinic flux profile measurement, because of retrieval uncertainty and subpixel cloud vari-
ability. The error of the COT from SEVIRI is about 15 % (http://msgcpp.knmi.nl/mediawiki/
index.php/MSGCPP_product_description). Including the mismatching of the SEVIRI mea-
surement and actinic flux profile measurement, the uncertainty of COT estimation during
actinic flux profile measurement is probably larger.

In DAK, the altitude levels are specified using the atmospheric profile (height, pressure,
temperature) which is taken from the ozone sonde data. In order to get high vertical reso-
lution simulations inside the clouds, the thickness of one atmospheric profile layer is about
100 m for the cloudy atmosphere and coarser (~ 500 m) for the cloud-free atmosphere.
Above 30 km, the atmospheric profile is extended using the mid-latitude summer atmo-
spheric profile (Anderson et al., 1986). The surface albedo is assumed to be 0.15 for grass-
covered surface, because the surroundings of the De Bilt site are largely covered by green
grass throughout the year. As the altitude of the instrument increases, the surface albedo
might change because the instrument sees a larger area. The actinic flux profiles are simu-
lated at different SZA and COT values. Then, the DAK simulated actinic fluxes are interpo-
lated at the actual SZA and COT values along the flight track to get the best simulation for
a single measured actinic flux profile.

3.2 Wavelength dependence of actinic flux profile

Because we do not know the exact spectral response of our green LED, we have chosen

in this paper the wavelength of 550 nm to represent the wavelength band of the LED. Here

a sensitivity study is performed using DAK to check the wavelength dependence of the

actinic flux profile. The actinic flux profile is simulated at 450, 500, 550, 600, and 650 nm
9
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for a cloudy scene. These wavelengths cover the green LED spectral response completely.
The DAK inputs of aerosol, atmospheric profile, ozone and surface albedo data have been
described in Sect. 3.1. The water cloud layer is located from 0.8 to 1.3 km altitude and the
cloud optical thickness is 30. The particle size (effective radius) of the water clouds is 10
um. The cloud fraction is 1 (overcast). The extraterrestrial solar irradiance is assumed to
be 1 Wm~?nm~" perpendicular to the solar beam for every wavelength in the simulation.
shown in Fig. 2 at SZA of 30 and 75°, respectively. The normalized actinic flux profiles are
the simulated actinic flux profiles divided by the actinic fluxes at 30 km.

As shown in Fig. 2, the simulated actinic fluxes (AF) have a strong wavelength
dependence above the cloud due to Rayleigh scattering. Inside the cloud, there is hardly
any wavelength dependence of AF because multiple Mie scattering by the cloud particles
is dominant. Below the cloud, the wavelength dependence of actinic flux is also small. In
through the cloud layer; consequently there is almost no wavelength dependence of AF
below the cloud. A wavelength dependence of the actinic flux below the cloud only occurs
if the cloud is optically thin (say COT of 8).

The actinic flux profiles have similar shape for the 5 wavelengths at SZA = 30° (see Fig.
2a). After normalization at 30 km, the light profiles for different wavelengths almost overlap.
Similar behavior occurs at SZA smaller than about 60 °. However, when the SZA is getting
larger than 60°, the actinic flux profile shape depends strongly on the wavelength. After
being normalized at 30 km, the 5 actinic flux profiles have large differences at the cloud top.
An example is shown in Fig. 2b for SZA of 75°. This indicates that we can use the actinic
flux profile shape at 550 nm to represent the actinic flux profile shape of the wavelength
range 450-650 nm at small SZA but not for large SZA.

10

1odeJ UOISSNOSI(T

1odeJ UOISSNOSI(T

| 1odeg uorssnosiq

1odeJ UOISSNOSI(T



250

255

260

265

270

4 Results
4.1 Actinic flux profile measurements

Actinic flux profiles were measured during 63 launches, of which 30 launches were made in
2006, 27 in 2007, 4 in 2008, and 2 in 2010. The flight trajectories were mainly between 4—
9° E and 51-53° N. Most launches had one ascending profile and one descending profile;
some launches had only ascending profiles while the descending profiles were not received
properly. In the data set there are 14 clear-sky profiles distributed over 9 days and the rest
are cloudy profiles.

All the profiles are illustrated in Fig. +a3a. The profiles are separated into two groups,
because of a calibration issue which occurred in the year 2007. Figure +b-3b shows the ratio
between the global irradiance measured at the ground by a pyranometer and the actinic flux
at 4 m height (the lowest point of the profile) at 11:30 UTC as a function of SZA. The data
points shown as filled circle are measured from 1 June to 21 December 2006. As shown
in Fig. +b3b, the ratio seems quite consistent in 2006 except for two outliers which are
caused by very small actinic fluxes. The scatter of the points in 2006 could be due to partly
cloudy scenes. This indicates that the instruments are comparable to each other and the
sensors do not depend on the SZA and temperature. The calibration issue can be identified
from the ratio in 2007 which appears to be-too-variablein-2007—The-irradiance-vs—actinic
flux—ratio-have _a different magnitude from that in 2006 and is too_variable. The ratio_of
irradiance to actinic flux at the surface could be used to rule out large instrument errors
before launch, hewever,-the-such as the calibration issue in 2007. The ratio is not suitable
for the calibration of the light sensor —Fherefere,-in-the-because the relationship between

irradiance and actinic flux is general non-linear (Madronich, 1987). The ratio is dependent

on solar zenith angle, surface albedo, and presence of the direct solar beam, which requires
cloud and aerosol information. In the comparison with DAK simulated profiles, the measured

actinic flux profiles were normalized at 30 km and ir-are thus in an arbitrary unit.
As shown in Fig. +a3a, the actinic flux profiles have large vertical variability below 10 km
because of the presence of clouds and aerosols. Above 10 km, the profiles are less vari-
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able. The ascending and descending profiles often overlap between 15 and 35 km altitude,
because the sonde falls down rapidly after the burst of the balloon. The descending profiles
often do not extend down to the surface, because of loss of radio signal at long distance.

4.2 Impact of aerosols and clouds on actinic flux profiles

Figure 2a-4a shows four clear-sky actinic flux profiles measured on 11, 12 and 13 Septem-

ber 2006 and 17 April 2010. Figure2b-The clear-sky scenes are determined from MODIS

images and Total Sky Imager data at Cabauw. Figure 4b shows the AOT measured at
Cabauw for the same days. The smallest SZA values during the actinic flux profile measure-

ments are about 42° on 17 April 2010 and 48° for the measurements in September 2006.
According to the lidar extinction coefficient profiles at Cabauw, the boundary layer heights
at 11:30UTC for the 4 days are 1.0km (17 April 2010), 1.2, 0.5km, and 0.7 km (11-13
September 2006), respectively. Because the AOT varies during the day (Fig. 2b4b) we can
expect that the AOT also varies along the flight track. On 17 April 2010 the AOT is about
0.1, which is the lowest value in the four days. On this day the actinic flux profile above the
boundary layer is also lower than on the other days. The AQT is about 0.3 on 12 September
(12:00 UTC) and about 0.4 on 11 and 13 September. This agrees with the actinic flux mea-
surements, namely, the actinic fluxes at 1-5km on 11 and 13 September are slightly larger
than those on 12 September. Due to the scattering by aerosols, the actinic flux is enhanced
at the top of the aerosol layer and above. This further demonstrates the consistency of the
instruments when the inter-comparison works well. The upper part of the actinic flux pro-
files (> 5 km) has no correlation with the AOT at Cabauw, because of the spatial variation
of AOT and surface albedo.

The actinic flux profiles (ascending profiles only) for 6 cloudy cases are shown in Fig. 3-5.
The actinic flux profile peaks at the upper boundary of the high relative humidity (RH) layer.
Inside clouds, RH values are close to 100 %. RH values at temperatures below 0 °C are cor-
rected to RH with respect to ice, which is larger than the measured RH with respect to water.
When the balloon eresses-is close to the cloud top, the light sensor detects a sharp peak

in the actinic flux profile because-of-the-enhanced-ight-intensity-due-to-multiple-scattering
12
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atthe-cloudtop-(e.g. Fig. 5a—d). Inside the cloud, the actinic flux profile decreases until the

base of the cloud, and becomes relatively stable below the cloud.

The altitude dependence of the internal-radiation—fietd—in—directional radiation inside
a scattering atmosphere or cloud layer depends mainly on the optical depth 7 (==-6-at
TOA-and-+==-the-total-atmospheric-opticat-thickness-at-the-surface)and-on-and its vertical
distribution), solar zenith angle and surface albedo (Stammes et al., 1989). The fact that
the peak in the aetinie-diffuse radiative flux is not located at the top of the atmosphere

cloud layer but inside the atmospherelayer, is due to muttipte-seattering—Sinee-enhanced

multiple scattering in the top layer of clouds. Since direct sunlight is incident at the top of the
clouds, the amount of scattered sunlight first increases going from the top downwards due to

multiple scattering, reaches a maximum, and then decreases again. In first order, the diffuse
radiative flux is linear in 7 at the top of the atmesphereclouds. It has been found by Stammes
et al. (1989) that for an isotropically scattering atmosphere—cloud the downward flux in-
creases descending into the atmosphere-cloud layer for high sun (zo=>0-5u9 > 0.5), but

decreases from the cloud top for low sun (#g<-0-5)—u < 0.5). Simulations for actinic fluxes
have been done by Madronich (1987) using a simple isotropic model and a Delta-Eddington

model. This finding was corroborated with multiple scattering calculations. In the field of ac-
tinic flux studies, the peak below the cloud top has been found in actinic flux calculations
and in balloon measurements (Van Weele et al., 1995; Van Weele, 1996; Vila-Guerau de
Arellano et al., 1994).

As can be seen in Figs. 4-5, the actinic flux profiles have small high frequency variations.
The variations are relatively larger in cloud-free scenes and above clouds where the
instrument is ex osed to direct sunlight and smaller inside and below clouds, where mainl
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before launch to have less than 2% variation during rotation (see Sect. 2). Therefore, it
profile. In 63 ascending profiles, 59 profiles have relative variations smaller than 2%; 2
profiles have relative variations of 2.1% and 3.2 %, respectively; 2 profiles were excluded
data between 20 and 25 km are used for the test, the mean variation is also about 0.7 %.

This demonstrates that the instrument has a quite uniform response to sunlight.

4.3 Actinic flux profiles compared with surface radiation measurements

Figure 4a-6a shows the ratio between the actinic flux below the cloud base close to the
surface and at the cloud top (the peak of the actinic flux profile) and-betow-the-ctoud-base
etese%e%%wﬁaee%PWM as a function of the surface solar irradiance mea-
sured in De Bilt for 63 ascending profiles. Although some profiles have a calibration issue,
this has no impact on ratios calculated from one profile. The ratio #s5/pase Fbase/top IS
determined by cloud optical thickness, surface albedo and solar zenith angle.

Similar to the cloud modification factor (CMF) used in UV radiation studies (e.g. Antén
et al., 2012), ratios of the actinic flux profiles in cloudy scenes and clear-sky scenes are
calculated at cloud top (CMFyy) and below the cloud base (close to the ground surface;
CMFpase). For clear-sky scenes, the CMF is 1 by definition. In principle, the clear-sky ac-
tinic flux profile should be calculated using a radiative transfer model using an atmospheric
state which is identical to the cloudy scene. Here we used the atmospheric state (temper-
ature, pressure, aerosol optical thickness) on the clear-sky day of 11 September 2006 as
a reference for all the cloudy actinic flux profiles in 2006. However, the clear-sky profiles
are simulated at the same SZA as occurred for the cloudy profiles. The AOT is not avail-
able for cloudy scenes. The AOT is 0.34 on 11 September. According to the scaling factor
derived from the clear-sky actinic flux profiles for 11 September 2006, the DAK simulated
clear-sky profiles are converted to the same scale as the measured profiles. Otherwise, the
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calculated CMF would not fulfill the definition of 1 for clear-sky scenes. The simulation of
the clear-sky profile is discussed in Sect. 4.4.

In Fig. 4b-6b the CMF as a function of COT is shown for cloud top and cloud base, which
we denote by CMFy,, and CMFpase. The lines are simulations of CMFi,, and CMFp,se for
SZA = 60° and 30° assuming single-layer water clouds (effective droplet radius 8 um) with
cloud top at 2.3 km and cloud base at about 1.5km. As shown in Fig. 4b6b, most of the
CMFs derived from the measurements are within the ranges of the simulated values. The
CMF at cloud base decreases from 1 to about 0.05 with increasing COT. For the actinic
flux at the surface, clouds have a shielding effect. The surface albedo is relatively small, so
there is not much reflection between the cloud base and surface. Therefore, the optically
thicker the clouds, the less light can penetrate the clouds. At COT close to 0, at cloud
base there are some CMFpse values of 1.4—1.5. This indicates that the actinic fluxes in
cloudy scenes are larger than for the clear-sky scenes. This could happen when broken
clouds are present and 3-D effects become important. Enhancement of surface actinic flux

CMFyp increases with increasing COT. The enhancement of the actinic flux at cloud top
is caused by multiple scattering at cloud top. As illustrated by the simulated CMFs in Fig.
6b, the CMF at cloud top has a stronger SZA dependence than the CMF at cloud base. For
example, at COT of 40, from SZA of 30 to 60 °, the CMF changes 0.7 at cloud top and 0.2 at
cloud base. This may partly explain the scatter of CMFyo,. CMFy, depends also on the cloud
top height due to the height dependence of the clear-sky actinic fluxes. For the measured
actinic flux profiles, the cloud top heights are in the range of 1-10 km. At SZA = 60°, the
clear-sky actinic fluxes can increase by 10 % from 1 to 10 km and, consequently, the CMFiq,,

can change by 10 %. The COT-derived-from-SEVIRI-often-has—anegative-biasforpartly

cloudy-seenes;-especially-for small-seate-broken-eteuds—TFhe-outliers of the CMF,, at COT
< 5 could therefere-be due to the COFbias{seeFig—4b)-used COT values. For small local
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clouds, the COT from SEVIRI may not be representative for the clouds 'seen’ by the light
sensor. This can happen because of mismatching between the SEVIRI pixel and balloon

location or due to the subpixel clouds in the SEVIRI retrievals.
If the assumed atmospheric state, especially AOT, is not the same as the actual atmo-

spheric state, the CMF may not be 1 at COT = 0. According to our simulations, the ratio of
clear-sky actinic flux for AOT of 0.25 and of 0.34 is 1.04 at the surface, 0.98 at 1 km, and
0.99 at 10 km for SZA = 60°. We estimate that the uncertainty in the CMF due to the AOT
uncertainty is up to 5 %.

4.4 Simulations of actinic flux profile for clear-sky scenes

As shown in Fig. 2b4b, the AOT on 11 September 2006 varies from 0.3 to 0.5 between
11:00 and 14:00 UTC. This may indicate that the AOT is also spatially variable. This is con-
firmed by MODIS AOT image which reveals a typical spatial variation in AOT between 0.2
and 0.4 for the Netherlands (see Fig. 5a7a and b). The missing AOT data are mostly caused
by presence of clouds. We used the DAK model to simulate actinic flux profiles using AOT
values varying from 0 to 0.5. Then the simulated actinic flux profiles are interpolated to
the measured AOT and SZA values on 11 September 2006. The simulated and measured
actinic flux profiles are shown in Fig. 5¢7c. The simulated actinic flux profile and the mea-
sured profile are normalized at 30 km with a scaling factor of 4.13 and 1.002, respectively.
The simulated actinic flux profile closely follows the shape of the measured profile, although
there are some small deviations. The simulated profile consists of several profiles having
different AOT because the balloon moved both vertically and horizontally. In the simulated
profile, when the balloon was below 1 km, the AOT was 0.5, after the balloon moved above
1 km, the AOT is 0.34. AOT values of 0.5 and 0.34 occur at different locations, not in one
vertical profile. As shown in the trajectory in Fig. 567b, the measured actinic flux profile is
in fact three-dimensional, because the sonde drifts away from the launch location. This fea-
ture is more significant during cloudy conditions due to the large spatial variation of cloud
optical thickness.
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4.5 Simulations of actinic flux profiles for fully cloudy scenes

Global irradiances derived from SEVIRI, called surface solar irradiances (SSI), are calcu-
lated using the SEVIRI COT derived from the CPP algorithm and aerosols from a monthly
climatology (Greuell et al., 2013). In order to check the quality of the SEVIRI COT in the
SSI calculations, we compared the SEVIRI SSI with the ground-based shortwave global
irradiance measurement at De Bilt. On the 63 actinic flux profile measurement days, we
compared SEVIRI SSI at 11:30 UTC with ground-based 10 min mean (11:30-11:40UTC)
pyranometer measurements of global irradiance in De Bilt. As shown in Fig. 68, the SEVIRI
SSI and ground-based measurements agree well with a correlation coefficient of 0.965 and
a bias of 22 W m~2 (for the mean SSI). This suggests that the COT from SEVIRI is of good
quality and the actinic flux profiles calculated using these COTs can be realistic. The mean
SSI value of 4 SEVIRI pixels and the nearest single pixel SSI are often quite different for
SSI values between 200 and 800 W m~2. This is caused by the inhomogeneity of clouds.
The cases where SSI < 200 W m~2 or SSI > 800 W m~2 usually correspond to fully cloudy
or clear-sky scenes, respectively. Therefore, the COT of the single SEVIRI pixel that is most
close to the balloon measurement time and location may not be representative of the clouds
that actually determine the actinic flux profile.

The cloudy actinic flux profiles are simulated for 5 single-layer water cloud cases in 2006,
of which the results are shown in Figs. 7—++9-13. The original actinic flux profiles (without
normalization) have already been shown in Fig. 3-5. The simulations are presented in the
order of complexity of the cases. We start with the simplest case on 5 September (Fig. 79),
which is followed by an optically very thick cloudy case on 15 June (Fig. 810). During these
launches, the COT mainly decreased during the balloon flight. On 22 June (Fig. 911) and
10 August (Fig. +612), the COT increased after launch and decreased when the balloon
was at its maximum height. On 22 December (Fig. +113) the cloud layer was low and stable
but the SZA was large (> 75°).

On 5 September 2006, the prevailing winds were from the west, so the balloon drifted
eastwards. The SEVIRI cloud optical thickness images of 11:30 UTC and 13:00UTC are
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the closest to the start and end of the ascending profile. As shown in Fig. 7a-9a it was
fully cloudy in De Bilt at 11:30 UTC when the ozone sonde was launched. The cloud optical
thickness at 11:30 UTC was about 25. The clouds were optically thicker in the north-east
and optically thinner south of De Bilt. At 13:00 UTC the balloon drifted towards an area with
COT of about 10 (see Fig. 7b9b). In the first 30 min, the balloon flew over clouds having
similar CQOT, then the clouds became thinner.

The COT for the trajectory of the balloon is shown as a function of balloon altitude in
Fig. 7€9c. The SEVIRI pixels are selected within 0.1° of the balloon lat/lon box which usu-
ally has up to 5 pixels. The number of SEVIRI pixels can be less than 5 because of missing
COT data (clear-sky scene or no retrieval). Please note that the COT values in the maps
are averaged over 0.1° x 0.1° grids, while the COT values in Fig. 7e-9c are given for singte
pixelsevery SEVIRI pixel.

If the balloon is above the cloud layer, variations in cloud optical thickness and cloud
height will not produce sharp peaks in the actinic flux profile. However, all cloud variations
along the flight track will show up in the actinic flux profile, because it includes the radiation
from all directions and heights. The measured actinic flux profile in Fig. 7¢-9d shows two
peaks, one at about 0.5 km, another at about 2 km. This indicates that there are two cloud
layers, with cloud top heights at about 0.5 and 2 km, respectively. This is confirmed by the
radar measurements at Cabauw, which show one cloud layer at 0.3—0.5 km and another
cloud layer at 1—2 km.

In the simulations the clouds are assumed to be single-layer, with cloud top height at
2 km and cloud base height at 1 km. Therefore, the simulated actinic flux profile has a single
peak at 2 km. The COT values used in the simulations are shown in Fig. 7e-9c by the black
line. The simulated actinic flux profile is in good agreement with the measured flux profile.
Although the measured and simulated actinic flux profiles are both normalized at 30 km,
this does not influence the shapes of the profiles. The consistency between the SEVIRI SSI
and the ground-based global irradiance measurements suggest that the COT at De Bilt is
quite representative. During the flight, the SZA changes from 29° to 34°, which has been
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taken into account in the simulation. The variation in the actinic flux profile shape is mainly
due to variation in the COT.

The COT values and the measured and simulated actinic flux profiles for 15 June 2006
are shown in Fig. 8-10. The mean COT was very high, 95, at the launch in De Bilt and the
actinic flux profile shows a very strong peak at 1.5 km. The balloon drifted to the north, then
turned west, and reached an altitude of about 30 km over a region where the COT is small.
The dips in the actinic flux profile at 2 and 4 km are probably related to optically thin clouds,
cloud holes, cloud shadows or clear-sky regions (Los et al., 1997).

The cloud top and base heights in simulation were at 1.5 and 0.5 km, respectively. The
dips at 2 and 4 km were ignored in the simulation. As shown by the SEVIRI images of
COT (Figs. 8a-10a and b), clouds were getting thinner during the flight. The change of the
measured actinic flux profile at 10 km suggests the change of COT but unfortunately there is
no SEVIRI image available at this time. Therefore, the COT is extrapolated at this altitude.
Above 10km, the SEVIRI COT had to be reduced from about 30 to 20 to get a better
simulation. Since the COT used in the simulation allows for closure with the measured
ground-based global irradiance, the COT values used for the actinic flux profile simulation
are possibly correct. In view of the uncertainty in the SEVIRI COT retrieval, the mentioned
adjustment is also reasonable.

On 22 June 2006, the spatial variability in the SEVIRI COT along the balloon flight track
is considerable (Figs. 9a-11a and b). As shown in Fig. 9e11c, the COT decreases along
the flight track and shows a large scatter. Between 10 and 20 km altitude, there are often
only 2 COT values available in the +-degree-0.1-degree box in the SEVIRI image instead
of 4 COT values, which suggests some clear-sky pixels. At launch the COT is about 30
and at 2km altitude the COT decreases slightly. Frhe-simutated-In the simulation, the cloud
top height and base height are 3 and 2 km, respectively. When the balloon passed through
the cloud top, the flux profile showed a sharp peak at 3 km. The-COT-increased-again-at
about-When the balloon was flying at 4 km, ferming-a-broad-peakthe COT of underlying

clouds increased, forming the broad peak at 3—6 km in the actinic flux profileat-3—6. The
simulated actinic flux profile follows the measured actinic flux profile shape very well. The
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actinic flux profile below cloud top decreases in two steps, which does not occur in the
simulated profilebecause-the-extinction—coefficient-is—assumed-to-be-constant-within-the

eteue-. According to the measured actinic flux profile, cloud base could be at 1 km and the

cloud optical thickness increases during the ascent from 1-3 km
On 10 August 2006 (Fig. +012), the clouds are optically thinner than the clouds described

in the previous cases. According to SEVIRI, the COT is only about 15 at the launch in De
Bilt. The main cloud layer is at 3 km. As can be seen from Fig. 10¢12d, the balloon went
through several cloud layers between 2 and 5 km. The balloon passed over some optically
thin clouds when it was at 5-10 km altitude, then the COT increased again. The simulated
cloud base and top heights are 2 and 3 km, respectively. As shown in Fig. +0d-the-targest
peak-ofthe-measured-12d the simulated actinic flux profile ane-follows the general shape of
the profile-are-properly simulatedmeasured profile and the largest peak in the measurement

is being reproduced in the simulation.
The previously described cases all have SZA smaller than 60°, so the application of

a pseudo-spherical correction is not needed. However, during the actinic flux profile mea-
surement on 21 December 2006 (Fig. +113), the SZA values ranged between 75° and 78°,
therefore the pseudo-spherical correction has to be applied in the actinic flux profile sim-
ulations. Based on radar measurements in Cabauw, the cloud layer was very close to the
ground surface and the cloud top height was 1 km. Although it was winter, the surface tem-
perature was about 7°C at the launch in De Bilt and there was no snow on the surface.
As presented in Fig. ++a-13a the SEVIRI COT is about 30 in De Bilt and relatively stable
until the balloon reaches an altitude of 20 km, where the COT starts to decrease. The pixel-
to-pixel variation of COT is small. Therefore, this should be a simple case to simulate. As
shown in Fig. ++613d, the simulated actinic profile agrees well with the measured profile
shape above 10 km and below the cloud top. However, the simulated actinic flux profile
from cloud top (1.5 km) to about 10 km is much smaller than the measured actlnlc flux pro-
file.

ﬂﬂﬁb@V&GlOﬂdS—fﬁGFQﬂSGS—WI—H%fHGFGﬁSfH@%@T—bU{—HﬂFAS dlscussed in Sect 3, for this
case the actinie-flux-doesnotinereasethatmuech-at-SZA=75-evenifthe- GOTisinereased
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WVMMMW
between simulated and observed actinic flux profile might be improved if the simulations
of the LED. The simulations should also_use the solar irradiance spectrum over the LED

spectral range instead of a constant value (1 Wm~2nm~1) used in this paper.
Anoether-A challenge for the DAK model appears to be the simulation of the actinic flux

profile of 6 September 2006 (see Fig. 3e5e). The actinic flux profile of this day is sim-
ilar to the clear-sky profiles, without sharp peaks. However, the value of the actinic flux
profile above cloud top is larger than for the clear-sky scenes. According to the total-sky
imager-Total SKy Imager data at Cabauw and MODIS Terra 1 km resolution imagery, there
were many small broken clouds on this day. Since SEVIRI cannot resolve the small broken
clouds, the CQOT is quite low, about 1-3. This case probably requires a 3-D radiative transfer
model for correctly simulating the actinic flux profile.

The simulated actinic flux ratio (cloudy/clear-sky) (CMF) for the cloudy cases of Figs.

the impact of SZA, COT, cloud vertical distribution and cloud scattering phase matrices,
because the other DAK input data are the same for these cases. As shown in Fig. 14, the
CMFs are larger than 1 above the cloud top and smaller than 1 below the cloud base. The
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the cloud is still optically thick. In this case the lower part of the clouds creates a high albedo,
the top layer of the cloud reflects downward the reflected light again. These components of
the diffuse radiation field create a strong enhancement inside the cloud.

5 Conclusions

A green light sensor has been developed and launched from De Bilt on an ozone sonde
balloon between June 2006 and April 2010. Several copies of this sensor were calibrated
to one reference sensor to make them intercomparable, although not absolutely calibrated.
The calibration failed in 2007, therefore mainly the 2006 data (ascending profiles) were
used in the analysis. The instrument is not sensitive to ozone and water vapor and it is
temperature-stabilized. In total there were 63 launches (one ascending profile and one de-
scending profile per launch), of which 9 launches were made during clear-sky conditions.
The other launches were made through cloudy atmospheres. The actinic flux profiles con-
tain very little noise and the impact of clouds on the actinic flux profile could be clearly
detected.

The actinic flux profile reveals an large enhancement at the cloud top. Above the cloud
top, the actinic flux profile is still influenced by the clouds but the enhancement is smaller
than at the cloud top. The actinic flux profile decreases from the cloud top to cloud base,
almost linearly. Below the cloud base, the actinic flux profile is relatively constant, especially
for the low clouds. The balloon often passed through several layers of clouds. Therefore,
the actinic flux of different heights reflects different cloud conditions along the flight track.
The impact of cloud is quantified by the cloud modification factor (CMF). The CMF is in
the range of 1-2.3 at the cloud top and 1-0.1 at the cloud base. The measurements have
demonstrated that the CMF depends on cloud properties and SZA. The measured CMF
values agree with the DAK simulated CMF, especially for cloud base CMF. The CMF at
the cloud top is more complicated because sometimes the location of the cloud top can
be ambiguous due to the horizontal movement of the balloon in the clouds or due to holes
in vertical direction (broken clouds). For the calculation of the clear-sky actinic flux, the

22

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



590

595

600

605

610

same aerosol setting has been used for all cloudy cases, which could cause a small (5 %)
uncertalnty in the CMF

The & gle
we%muﬁe%g%h&shapes of S|mulated actlnlc flux proflles are in good
agreement with the actinic flux profile measurements, except for SZA—75—Fhe-large
SZA. This is because the actinic flux profiles have been computed at one wavelength to
represent the broadband actinic _flux measurements. In_principle, the_actinic flux profile
should be_simulated as a spectrum at a fine wavelength grid, then convolved with the
spectral response of the instrument. According to our sensitivity analysis on the wavelength
dependence of the actinic flux profile, this approximation is valid at small solar zenith angle.
flux profile.

The actinic flux profiles for single-layer water clouds during fully cloudy conditions were
simulated using DAK. The most important input for the simulation is the GO¥-cloud optical

thickness (COT) along the flight track, which was obtained from 15 min SEVIRI observa-
tions. However, when the optical properties of the clouds are variable at the pixel-to-pixel
scale, the SEVIRI COT has to be modified to get a better S|mulat|on of the actinic flux profile.

W In reality, there were
mwmmm
cloud optical thickness product provides the total optical thickness of all cloud layers, the
multi-layer clouds in the DAK simulation will introduce more free parameters, which may not
&MN
measured actinic flux profile shapes;—it-would-be-possible-to-convert-the-measured-at a
similar altitude. The cloud top height is very close to the peak of the actinic flux for optically
and 3D cloud structure remains to be investigated further. Although the clouds have been
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simplified in the actinic flux profile te-abselute-valuessimulation compared to the clouds in

the real measurements, it helps us to understand our instrument and measurements.
For clear-sky conditions, the most important factors determining the shape and mag-

nitude of the actinic flux profiles are SZA, surface albedo, aerosol optical thickness and
aerosol height. Using the aerosol optical thickness data for Cabauw, the measured actinic
flux profiles could be simulated reasonably well. The simulations could be improved if we
would have aerosol data along the flight track of the balloon.

The green light sensor that we used for the actinic flux profile measurements is cheap
and stable. In combination with a ground-based irradiance measurement and retrieved COT
from SEVIRI, actinic flux profiles can be calculated. The light sensor is useful for the eval-
uation of the impact of clouds on actinic flux profiles. Applications of measured actinic flux
profiles and simultaneous ozone and NO, profiles (Sluis et al., 2010) in atmospheric chem-
istry models will be studied in the future.
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Figure 1. Photo of the light sensor: (a) data transmitter, (b) sphere, (¢) green LED.
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Figure 2. Simulated actinic flux profiles at wavelengths: 450, 500, 550, 600, 650 nm at SZA = (a

30 and (b) 75 °. The cloud top is at 1.3 km, cloud base is at 0.8 km, cloud optical thickness is
30. Particle size of the water clouds is 10 um. The aerosol optical thickness is 0.18 at 550 nm and
surface albedo is 0.15. At every wavelength the normalized actinic flux profile is the simulated actinic
flux profile divided by the actinic flux at 30 km. The normalized actinic fluxes are shifted 1 km up in
the y-axis.
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Figure 3. (a) Measured actinic flux profiles in 2006 (black lines), 2007 (red lines), 2008 and 2010
(blue lines). (b) Ratio between the global irradiance at the ground measured at 11:30 UTC at De Bilt
and the actinic flux profile measurement at 4 m height at 11:30 UTC at De Bilt. Results for 2006 are
marked as filled circles, results for 2007 are in open circles.
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Figure 4. (a) Clear-sky actinic flux profiles measured on 11-13 September 2006 and 17 April 2010.
(b) AOT at 501 nm measured in Cabauw for the same days. The profiles are the original measure-

ments, not being-normalized.
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Figure 5. Actinic flux (AF) and relative humidity (RH) profiles for cloudy scenes measured on (a) 15
June 2006, SZA = 28.8°, (b) 22 June 2006, SZA = 28.7°, (¢) 10 August 2006, SZA = 36.7°, (d) 5
September 2006, SZA = 45.4°, (e) 6 September 2006, SZA = 45.7°, and (f) 21 December 2006,
SZA = 75.6°. The profiles are ascending measurements and are not normalized. The SZA value is
at 11:30 UTC, the start of the profile.
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Figure 6. (a) Ratio between the measured actinic fluxes at cloud tep-base and at cloud base-top
vs. the measured global irradiance at the surface, for all data. (b) Ratio between measured actinic
fluxes of cloudy and clear-sky scenes (CMF) at cloud top (black) and cloud base (red) vs. SEVIRI
cloud optical thickness at 11:30 UTC for data in 2006. The dots are measurements, the lines are

simulations for CMF at cloud top and cloud base for SZA = 30 and 60 °.
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Figure 7. Clear-sky case on 11 September 2006. (a) MODIS AGTF-aerosol optical thickness image
at 11:45UTC, the purple curve shows the trajectory of the balloon. (b) Trajectory of the balloon, with
its height indicated by color. The location of De Bilt is marked with a circle. (¢) Measured actinic flux
profile and simulated actinic flux profile.
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Figure 8. Scatter plot of SEVIRI retrieved global irradiance at the surface (surface solar irradiance,
SSI) vs. ground-based measured global irradiance at 11:30 UTC at De Bilt on all 63 actinic flux
profile measurement days. The black line is the one-to-one line. The black dots indicate the mean
SSI of all SEVIRI pixels in a 0.1° x 0.1° (latitude x longitude) grid box. The red triangles indicates
the nearest single pixel SSl in the grid box.
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Figure 9. Cloudy sky case on 5 September 2006. (a) SEVIRI cloud optical thickness image at
11:30 UTC (balloon launch) and (b) at 13:00 UTC (balloon maximum height). The flight track of
balloon is indicated as a white line. The location of balloon at the time the SEVIRI image is taken
is indicated as a white circle. (¢) SEVIRI single pixel cloud optical thickness values in 0.1° x 0.1°
(latitude x longitude) boxes along the trajectory of the balloon (dots) as a function of the height of
the balloon. The COT values used in the simulations are connected by the black line. (d) Measured
actinic flux profile and simulated actinic flux profile (both normalized at 30 km altitude, respectively).
The actinic flux profile is also shown zoomed-in at 0—10 km.
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Figure 10. Same as Fig. 7-9 but for 15 June 2006.
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Figure 13. Same as Fig. 7-9 but for 21 December 2006. (b) The SEVIRI image was
12:45UTC instead of 13:00 UTC.
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