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Abstract

Clouds are important for the transfer of solar radiation to the Earth’s surface. In this
study, the enhancements of the global irradiance due to the contributions of the direct and
diffuse components of the solar radiation are investigated using the 10 seconds irradiance
measurements of De Bilt (52.100 N, -5.183) during 1995 and 1996, which consist of the
global, direct and diffuse surface irradiance of the total solar spectrum (300-3000 nm) and the
global and direct surface irradiance of the UV-A (367 nm with FWHM=10 nm) and UV-B
(306 nm with FWHM=3 nm) spectral regions. The dataset is completed with hourly standard
meteorological observations, including cloud coverage, cloud base height, cloud type,
horizontal visibility etc. With use of a constructed cloud-free reference as a function of solar
zenith angle, enhancements of 73 %, 50 % and 60 % are calculated for the total solar
spectrum, UV-A and UV-B, respectively.

Most of the enhancements are observed when cumulus-like clouds are present. We
find that enhancements are most likely within the cloud coverage (N) and the cloud base
height (h) combinations: 0.125<N<0.625 with 100 m<h<900 m and 0.625<N<1 with
900 m<h<1500 m. We show under what conditions the highest irradiances are found in terms
of cloud coverage, cloud base height, cloud type and solar zenith angle.

Two models are constructed in which cloud coverage is derived in 10 minute intervals
from the irradiance data. One model uses both direct and global irradiance of the total solar
spectrum and the other uses only the global irradiance of the total solar spectrum. The derived
cloud coverage data are succesfully compared with the hourly available observations of cloud
coverage.



Contents

Abstract
1. Introduction
2. Data
2.1. Measurement Site
2.2. Instrumentation
2.3. Synoptic data
3. Data analysis
3.1. Cloud-free reference
3.2. Radiation amplification factor (RAF)
3.3. Enhancements over cloud-free reference
4. A simple model for cloud coverage (N)
4.1. Theory
4.2. Model 1
4.3. Model 2
4.4. An empirical method for cloud coverage
4.5. Cloud Transmission

5. Case Studies

5.1. “16 July 1996”
5.2. Other days

6. Conclusions
7. Acknowledgements
8. References

Appendices

Appendix A, oR’

e Estimated standard error of the dependent variable (y): S,

Appendix B, e Variation in the Earth-Sun distance

e The solar zenith angle (SZA)

Page

12
12
13
16
22
22
25
26
27
28
29

30
34

38

40

41

43

43

44
44



1. Introduction

Clouds play an important role in the transfer of solar radiation to the Earth’s surface.
Clouds usually reduce the solar radiation at the Earth’s surface. Clouds can also cause an
enhancement of the surface irradiance with respect to cloud-free values. Clouds are very
difficult to model because of their three-dimensional structure and complex morphology. The
increase of the irradiance at the Earth’s surface under partial cloudiness is attributed to the
reflections from the sides of clouds (Laird and Harshvardhan, 1997). Segal and Davis (1991)
called these CSIR (Cumulus Solar Irradiance Reflection) events. The occurrence of surface
irradiances higher than the cloud-free value has in general short duration. A maximum
observed duration of about 30 minutes is detected. Both duration and magnitude of these
events depend on the type of cloud and cloudiness, the position of the Sun and the movement
of the clouds. This enhancement is less relevant for the climatological mean values, because
of its short duration.

The distribution of solar radiation emitted by the Sun as a function of the wavelength
incident on the top of the atmosphere is called the solar spectrum. This shortwave radiation
can be subdivided into (Ultraviolet) UV, visible (VIS) and near infrared radiation (NIR). The
UV region spans the 10 to 400 nm wavelength range and contains less than 9 % of the energy
in the total solar spectrum (TSS). This wavelength range can be subdivided into extreme UV
(EUV, 10-120 nm), far UV (120-200 nm), UV-C (200-280 nm), UV-B' (280-320 nm), UV-
A (315-400 nm). These are highly variable at the Earth’s surface due to geometric factors
such as the position of the Earth relative to the Sun, Earth’s rotation around its own axis, the
latitudinal variations of the angle at which sunlight enters the Earth’s atmosphere and the
changes in the atmospheric composition and the surface reflectivity. Wavelengths shorter
than about 280 nm are absorbed almost completely by the atmosphere. The effective UV
radiation for the biosphere is therefore finite and is a combination of UV-A and UV-B ranges,
which spans from 280 up to 400 nm.

Absorption of UV is one of the obstacles that should be excluded before studying the
influence of clouds on surface UV irradiance (Madronich et al, 1995, Bordewijk et al, 1995,
Frederick and Snell, 1990). Extratropical ozone depletion and expected increase in UV
radiation at the Earth’s surface may influence the biosphere. Present datasets of surface UV
with a resolution of 10 minutes are available for assessing these effects. Bodeker and
McKenzie (1996) have developed a semi-empirical algorithm, making use of readily available
meteorological variables and total column ozone, for inferring the historical UV levels at a
particular location, including cloud cover effects. Their algorithm makes use of measured

'In some literature slightly different ranges of UV are defined, such as UV-B ranging from 280 upto 320 nm or
from 290 upto 320 nm.



broadband irradiance and cloud-free erythemal and broadband irradiances calculated with
statistical derivation from measured data and output from a surface spectral irradiance model.

Air pollutants have also an important influence on the surface irradiances. Because of
the increase in industrialization, emission of pollutants in the atmosphere has been increased
in the last century, especially in Western Europe. This can affect the UV radiation on the
Earth’s surface with a reduction in the intensity (Liu et al., 1991) and a relative increase in
diffuse radiation. Krotkov et al. (1998) has used satellite data to estimate the UV irradiance in
the presence of tropospheric aerosols and has concluded that a reduction of errors in satellite
estimation of UV is strongly dependent on attenuation of UV by aerosols. The sulfate aerosol
haze observed in urban and rural areas are increased with industrialization and causes
substantial reduction of surface UV irradiance. Jianzhong and Guicherit showed that near the
Earth’s surface, in non-urban polluted regions, an increase of tropospheric pollution, which
occurred over the last 50-100 years, has cancelled the effect of an increase of UV-B radiation
due to stratospheric ozone depletion that has occurred since the late 1970s. If the interest in
UV measurements is confined to ozone variations only, and if significant amounts of
pollutant gases and aerosols are present, they will act to reduce the surface UV radiation more
than that for ozone alone (Deluisi, 1997). In this study, the atmospheric composition is an
important factor, because these elements of the atmosphere are variable in time. Differences
between a partial cloudy day and a cloud-free sky are affected by those conditions. It follows
that the winds of a certain direction can have also an effect on the surface irradiances,
especially South and South-Eastern winds transport many air pollutants in the direction of
The Netherlands where the measurements of this study are made. However, a Western wind,
advects typically maritime aerosols effectively in the direction of De Bilt.

In this study, we investigate the effects of the partial cloudiness on the total solar
spectrum (TSS), UV-A and UV-B irradiances at the Earth’s surface. For this purpose, we
have used the 10 seconds instantaneous measurements made at KNMI (Royal Netherlands
Meteorological Institute) in De Bilt. There are measurements available of global (vertical
component of the irradiance, which is equal to the sum of diffuse and direct irradiances),
direct and diffuse irradiances for TSS, UV-A and UV-B. Enhancements of global irradiance
for De Bilt are computed with several methods. One of the methods is to compare the
irradiance measurements of a cloud-free day with the same day in another year or when it
was partial cloudy. Another method is to construct a cloud-free reference using the irradiance
measurements of the cloud-free days. Absorption of UV radiation by ozone forms a problem
by constructing the cloud-free reference for the UV range. We used a correction method
based on a so-called radiation amplification factor (RAF), to filter out the influence of
absorption of UV-B radiation by ozone.

Enhancements and the duration of enhancements are computed for all spectral ranges
and are subdivided in three categories considering the instrumental errors, standard error of
the cloud-free reference, and the values of direct irradiance. The enhancements are studied in
dependence of solar zenith angle, measurement frequency and averaging periods for all



spectral ranges. The relationship between the clouds (cloud coverage, cloud type and cloud
base height) and the enhancements is explored with hourly synoptic reports. For higher time
resolution of cloud coverage, a model is needed. There are two models developed to compute
cloud coverage for every 10 minutes using the irradiance data. Other synoptic parameters
such as wind speed and wind direction are related to the enhancements. In addition, cloud
transmissions of the different spectral ranges are related to the enhancements.

In Chapter 2 we describe the location of the measurements and the instrument
properties including the error analysis and the uncertainties in the measurements. In this
chapter we discuss also hourly synoptic reports that consist of observations of cloud types,
height, layers and coverage, horizontal visibility, relative humidity, temperatur etc.
Radiosonde data that consist of the vertical distribution of temperature, relative humidity,
wind speed and wind direction, are visualized.

Construction of the cloud-free references of the global irradiance of TSS, UV-A and
UV-B, and the correction method for the absorption of UV-B by ozone is described in
Chapter 3. Also, the enhancements over the cloud-free reference is given in this chapter.

A simple model for cloud coverage is described in Chapter 4. Two types of models
are developed: Model 1 and Model 2. The results of these models are compared with an
empirical method for cloud coverage. With some approximations, cloud transmission is
estimated.

In Chapter 5, we select some days for case studies, exhibiting strong and long
enhancements. Enhancements on these days are studied using methods explained in previous
chapters. Model 1, Model 2 and the cloud transmission estimation method are applied on
these days and related to the enhancements in global irradiances.

In Chapter 6, we summarize our conclusions.



2. Data

2.1. Measurement Site

The measurements are made in De Bilt ( 52.100 N, -5.183 W ). The instruments are
mounted on top of a container on the roof at the southern end of a four-storey building at KNMI.
The horizon is almost clear, except for a satellite dish on the adjacent roof at very low elevation
to the north-west, a tall brick tower to the north, with on top a precipitation radar, and a few
isolated antenna masts. Apart from a few houses close by, the institute is surrounded by
parkland with trees, meadow, and gardens. The city of Utrecht lies in the western and southern
quadrants at a distance of about 5 km. To the north is the village of Bilthoven at about 1km. In
the north-east quadrant the land is forested. The village of Zeist is at a distance of 5 km to the
south-east, with forest beyond.
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Figure 2.1. Solar zenith angles (SZA) in De Bilt for 21 June and 21 December.

The solar zenith angles (SZA) in De Bilt for 21 June and 21 December are given in Figure
2.1 as a function of GMT (Greenwich Mean Time) where the domain also includes the time when
the Sun is already down. Sunset and sunrise occur at a solar zenith angle of 90°. The midday
value in De Bilt is about 30° and 75° at 21 June and 21 December, respectively. The calculation
of SZA is described in Appendix B.



2.2. Instrumentation

Measurements of global, direct and diffuse irradiance are available for total solar
spectrum (TSS). For the UV-A and UV-B region, we have only the global and direct irradiance
measurements. The data is sampled in 10 seconds time intervals in 1995 and 1996, and in 10
minutes interval since 1997. For each irradiance measurement, the air temperature around the
instruments is recorded. In this study we use only the data of 1995 and 1996 and focus on the
period of May-August.

The instruments used to obtain the irradiance data are the narrow-band UV-meters and the
pyranometers. Pyranometers measure the irradiance between 300 nm and 3000 nm. Pyranometers
are used to measure the global irradiance, i.e. the direct and diffuse components of the irradiance.
The scattered component of the global irradiance is measured by obscuring the Sun’s disc with a
shadow band. Direct irradiance measurements are made by following the Sun and excluding the
diffuse irradiance. This instrument is named a “pyrheliometer”. Instrumental error is about 3 %
for pyranometers and pyrheliometers, and about 6 % for the narrow band UV-meters (Kuik,
1997).

The sum of the diffuse and direct irradiance measurements of the total solar spectrum is
compared with the measurements of the other independent instrument, which measures the global
irradiance of the total solar spectrum. From this comparison, it is concluded that this sum is not
precisely equal to the global irradiance. The difference is attributed to instruments properties.
Global irradiance values are always higher than the sum of diffuse and direct irradiance values.
The calculated mean difference is 2 % of the measured global irradiance. However, this value
increases for increasing solar zenith angle. On 25 July 1995 this difference reaches a value of 4.5
% at a solar zenith angle of 62 °.

The stability of the instruments is important for comparing the irradiance measurements
of different days. In order to check a possible drift in some of the instruments we compare data of
two cloud-free days, one day in 1995 and one day in 1996. In Figure 2.2, data of two cloud-free
days are plotted. These two days are 25 July 1995 and 20 July 1996. Only the measurements
between 8 and 16 GMT are included. There are distinct differences between the irradiance
measurements of these days. Mean cloud coverage on 25 July 1995 is about 2 % and on 20 July
1996 about 25 %. According to synoptic measurements cirrus clouds were present in the
morning, later in the afternoon cumulus clouds were observed on 20 July 1996, and therefore the
irradiance values in the afternoon of 20 July 1996 are excluded. Attenuation of the solar radiation
by the cumulus clouds in the afternoon causes fluctuations around noon on 20 July 1996. Global
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Figure 2.3. Spectral responses of the UV-B and UV-A sensors. The UV sensors
manufactured by Kipp & Zonen are CUVAI/CUVBI type for the measurements of global and
diffuse components, and CUVA2/CUVB?2 type for the measurements of the direct component.

and direct measurements of TSS of both days appear comparable. The mean absolute difference
is 11.4 W/m* (1.7% with respect to 25 July 1995). Diffuse irradiance of TSS is higher on 20 July
1996 (Figure 2.2) around noon corresponding with increasing cloud coverage in the afternoon.

Narrow-band UV-meters are characterized by the filters built inside the instruments,
which determine the spectral response. In the UV range, measurements of the direct component
of the global irradiance are made in the same way as for the TSS. The UV-B meters are operating
around 306 nm and the filter has a bandwidth of 3 nm (Full-width half maximum: FWHM). UV-
A meters are operating around 367 nm and have a bandwidth of 10 nm (FWHM). Spectral
responses of the instruments are shown in Figure 2.3 (measured by Kipp & Zonen).

In the UV-A range there are distinct differences in the global and the direct components.
Mean differences are +24 % and +61 % for the global and direct components, respectively, with
the higher values in 1996. In the UV-B range, mean differences are +18 % and +7 % for the
global and direct components, respectively, with the higher values in 1995. The big difference in
the UV-A may be attributed to the aerosol characteristics. The wind direction on 25 July 1995
was East, North-East and on 20 July 1996 it was West, South-West. Because of the industrial
emissions in Western Europe, easterly winds bring air pollutants above De Bilt while the westerly
winds bring cleaner air. Also, the wind speed was higher on 20 July 1996. Other synoptic
parameters such as higher horizontal visibility and lower relative humidity on 20 July 1996 show
that these two days have rather different air contents. In the UV-B range the values of the global
irradiance on 25 July 1995 (293 DU) are higher than on 20 July 1996 (323 DU). UV-B radiation
is very sensitive to the ozone column amounts. 34 DU difference in ozone column amount causes



that the UV-B irradiance is higher on 25 July 1995. In Chapter 3 a method is described (The
Radiation Amplification Factor (RAF) correction method) to filter out the influence of the total
ozone column. With this method, it is possible to shift the measured UV-B irradiance with a
certain ozone column amount to a reference ozone column amount. Figure 2.3 shows the
corrected global UV-B irradiance where the reference ozone column amount is that of 25 July
1995. Mean difference of the plotted global irradiance values of these two days is decreased from
+18 % to +3 % and the mean values of 20 July 1996 lie slightly above that of 25 July 1995
corresponding with possible lower aerosol amount on 20 July 1996. If the aerosol content would
explain the difference observed between both days, this would imply that aerosols attenuate more
effectively the UV-A irradiance than the UV-B irradiance considering the higher difference in the
UV-A and the lower difference in the corrected UV-B irradiance.

The elliptical orbit of the Earth with the Sun at one of the foci, causes variations in the
Earth-Sun distance. The calculation of Earth-Sun distance is described in Appendix B. Earth-Sun
distance varies about 1 % in the summer months. The influence of the variation in the Earth-Sun
distance is relatively low and is neglected in further calculations.
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Figure 2.4. Global irradiance of TSS in 1996 against global irradiance of TSS in 1995.
10 minutes averaged values in May, June, July and August between 8 and 16 GMT are used.

To explore the year-to-year variations of the measurements the global irradiance values of
TSS in 1996 are plotted against the global irradiance values of TSS in 1995 (Figure 2.4). Most of
the plotted points are collected below the thin line, which divides the higher or lower irradiance
values versus the other year. According to the synoptic data 1995 was about 12 % sunnier than
1996. That is to observe in Figure 2.4 with more points below the thin line and a best line through
the points passing the origin with a slope of 0.7.



In Figure 2.5 the available irradiance data are plotted against the global irradiance of TSS.
There seems to be a linear relation between diffuse irradiance and global irradiance of TSS for
lower values of them (Figure 2.5b). These are the moments when the diffuse irradiance is equal
to the global irradiance, meaning that direct irradiance value is zero (Figure 2.5a). There are no
diffuse irradiance values lower than 80 W/m? between 8 and 16 GMT.
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Figure 2.5. Plots of available irradiance data against global irradiance of TSS.
10 minutes averaged values in May, June, July and August between 8 and 16 GMT in 1995 (red
dots) and 1996(blue dots) are used. a) TSS direct, b) TSS diffuse, c) UV-A global, d) UV-A direct,
e) UV-B global, f) UV-B direct.

The UV-A instruments measured higher values in 1996 than in 1995; difference of about
2 and 3 W/m? is found by global and direct irradiance measurements, respectively for highest
irradiance values (Figure 2.5¢,d). The global irradiance of UV-B is slightly higher in 1995 than in
1996 (Figure 2.5¢). From the direct irradiance measurements of UV-B, it is not obvious whether






the values of 1995 or 1996 are higher. These shifts in the UV irradiance measurements are the
reason to get in touch with the manufacturer of the UV meters (Kipp & Zonen, The Netherlands).
They checked the irradiance records of the UV meters and concluded that the instruments indeed
have changed since 1995. According to the manufacturer, a possible explanation is a transmission
change of the diffuser material of the instruments. In this report, we will use only absolute UV
measurements of 1995. The UV measurements of 1996 are only used in a relative way. In future,

it may be considered to use the pyranometer and pyrheliometer data to correct the UV data of
1996.

2.3. Synoptic Data

To compare the radiation data with clouds, synoptic data are included in our dataset. This
data has a resolution of one hour. The synoptic data contains total cloud coverage (in octa, 1 octa
=12.5 % of the sky is covered by clouds), and cloud coverage, height, kind of the lowest (first),
second, third and fourth cloud layers (Figure 2.6). Cloud observations are made by a
meteorologist who makes visual observations 10 minutes before every observation hour. The
observer looks at the sky and determines approximately the cloud coverage of the cloud layers,
height of the bottom of each cloud layer from the ground and the kind of clouds. For this study,
cloud data is most important part of the total synoptic data. The estimated error in cloud coverage
is 1 octa. Beside cloud information, the synoptic dataset contains records of air temperature at 1.5
m altitude, relative humidity, air pressure at sea level and horizontal visibility.
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Figure 2.6. Synoptic data of 25 July 1996. Cloud base heights (solid lines), Cloud types
(on this day, Sc, St, Cu) and total cloud coverage (dotted bars).






There are also 6-hourly radiosonde records available. Radiosonde records contain vertical
profiles of pressure, temperature, dew-point temperature, relative humidity, wind direction and
wind speed at all recorded altitudes (Figure 2.7).

There is also total ozone column data used in this study to attain the influence of the
ozone column on the spectral distribution and the attenuation of the solar radiation by this
molecule. For this purpose we have used the values of the ozone column in DU (Dobson Units)
for every day at 12.00 GMT, as measured by a Brewer photospectrometer.
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Figure 2.7. Radiosonde data of 25 July 1996 on 12 GMT.

A Brewer MK III spectroradiometer (#100) is operated on the site since 1994. Spectra of
UV surface irradiance (290 - 365 nm) with 0.5 nm steps are collected routinely for about every 5
degrees change in solar zenith angle. Data of the narrow-band meters are regularly compared
with the Brewer spectra and under various atmospheric conditions. During the years Brewer
spectroradiometer has participated in several international intercomparisons and its calibrations
are well confirmed (Kuik, 1997).



3. Data Analysis

3.1. Cloud-Free Reference

The cloud-free reference is constructed using days that satisfy the cloud-free criterion.
The most important criterion for a cloud-free day is that the curves of the global, diffuse and
direct irradiance components of all the spectral ranges measured by the instruments have a
smooth form. In our dataset that consist of about two years (1995 and 1996) we could find only
three days (25 July 1995, 1 August 1995, 20 July 1996) that could represent a cloud-free day. All
the selected days are in the summer. Only in the summer, the Sun rises enough to get the
maximum irradiance values that are needed to construct a reference that spans all possible SZA.
In Figure 3.2 the curves of 25 July of 1995 are a good example of a cloud-free day. Global
irradiance shows a smooth course in TSS as well as in the UV-A and UV-B range. Diffuse
irradiance is very low and almost constant between 8 and 15 GMT. It has relatively higher values
only around 7 GMT when we also have decreasing values of direct and global irradiance.
Fluctuations in irradiance measurements are caused by the cirrus clouds observed between 7 and
8 GMT in De Bilt. The decrease in the direct component is only partly compensated by the
increase in the diffuse component of the global irradiance.

There are several methods to visualize the influence of the partial cloudiness on the
irradiance values at the Earth’s surface. One of them is to compare the irradiance measurements
of a cloud-free day with the same day in another year. With this method, it is tried to compare
the irradiance values for the same SZA. Figure 3.2 shows such an example for 25 July. In the
next chapter, we explain the enhancements over the cloud-free measurements of 1996 that are
observed around noon on this day. As explained above there were only three days available for
De Bilt that satisfy the cloud-free reference. Thus, we can not study the other partial cloudy days
with this method. To solve this problem, we can use the cloud-free reference equation, which is
constructed with a polynomial fit of the irradiance measurements of those three cloud-free days.
The global irradiance (Eg;) of the cloud-free days is plotted in Figure 3.1 for TSS, UV-A and
UV-B range as a function of cosine of solar zenith angle (1y). With this method of visualizing the
GMT dependence of the irradiance is replaced by . It is possible to make a third degrees
polynomial fit through the origin. The third degrees polynomial function through the origin has
the following form,

Egp=ajpo+azpuo’ +asuo’ (3.1.1)

The fits are obtained with the least-squares method. The fits for TSS, UV-A and UV-B are
shown in Figure 3.1. The coefficients a;-a; are given in Table 3.1. The fit for the TSS seems to be
a good approximation for the measurements on three days. Data of UV-A and UV-B of 1996 are
not used in these plots because of the reasons explained in Chapter 2. In Figure 3.1b and 3.1c



differences between the two days in the UV region are obvious because of the different aerosol
properties, ozone column amount and air molecules of the two cloud-free days in 1995. In the
previous chapter (instrumentation) the possible causes of these differences are explained.

aj az as
[ANY 481.32420.86 1139.47£72.11 -649.441+59.66
UV-4 2.88+0.22 6.0710.76 -2.10+0.63
Uv-B -0.0089+0.0151 -0.103140.0525 0.5949+0.0450
UV-B corrected -0.0200.0.0090 -0.0220. £0.312 0.5900+0.0250

Table 3.1. Coefficients for the polynomial fits through the origin of TSS, UV-A, UV-B and
UV-B corrected to 300 DU with RAF correction method.

3.2. Radiation amplification Factor (RAF)

The points of UV-B are widely separated from each other (Figure 3.1c). This distribution
is mostly caused by different ozone column amounts, which is an effective absorber of UV-B
radiation. Given the higher ozone column amount of 1 August 1995 (317 DU) relative to 25 July
1995 (293 DU) the points of 1 August lie under the points of 25 July. The fit attained with these
values of UV-B gives the fit in Figure 3.1c. Smaller R (see Appendix A for the definition of R?
and standard error) and the wide distribution of points in this figure shows that this fit is not a
good approximation for the cloud-free reference of the UV-B irradiance. There must be a
correction applied to filter out this effect. One possible correction method is that one of the
dataset of a day with a certain ozone column density to be chosen as the reference measure or an
arbitrary ozone column amount. After this choice, we use the radiation amplification factor (RAF)
method to deduce the attenuation of the global, direct and diffuse irradiances of UV-B by ozone.
The derivation of the equation of this method is as follows,

u= zj[03 ldz (3.2.1)

u = Total ozone column from an altitude of z/ to z2 and Oj3 is the ozone concentration
(molecules/cm?).

—(ou+t ) py

Eg, = poSoe (3.2.2)

E 4, = Direct component of the irradiance



Sy = Solar Constant
o = Effective ozone absorption cross section (cm*/molecules)
Ts = Vertical optical depth of the atmosphere

From equations 3.2.2 follows,

% --%E, (3.2.3)
Hy
RAF is defined as,
RaF = CME (3.2.4)
dlnu

For direct irradiances follows,

Rar, = (3.2.5)

Hy

With use of the radiative transfer model (Tropospheric Ultraviolet and Visible Radiation
Model, TUV) of Madronich, we have calculated the following RAF values of the global
irradiance for De Bilt with the spectral response, cosine response and bandwidth of the measured
spectral range as input parameters.

2.60 for SZA > 40°
1.99/py for SZA < 40°

For larger SZA (smaller uy), the path length of the solar beam in the atmosphere is longer
and due to the Rayleigh scattering much of the radiation is diffuse. Therefore, the attenuation by
ozone is higher for higher SZA and, thus, RAF values of direct irradiance are increasing with
increasing SZA. This is confirmed by the RAF values that are acquired with the TUV model. For
SZA > 40° the RAF values are assumed to be constant, because much of the UV-B irradiance is
scattered and the reduction of UV-B irradiance by ozone is then independent of the SZA.

To apply the correction for days with different values of ozone column we integrate the
RAF equation (3.2.4) from u values of day one (reference day) to day two. Subscripts 1 and 2
refer to the day number.

E, u2
[oE =-RAF [o1nu (3.2.6)
1 ul

E,



From the equation above follows,

RAI
L _ju (3.2.7)
E, U,

The reference day is day one, which it is here due to our choice, a day with a total ozone
column of 300 DU. Global UV-B irradiances corrected with RAF values acquired with TUV
model are plotted in Figure 3.1.d. Decrease in standard error of the irradiance and increase in R?
shows the improvement of the fit of the cloud-free reference. The irradiance plots of the two days
are still obvious most likely because of different aerosol and air molecules on these days.

Exclusion of aerosol effects is complex and we are going to use the fit shown in Figure 3.1.d as
the cloud-free reference for the UV-B range.
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Figure 3.1. Plots (dots) and 3. degrees polynomial fits (solid lines) of the global

irradiances (Egy=a;uo+ auy+asuy) on cloud-free days. a) TSS, b) UV-A, ¢) UV-B, d) UV-B
corrected to 300 DU. In the UV range the data of 1996 is not used as explained in Chapter 2.2.
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3.3. Enhancement over cloud-free reference

Enhancement over cloud-free reference is defined as,

E*
gz[ p —1]><100 (3.3.1)

glb

. . *
Where ¢ is the enhancement over cloud-free reference in percent. £, and £ glb are the

measured and cloud-free reference of the global irradiance, respectively. Only positive values of
g point to an enhancement over cloud-free reference.

One way to visualize ¢ is comparing the partial cloudy day measurements of a certain day
of the year with the same day of another year when a cloud-free sky was observed. Plots of such
days are shown in Figure 3.2 for direct, diffuse and global irradiances of TSS, and direct and
global irradiances of UV-A and UV-B. On the cloud-free day (25 July 1995) direct irradiances in
the whole spectral ranges (Figure 3.2d) are regular, i.e. there are less fluctuations than on the
partial cloudy day (25 July 1996). Diffuse irradiance has lower values and less fluctuation on the
cloud-free day than on the partial cloudy day (Figure 3.2c). Observed cumulus clouds on the
partial cloudy day cause these fluctuations. € of TSS is about 22 % at 13.24.30 GMT (hours.
minutes. seconds) (Figure 3.2a) and 16 % at 13.24.30 GMT for UV-A (Figure 3.2¢).

In Figure 3.2g, there seem to be no ¢ values present in the UV-B. The main reason of this
is that the UV-B plots in Figure 3.2 are not corrected for different ozone column amounts, which
are 293 DU and 370 DU for the cloud-free day and the partial cloudy day, respectively. As
explained in the previous chapter ozone is an effective absorber of the UV-B radiation. If the
ozone column amount on the partial cloudy day was the same as on the cloud-free day, the
irradiance values of UV-B would be higher on the partial cloudy day which could result in a
positive €. For example, according to the RAF values that are computed with the TUV model,
irradiance values of the partial cloudy day for SZA = 40° must be multiplicated with 1.8. With
the RAF method comparison of the measured UV-B irradiance at different ozone column
amounts is possible. Later in this chapter, we show results of & calculations corrected with the
RAF correction method for UV-B.

The ¢ values discussed above could be calculated with use of the available cloud-free day
irradiance measurements of the same day in another year. To compute the ¢ values of the other
partial cloudy days in our dataset, equation 3.3.1 is applied to the global irradiance of TSS,
UV-A and UV-B measurements with use of the third-degree polynomial fit (equation 3.1.1)
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Figure 3.2. Comparison of the irradiance measurements of 25 July 1995 (cloud-free day,
solid lines) with 25 July 1996 (partial cloudy day, dashed lines). a) Global irradiance of TSS, b)
Ambient temperature in De Bilt in ’C, ¢) Diffuse irradiance of TSS, d) Direct irradiance of TSS,

e) Global irradiance of UV-A, f) Direct irradiance of UV-A, g) Global irradiance of UV-B, h)
Direct irradiance of UV-B.
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shown in Figure 3.1. The irradiance data, which are sampled in 10 seconds, are averaged over 10,
20, 30 and 60 minutes. The results of € computations for 1995 (for the months May, June, July
and August between 8 and 16 GMT) for the different averaging periods are shown in Figure 3.3.
There are three types of € events defined,

a) All possible ¢ events
b) Most likely € events
c) ¢&events of not occluded Sun

Dotted bars in Figure 3.3 represent the percent of the total data for different averaging
periods for all possible ¢ events. Standard error of the fit curves in Figure 3.1 for TSS, UV-A and
UV-B and the instrumental uncertainties must be taken into consideration by determining the ¢
values. ¢ events having values above these uncertainties are called the most likelys events
(wiggled bars). The number of the most likely € events is less than all possible & events.

Solid bars (¢ events of not occluded Sun) in Figure 3.3 show the ¢ events where the direct
irradiance values are not significant lower than the fit of the direct irradiance. This fit is acquired
from the direct irradiance measurements of the cloud-free days. As the instruments measuring the
global irradiance, the instruments that measure the direct irradiances have an instrumental error
of 3 % and 6 % for TSS and UV range, respectively. We have detected moments when the direct
irradiance values lies above these uncertainty domains. Also the fit and instrumental error of the
global irradiance is used to compute the € values for those moments. The number of the ¢ values
that fulfill these conditions lies as expected below the other two bars (solid bar). This condition
for the direct irradiance is applied to ensure that the radiation is not absorbed and/or scattered by
higher amounts of aerosols. The values of € with this condition are then accompanied by high
direct irradiance. Thus, & events of not occluded Sun could arise from the contribution of
reflections from the sides of clouds (called CSIR events by Segal and Davis, 1991) or from the
contribution of diffuse irradiance. Difference between the wiggled bars and the solid bars in
Figure 3.3 gives the percentage of the total data that is resulted from higher diffuse radiation in
combination with lower direct radiation. € values arising from the contribution of diffuse
irradiance is lower than the € values arising from the contribution of direct irradiance reflected
from the sides of clouds. This is confirmed by the & events of not occluded Sun that include the
points of the maximum values of ¢ in the given averaging periods (solid lines in Figure 3.3).

As expected € values are decreasing with increasing averaging periods. The maximum
value of ¢ for the 10 seconds instantaneous measurements in TSS is about 73 %. Maximum value
of ¢ determined by Laird and Harshvardhan (1997) for TSS is about 17 % using 2 minutes
averaged data while Segal and Davis (1991) found a value of 30 %. In Figure 3.3 even the
maximum value of € of TSS using 10 minutes averaged data is higher than those values (40 %).
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Figure 3.3. Maximum & values and the percent of data for different conditions for € as a
function of the averaging period for TSS, UV-A and UV-B, for the months May, June, July and
August in 1995 between 8 and 16 GMT. See text for more details.

Maximum value of € is about 50 % and 60 % in the UV-A and UV-B range, respectively.
Laird and Harshvarhan (1997) have observed a maximum of 8 % and 10 % in the UV-B and
UV-A range, respectively. Mims and Frederick (1994) found a maximum € of 29 % in UV-B.
Hayasaka et al. (1995) has used aircraft measurements, and showed an ¢ on the order of a few
percent.

Large variations in € values are due to the differences in frequency of the irradiance data,
used instruments and atmospheric conditions. The location of the measurements is another
important factor influencing the € values. The location of the study of Mimms and Frederick
(Mauna Loa, Hawaii, at 3,4 km above see level) is particularly favorable to detect € events, as
clouds frequently rise from the valley past the observatory during the afternoon.

The duration of & events is climatologically and biologically important. Segal and Davis
(1991) suggested that € events must have large duration in order to be climatological significant.
For the three different uncertainty conditions are also the duration of € events computed. In Table
4.1 these values are shown. Segal and Davis (1991) detected maximum durations between 0.25
and 0.50 hours. From our dataset and the choice of the cloud-free reference, maximum duration
for various spectral ranges is 12 — 18 minutes for the ¢ events of not occluded Sun. Maximum
duration of € events is about half an hour for most likely & events.
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maximum duration of ¢ events in hours

All possible € events | Most likely € events & events of not
occluded Sun
_ TSS 4.5 0.6 0.3
E
§ go UV-A 2.7 0.4 0.3
> &
@ UV-B 4.1 0.5 0.2

Table 3.2. Maximum Duration of the & events in 1995 for TSS, UV-A and UV-B.

There is also a wavelength dependence of the € events. Highest maximum ¢ value is in the
TSS and lowest in the UV-A range for the 10 seconds instantaneous measurements (Figure 3.3).
Maximum values of ¢ for TSS decreases stronger than UV-A and UV-B with increasing
averaging periods. For averaging periods > 10 minutes maximum values of ¢ are of the same
order for TSS and UV-A. In the UV-B region, the maximum values of € decrease little with
increasing averaging periods. For the averaging periods > 10 minutes, the course of the maximum
values of ¢ is about constant in the UV-B range and the number of ¢ events of not occluded Sun is
very small for the averaging periods >10 minutes.

The percent of data for which € > 0, decreases for shorter wavelengths. If the uncertainties
of the fit and instrumental errors of the global irradiances are considered the percent of the data
decreases still for shorter wavelengths for averaging periods up-to 20 minutes. In the UV-B, the
percent of the data is almost constant for the different averaging periods. There can different
reasons thought to explain this. One of it is that the RAF correction factors used in this study to
eliminate the influence of the ozone column amount are overestimated. We have used the ozone
column amount values of 12.00 GMT for the whole day and the RAF values are acquired from a
model called TUV. Actually, we ought to use the appropriate ozone column amounts for each
measurement for higher accuracy. The RAF values that result from the TUV model have also an
uncertainty.

If we assume that the R4F values are correct, the reason for the almost constant percent
data in the UV-B for different averaging periods is the wavelength dependence of the clouds and
aerosols. Diffuse radiation in the cloud-free part of the sky arises from molecular (Rayleigh)
scattering. Diffuse radiation from the cloud particles arises from Mie scattering. The aerosol
amounts and properties are varying slower than the cloud properties. The ¢ events in the UV-B
could be caused by the contribution of the enhanced diffuse radiation by Rayleigh and Mie
scattering and because of its slow variation, these events could maintain longer. The decrease in
the percent data that exhibit € events in UV-B above the uncertainty of the fit and instrumental
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errors is decreasing very slowly. If the restriction on the direct irradiance is applied then the
percent of data decreases slowly too, but it holds up at 20 minutes averaging period. Obviously,
some caution is required when interpreting wavelength dependence of the ¢ events.
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4. A Simple Model for Cloud Coverage

4.1. Theory

Clouds and aerosols have effects on the measured irradiances that are relatively
independent of wavelength. Surface reflections, although not observed directly by an upward-
facing instrument, can increase the diffuse sky radiation through back scattering of upwelling
radiation. Figure 4.1 (Madronich et al, 1997) shows the sensitivity of UV radiation to changes in
various individual factors including clouds. In this Figure, we see that clouds have most effect on
the transmission of the solar radiation. The net result may be more complex if more than one of
these individual factors are superpositioned. For example, if the effect of surface albedo and the
clouds are included, the radiation reducing property of the clouds in the presence of a highly
reflecting surface may be relatively small even for thick cloud cover (Stamnes et al, 1991),
because of the trapping of the radiation between the clouds and the Earth’s surface.
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Figure 4.1. Spectral transmission of different model atmospheres. The thick line gives
results for down-welling surface irradiance calculated for 30° SZA, cloud-free and no aerosols,

total ozone column of 300 DU and surface albedo of 5 %. Thin lines show the effects of changing

these atmospheric conditions individually: Surface albedo increased to 60 %, total ozone column

reduced to 150 DU, tropospheric aerosol visibility decreased to 10 km, SZA increased to 60°, and
cloud layer with an optical depth of 32 included between 5 - 7 km.
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Partial cloudiness is extremely difficult to model, due to both the inherent three-
dimensional nature of the problem, and to the infinitive variety of different morphologies of the
cloud field. Clouds usually reduce radiation, but there is also the possibility of attaining higher
values (g events) of irradiance than at a cloud-free day. These enhancements are attributed to the
reflections from the sides of the clouds (Mims and Frederick, 1994) and sum of the direct and
increased diffuse irradiance. Figure 3.2a shows the global irradiance for cloud-free day (solid
line) and for a partial cloudy day (dashed line) measured in De Bilt.

Here we introduce two simple models that the cloud coverage approximates with use of
the irradiance data and the importance of the diffuse radiation illustrates. Global irradiance is the
sum of the diffuse and the direct components of the irradiance,

E g“{,: =E + E;f; For cloud-free sky 4.1.1)
E ;’;’ =E; + E;{}’ For overcast sky (4.1.2)

Total irradiance can be estimated by superimposing the components E¢" E;f; , E97 and
E;fjf in proportion to the fraction of the sky, N, that is covered by clouds (Nack and Green,

1974). In Figure 4.3 are these components illustrated. ES° is smaller for thick clouds than ES’,

due to the attenuation of the solar radiation. Because of the diffuse radiation that result from
transmission of the solar radiation incident on the top of the clouds, E;f}’ (arising from Mie

clr

scattering) may well be larger than E,; (arising from Rayleigh scattering). Clouds transmit a

significant fraction of the sunlight that impinges on the cloud tops, and are therefore brighter, as
seen from the ground, than the cloud-free part of the sky. At the same time, if the instruments that
measure the global irradiance are exposed to the direct irradiance from the cloud-free part of the
sky, the global irradiance measurements can result in substantially larger values than at a
completely cloud-free sky. This is dependent on the cloud types. Cumulus clouds are one of the
types of clouds that look brighter than the cloud-free part of the sky.

Complex effects such as scattering from the cloud sides and the influence of the clouds on
the diffuse radiation in the cloud-free part of the sky is neglected. Only the radiation from the
cloud base is contributing to the total irradiance. With these approximations,

Ej =Ey + NEi +(1=-NEy; = Eg +N(Ej ~Ej) @.13)
Ey' =Ey + NEg +(1-N)Eg = Ey'—(1-N)Eg/ - Ej) (4.1.4)

sun __

o — Global irradiance when the Sun is not occluded.

E g,’:,d = Global irradiance when the Sun is occluded.
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Global irradiance fluctuates between values exceeding completely cloud-free day values by

N(E3 — Eg) and values of fully overcast sky irradiance by (1-N)(E5 —E3f).

Figure 4.2. Schematic illustration of the downward radiation for occluded and not
occluded Sun for partial cloudy condition.

If we assume that clouds are moving fast enough that within a given period the E" and

elb
the ;’;d are at least detected once, we can approximate the weighted average of E;" and E;’gd
as follows:

ave shd sun

o = NEG +(1-N)Eg (4.1.5)

With use of above equations, it is possible to determine the cloud coverage N from our

data.
v~ Egy
= — (4.1.6)
glb ~ “lb
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4.2. Model 1

Model 1 computes the cloud coverage (V,..q;) for every 10 minutes interval with equation
4.1.6, using the direct and global irradiance data sampled in 10 seconds, applied to TSS. Direct
irradiance measurements are used to determine whether the Sun is occluded or not occluded. If
the Sun is not occluded, the instruments measuring the irradiance are exposed to the direct solar
beam. Then the direct irradiance has relatively higher values than when the Sun is occluded.
These moments are selected as moments of not occluded Sun. If the thicker clouds are replaced
by thinner clouds then the direct irradiance has relatively higher values. Also these moments are
considered as moments of not occluded Sun while the Sun is behind the clouds. In this model

sun

global irradiance values are used as £, when the direct irradiance is maximum.

Ej, is the average value of the global irradiance in the 10 minutes interval. This model is

applied to the data of 1995 (for the months May, June, July and August between 9 and 16 GMT).
The results of this model are compared with the hourly synoptic observations of the cloud
coverage (N, shown in Figure 4.3.

X KX XK KX XXX X

0 0.2 0.4 0.6 038 1
van

Figure 4.3. Cloud coverage determined with model 1 as a function of reported (every
hour) cloud coverage. N,oq1 = (1.00310.006) Ny, , Standard error of Nyoq;= 0.17, R’ =0.270

Average values of global irradiance when the direct irradiance is below 5 W/m? is used as

Ej" . This limit is obtained from the mean value of the direct irradiance when the Sun is

occluded. For this purpose fully overcast days are selected from our dataset and the mean value
of the direct irradiance is calculated. If there are no values of direct irradiance below 5 W/m? in
the 10 minutes interval there could no values detected for £ g*l’{," . For these intervals, no Nyou

values are computed. Because of the use of direct irradiance values to select E g{,’)‘i and £

values, it is possible that E ;,’E’ >E,. . Points like this give a negative Ny,qr. These values of Nyoq;
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are not used. Therefore, there are fewer points available to make a linear fit from the origin
(Figure 4.3).

4.3. Model 2

Model 2 uses only the global irradiance data to compute the cloud coverage (N,,042) for
every 10 minutes. £, is equal to the maximum value of the global irradiance and E ;’Ld is the

average value of the points satisfying £, <0.9E ;’; in the 10 minutes interval. Moments when

values of the global irradiance is lower than 90 % of the cloud-free reference, are considered as
occluded Sun positions. This model is also applied to TSS as model 1 and the results of this

model for 1995 are shown in Figure 4.4. E;7 is the average value of the global irradiance in the

10 minutes interval. Due to the selection criterion £ g‘,’}’:’ is always smaller than Ej° and this gives

positive N values, unlike model 1. Therefore for this model are more points available to make a
linear fit from the origin (Figure 4.4).
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Figure 4.4. Cloud coverage determined with model 2 as a function of reported (every
hour) cloud coverage. Nyoq; = (1.02140.008) Ny, , Standard error of Nyeqr= 0.23, R =0.295

Model 1 fails when it is applied to the lower cloud coverage (Figure 4.3). There are less
points plotted in the 0 < N,,, <0.75 domain than for model 2 (Figure 4.4). Model 1 uses a heavy
criterion for direct irradiance (<5 W/mz) to select E Ej,’{)d data. There were many data points that do

not satisfy this criterion. If the cloud coverage is low, the direct irradiance may be higher than 5
W/m? during 10 minutes or longer periods. In this situations N, has no value.

The linear fit from the origin of model 1 is more accurate than model 2 due to the standard
error and R? of the fits. Model 1 computes the higher cloud coverage’s better than model 2, but
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model 2 computes all the cloud coverage with a certain accuracy because of the selection

criterion for £y’ .

4.4. An empirical method for cloud coverage

From the available synoptic reports, Holtslag and van Ulden (1980) tried to estimate the
hourly averages of the global irradiance. They have showed that global irradiance can be
estimated relatively accurate only from SZA and total cloud coverage. Furthermore, their method
is tested with the data of 1989 in De Bilt and more accuracy is added by using shadowing cloud
coverage instead of total cloud coverage (Nolet, 1991). We are interested in the reverse
procedure, i.e. in the estimation of the cloud coverage from the irradiance data. The formula that
is used to estimate the global irradiance is reformulated for the cloud coverage (N.p),

Ey,
Ncm =l 1= : N (44])
? Sy (a+bu,)

where S =1353 W/m? (solar constant),
a=0.62,b=0.22 and ¢ = 0.70 are the empirical determined constants.

E, is here the hourly averaged global irradiance of TSS. We calculated the N, with

our data and plotted these against the synoptic data in Figure 4.5. The slope of the linear fit from
the origin is very low. This method underestimates the cloud coverages and the R? shows that this
method compares better with synoptic cloud cover reports than model 1 and model 2.
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Figure 4.5. Cloud coverage estimated with the empirical formula developed by Holtslag
and van Ulden as a function of reported (every hour) cloud coverage.
Newp = (0.71240.005) Ny, , Standard error of Npy,= 0.14, R? =0.485
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4.5. Cloud transmission

Cloud transmission is defined as the reduction of irradiance under completely overcast
conditions relative to the completely cloud-free conditions namely, Ej. / Eg, . With use of

equation 4.1.4 we get for cloud transmission,

1 AY C clr
To= ol + (- NE - E5))] (45.)
glb

Cloud transmission 7 is only possible to compute if the Sun is behind the clouds, i.e. if
E gﬁ)‘" has a value achieved from model 1 or 2. If cloud coverage N is equal to 1 then T, is easily to

compute from our dataset, with use of the E}\" (achieved from model 1 or 2) and Ej (achieved

from cloud-free reference) values. For the other cloud covers, it’s difficult to apply equation
4.5.1, because Ej; and Ej; values are not direct to obtain from the dataset. We can make some

approximations to refer values for these variables in TSS. In Figures 3.2c and 2.5b, we see that
the diffuse irradiance on a cloud-free day is about constant between 9 and 16 GMT in TSS, and
has a value of about 80 W/m?. In addition, the diffuse irradiance on the other days is about

clr

constant. Thus, we can refer the mean value of the diffuse irradiance on these days as £, .

Nevertheless, the determination of the value of E;,’;’ forms a problem. If we apply this equation to

TSS, we can use the approximation £ ;,',j’ =F ;{f’ / N . This is derived from 4.5.1 assuming that

ES¢ and E;’,’ are relatively small compare to £ g,'{)d . In the next chapter 7, values are computed for

some selected days.

Wavelength dependence of T, is rather weak for completely overcast sky. The average

clr

transmission under partly cloudy skies, E;,°/ E, , is also only weakly dependent on wavelength.

Because of increasing Rayleigh scattering, at shorter wavelengths increases diffuse irradiance
relative to the global irradiance. Diffuse irradiance acquired by subtracting direct irradiance from
global irradiance in Figure 3.2 is about 50 % and 65 % of global irradiance in UV-A and UV-B,
respectively, while this is about 10 % in TSS. Thus if it is not completely overcast the diffuse
components in equation 4.5.1 becomes more significant at shorter wavelengths and
approximations that are explained above to compute the 7, from the TSS data are not applicable
on the UV data.
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5. Case Studies

¢

We have selected seven partial cloudy days from our dataset to study the € events and the
influence of partial cloudiness on the irradiance values and its spectral distribution. In Table 5.1

are also the general characteristics of the three cloud-free days (of which only the days of 1995
are used to construct the cloud-free reference of the UV range). Selection of these days was made
by looking to the duration of € events and the € values in all spectral ranges.

Case Study Days
Day Wind Relative | Sunshine | Visibility Clouds Last € Moments (GMT)
number Date Direc | Speed Humidity (hours) (km) Type | Height Coverage precipitation TSS UV-A | UV-B
tion | (ms) (%) (km) ™) (...days ago)
1 22 July 1995 NW 3 62 10 30 Cu 800 0.375 1 11-15 | 12-15 | 8-9,
13-14
2 5 August 1995 | NE 3 62 14 30 Cu | 200 0.250 8 8-11 - 9
3 26 August 1995 | NW 4 64 5 32 Cu | 900 0.625 0 9, 9, 9-13
11-12 | 11-13
4 30 August 1995 | NW S 63 9 32 Cu 100 0.500 0 9-15 8-15 -
5 28 May 1996 | NW 3 56 11 35 Cu | 900 0.500 1 9-13, | 8-16 | 8-15
15
6 15 June 1996 NE 3 48 15 35 Cu 700 0.375 4 8-12 8-13 8-12
7 16 July 1996 N 5 62 8 32 Cu 850 0.750 6 8,10 | 8-16 8-15
Cloud - Free Days
8 25 July 1995 NE 4 49 15 34 - - - 4 - - -
9 1 August 1995 | NE 4 38 13 34 - - - 5 - - -
10 20 July 1996 | vari- 2 37 15 34 - - - 9 - - -
able

Table 5.1. General characteristics of ancillary data for case study days that exhibit long
duration of ¢ events and high € values, and cloud — free days. Wind speed, wind direction,

relative humidity and visibility are averaged between 8 and 16 GMT. Cloud type is the lowest
and most covered cloud type of the days.
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5.1. “16 July 1996”
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Figure 5.1. a) Synoptic data of 16 July 1996. Cloud base heights (solid lines),
cloud types (on this day, Cu, Sc) and total cloud coverage (dotted bars).
b) Radiosonde data of 16 July 1996.

16 July 1996 (day 7) is one of the interesting days in our dataset exhibiting significant ¢
events in TSS. However, the absolute data of 1996 in the UV region can not be used for the
calculation of enhancements, as explained in Chapter 2. The cloud-free reference equation is
based on data of 1995 and can not be applied to the UV data of 1996. & values and duration of &
of 16 July 1996 can only be computed with another cloud-free reference. Instead of using the
cloud-free reference equation (3.1.1), nearest cloud-free day measurements, which is 20 July
1996 (day 10) can be used to compute € values and durations of € events. For this purpose, ratio
(r) of 10 seconds instantaneous and 10 minutes averaged irradiance measurements of day 7 with
respect to the cloud-free day (day10) between 9 and 16 GMT are plotted in Figure 5.2.

Synoptic data of day 7 shows that only cumulus like clouds are observed (Figure 5.1a).
Radiosonde measurements of De Bilt at 12 GMT shows that the wind direction between 100 and
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3000 meters is North. There is an inversion at about 1000 meters in relative humidity and
temperature.

Fluctuations in 10 minutes averaged irradiances are less strong than 10 seconds
instantaneous irradiances due to the weakening in fluctuations of the irradiances with increasing
averaging period (Figure 5.2). Difference between ¢ and r is that € is the enhancement of global
irradiance relative to the cloud-free reference in percent and r is the ratio of the measurements
relative to the reference day. If we assume that day 10 is a good approximation of the cloud free-
reference, than ¢ values of day 7 can be obtained by (1-r)x100, using only the global irradiances.
In global component of TSS the maximum value of r is about 1.6 and 1.3 (¢ = 60 % and 30 %)
around 16 GMT for 10 seconds data and 10 minutes data, respectively (Figure 5.2a). In average,
r-values of the direct irradiances are increasing in all spectral ranges in the course of the day. But
the anomalous increase of r values of the direct irradiances especially in the UV region is
remarkable (Figure 5.2b, e, h), direct irradiances are more then 2 times higher on the partial
cloudy day than on the cloud-free day in the UV range. Diffuse irradiance is in average
decreasing in time (with the highest decrease in TSS and a very weak decrease in UV-B), while
the direct irradiance is increasing (Figure 5.2¢, f, i). The ratio of day 7 relative to day 10 is not
favorable for examining whether enhancements are mostly imputed to the contribution of diffuse
or direct irradiance. The decrease in relative diffuse irradiance is compensated by increase in
relative direct irradiance especially on the cloud-free day. For this reason, we have zoomed into
the periods where one of the components of the global irradiances are constant on the cloud-free
day. In Figure 5.3 such a period is shown between 9 and 10 GMT. There are no r values of global
and direct irradiance greater than 1, using 10 minutes data, in all spectral ranges (Figure 5.3a, d,
g). Variation in diffuse irradiance of TSS is low by comparison with diffuse irradiance in Figure
5.2. 10 seconds data exhibits r values of global irradiances in TSS greater than 1. Direct
irradiances of 10 seconds in TSS on day 7 is not exceeding direct irradiances on day 10 and r of
diffuse irradiance in TSS is quite high. The enhancements in global irradiance (r values >1) are in
this situation attributed to the fluctuations in the direct irradiance, because diffuse irradiance is
about constant, only the direct irradiance is fluctuating and the enhancements in global irradiance
are occurring exactly at the same moments when the direct irradiances are increasing. Also, the
10 minutes data of direct irradiance has approximately the same course as global irradiance.

However, in the UV-A, diffuse irradiance of 10 seconds periods is fluctuating more than
in TSS (Figure 5.3f). This may be due to the Rayleigh scattering below the clouds, which is
increasing at shorter wavelengths. This causes fluctuations in the diffuse UV-A irradiance that
follows the fluctuations in the direct UV-A irradiance. Increases in global UV-A irradiances also
coincide with the increases in the direct UV-A irradiances (Figure 5.3d, e). Like in TSS, plotted
10 minutes data is also confirming the increase of global irradiance with corresponding increase
in direct irradiance.

Like in the UV-A the diffuse irradiance in UV-B of 10 seconds periods is fluctuating

more than in TSS, but less than in UV-A (Figure 5.31). This could be due to the ozone absorption
of the scattered radiation. The enhancements in UV-B are low and in general, they are coinciding
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with the increases in the direct irradiances, but not so consistent as in TSS and UV-A. The course
of 10 minutes data of direct irradiance is not confirming the increase in global irradiance, rather
the course of the diffuse irradiance resembles the increase in global irradiance. The contribution
of the diffuse component on the enhancements of global irradiance is more important than the
direct component with decreasing wavelength.

r values of diffuse irradiances are decreasing (Figure 5.3c, f, i) and r values of direct
irradiances increase slightly with decreasing wavelength (Figure 5.3b, e, h). This is attributed to
the wavelength dependence of the distribution of diffuse and direct irradiance. Diffuse irradiance
is increasing relative to the global irradiance with increasing wavelength. Diffuse irradiance is
high on a cloud-free day (denominator of r values of diffuse irradiance) but diffuse irradiance on
a partial cloudy day is not much higher (numerator of r values of diffuse irradiance) at shorter
wavelength ranges such as UV-A and UV-B. Another reason of this decrease is the aerosol
contents of these days. On the cloud-free day, the synoptic conditions (Table 5.1) show that on
this day more aerosol amount may be present than on the partial cloudy day. On day 10 the wind
direction was variable with a low wind speed and there was no precipitation observed since 9
days. Northern wind with a higher speed and precipitation of 6 days ago is recorded on day 7.
Northern winds advect clean air to De Bilt. Easterly winds bring more polluted air because of the
Eastern industrial regions. Decrease of r values of diffuse irradiance with decreasing wavelength
may be strengthened by these synoptic situations.

5.2. Other Days

Case study days in Table 5.1 show that € events are possible in the presence of cumulus
clouds (Cu). This is also confirmed by McCormick and Suehrcke (1990) and Mims and Frederick
(1994). The height (h) of the clouds and the coverage (N) is also determinative for the € events.
On these days there are no ¢ events detected for clouds higher than 1500 m and cloud coverages
<0.125. A suitable geometry of clouds is required for the ¢ events. With some caution, we have
interpreted the combination of N and h from our £ computations for the whole dataset. Mostly,
the € events are observed within the combinations 0.125<N<0.625 with 100 m<h<900 m and
0.625<N<1 with 900 m<h<1500 m.

Wind direction on the days of & events is mostly North. Also the case study days in Table
5.1 verifies this. Northern wind brings relatively cleaner air above The Netherlands. Absorption
and back scattering of solar radiation is then relatively low, causing for the higher probability of &
events.

In Figure 5.4 the € values of the case study days are plotted as a function of SZA for TSS,
UV-A and UV-B obtained from 10 minutes averaged data. All € values are plotted, i.e. the
uncertainties in the instruments and the condition for direct irradiance are not taken into account.
The density of € values decreases with increasing SZA, and the maximum value of ¢ lies around
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45" in all spectral ranges. The possibility of a suitable geometry for € events is realized most for
small SZA, because of the higher possibility of exposure of the instruments to the direct solar
radiation. Detected € values are decreasing with decreasing wavelength.
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Figure 5.4. £ Values of the 7 case study days for TSS (a), UV-A (b) and UV-B (c), attained
from 10 minutes averaged data as a function of SZA. There is no error correction and condition
for the direct irradiance applied and the & values of 1996 in UV-A and UV-B are excluded.

The relation of ¢ values with cloud coverage (N) can not be studied with hourly synoptic
reports only, because of its low time resolution. Therefore, the N values acquired from model 1 or
2 are used. In Chapter 4.3 it is explained that model 1 computes the higher cloud coverages better
than model 2, but model 2 computes all the cloud coverages with a certain accuracy. In Figure
5.5 is a plot of model 1 and 2 against synoptic reports shown. Just as for the other days, on the
case study days model 2 has more points than model 1 (compare Figure 4.4 with Figure 4.5).
Therefore, from now on only model 2 will be used.
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Figure 5.5. Cloud coverage determined with model 1(0O) and model 2 (X) as a function of
hourly reported cloud coverage for the case study days in Table 5.1.
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In Figure 5.6 are the plots of € values for TSS, UV-A and UV-B shown as a function of
cloud coverage. Generally, ¢ values are decreasing with increasing cloud coverage. Negative
values of ¢ refer to decrease of global irradiance on partial cloudy days relative to the cloud—free
reference in percent. At about cloud coverage of 0.4, ¢ switches its sign. Thus, € events are
roughly only observed for cloud coverages lower than 0.4. There are more points in the TSS
range than in the UV range. This is caused by the exclusion of the UV data of 1996.
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Figure 5.6. cvalues (10 minutes interval) of TSS (a), UV-A (b), UV-B (c) as a function of
cloud coverage (N) for the selected 7 case study days.

There are also cloud transmissions (7,.) computed for the selected 7 case study days, using
the cloud coverages determined with model 2. As explained in Chapter 4.5, there are only
irradiance values of TSS used. 7, values as a function of ¢ values for different spectral ranges are
plotted in Figure 5.7. Completely overcast sky periods give a linear relation in all spectral ranges
(points in the lower boundary of ¢ values in Figure 5.7). This is expected from the definition of
T,, which is the reduction of irradiance under completely overcast sky conditions relative to the
completely cloud-free conditions namely, £ ;,’;’ /E ;’g . There are no & values present for 7. > 0.7

in all spectral ranges, i.e. most of the £ events occur for thick clouds. Maximum values of ¢ are
located about 7. = 0.30.
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6. Conclusions

In this report, the enhancement of global irradiance with respect to the cloud-free values is
studied, using the radiation data obtained from narrow band UV meters, pyranometers and
pryheliometers located at KNMI, De Bilt. The measurements of TSS in 1995 and 1996 are used.
The quality analysis has shown that the UV measurements of 1996 are shifted with an absolute
value of up to 2 W/m? (UV-A), which is relatively high in the UV range.

Cloud-free references of global irradiance of TSS, UV-A and UV-B are constructed using
global irradiance measurements of three days that fulfill the cloud-free criteria, which implies
that the curves of global, direct and diffuse irradiance components of the whole spectral ranges
have a smooth form. Absorption of UV-B irradiance by ozone formed a problem by constructing
the cloud-free reference of the global UV-B irradiance. The accuracy of the cloud-free reference
of global UV-B irradiance is improved with the RAF correction method, which estimates the UV-
B irradiances for a reference total ozone column amount.

Enhancement over cloud-free values of global irradiances (g) are detected with different
methods. One of them is to compare the measurements of a cloud-free day with the
measurements of the same day in another year when it was partial cloudy. There are ¢ values of
22 % and 16 % observed on 25 July 1996 with respect to 25 July 1995 in TSS and UV-A ranges,
respectively.

¢ values are computed for all measurements using the cloud-free reference equations.
There are three types of € events defined concerning the instrumental and cloud-free reference
equation error, and direct irradiance measurements: 1) All ¢ events, 2) Most likely & events, 3) &
events of not occluded Sun. The number of € events and maximum value of ¢ are decreasing with
averaging periods in all spectral ranges with the slowest decrease in the UV-B range. Maximum
value of € is 73 %, 50 % 60 % in TSS, UV-A, UV-B, respectively. Maximum duration of ¢
events is about 30 minutes for most likely & events, which includes the uncertainties in
instrumental and cloud-free reference equation errors. £ events of not occluded Sun (i.e., the
direct irradiance values are not significant lower than the fit of the direct irradiance) gives lower
values for de number of ¢ events and duration of € events.

Model 1 (using direct irradiance measurements) computes the higher cloud coverages
better than model 2 (using global irradiance measurements), but it fails at lower cloud coverages,
while model 2 computes all the cloud coverages with a certain accuracy because of more

flexibility in the selection criterion for £ g‘(;d . The empirical method of Holtslag and van Ulden

(1980) underestimates the cloud coverages.
The absolute UV measurements of 1996 are not used. However, the € events of 16 July

1996 can be studied with ratios of the measured irradiances with respect to the nearest cloud-free
day, which is 20 July 1996. Several € events occurred on 16 July 1996. In TSS and UV-A the
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enhancements occur when the direct irradiance is increasing. The 10 minutes data of direct
irradiance has the same course as the global irradiance. The enhancements in UV-B are low and
in general, they are coinciding with increases in the direct irradiance, but not as consistent as in
TSS and UV-A. In the UV-B, the course of diffuse irradiance resembles the increases in global
irradiance more.

Our study showed that most € events are observed when cumulus-like clouds are present.
Mostly, the € events are observed within cloud coverage (N) and cloud base height (h)
combinations: 0.125<N<0.625 with 100 m<h<900 m and 0.625<N<1 with 900 m<h<1500 m. All
¢ events are accompanied by northern winds, which bring relatively cleaner air above the
Netherlands, causing for the higher probability of & event because of less absorption and
backscattering of the solar radiation.

The possibility of a suitable geometry for € events is realized mostly for small SZA. The
density of & events is decreasing with increasing SZA, and the maximum value of ¢ is found
around 45° in all spectral ranges.

The dependency of € values on cloud coverage is studied with the results of model 2,
which is sampled in 10 minutes. € events are observed only for cloud coverages lower than 0.4 in
the case study.

Maximum value of g is observed for a cloud transmission of 0.30 and there are no ¢

values present for cloud transmission higher than 0.7 in all spectral ranges, i.e. most of the €
events occur for thick clouds.
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Appendix A

R2

The degree of relationship between independent (x) and dependent (y) variables. With one
independent variable, R is the square of the correlation (r) between the two variables.

T g oy R D
SRR

where n is the number of x or y values.

Estimated standard error of the dependent variable (y): S,

The degree of deviation of observed y values from predicted values.

- PR B
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Appendix B

Variation in the Earth-Sun distance

Because of the elliptical orbit of the Earth with the Sun at one of the foci, varies the Earth-
Sun distance within the yearly cycle. This variation can be computed by,

2
(%J =a, +a, cos(8,)a, sin(6,) + a, cos(26, ) + a, sin(26,) (B1)

n

where R is the average Earth-Sun distance and R, is the Earth Sun distance on day d,, (0 for 1
January and 364 for 31 December). The coefficients aj-a, are given in table C1, and

0, =2md, /365 (B2)

R, varies by about 3.4 % from minimum (perihelion, on about 3 January) to maximum (aphelion,
on about July 5).

The solar zenith angle (SZA)

Solar radiation reaching the Earth’s surface varies with time of the day, season and
geographic location. All these variables are ascribed in one single parameter called the solar
zenith angle (SZA) which is the angle between the local vertical direction and the direction of the
center of the solar disk. That’s why SZA is fundamental variable in the computations of radiation
reaching the Earth’s surface.

The general expression for SZA is,

cos(SZA) = sin()sin(@) + cos(d) cos(¢) cos(t,) (B3)
where J is the solar declination, ¢ is latitude and ¢, is the local hour angle. Declination is the angle
between the Sun’s direction and equatorial plane, and varies between +23.45" (21 June) and

-23.45° (21 December), crossing 0° at the spring and fall equinoxes. The solar declination is
given by,

O =b, +b,cos(8,)+b, sin(6,) + b, cos(26,) (B4)

+ b, sin(26,) + by cos(36,) + b, sin(36,)
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where d,, and 6, is defined in Appendix B and the coefficients by-bg are given in table B1.
Expression for the local hour angle (#,) is,

t, = m(GMT /12 —1+y /180) + EQT (B5)

where  is the longitude and EQT is the equation of time which accounts for the nonuniformity
of the apparent angular speed of the Sun in the sky. Values of EQT are computed with,

EQT =c, +c,cos(8,)+c,sin(f,)+c, cos(26,) +c, sin(260,) (B6)

Coefficients cy-c4 are given in table B1.

i a; b; ¢

0 1.000110 0.006918 0.000075
| 0.034221 -0.399912 0.001868
2 0.001280 0.070257 -0.032077
3 0.000719 -0.006758 -0.014615
4 0.000077 0.000907 -0.040849
5 -0.002697

6 0.001480

Table B1. Coefficients for the Earth-Sun distance (a;) and solar declination (b;) from
Madronich, 1993, and the equation of time (c;) from Spencer, 1971.
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