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Chapter 1

Ultraviolet Radiation in the Earth Atmosphere

1.1 Introduction

This report describes the UV-research that has been done at the KNMI since 1991, when
NOP project no. 852088 started. The project leader was Dr. H. Kelder, and the first
activities were carried out by Drs. W. Slob, who retired in October 1992. In November 1992
Dr. F. Kuik was employed to continue the UV-activities at the KNMI. Other persons at
the KNMI involved in this NOP project are Drs. R. van Dorland (radiation modelling), Dr.
A. van Lammeren (radiation measurements), and C. Hofman (technical assistance). Dr. P.
Stammes and Dr. W. Wauben, although not mentioned in the NOP-contract, were closely
involved in the spectral UV-radiative transfer calculations.

When Slob started UV-research at the KNMI spectral UV-measurements were still con-
sidered as very sophisticated. His philosophy was that this would remain the case, even
with the development of new instruments. Therefore, he made the choice to start two types
of UV-measurements: spectral UV-measurements and narrow band UV-measurements.

Spectral UV-measurements are necessary to study correlations with ozone. Absorption
features in the Hartley-Huggins absorptions bands are approximately 2 nm wide. To study
the correlation between ozone and UV, spectral measurements should be performed at least
every 0.5 nm. In medical and biological sciences various action spectra are frequently used to
describe effects of UV-radiation on different systems. This can also only be done if spectral
UV-measurements are available. However, for monitoring purposes it is more convenient to
have additional ‘simple’ instruments that require little maintenance, are (relatively) cheap,
and easy to handle in the sense that they do not require highly educated operators. A well
known broad band instrument that fulfills these requirements is the Robertson-Berger meter.
A disadvantage of this instrument, however, is that it measures the integrated amount of
UV-radiation between 280 and 400 nm, and that it produces a ‘sunburn’ equivalent reading.
Any information on the spectral characteristics of the UV will therefore be lost. This
means that it can only be used for UV-monitoring in a relative way (it does not produce
UV-irradiances in Wm™2), and processes that have other spectral sensitivity characteristics
than the fixed instrument’s spectral response cannot be studied. Slob (and later Kuik)
developed in cooperation with Kipp & Zonen (Delft) two narrow band UV-instruments, one
in the UVA and one in the UVB wavelength region. If the bandwidth are chosen in a sensible

way, there will be a good correlation with spectral UV-measurements. These narrow band
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2 Ultraviolet Radiation in the Earth Atmosphere

instruments (they are discussed in Chap. 2) are currently in use at the KNMI as monitoring
devices.

In this chapter UV-radiation and its relation with ozone and other atmospheric parame-
ters are discussed. We start with some definitions and basic concepts on ultraviolet radiation
and ozone. Results of our spectral UV-radiative transfer calculations, and measurements
are shown throughout this report. The radiative transfer calculations, UV-measurements,

instruments, and calibration procedures will be discussed separately in later chapters.

1.2 Ultraviolet Radiation

Ultraviolet radiation (UV) is usually defined as electromagnetic radiation with wavelengths
between 100 and 400 nm. In the electromagnetic spectrum UV is bounded at the short
wavelength side by X-rays and +y-radiation, and at the long wavelength side by visible
radiation. Short wavelength radiation has a high energy contents per photon, and it is
harmful or even dangerous for many living organisms. UV-radiation can be subdivided into

three regions according to the wavelength.

UVC Radiation in the wavelength region 100-280 nm. It is the most energetic UV-
radiation. DNA is extremely sensitive to UVC, but since all UVC is absorbed by

oxygen and ozone, it does not pose an environmental problem.

UVB Radiation between 280 and 315 nm; the upper limit of 315 nm is according to WMO
(World Meteorological Organization) standards (see, for example, Guide to Meteoro-
logical Instruments and Methods of Observations, Chap. 9, pp. 9.2), but 320 nm is
also frequently used. UVB is partly absorbed by ozone and as a result only radiation
with wavelengths larger than approximately 290 nm is observed at sea level. All living
organisms are sensitive to UVB radiation. In combination with ozone depletion UVB

can become an environmental hazard.

UVA UVA is much less energetic than UVC and UVB. However, almost all the solar UVA is
transmitted through the atmosphere, since it is hardly absorbed by ozone or any other
atmospheric constituents. Human skin is very sensitive to UVB, and to a lesser extend
to UVA. However, there is much more UVA in solar radiation than UVB. Therefore,
UVA can still contribute to some types of skin cancer (Van der Leun 1994). It thus is
a misconception that UVA is a harmless type of UV-radiation.

In Fig. 1.1 a typical measured UV spectrum for a clear summer day in De Bilt is shown,
together with the extraterrestrial solar spectrum (Vanhoosier et al. 1988). Note the sharp
cut-off below 310 nm due to absorption of UVB-radiation by ozone. Approximately 8.5%
of the solar energy that is incident at the top of our atmosphere is in the UV-part of the
spectrum. UVC accounts for 0.5%, UVB and UVA for 1.4% and 6.5%, respectively. In
Table 1.1 the energy distribution of the extraterrestrial solar radiation is given based on a

solar constant of 1367.2 Wm~2 (Frederick et al. 1989).
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Figure 1.1 The extraterrestrial solar spectrum, and the UV-spectrum measured in De Bilt on July

12, 1994, with Brewer #100. The measurement was performed at 11:53 UT for a solar elevation
of 59.8°.

Ultraviolet radiation measured at sea level spans a wavelength region from 290 to 400
nm. This makes it difficult to discuss ‘the amount of UV-radiation’ inferred from spectral
measurements or calculations, because a spectrum contains about 220 numbers (measure-
ments at 0.5 nm increment) representing UV-irradiances at certain wavelengths. Therefore
the dose rate dD/dt (mWm~2) is introduced as the weighed wavelength integrated UV by
(cf. Dahlback et al. 1989)

dD 400
it :/wo I(VA(A) A, (1.1)

Table 1.1 Energy distribution of the extraterrestrial solar energy at the top of our atmosphere

based on a solar constant of 1367.2 Wm~2 (Frederick et al. 1989).

Spectral region Irradiance (Wm~2) % of total energy
UVC (A < 280 nm) 6.4 0.5
UVB (280 < A < 315 nm) 18.5 1.4
UVA (315 < A < 400 nm) 88.3 6.5
Visible (400 < A < 700 nm) 532.0 38.9

Infrared (A > 700 nm) 722.0 52.8
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Figure 1.2 The CIE-action spectrum A()) from Eq.(1.2), a measured UV-spectrum, and the
product of the two (the product spectrum was divided by 10 to fit the scale of the graph). It is
clear from the figure that the weighed spectrum is the most sensitive to UVB-radiation, and only

for a small part to UVA.

where ) is the wavelength in nm, I()) is the spectral UV-irradiance in mWm=2nm~1. A(})
is an action spectrum describing the wavelength dependent sensitivity of a certain process
(or organism) to UV-radiation. Although the integration is over the entire UV-wavelength
region, in practice the lower integration boundary will be 290 nm. In this report A(A) is
the CIE-action spectrum (also called McKinlay-Diffey action spectrum, cf. McKinlay and
Diffey 1987) defined by

1.0 A < 298 nm
A(A) = 100094(298-%) 298 < A < 328 nm (1.2)
A(X) = 100:0185(139-3) 328 < A < 400 nm.

2
=
I

This action spectrum is a mathematical representation of the sensitivity of ‘the human skin’
for sunburn. The action spectrum and the effect of weighing the spectral UV-radiation are
shown in Fig. 1.2. The total dose, D, is obtained by integrating Eq.(1.1) over the time the
exposure takes place. From hereon the dose rate will be called Damaging UV (DUV).

Although the CIE-action spectrum is a sunburn action spectrum, it is also frequently
used to represent amounts of UV for other processes in which UVB is a dominant factor. In
this report DUV will also be used to present amounts of UV-radiation by a single number.
Other commonly used action spectra are a generalized DNA damage spectrum (Setlow 1974),
and a generalized plant damage spectrum (Caldwell et al. 1986). They will not be used nor

discussed any further in this report.
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1.3 Effects of Ozone on Ultraviolet Radiation

Ozone is a trace gas in the atmosphere that absorbs UV-radiation in a very efficient manner.
In doing so, it protects all life forms on Earth from damaging UVB-radiation. Approximately
90% of all ozone in the atmosphere is found in the stratosphere, and only 10% in the
troposphere. It is a reactive gas, of which the molecules consist of three oxygen atoms. It is
constantly created and destroyed under the influence of UV-radiation in the stratosphere.
In Whitten and Prasad (1985, Chap. 2), Wayne (1991), and many other textbooks on
atmospheric chemistry, ozone chemistry is treated in detail. Some of the basic reactions
will be briefly discussed here. Molecular oxygen is dissociated by UVC-radiation in the
Schumann-Runge bands between 170 and 195 nm, and in the Herzberg bands and continuum

between 195 and 260 nm. the products are two ground state oxygen atoms

0, + hv — 20. (1.3)

The atoms associate rapidly with the abundantly available oxygen molecules, creation an

ozone molecule by

0;+0+M—- 03+ M. (1.4)

M is a mass that is needed to remove energy that is released during the creation of the
ozone molecule. This is the most important stratospheric ozone production process, mainly
taking place at altitudes above 30 km.

Ozone molecules can absorb UVB and UVC-radiation, as can be seen from Fig. 1.3. In

the process the molecule breaks up in molecular oxygen plus an oxygen atom,

This production/destruction scheme of ozone was first suggested by Chapman (1930). Due
to variations in the atmospheric density as a function of altitude, an equilibrium in ozone
concentration will establish, which is also altitude dependent. The maximum ozone concen-
tration is found roughly between 10 and 40 km altitude and is commonly called ‘the ozone
layer’.

Although Chapman’s scheme still describes the basic stratospheric ozone cycle, it is
known not to represent the observed ozone distribution in a correct manner. For a more
accurate description, chemical reactions involving free radicals have to be included. These

reactions are schematically described by

X0+ 0 =X +0,. (1.7)
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Figure 1.8 Ozone and molecular oxygen absorption cross-sections per molecule in cm?. The
maximum UV-absorption of O3 occurs at 260 nm, while there is hardly any absorption in the
UVA between 330 and 405 nm. The strong increase of absorption cross-sections from 330 to 280
nm causes the cut-off in the measured ground level UV-irradiances. The absorption bands for

wavelengths larger than 405 nm are called Chapuis bands.

and the net result is

X is a free radical species, e.g. C1*, C10°®, Br®*, NO®, H*, or OH®. Some of these radicals
occur naturally in the stratosphere, some of them are of antropogenic origin. Deviation from
a natural chemical equilibrium in the stratosphere, e.g. caused by antropogenic emission of
CFCs, can cause depletion of stratospheric ozone.

The total amount of ozone in the vertical direction is usually expressed in Dobson Units,
or DU. A ‘normal’ value for The Netherlands in June is about 350 DU. This means that
if all the ozone in the vertical direction above us is brought down to STP, the layer has
a thickness of 3.5 mm. In Fig. 1.4 the total column ozone measurements for De Bilt are
shown for the period January-October 1994. The measurements that were performed in
De Bilt with Brewer #100 are denoted by the bullet and diamond (e, ©), respectively
(the meaning of Direct Sun and Zenith Sky measurements will be explained in Chap. 2,
where the Brewer photospectrometer is discussed). In Fig. 1.4 the ‘normal’ for De Bilt is
also shown. This normal was obtained by averaging twelve years of TOMS-satellite ozone
observations (Allaart 1994a). From this long term average it can be seen that there is a
seasonal variation. The maximum is reached in spring (April), and the minimum in autumn
(September-October).

The monthly averages of the total column ozone for 1994 are shown in Table 1.2., as
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Figure 1.4 Total column ozone for the period January-October 1994, measured with Brewer #100,
at the KNMI in De Bilt.

well as the monthly averages of the normal. From Table 1.2 it can be seen that in 1994 only
three months have average ozone values higher than the long term mean. For the first ten
months of 1994 the amount of ozone in the atmosphere at De Bilt can be considered to be
on the low side. However, seasonal and yearly variations can be considerable, and it is by

no means an alarming situation.

Stratospheric ozone depletion may directly result in an increase of UVB-radiation in the
biosphere. From model calculations and UV-measurements combined with ozone measure-
ments we found that for clear sky conditions a 1% decrease in ozone results in a 1.3% to 2%
increase of the UVB-irradiance (at the short wavelengths) at the Earth surface. The exact

number depends on the solar elevation.

The vertical distribution of ozone in the atmosphere also plays an important role. Briihl
and Crutzen (1989) stated that increased emissions of NO, in the industrialized northern
hemisphere can lead to an increase of tropospheric ozone, which can overcompensate an
increase in UVB-irradiance caused by stratospheric ozone depletion. Tsay and Stamnes
(1992) showed that a redistribution of stratospheric ozone to tropospheric ozone tends to
decrease surface level UV-irradiances, except for low solar elevations, in which case even
an increase of the UV-irradiances can occur when total column ozone decreases. Although
the explanations given by Brithl and Crutzen (1989) and Tsay and Stamnes (1992) for
similar effects are different, it is clear that ozone depletion and redistribution must both
be taken into account in the research of ground level UV-irradiances. At this moment
UV-measurements provide contradicting evidence for slightly decreasing and increasing UV-
levels (e.g. Scott et al. 1988; Kerr and McElroy 1994; Watson et al. 1988; Blumthaler and

Ambach 1990). The ‘long term’ spectral UV-measurement series are still very short. It
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Table 1.2 Monthly averages of ozone measurements for De Bilt, January—October 1994, and long

term averages from TOMS-satellite measurements. All ozone values are in DU.

Month Mean O; (Brewer) Minimum Maximum TOMS-O; % deviation
January 360.3 289.5 407.7 339.4 6.1
February 387.6 320.0 434.4 367.4 5.5
March 336.3 266.4 417.0 387.1 —-13.1
April 391.5 300.9 467.2 398.4 -1.7
May 361.6 312.4 374.7 390.8 -7.5
June 333.7 294.9 349.0 376.9 —-11.5
July 318.5 302.1 363.8 3562.8 -9.7
August 313.5 290.2 354.3 332.5 -5.7
September 312.9 275.2 352.5 303.8 3.0
October 278.4 242.0 268.1 295.4 -5.8

will probably not be until some years into the next century before such measurements can
provide definite answers on the issue of increasing/decreasing UV-levels.

In Fig. 1.5 the typical daily variation of DUV is shown as a function of time (results from
spectral UV-radiative transfer calculation) for various values of the total column ozone for
clear sky conditions on June 21, in The Netherlands. From this figure it can be seen that the
DUYV strongly depends on total column ozone, and also on the time of day, or equivalently,

solar elevation.

1.4 Impact of Other Parameters on Ultraviolet Radiation

1.4.1 Solar elevation

Ozone is the parameter best known to affect UV-radiation in the atmosphere. It is, however,
not the most important one. During winter, and also in summer in the morning and the
evening, it is mainly the solar elevation (defined as the angular distance of the Sun above
the horizon) that determines the amount of UV at the Earth surface. At low solar elevations
the path length for radiation traversing through the atmosphere is so long that most of the
UV is absorbed before it can reach the Earth surface. In Fig. 1.6 the DUV is shown as
function of total ozone for solar elevations (se) of 20, 30, 40, 50, and 61.3°. For all total
ozone values, DUV strongly depends on solar elevation.

In Fig. 1.7 all DUV measurements recorded in the period January—September 1994 are
shown as a function of solar elevation. These measurements thus include all kinds of possible
cloud cover conditions, i.e. from clear skies to completely overcast conditions. From this

figure it can be seen that for a certain solar elevation almost every value for the DUV is
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Figure 1.5 DUV as a function of time for The Netherlands, June 21, clear sky conditions, and

various values of total columns ozone (from spectral UV-radiative transfer calculations).
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Figure 1.6 DUV as a function of total column ozone for various solar elevations. The atmosphere

model used in the calculations was the same as that used for Fig. 1.5.
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Figure 1.7 All DUV-measurements from January to September 1994, as a function solar elevation.
The curve that agrees best with the maximum observed values is computed with Eq.(1.10) using

total column ozone of 300 DU.

possible within a certain envelope. In the same graph three curves are shown. These were
computed employing an empirical model that uses total column ozone and solar elevation
as input (see Sect. 1.4.2, Wilson et al. 1992; Kerr et al. 1994). For the Netherlands the
maximum value for the DUV can be approximated using this model with a total column
ozone of 300 DU.

1.4.2 Clouds

Spinhirne and Green (1978) first investigated effects of clouds on UV-radiation using ra-
diative transfer calculations. The only case they could study was that for homogeneous
cloud layers (broken clouds today still pose a big problem for radiative transfer modelling).
Their main findings were (i) that for A < 300 nm absorption due to tropospheric ozone
is sensitive to cloud height and ground albedo, and (i) for increasing cloud optical depth,
UV-transmission decreases less than transmission of the total solar radiation. More recently,
Stamnes et al. (1990) used spectral irradiance measurements and model calculations to de-
rive ‘equivalent’ stratified cloud optical depths. In 1990 Frederick and Snell (1990) found
from analysis of Robertson-Berger meter data that the annual mean erythemal irradiance is
reduced between 22% and 38% relative to the clear sky value by clouds. Furthermore, they
concluded that variations in cloud optical depth within 10%, have less impact on surface
level UV-irradiances than changes in fractional cloud cover. Lubin and Frederick (1991)
combined spectral UV-measurements and radiative transfer calculations to study the im-
pact of clouds at Palmer Station, Antarctica (64°46'S, 60°04’W). They reported that for the
‘average overcast sky’ for this region UV-irradiances were slightly higher than 50% of the
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clear sky values; for the largest cloud optical depths this reduced to 20%. Tsay and Stamnes
(1992) considered the impact on UV-transmission of various cloud types that prevail in the
summertime Artic, using radiative transfer calculations. Their most important conclusions
are that stratus clouds and Artic haze tend to decrease UV-surface levels, whereas strato-
spheric aerosols imply an increase of ground level UV-irradiances. Bais et al. (1993) studied
the effect of cloud cover on UV-transmission for a solar zenith angle of 50° for Thessaloniki,
Greece (40°N), using spectral UV-measurements. They derived an empirical relation to
.

compute DUV as a function of cloud cover !, i.e.

DUV =1+ 0.06¢l — 0.02¢1?, (1.9)

where ¢l is the cloud cover (valid for 3 < ¢/ < 8). Furthermore, they found a decrease up to
80% in the UV-irradiance relative to the clear sky values for completely overcast conditions.

DUV measurements recorded at the KNMI with the Brewer during the first eight months
of 1994, are depicted Fig. 1.8 as a function of cloud cover. The measurements are normalized
using maximum values for clear sky conditions that were obtained from an empirical model
(Wilson et al. 1992; Kerr et al. 1994). The relation that was used to calculate the maximum
clear sky DUV is given by

A+B_X_4c_L +D( x )2+E(;)2
DUV = cos 006 cos 6 cos 8 cos 8 cos 8 (110)

where DUV is the weighed integrated UV-irradiance in mWm™2 [cf. Eq.(1.1)], 6o is the solar
zenith angle, X is the total column ozone in cm at STP (i.e. DUx1073). The constants
A =17.093, B = -3.927,C = -0.636, D = 1.525 and E = 0.1183 have been determined
from a least square fit. Only solar zenith angles smaller than 20° are used for the model
calculations. Because both the solar elevation and ozone are taken into account in this
model, the normalized measurements are independent of these parameters.

There are several interesting features in Fig. 1.8. For 0/8th cloud cover all ratios are
within the interval 0.8-1.1. The model does not take into account effects of aerosol, haze,
ground albedo, UV-absorption by SO, and all other parameters that may influence ground
level UV-irradiance for clear sky conditions. The magnitude of the fluctuations in the
normalized DUV thus demonstrates that variations in UV-irradiances up to 20% can be
expected for a given solar elevation and total column ozone.

It can be seen from this figure that the highest values for the DUV do not occur for clear
sky conditions, but for situations with 1/8th to 6/8th cloud cover. This effect is caused by
reflections at the side of clouds. When (cumulus) clouds are located near the position of
the Sun in the sky, a large amount of almost direct solar radiation can be reflected in the
direction of the detector. The amount of observed global UV-radiation can then increase

beyond values measured under clear sky conditions (McKenzie et al. 1991; Mims III and

Frederick 1994).

! A meteorological parameter for clouds is cloud cover. It describes the fraction of the overhead sky covered

by clouds in eighths. Zero/eighth means a cloudless sky, whereas eight/eighth means completely overcast.
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Figure 1.8 Normalized DUV as a function of cloud cover for the period January-September 1994.

For increasing cloud cover, the spread of the measurements also increases, especially
towards lower values of the normalized DUV. This means that for high cloud cover virtually
all possible values of DUV can be measured, from 25% extra compared to clear sky conditions

to approximately 0. The maximum amount of DUV was observed for a cloud cover of 4/8th.

This increase in irradiance in the presence of cumulus clouds is also observed in mea-
surements of the narrow band and the short wave (broad band) instruments. In Fig. 1.9,
10-minute averaged measurements of the global radiation (pyranometer, 300 < A < 3000
nm), and the UVA and UVB-global instruments are shown (specifications of the narrow band
UVA and UVB instruments are discussed in Chap. 2). The dash-dotted curves represent
measurements for July 12, 1994, for clear sky conditions. The solid lines are measurements
for partly clouded conditions on June 28, 1994. Between 11:00 UT and 14:00 UT (June
28) cloud cover varied between 1/8th and 5/8th. This resulted in an increase of the global
radiation of 38%, and approximately 15% for both the UVA and UVB global measurements,
relative to the clear sky measurements. A reason for the larger increase of the broad band
global radiation is a wavelength effect. The UVA and UVB sensors measure at wavelengths
centered around 367 and 306 nm, respectively. Rayleigh-scattering is proportional to A%,
i.e. the shorter the wavelength of the radiation, the more effective it is scattered in the
atmosphere. The contribution of the direct solar beam to global radiation will therefore be
larger in the visible and infrared wavelength region than in the UV, simply because most of
the UV-radiation has already been scattered out of the direct solar beam before it reaches
tropospheric clouds and the Earth surface, although Tsay and Stamnes (1992) found an

increase of ground level UV-irradiance when aerosol was present.
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Figure 1.9 Broad band global radiation, UVA global radiation, and UVB global for June 28, 1994.
The sharp increases in radiation relative to the clear sky measurements (July 12, 1994) are caused

by reflection of solar radiation at the side of cumulus clouds.

1.4.3 Aerosol

Aerosol can affect ground level UV-irradiances in a direct and indirect manner. Direct in-
fluence takes place by reflection of radiation back into the higher parts of the atmosphere.
This process simply causes less radiation to reach the Earth surface. Indirect effects can
take place through several mechanisms. Aerosol particles act as cloud condensation nuclei.
Cloud formation can thus increase when much aerosol is present in the atmosphere, and in
the previous section effects of clouds on UV-transmission have been discussed. Another in-
direct effect is that atmospheric aerosol can cause large disturbances in stratospheric ozone
chemistry, usually resulting in ozone depletion. A well known opportunity to investigate
aeroso] effects was provided by the eruption of Mt. Pinatubo (Philippines) in June 1991.
Many researchers reported large decreases in stratospheric ozone amounts, especially in the
Antarctic spring (see e.g. Brasseur 1992; Kerr 1993). Although the Mt. Pinatubo eruption
was initially not accepted by all atmospheric scientist to be the cause of global ozone de-
pletion, according to the new WMO/UNEP Ozone Assessment report (1994), there is more

COISensus now.

From a comparison of the narrow band UV-measurements in De Bilt for February 1992
and 1993, it was observed that the 1993 levels were substantially higher than the 1992 levels
(KMI et al. 1993). As a (partial) explanation this phenomenon was ascribed to lower ozone

values in 1993, which in turn was assumed to be caused by Mt. Pinatubo aerosol.
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1.5 UV-forecasts

Exposure of human skin to ultraviolet radiation can cause sunburn, various kinds of skin
cancer, and other health risks (Van der Leun 1994). Moreover, in the Western world an
increase in exposure is observed over the last few years. This is mainly caused by human
behaviour: it is fashionable to have a sun tanned skin.

In 1994 the Netherlands Cancer Association (KWF) started a campaign to make the
Dutch people more aware of UV-related health risks. One of the key-issues of the campaign
is that some simple changes in the human behaviour can reduce the risks for our skin
considerably. KNMI can play a important role in this campaign. At KNMI there is 150
years of experience in issuing warnings about weather related risks. This service can easily
be extended with forecasts on exposure to ultraviclet sunlight. People are interested in
forecasts of warm and sunny weather in the summer season. If during the summer in the
daily weather forecast a forecast of the amount of ultraviolet radiation is included (e.g. in
the form of an indez), it will reach a large audience, and be a valuable contribution to the
KWF-campaign.

In this section the forecasting system is discussed, and a first analysis of forecasts com-
pared with measurements is given. For a more extensive treatment see Allaart (1994b). At
this point it is emphasized that the discussion whether or not, and when KNMI will start

issuing UV-forecasts is still going on, and no decisions has been made on the subject yet.

1.5.1 What is forecasted?

In Sect. 1.2 DUV was introduced as the weighed integrated UV-irradiance in mWm~=2 (cf.
Eq.(1.1). To convert DUV to an index between 0 and 10, it is divided by 25. The so
obtained index is called Solar Power (‘Zonnekracht’ in Dutch), and can easily be translated
into ‘time to burn’.

This index was originally developed in Canada, and most countries that issue UV-
forecasts are using it nowadays. At a WMO meeting on UVB-radiation and UV-forecasts
in July 1994 (Les Diablerets, Switzerland), it was recommended that meteorological sta-
tions that are issuing UV-forecasts or who are planning to start, use this index (additional

information is optional).

1.5.2 Forecasting DUV

Some parameters that affect ground level UV can be predicted by meteorologists. Others are
so local that it is impossible to include them in the prediction. Clouds are an intermediate
case. Large cloud decks, for example those associated with frontal zones, can be predicted.
Smaller clouds, e.g. those associated with unstable air, are notoriously difficult to predict.
It is also impractical to include their presence —other than in statistical terms— in the daily
weather forecast. Therefore, a forecast is made giving the index for clear sky and partially

cloudy conditions.

For accurate computations of DUV as a function of various atmospheric parameters
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and solar elevation, a radiation transfer code with an atmosphere model should be used.
Although such a code is available, for daily forecasts it is impractical to use, because radiative
transfer computations are complicated and expensive. Reasonable results are also obtained
with the Canadian model, i.e. employing Eq.(1.10). (Wilson et al. 1992; Kerr et al. 1994).
Model calculations show reasonable agreement with measurements (see Fig. 1.11), but more

data (i.e. clear sky days) are needed to tune the model.

1.5.3 Predicting total column ozone

Variations in total column ozone are dominated by variations in the amount of ozone in the
lower stratosphere. Several methods are in use to predict total column ozone in the lower
stratosphere. They all depend on either advection of ozone with an appropriate wind, or
correlation of ozone with other atmospheric quantities.

The method used at KNMI uses of a correlation between total column ozone and column
integrated potential vorticity. A discussion of this correlation is given by Allaart et al.

(1993). Essential in this method is the fact that on a hemispheric scale the relation

03 = k TPV + A (1.11)

holds, where O3 is total column ozone as measured by the TOVS (TIROS operational
Vertical Sounder) instrument on board the NOAA operational meteorological satellites.
TPV is the column integrated potential vorticity, and « and X are slowly varying parameters.

TPV is calculated from predicted fields from the General Circulation Model (GCM)
of the European Centre for Medium- Range Weather Forecasts (ECMWF'). For practical
reasons the vorticity fields are calculated from the wind fields. Computation of TPV from
the vorticity and temperature fields is described in Allaart et al. (1993). The method works

as follows.

1. Calculation of yesterday’s ozone field. Atmospheric temperatures are measured by the
TOVS instruments. These data are received at KNMI for the European and North
Atlantic region. From these temperatures total column ozone is computed employing
an algorithm developed by Cariolle (Lefévre et al. 1991). The data for one day are
averaged, and mapped onto a grid. The measurements carried out near noon are given

the highest weighing factor.

2. From yesterday’s ozone and (stored) TPV fields, yesterday’s x and A are computed.
Special care is taken to prevent the difference between the current values and earlier

values to become too large, to ensure that one day of incorrect observations will not

upset the system.

3. From the new ECMWTPF forecast TPV fields are calculated for the next three days. For
practical reasons the special HIRLAM or 00-hour run of the model is used. Because
we are interested in the noon UV flux, only forecasts for +12 hours (today), +36 hours
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Figure 1.10 Measured and forecasted total column ozone for the period April-July 1994.

(tomorrow) and +60 hours (day after tomorrow) are computed. The computed TPV

fields are stored for use during the next days.

4. From the forecasted TPV fields and yesterday’s & and A, a forecast for the ozone field
is calculated. Because both x and A vary slowly in time, the error introduced by using

yesterday’s values is negligible.

5. The solar elevation at noon is calculated, and with aid of the Canadian model and the

predicted ozone field, the noon DUV flux is calculated, which, divided by 25 gives the

index.

In Fig. 1.10 forecasted and measured total column ozone are compared. It can be seen
from this figure that except for a few brief periods in time, the forecasts and measurement
show good agreement. Allaart (1994b) gives a preliminary qualitative discussion of how
good the forecasts are compared with TOVS and Brewer measurements. The conclusion
is that the forecasting method shows a clear skill of 29% over ‘persistence’, i.e. using the

measured total column ozone of the previous day as forecast for the next day.

Figure 1.11 shows both the predicted and the daily observed maximum DUV as a func-
tion of day number for 1994. In the curve for the forecasted DUV effects of variations in
total column ozone are represented by the small scale structure. The large variations in the
curve representing measured DUV are mainly caused by clouds. Note that the forecasted
DUV are local solar noon values, whereas the measured DUV are daily maxima. They do

not necessarily are local solar noon measurements, especially if clouds are present.
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Figure 1.11 Forecasted DUV for clear sky conditions, and measured DUV for the period April-

July 1994. Clouds are the main cause of the large variations in the measurements.
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Chapter 2

UV-Measurements and Calibrations

2.1 Introduction

In this chapter a description and the specifications of the instruments that are used for the
UV-research at the KNMI are given. Some instruments used for auxiliary measurement,
e.g. broad band radiation meters, are also briefly described. Section 2.3 is devoted to the
diode array instrument. This is (not yet) an operational monitoring instrument, but it
is used for experimental research. This instrument has participated in two international
UV-instrument intercomparisons (Gardiner and Kirsch 1993, 1994), and some results of its
performance will be shown.

The instruments discussed in this chapter perform three types of measurements. The
first is the so-called global measurement. All instruments doing global measurements have
in common that they collect radiation from the hemisphere above it. The well known
pyranometer (e.g. the Kipp & Zonen CM-11) that measures solar radiation between ap-
proximately 300 and 3000 nm, is such an instrument. Since it records all radiation that
enters the detector through a horizontal plane, it measures an irradiance, also called fluz.
The second kind of measurement is called direct solar radiation measurement. In this case
the instrument is looking into the direction of the Sun, measuring the energy flux of the
direct solar beam. Such instruments measuring broad band solar radiation are called pyrhe-
liometers (e.g. the Kipp & Zonen CH-1). If the instrument is used for monitoring purposes
it must be mounted on a solar tracking device, since at all times during the day it must
remain pointed at the Sun. WMO standards prescribe an opening angle of 5° around the
solar disk for direct solar measurements. The third type of measurement is the so called
diffuse measurement. It basically is the same measurement as the global measurement, but
now with the solar disk obscured by a shadow disk or band. If the disk is used, a solar
tracker is required, because the sensor should remain in the shade of the disk while the Sun
moves across the sky. The disk should have a size that obscures the Sun with the same

opening angle as the direct solar measurements, i.e. 5°. In this case the relation
G = Dif + cos 8o Dir (2.1)

holds, where G, Dif, and Dir are global, diffuse and direct radiation (Wm™2), respectively,
and 6y is the solar zenith angle. This relation is particularly useful for validation of the

measurements.
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2.2 Brewer Photospectrometer #100

The Brewer photospectrometer was originally built by a Canadian company called Sci-Tec
to measure total column ozone. The first instruments became operational in the beginning
of the eighties. It basically consisted of a single monochromator and some entrance optics
built into a weatherproof housing. Later on the instrument was fully automated, and the
option to make scans of the UV-irradiance up to 325 nm was added.

The WMO collects ozone measurements from all over the world. Originally, the ground
based measurements were provided by Dobson photospectrometers. These instruments are,
however, not weatherproof, and are operated manually (causing missing data during week-
ends, and on all other occasions when operators were unable to perform the measurements).
Since the introduction of the Brewer, they are gradually taking over from the Dobsons, and
the WMO accepts the Brewer ozone data as good and reliable. At the moment approxi-
mately 120 Brewers are operational at locations spread all over the entire globe.

When it became clear that in single monochromators stray light poses a problem for
UV-scans starting below 300 nm (the most interesting region for absorption by ozone and
biological studies), a new version of the Brewer with a double monochromator was developed,
the Brewer MK III. This new version also had the possibility to do ‘extended UV-scans’, i.e.
scans from 286.5 nm to 364.5 nm. It was extensively tested in an European UV-instrument
intercomparison (Gardiner and Kirsch 1994), where it performed very well. At this time
already four Brewers (MK III) are operational, and more will follow. The Brewer that was
purchased by the KNMI in 1993 was the second operational MK III. Purely by coincidence
it was also Brewer #100.

Brewer #100 was installed on top of the KNMI-roof in December 1993. During this
month its operation was tested, which was necessary after shipment from Canada. Moni-

toring of ozone and UV-radiation started January 1, 1994.

2.2.1 Ozone measurements

Under clear sky condition the amount of atmospheric ozone can best be determined from

measurements of the extinction of the direct solar UV-radiation. The basic equation de-

scribing this process is (Kerr et al. 1985)
I = Ing exp (—Bxmg — dxms — axOspo, — 1250250, ), (2.2)

where I, is the measured flux, 7o is the flux at the top of the atmosphere, 3, is the Rayleigh
scattering coefficient, mg the airmass for Rayleigh scattering, 0 and ms the scattering coef-
ficient and airmass, respectively, for aerosol scattering, ay the ozone absorption coefficients,
O3 the total column ozone, po, the airmass for ozone, vy the SO, absorption coefficients,
SO, the total column sulphur dioxide, and psp, the airmass for SO,. The A indicates that
all quantities are wavelength dependent. The Brewer uses four wavelengths for ozone mea-
surements: 310.1 nm, 313.5 nm, 316.8 nm, and 320.1 nm. Taking the ratios of the measured

fluxes for these wavelengths, the influence of aerosol (6yms) and SO, (72SO02us0,) can be
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eliminated. The extraterrestrial Iy has to be determined for the four wavelengths from
Langley-plots, which is the calibration of the instrument. All other quantities are known or
can be computed, and finally O3 can be determined. This type of measurements is called a
Direct Sun (DS) measurement.

There is an additional wavelength at which I is measured: 306.3 nm. This wavelength
coincides with a maximum in the absorption spectrum of SO,. After the amount of ozone
has been determined, the total column SO, can also be found using this extra wavelength
together with the measurements at 316.8 nm and 320.1 nm (see e.g. Kerr et al. 1985).

Under cloudy conditions zenith sky (ZS5) measurements are performed to obtain the total
column ozone. From a comparison of DS and ZS measurements on clear sky days, a ten
parameter fit is made to compute the total column ozone from the ZS measurement. The
Brewer instruments initially operate with a standard fit supplied by Sci-Tec, but after a year
of measurements the coeflicients should be computed anew. From all 1994 measurements we
observed that the ZS and DS measurements for clear sky conditions usually agreed within
1%.

According to the manufacturers of the Brewer the accuracy of the DS measurements is
better than 1%, and that of the ZS measurements better than 10%, depending on how good
the fit agrees with the DS values. From our observation we conclude that the ZS measure-
ments have an accuracy of better than 5%. The stability of the ozone calibration is checked
several times per day with an internal tungsten halogen lamp. Wavelength calibrations are

also performed a number of times per day using an internal mercury lamp.

2.2.2 Spectral UV-measurements

The Brewer is equipped with two Ebert-type monchromators, which are placed on top of
each other. The dispersive components are two plane holographic gratings, having 3600
lines /mm each, which are operated in the first order. A scan starts at 286.5 nm and goes up
to 364.5 nm, and takes about seven minutes to complete. Measurements are controlled by a
computer, which is also used for the data acquisition. On top of the weatherproof housing
in which the instrument is placed, there is a quartz dome with a teflon diffuser underneath
it. The Brewer thus measures spectral UV-irradiances. It is also possible to perform scans
of the direct solar UV, but the instrument has not yet been calibrated for this purpose.
This will be done in the near future. For a more complete instrument description and its
performance, we refer to Kerr et al. (1985), and Gardiner and Kirsch (1994).

The irradiance calibration was performed by Sci-Tec, i.e. the instrument was calibrated
in Canada before it was shipped to KNMI in December 1993. In August 1994 Brewer #100
participated in a small scale intercomparison in Bilthoven, with the RIVM and Austria-
Innsbruck instruments (cf. Gardiner and Kirsch 1994). From this intercomparison we learned
that the irradiance calibration provided by Sci-Tec produced approximately 20% too low
UV-readings. All results shown in this report have been corrected for this, and with the
recent completion of the UV-calibration laboratory at the KNMI we are able to perform a

new calibration. Field calibrations are performed with small 50 W lamps every two weeks
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Table 2.1 Technical specifications of the double monochromator Brewer and the diode array

Instrument.

Brewer #100

Diode array

MK III EG&G M1229

Focal length (mm) 160 156
Gratings two one

type plane holographic plane ruled

lines/mm 3600 1200
Spectral range (nm) 286.5-364.5 290-430
Wavelength increment (nm) 0.5 0.13
Bandwidth (FWHM) (nm) 0.6 0.8
Scan duration 7 min 3 sec
Detector type photomultiplier diode array 1024 elements

EMI 9789QA M1453A

Diffuser teflon plate teflon plate
Weatherproof yes no
Automatic yes no
Temperature stabilized

optics yes no
Stray light removed optional yes
Calibration standard NIST NIST
Main lamp 1000 W DXW 1000 W FEL
Secondary lamp 50 W 200 W

to monitor the stability of the instrument. Furthermore, the Brewer will be taken into the
lab every two months to do a new irradiance calibration with a calibrated 1000 W DXW
lamp. If the instrument proofs to be stable enough, this may be reduced to once per three or
four months. Wavelength calibrations are performed with the internal mercury lamp several
times per day, especially when temperature changes occur.

In Table 2.1 some specifications of the Brewer MK III are given, together with specifi-

cations of the diode array instrument that is discussed in the next section.

2.3 Diode Array Instrument

By using a diode array as detector, the OMA (Optical Multichannel Analyser) obviates the
need for a scanning mechanism and gathers the whole spectrum at once. A great advantageis

that measurements are not affected by short term weather changes such as passing clouds.
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Figure 2.1 UV-irradiances measured with the KNMI-OMA and the Austria-Innsbruck scanning

double monochromator.

Recording a UV-spectrum takes between 0.3 and 18 seconds for clear sky high sun and
overcast low sun conditions, respectively, whereas a scanning instruments needs at least
several minutes. A disadvantage is that the spectrometer is a single monochromator, and
therefore stray light is a considerable problem that has to be eliminated or corrected for.

The monochromator of the OMA is the Jarrell Ash MonoSpec 18, which is based on a
crossed Czerny-Turner spectrometer, and it is operated with a 1200 lines/mm grating in the
first order. The detector is a Reticon 1024-element diode array behind a fused silica plate.
The array measures 25 mm X 2.5 mm, and it is Peltier cooled to 5° C.

The instruments measures global spectral UV-radiation, usually between 290 and 415
nm. Stray light correction can be performed in different ways. In the 1993 instrument inter-
comparison in Garmisch-Partenkirchen, (Gardiner and Kirsch 1994) a filter was used that
has a cut-off for wavelengths < 360 nm. This prevents most visual and infrared radiation
from entering the spectrometer. The residual stray light is corrected for by subtracting the
averaged signal measured by the first 20 diodes (290-292.5 nmn), where no radiation should
be detected.

The OMA participated in two European UV-instrument intercomparisons ( Thessaloniki
1992, and Garmisch-Partenkirchen 1993, Gardiner and Kirsch 1993, 1994). In the last
intercomparison the instrument performed well, as can be seen from Fig. 2.1. In this figure
two UV-scans are shown (July 24, 1994, 12:48 UT). One was recorded with the KNMI-
OMA, the other with the instrument that was used as reference throughout the campaign,
the Austria-Innsbruck instrument operated by Blumthaler and Huber (Gardiner and Kirsch
1994).

For the 1995 FEuropean UV-instrument intercomparison (May 1995, Ispra, Italy) the
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Figure 2.2 Spectral responses of the UVB and UVA sensors (Kipp & Zonen 1994).

instrument will be improved in several ways. It will be built into a weatherproof housing,
and the optics will be temperature stabilized. We are also considering to make it suitable

for radiance measurement so that we can do zenith sky and direct sun measurements.

2.4 Narrow Band UV-meters

The narrow band UV-meters are filter instruments, i.e. the filter inside the instrument

determines its spectral response. Two versions are currently in use at the KNMI

UVB This version operates at 306 nm, and the filter has a bandwidth (FWHM) of 3 nm.
In this spectral region the irradiance varies strongly as a function of wavelength. To
obtain a good correlation with spectral UV-measurements the choice was made for a

narrow bandwidth.

UVA The UVA-instruments are equipped with a filter having a central wavelength of 367
nm, and a bandwidth (FWHM) of 10 nm. The spectral responses of both the UVB
and UVA-sensors (as measured by Kipp & Zonen) is shown in Fig. 2.2.

The UVA and UVB sensors are used in global as well as direct solar radiation measuring
devices. The ‘final’ versions are operational since March 1994. Some results were shown in
Fig. 1.9.

The sensors are temperature stabilized at 40° C, because the interference filters are
temperature sensitive. At this time the data are stored as ten-minute averages, including
the maximum and minimum values that are recorded within these ten minutes. In the
near future this will be changed so that all measurements are stored. This high frequency

sampled data should provide better information on cloud cover than ten-minute averages.
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Calibration of the instruments is performed with the 1000 W FEL lamp that is men-
tioned in Table 2.1. The spectral UV-measurements are used as an additional check for the

irradiance measurements.

2.5 Additional Measurements

Additional radiation measurements consist of

Global Radiation Pyranometer measurements, i.e. measurements of global radiation be-

tween 300 nm and 3000 nm.

Direct Radiation Pyrheliometer measurements, also measurements of the direct solar

beam, between 300 nm and 3000 nm.

Diffuse Radiation Measurements of the scattered component of the global radiation, same

wavelength region.

These measurements are also stored on a ten-minute average basis, including the maxima and
minima. They provide useful information on the weather conditions for each day of the year.
Moreover, direct solar radiation measurements are sensitive to and provide information on
aerosol and haze in the atmosphere (turbidity). Correlations between these measurements
and the narrow band UVA, UVB, and spectral UV-measurements are still to be investigated.

Apart from the additional radiation measurements, in principle all meteorological data
that is gathered by the Climatological Department of KNMI, is available for data analy-
sis. Examples of this data are cloud cover, ozone profiles, radio sonde profiles of pressure,

temperature and humidity.
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Chapter 3

KNMI UV-Calibration Laboratory

3.1 Introduction

Irradiance calibrations of (spectral) UV-measurement instruments is a difficult task, espe-
cially in the UVB-region of the spectrum. The solar irradiance decreases by four to five
orders of magnitude between 330 and 290 nm. A 1000 W FEL calibration standard lamp
has rather flat spectral characteristics in this wavelength region, and most of the power
that such lamps radiate is in the visible and infrared part of the spectrum. This means
that the UV-instruments must have good stray light rejection properties, or they must have
blocking filters (e.g. the diode array instrument with the single monochromator). However,
it remains a problem that the spectral characteristics of calibration lamps are quite different
from the solar spectrum. To gather long term reliable UV-measurements that can be used
for trend analysis, the calibration of the measuring devices must be very good, stable, and
reproducible. Therefore, a UV-calibration laboratory and the equipment used to perform
calibrations must meet the highest standards.

In the spring of 1994 a start was made building a UV-calibration laboratory at the KNMI
that meets these standards. The laboratory became operational in the autumn of 1994, and
first tests and calibrations already showed good results. In this chapter a description of the

new UV-calibration lab is given, and some of the instruments needed for calibrations will

also be discussed.

3.2 UV-Calibration Laboratory

The KNMI-calibration laboratory measures 6.6 m x 5 m, and is large enough to contain
an optical table and some additional experimental equipment. A schematic view of the

laboratory is given in Fig. 3.1. The lab and some of its components are briefly discussed

now.

3.2.1 Walls, floor, and ceiling

The walls, floor, and ceiling should reflect as little light as possible to avoid stray light to
interfere with the calibrations. To achieve this, the walls and ceiling have been painted black.
The floor is covered with a black velvet-like carpet, which is anti-static. The windows are

covered with light tight black curtains. Everything else in the lab, including the furniture,
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Figure 3.1 Schematic top view of the KNMI UV-calibration laboratory. The construction holding

the mirrors for the vertical laser beam is not shown.

is also black, or they are removed during calibrations.

3.2.2 Separation wall

The laboratory is divided into two separate rooms by a wall: the lamp and calibration
rooms, respectively. The small lamp room (2.2 m X 5 m) is used to install the calibration
lamp, the large calibration room is the room in which the actual calibration takes place.
The two rooms are connected through a door, which is closed during calibrations. The only
other connections between the two rooms are circular holes with diameters of 10 cm. One
of the holes is intended to let the light of the calibration lamp enter into the calibration
room to the instrument that must be calibrated. This way only a limited amount of the
light enters the actual calibration room, reducing stray light considerably. The other hole is
used only during the alignment of the instrument to be calibrated. For this alignment two
laser beams enter the calibration room through the holes in the wall. The laser alignment

will be discussed later.

3.2.3 Airconditioning

Most UV-instruments contain optical components and detectors that are sensitive to tem-
perature changes. To avoid inconsistencies in calibrations that are performed at different
moments in time, the temperature during calibrations should always be the same. This is
achieved by employing two airconditioners. One of them is in the lamp room, the other
in the calibration room. Moreover, 30 cm above the calibration lamp an exhaust hood re-
moves the ozone created by UV-radiation of the lamp, and provides an air flow over the

lamp having the constant room temperature.



Calibration Equipment 29
3.3 Calibration Equipment

3.3.1 Calibration lamps

In the scientific UV-community only a few types of lamps are considered acceptable as
primary UV-calibrations standards. They are 1000 W Quartz Tungsten Halogen (QTH)
lamps, producing a modest amount of UV-radiation. For calibrations with the lamp in a
vertical position and a horizontal beam, the FEL-type of lamp is used. For such calibrations
the instrument to be calibrated must be turned on its side (in normal operating position it
is usually looking vertically up). One must, however, be sure that rotating the instrument
for the calibration does not affect its operation in any way.

In case the instrument cannot be turned on its side, e.g. the Brewer spectrophotometer, it
must be calibrated employing a lamp vertically above the entrance optics of the instrument,
with a vertical lamp beam. The FEL-lamps cannot be used in this position, but the so-called
DXW lamps are available for vertical calibrations.

Both lamp types are present in the KNMI-laboratory (two FEL and one DXW). Since
the calibration of such lamps is valid for only 50 hours, extra lamps must be purchased every
year, and using our own spectrometers, the ‘old’ lamps can be recalibrated. They can then

still be used for secondary (stability) calibrations and cosine response measurements.

3.3.2 Power supply

The 1000 W FEL and DXW lamps both operate at 8 A (110 V DC). The current going
through the lamp during the calibration must be stable within 1 mA. To achieve this we
use the OL83A Programmable Power supply (Optronics), that was especially developed for
lamp calibration purposes. It is controlled by a PC, which at the same time records the
lamp current and voltage during the calibration. In series with the lamp there is a high
accuracy resistor (shunt) of 0.1 @ + 107%Q (Gigahertz Optik). The voltage drop over this
resistor should be 0.8 V + 0.0001 V for a current of 8 A. This voltage is also monitored
during a calibration, and is considered more reliable than the internal current and voltage
measurements of the OL83A. The power supply performed well during the tests and the

required current accuracy is achieved.

3.3.3 Optical table

A passively damped optical table (Melles Griot), measuring 3 m x 1.5 m, with a black top
holds all the calibration equipment. The whole table top has M6 holes at 25 mm apart,
to install optical components on it. Three matrix plate extensions (with the same M6-hole
pattern) are mounted at the side of the table, which hold optical components that are used
for the pre-calibration instrument alignment. During the test phase it was observed that if
an instrument was aligned properly, overall vibrations and movements of the table do not
influence the alignment at all. Only if, for example, a little pressure is exerted on one of the

individual matrix plates, misalignment occurs.
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3.3.4 Rotation table

Instruments that record global radiation must have a good cosine response. This means that
if a parallel beam of light is incident on the detector, only the vertical downward component
should be measured. If the parallel beam is incident at an angle 6 with respect to the normal
of the detector surface, the recorded signal thus should read I cos §, where Ij is the detected
signal for # = 0. If the deviation from the ideal cosine response is large, the measurements
must be corrected using radiative transfer calculations, or the instrument response has to
be improved. The cosine response is an important instrument characteristic, and it should
be known for all global radiation measuring devices, spectral as well as band instruments.
There is a rotation table present in the calibration lab to measure cosine responses of
global radiation instruments. Its angular accuracy is approximately 0.1°, which is more
than sufficient to do good cosine response measurements. This rotation table is in the first
place intended for operation with FEL-lamps, i.e. with a horizontal beam of light. However,
to extend the functionality of the lab, the rotation table will be adapted to perform cosine

response measurements with DXW-Jamps and a vertical lamp beam.

3.3.5 Alignment procedures

Alignment of the instruments that are calibrated is very important. Observed ozone trends
in our region are in the order of fraction of a percent per year. UV-trends will therefore be
of the same order of magnitude. To be sure that detected UV-trends are really trends and
not calibration inconsistencies, the calibrations must be very well reproducible.

The distance instrument-lamp, horizontal and vertical alignment of the detector surface,
and the position of the lamp with respect to the instrument, must be reproducible for
each new calibration (also the conditions in the calibration and lamp room, as discussed
previously).

To achieve this reproducibility, a three-dimensional alignment procedure was developed
employing a HeNe-laser, three beam splitters, and some mirrors. In Fig. 3.1 the horizontal
alignment component is shown.

One laser beam passes through the lamp, and produces a spot at the position in space
where the center of the detector must be placed. A second laser beam is also going through
the lamp, but from the side. Parallel to this second beam is a third beam in the calibration
room on the other side of the wall. This beam crosses the first beam at the center of the
detector, and the distance between this beam and the parallel beam in the lamp room
defines the distance instrument-lamp. The third beam is also used to align the detector
surface parallel to it, so that it is horizontal. On top of the table above the instrument is
a construction holding two mirrors. The beam used for the horizontal alignment is going
through a beam splitter before it reaches the instrument. This produces an additional fourth
beam, which is going vertically up to the first mirror, is then reflected over 90° to the mirror
that is exactly above the center of the instrument. It then is reflected over 90° down again.
At the center of the instrument there are three perpendicular laser beams: one passing

through the lamp, one passing the detector surface horizontally, and one vertically. The last
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beam is used for vertical alignment of the detector surface. This procedure guarantees an
alignment of lamp and instrument that is reproducible as long as it is followed properly for
each calibration.

Direct radiation measurements are usually performed with sensors mounted in a tube.
The quartz plate that is the entrance of the tube is than used as reference plane for the
alignment of the instrument. The rest of the alignment procedure is basically the same as

that for the global instruments.

3.3.6 Wavelength calibrations

Wavelength calibrations are usually performed with spectral lamps. These are low pressure
lamps containing a gas that produces spectral lines in a certain wavelength region. In the
UV-calibration lab five different spectral lamps (Ar, Kr, Ne, Xe, and Hg(Ar)) are available,

covering a wavelength region from 180 nm to 900 nm.

3.4 Summary and Concluding Remarks

Ozone and UV-monitoring are long term activities, because such measurements are intended
for trend analysis. KNMI is planning to continue UV and ozone research for a long period.
Therefore investments have been made in instruments to perform the measurements.

Fortunately it was also understood that UV-measurements are still in an experimental
phase, and that good facilities were needed to investigate and perform calibrations at the
KNMI itself. Many of the available UV-instruments do not have calibrations at all, or the
calibration supplied with the instrument is incorrect (as we know by own experience). The
new and unique KNMI UV-calibration laboratory provides the possibilities to perform all
required types of UV-calibrations and instrument checks that are needed.

The interest of and calibrations for other research institutes and commercial companies
(IMAU, Utrecht University, Kipp & Zonen) indicate that such a calibration facility was
really needed in the Netherlands. The Norwegian and Finnish Meteorological Institutes also
expressed their interest for calibration of their UV-instruments. National and international

cooperations in this new field of research already exist, and are expected to be extended in

the future.
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Chapter 4

Spectral UV-Radiative Transfer Calculations

4.1 General Description of the Model Capabilities

The radiative transfer model that is used to compute ground level UV-irradiances, has also
been used in NOP project no. 8520587 (Van Lammeren et al. 1994). Relevant information
on the computational method and the model atmosphere is also briefly given here.

The Doubling-Adding radiative transfer model, called DAK (Doubling-Adding KNMI),
has been developed at KNMI in the past years to simulate shortwave spectra and vertical
profiles of irradiance, radiance and polarization in the Earth’s atmosphere. The computer
code of the DAK model consists of a monochromatic radiative transfer kernel (developed
at the Free University, Amsterdam), which solves the multiple scattering problem, and a
shell of atmospheric information based on actual atmospheric composition observations or
climatology.

There are at least three applications of DAK

1. Simulation of radiances and polarization at the top-of-the-atmosphere (TOA) to in-
terpret satellite measurements at solar wavelengths. Relevant satellite instruments
are; GOME, SCIAMACHY, POLDER, AVHRR, Meteosat, and ATSR-2. Example

of an application: retrieval of cloud optical thickness from satellite measurements of

reflectivity in the visible wavelength range.

2. Simulation of spectral irradiances, radiances and polarization inside the atmosphere to
interpret groundbased or airborne radiation measurements. Example of an application:

interpretation of UV irradiances measured at KNMI.

3. Calculation of spectral irradiances (radiative fluxes) at TOA and inside the atmosphere
to test radiation parameterizations used in climate models. Example of an application:

test of a broad-band parameterization of irradiances for the UV-visible wavelength

range.
The main characteristics of the DAK model are
e monochromatic; this means that a spectrum is calculated line-by-line
e the atmosphere is modelled by a stack of homogeneous, plane-parallel layers
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Figure 4.1 An example of a measured (Garmisch-Partenkirchen, July 24, 1993, Austria-Innsbruck

instrument) and a computed UV-spectrum.

e multiple scattering is treated exactly (as many scattering directions are taken into

account as needed for a specified accuracy)
e polarization can be fully included (four Stokes parameters)
e only solar radiation is incident

¢ the following scattering and absorption processes are included: molecular scattering,
gas absorption (only weak bands, e.g. those of O3), aerosol scattering and absorption,

cloud particle scattering and absorption, and surface reflection and absorption.

Compared to almost all other radiative transfer models, the DAK model is unique in
its inclusion of polarization. This is important to interpret satellite measurements of po-
larization (which will be performed by GOME, SCIAMACHY, and POLDER), but also
to accurately simulate atmospheric radiances, especially in the UV. Recently, DAK results
have been successfully compared with UV irradiance measurements (Kuik et al. 1994), and

an example of a measured and a computed UV-spectrum is shown in Fig. 4.1.

4.2 Details of the Model

The heart of the model is the doubling-adding algorithm. The approach of solving the prob-
lem of multiple scattering in a vertically inhomogeneous atmosphere by means of doubling
and adding layers has been conceived by Van de Hulst (1980). The starting point is a very
thin layer of which the reflection and transmission properties can be calculated analytically
from single and double scattering. This layer is repeatedly doubled, taking into account

internal reflections at the interface, until a specified optical thickness is reached and the
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reflection and transmission properties of this homogeneous layer are found. By adding dif-
ferent layers, taking again into account the reflections at the interface, the reflection and
transmission properties of a vertically inhomogeneous atmosphere can be found. The ex-
tension of the doubling-adding method to polarization has been described by De Haan et
al. (1987) and the extension to the internal radiation field by Stammes et al. (1989). The
doubling-adding method has been tested extensively and compared with other radiative
transfer methods, and was found to be accurate and fast.

In the doubling-adding algorithm three parameters are needed for every layer of a multi-
layer atmosphere: (7) the (extinction) optical thickness, (i2) the single scattering albedo, and
(#it) the scattering matrix (also called phase matrix). The latter parameter describes the
angular scattering and polarization properties of a volume-element of the layer. For spherical
aerosol and cloud particles a Mie program is used to calculate off-line the scattering matrix.
The atmospheric shell of the program calculates these three parameters for every layer, given

the following input files:

® pressure, temperature, and trace gas mixing ratio profiles, taken from radiosonde data

or climatology (McClatchey et al. 1972)

e background aerosol concentration profile; at the moment the LOWTRANT aerosol
climatology is included (Kneizys et al. 1988)

e special aerosol or cloud particle optical parameters.

At the moment shortwave spectral absorption by Oz, NO,, and SO, is included in the model.
Therefore, the model can only accurately calculate the atmospheric radiation between about
250 and 700 nm, i.e. the UV and visible range, and at specific atmospheric windows in the

near-IR. A recent description of the model, with the formulae used, is given by Stammes
(1994).
Various types of output from DAK are possible:

e Spectra of irradiance, radiance, and polarization at TOA or the surface for a certain

wavelength range.
e Vertical profiles of irradiances and heating rate for a specific wavelength.

e Dependence of reflected and transmitted (ir)radiances of a cloud on its optical thick-

ness.
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Chapter 5

Concluding Remarks and Future Work

In 1991 and 1992 UV-research started at the KNMI with first tests of narrow band UV-
instruments. Since then much has been achieved. At this moment instruments that will
provide UV-researchers with long term measurements have been installed. Accurate ground
based ozone measurements (Brewer) are performed continuously. Spectral UV-measurements
(also Brewer) are recorded in between the ozone measurements, which guarantees the best
possible correlation between the two types of measurements. A radiative transfer model that
is able to compute spectral UV-irradiances (and several other radiative quantities), coupled
to an atmosphere model, is now operational. A sophisticated UV-calibration laboratory
was built at the KNMI, enabling us to perform calibrations of UV-instruments according
to the highest international standards and requirements. These facilities will also be made
available for other institutes to calibrate their UV-instruments.

Narrow band UV-meters are employed for monitoring purposes at a higher frequency
than the spectral UV-measurements. At the moment the narrow band UV-meters are only
installed at our observation site in De Bilt, but in the future other locations in the Nether-
lands will be equipped with these UV-instruments as well.

In January 1994 a start was made with ground based high accurate ozone monitoring
employing Brewer #100. The next decades this instrument will provide an ozone climatology
for The Netherlands.

Preliminary analysis of Brewer UV-data already provides some insight in the UV-climate
in the Netherlands only after about ten months of measurements. From all measurements
recorded up to this moment it was found that the maximum amount of DUV can be ap-
proximated by our empirical model using a total column zone of 300 DU. Spectral radiative
transfer calculation of DUV for clear sky conditions show features similar to those observed
in the measurements. They have proven to be useful in studying effects of solar elevation
and total column ozone on ground level UV-irradiances as well.

In 1993 a discussions started with the Netherlands Cancer Association (KWF), Univer-
sity of Utrecht (AZU), and National Institute of Public Health and Environmental Protec-
tion (RIVM) on issuing UV-forecasts (Allaart 1994b). Brewer ozone and UV-measurements
were used to validate the forecasts, and a preliminary comparison of measured and fore-
casted data shows good agreement. At this time the discussion is still going on with the
relevant authorities on whether or not to issue such forecasts to the public. More details on

the forecasting mechanism and some results are given by Allaart (1994b).
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Correlation studies between cloud cover and UV-radiation showed that the highest DUV
values do not occur for cloudless condition, but for several eighths of cloud cover. The
narrow band UV-measurements, and also the broadband radiation meters, confirmed this
phenomenon. More detailed analysis will follow, in which a number of cloud layers, cloud
type, etc., will be included. Another conclusion from the normalized DUV for clear sky
conditions is that a variations of approximately 20% remains if only ozone and solar elevation
are taken into account. This 20% variation is caused by aerosol, ground albedo, and may
be some unknown parameters. Especially effects of aerosol will be investigated in detail in
the future.

Monitoring data has become available only since January 1994. A start has been made
with the analysis of this data, but it has by no means finished yet. In the near future more
and other correlation studies will be undertaken using cloud cover data. The results may be
improved by trying to couple measurements of global, direct, and diffuse radiation to obtain
an observer-independent quantity for cloud cover.

Several instrument intercomparison campaigns, national and international, have pro-
vided valuable information on instrument performances. These useful campaigns will be
continued the coming year(s), and international cooperation with other meteorological in-

stitutes on UV and ozone research will be extended and intensified.
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