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Stratospheric ozone reduction is expected to result in increased
UV radiation at the surface. The UV region most sensitive to
ozone amount is that between 280 and 315 nm and is known as
UV-B. One response to the concern about increased UV-B has
been the development of systems to provide public UV forecasts.
This paper reviews the factors that influence UV-B at the ground
and describes the basic radiative transfer concepts that form the
basis for forecast schemes. The role of clouds and atmospheric
aerosols are also reviewed. The standard definition for the UV
index (UVI) currently used for public forecasts is defined fol-
lowed by a brief summary of three operational UVI schemes.

Introduction

Concerns about stratospheric ozone reduction have
fuelled concerns over ultraviolet radiation (UV) at the
earth’s surface. Radiative transfer modelling suggests
that ozone decreases should result in substantial increas-
es in biologically active UV radiation reaching the
ground, particularly at high and mid-latitudes
(Madronich 1992). Indeed, studies of measurements of
UV radiation at a number of locations (McKenzie et al.
1991; Kerr and McElroy 1993; Tsay and Stamnes 1992)
have clearly shown that enhanced levels of biologically

relevant UV radiation can be directly linked to the -

observed decrease in stratospheric ozone abundance.
Conversely, other attempts to link UV with stratospher-
ic ozone decreases (Scotto et al. 1988) have indicated
that UV has decreased despite the decrease in ozone. To
understand these contradictions requires a knowledge of
the factors which effect the values of UV radiation at the
surface. =~

UV radiation is electromagnetic radiation which
spéns the wavelength range from 10 to 400 nm and can
be divided int6 a number of regions (Madronich 1993).
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The wavelengths between 200 and 280 nm comprise the
UV-C and are essentially entirely filtered out by the
atmosphere and will not be considered any further here.
Ozone absorbs very little of the wavelengths over 315
nm which make up the UV-A. The wavelengths in
between, from 280 to 315 nm, are the UV-B region.
(Note that the exact definition of the wavelength range
for UV-B varies in the literature from 280-290 to 315 to
320 nm.) A precipitous change in the spectral absorp-
tion properties of ozone between 300 and 290 nm caus-
es the UV-B to be extremely sensitive to variations in
ozone amount. This is also the spectral region to which
plants and animals are particularly sensitive. In humans
exposure to UV-B causes skin reddening (erythema) and
reduction of vitamin D synthesis in the short term and
skin cancer and cataracts in the longer term. UV-A is
essential for the production of vitamin D but overexpo-
sure can lead to suppression of the immune system and
cataracts. Hence, it is important for human health con-
siderations to at least monitor UV-B and UV-A with the
prospect of additional benefit if they can be forecast two
or three days ahead on a daily basis.

The current ground measurement network is too
sparse to provide a global climatology of UV-B (Wang
and Lenoble 1994). There have been some attempts to
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analyse surface UV using satellite data (Eck et al. 1995)
which look promising but the most efficient means is to
derive it:-from analysed.ozone and meteorological fields
via a radiative transfer model. UV exposure predictions
are now being produced as routine products at a number
of meteorological centres around the world (Long et al.
1996; Burrows et al. 1994). This paper reviews some
aspects of radiative transfer relevant to such forecasts.

Factors which influence clear-sky UV-B
radiation at the surface

Extraterrestrial solar radiation

The source of UV radiation is the sun whose energy out-
put is subject to a number of temporal variations due to
the effects of solar rotation (27-day period), the sunspot
cycle (11 years) and longer term processes. Hence, in
principle any calculation of the UV radiation at the sur-
face needs the instantaneous extraterrestrial .solar UV

spectrum as input. Fortunately, although-the sun’s over- . A

all energy output varies over time periods from seconds
to decades, most of the variation is in the smaller, more:
energetic wavelengths which are absorbed by the atmos-
phere. For wavelengths above 290 nm the temporal
variation appears to be of the order of one per cent or
less (Lean 1987). Hence, once measured to sufficient
accuracy the frequency-dependence of the solar irradi-
ance in the UV-B and UV-A spectral regions can be
regarded as a constant and can be obtained from tabled
values based on satellite measurements (Nicolet 1989;
Woods et al. 1996).

The overall amount of solar energy incident at the top
of the earth’s atmosphere is subject to an annual varia-
tion due to the eccentricity of the earth’s orbit. This
results in a yearly cycle of the distance between the sun
and the earth with consequent modulation of the magni-
tude of incident solar irradiance. Figure 1 shows the
multiplying factor which must be applied to scale the
values of the extraterrestrial radiation for all wave-
lengths to correct for the variation in orbital radius as a
function of the day of the year. Note that the range is
about seven per cent and that the maximum in the over-
all magnitude’ of the extraterrestrial solar UV energy
occurs in the southern summer.

Solar zenith angle

The UV-radiation incident on~any particular location on
the surface varies with the time of day, the time of year,
and its geographical position. The factor which deter-
mines this variation is the solar zenith angle (SZA)
which is defined as the angle between the local vertical
and the instantaneous direction of the sun. The SZA
governs the angle of incidence of radiation at the earth’s
surface. Larger angles of incidence mean that the solar

Fig. 1 The change in the magnitude of the extraterres-
trial solar irradiance due to the variation in the
radius of the earth’s orbit over the year cycle.
The total solar irradiance and the tables of values
at particular wavelengths are normalised to the
value for the annual average radius factor so that
the solar irradiances need to be multiplied by the
value of the radius factor for the appropriate
time of year.
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*, radiation is spread over a larger area and (more impor-

tantly) that the path taken through the atmosphere is

‘longer allowing for greater filtering of the beam before
* <it'reachesithesground. The maximum daily amount of

radiation reaching the ground (for clear-sky conditions)
occurs when the sun is at its highest point in the sky
which is known as local solar noon and corresponds to
the minimum daily value of the SZA at a given location.
Figure 2 shows the annual variation for the SZA corre-
sponding to local solar noon for Australian latitudes.
Note that the curve for SZA=0° shows the annual march
of the latitude at which the sun is directly overhead at
local noon. " It reaches its most southerly latitude at the
Tropic of Capricorn in December.

Rayleigh scattering

Radiation is scattered by particles with an efficiency
which is dependent on the wavelength of the radiation
and the size and shape of the particles. The probability
for scattering of UV-B radiation by the molecules of
atmospheric gases is very small and is significant only
for N, and O, at the higher air densities in the lower
atmosphere. This process is known as Rayleigh scatter-
ing and exhibits a smooth dependence on wavelength
(approximately A-4) with shorter wavelengths undergo-
ing more scattering than longer ones. In scattering the
energy of the radiation is not absorbed but is redirected
into different directions of propagation. After a scatter-
ing event the direct beam from the sun is converted to
diffuse radiation which can reach the observer from
directions other than directly from the sun. In a clear
sky (i.e. in the absence of cloud) the amount of Rayleigh
scattering largely determines the ratio of diffuse to
direct radiation reaching the surface. Since diffuse radi-
ation does not take the same path through the atmos-
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Fig. 2 The values of the solar zenith angle (SZA) for
local solar noon for Australian latitudes over the
year. The SZA is the angle between the direction
of the sun and the local zenith. Local solar noon
at a particular location corresponds to the time
when the sun reaches its highest position above
the horizon. The sun is directly overhead at noon
when the SZA is zero.
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phere as the direct beam it has to be treated as a separate
component of the radiation. The effect of adding a per-
turbing influence (such as a layer of cloud or atmos-
pheric aerosol) on the radiation at any level can often be
explained qualitatively in terms of the effect on the dif-
fuse to direct ratio and the difference in path lengths of
the two. The dependence of Rayleigh scattering on the
air density introduces a dependence on the elevation of
the surface.

Ozone absorption

Molecular absorption occurs when a photon is absorbed
by a molecule and results in the loss of that photon’s
energy from the radiation field. For the UV-B region of
the solar spectrum the main atmospheric absorber is
stratospheric ozone which is mainly situated in a layer
between 15-30 km above the surface. The probability
that an ozone molecule will absorb an incident photon is
determined by its absorption cross-section (Molina and
Molina 1986) shown in Fig. 3. The UV-B region is
located on the tail of the strong absorption due to the
dissociation of ozone in the stratosphere and mesos-
phere which filters out the bulk of the UV-C. This
region, known as the Hartley region, extends from
below 200 nm to around 308 nm where it overlaps the
weaker absorbing Huggins bands. Above 310 nm there
is a series of pronounced oscillations due to the vibra-
tional structure of the Huggins bands which display a
significant temperature dependence. Figure 4 shows the
total optical depths for ozone absorption and Rayleigh
scattering for a typical mid-latitude atmosphere as a
function of wavelength. This is the quantity which

Fig.3  The absorption cross-section for ozone (Molina
and Molina 1986) for the UV-B spectral region
which gives the probability that an individual
ozone molecule will absorb an incident photon of
UV radiation as a function of the wavelength of
the photon. The uppermost curve corresponds to
a gas temperature of 226 K, the middle to 263 K
and the bottom curve to 298 K. Note the vibra-
tional band structure and increased temperature
dependence at the longer wavelengths. The units
for the cross-section are 1020 cm? mol1,
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Fig. 4 The spectral variation of total atmospheric opti-
cal depth for ozone absorption and Rayleigh
(molecular) scattering. The ozone and atmos-
pheric profiles are for a standard mid-latitude
summer with total column ozone of 300 Dobson
Units.

Total Optical Depth

100

01} ——

Optical Depth

0.01 |

0.001

280 290 300 310 320 330 340 350
Wavelength [nm]

—— QOzone —-— Rayleigh

determines the amount of direct radiation which reaches

" the surface. For this particular atmosphere, ozone

absorption is clearly more important for wavelengths
less than about 305 nm decreasing in relative impor-
tance for the longer wavelengths in the UV-B and UV-
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A. To determine the relative importance of the two
processes to diffuse radiation, the variation of the rele-
vant optical depths with height is required. Figure 5
shows the ratio of ozone optical depth to Rayleigh scat-
tering optical depth for different layers of the same mid-
latitude atmosphere for a number of different wave-
lengths. The shape of the curves is a consequence of the
peak in ozone abundance between 20 and 50 km and the
increase in air density in the lower troposphere. As

would be expected from the spectral behaviour of the |

total optical depths, ozone absorption dominates at 290
nm throughout the atmosphere except for the layer with-
in about 5 km of the surface. As the wavelength increas-
es the relative importance of Rayleigh scattering
increases although even at 320 nm ozone absorption
dominates in the layer between 20 and 60 km. The ratio
in the upper atmosphere is important because it deter-
mines the ratio of diffuse to direct radiation entering the
ozone absorbing levels. For wavelengths longer than
310 nm the path length for diffuse radiation should
assume greater importance than at lower wavelengths.
Although about 90 per cent of the ozone is in the
stratosphere, tropospheric ozone can exert a significant

influence on the UV-B radiation at the surface, particu-.

larly in areas where there is an anthropogenic source.
This means that the vertical distribution of ozone may
be important in heavily polluted areas. A series of cal-

Fig. § The ratio of ozone absorption to Rayleigh scat-
tering for the standard mid-latitude summer
atmosphere with total column ozone of 300
Dobson Units, as a function of height for differ-
ent wavelengths in the UV-B. Note the logarith-
mic scale for height.
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culations using different vertical distributions of ozone
with constant total amounts has suggested that the
increase in UV-B dose expected from a decrease in
stratospheric ozone may be offset by a smaller increase
in tropospheric ozone (Bruehl and Crutzen 1989). For
different vertical distributions with identical values of
total column ozone the direct beam should be the same.
However, the strength of the diffuse radiation depends
on two competing factors: increased path length in the
troposphere leading to increased absorption by tropos-
pheric ozone, and enhancement of the diffuse radiation
source in the troposphere because the direct beam reach-
ing the troposphere is stronger having suffered less
stratospheric absorption (Tsay and Stamnes 1992). The
latter process depends strongly on the SZA while the
other does not. For large SZA the enhancement in dif-
fuse radiation leads to an increase in surface UV while
for small SZA the absorption process dominates result-
ing in a decrease in surface UV.

Other gaseous absorbers

Although there are substantial absorbing bands for mol-
ecular oxygen in the UV-C region there are no other
major absorbing gases apart from ozone in the UV-B.
The absorption by trace gases other than ozone is also
relatively unimportant in general (Tsay and Stamnes
1992). However, heavy pollution containing NO, or SO,
can decrease UV-B by a few per cent (Madronich 1993).
SO, has a number of strong absorption bands which are
three to four times stronger than that of ozone in the UV-
B region. In unpolluted atmospheres SO, concentrations
are generally of the order of a thousandth that of ozone
and it can be safely ignored. However, in heavily pollut-
ed regions with appreciable amounts of SO, its enhance-
ment of the absorption could be important and may even
offset the change in UV-B due to projected ozone losses
(Zerefos et al. 1986). A study in Greece (Bais et al.
1996) found that absorption by SO, was detectable but
was still an order of magnitude less than that due to
ozone. An analysis of a long period of UV measure-
ments taken in Chicago found no statistical correlation
between UV-B and surface NO, readings (Frederick et
al. 1993). These results suggest that the effects of SO,
and NO, can safely be ignored in the calculation of sur-
face UV-B, particularly in the relatively unpolluted
southern hemisphere (Ahmet and VanDijk 1994).

Surface albedo

When radiation reaches the surface some is absorbed
and some is reflected back up into the atmosphere. The
reflection of UV-B from the earth’s surface is generally.
assumed to be Lambertian, i.e. a fraction R of all energy
incident on the surface is reflected back isotropically-

‘irrespective of the incident direction and polarisation.

The fraction R is defined as the surface albedo. The sur-
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Fig. 6 The sensitivity of clear-sky Commission
Internationale de I’Eclairage (CIE) weighted UV-
B surface irradiance to the value of surface albe-
do as a function of SZA for the same atmosphere
as Fig. 4. The curves for each value of surface
albedo show the difference in irradiance from a
calculation with a surface albedo of zero. Except
for highly reflective surfaces such as snow or salt
flats the expected range of albedo is from 0.02 to
0.07 for most land surfaces. Note the almost lin-
ear dependence of the irradiance on ‘albedo. The
units of UV-B irradiance are mW m'2,
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face albedo can be important for UV-B irradiance
because radiation reflected from the ground can under-
go scattering or further reflection from cloud layers
back towards the surface thereby increasing the amount
of diffuse radiation incident on the surface. The influ-
ence of albedo on clear-sky surface irradiances is rela-
tively small. Figure 6 shows the difference in UV-B
irradiance from that for a surface albedo of zero as a
function of SZA. Even for overhead sun conditions the
difference is quite small (of the order of 10 mW m?2) for
a difference of 0.1 in albedo which spans the range of
normal mid-latitude surfaces.

Surface albedo is almost independent of wavelength
over the range from 290 to 350 nm (Wang and Lenoble
1994) with only a slight decrease towards shorter wave-
lengths. Most land and ocean surfaces have albedos in
the range from 0.02 t0 0.09. Some desert areas have UV
reflectivities greater than 0.1 with salt flats as high as 0.6
(Eck et al. 1987). The albedo of snow ranges from 0.2 to
1.0 depending on its condition (Madronich 1993).

Radiative transfer

Basic concepts .

UV radiation is subject to absorption and scattering as it
passes through the atmosphere resulting in a diminution
of the direct beam due to a loss of energy to heat and

chemical energy and conversion to diffuse radiation.
The combination of absorption and scattering is known
as extinction. The absorption in an atmospheric layer
can be described in terms of the probability that an indi-
vidual molecule will absorb the incident radiation, mul-
tiplied by the number of molecules encountered by the
radiation as it traverses the layer in a direction perpen-
dicular to the layer. The vertical optical depth T for mol-
ecular absorption is defined as:

T(A2) = 6,5, (AT [ZDN,, (D) ol

The absorption cross-section G,  is a measure of the
amount of absorption due to a single molecule. It is
wavelength-dependent and may also depend on the tem-
perature as is the case for ozone (see Fig. 3). N, is the
vertical number density giving the number of absorbing
molecules per unit area over the layer of depth z. Tis a
dimensionless quantity.

The other main process affecting UV-B radiation as
it passes through the atmosphere is scattering by
gaseous molecules and cloud or aerosol particles. In
scattering the energy is not absorbed but its direction of
propagation can be changed. The change of direction
due to a single scattering event is described by the scat-
tering phase function p(u,u) which is defined as the
probability that radiation incident at angle p” will be
scattered in the direction pu. The asymmetry factor
defined by:

+1
g= %J p(8)cosB dcosh w2
-1

provides a measure of the distribution of-the scattered
beam. For scattering predominately into the forward
direction the asymmetry factor is close to one. For scat-
tering concentrated in the backwards hemisphere g is
close to -1. The Rayleigh scattering phase function is
isotropic, scattering radiation equally into the forward
and backward hemispheres and thus has an asymmetry
factor of zero. All cloud and aerosol phase functions
exhibit a forward-scattering peak, with most of the radi-
ation scattered into angles close to the angle of inci-
dence (Forster and Shine 1995).

In the presence of scattering the optical depth is mod-
ified by the addition of a scattering term of a form anal-
ogous to that for absorption, viz.:

T(A2) = 6, (AT [ZDN,, (D) + 6, (MN (&) .3

where the first term accounts for molecular absorption
and the second term allows for scattering by molecules
or by atmospheric aerosol or cloud particles. The scat-
tering cross-section G, is defined from electromagnet-
ic theory and the vertical number density N, is the
number of scattering particles or molecules in a unit area

of the layer.
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In the UV-B one of the two extinction processes
dominates for molecules, i.e. for ozone molecules only
absorption is significant, whilst for N, and O, mole-
cules, scattering is by far<the dominant process. For
cloud and aerosol particles both processes may be
applicable at these wavelengths (Madronich 1993). A
measure of the importance of scattering relative to
absorption is given by the single scattering albedo:

o
N = —— il
Osca + Oaps
which varies from zero for non-scattering absorption to
a value of one for pure scattering.

Radiative transfer equations

The global irradiance at the surface is the sum of the
direct solar beam and the diffuse component incident
from other directions, viz.:

F) = Fy) + Fp(A) .5

In the absence of scattering we would need to consider
only the direct radiation which propagates along the line
of sight from the sun. The direct beam satisfies the
Beer-Lambert law:

FoM) = S, expl-t(A.2)/i,) .6

where W, is the cosine of the SZA which accounts for
the longer path taken through a layer by a path at an
angle to the local zenith and § is the extraterrestrial
solar irradiance.

The azimuthally averaged diffuse intensity incident
on a plane parallel horizontal surface from a propagation
direction in the plane perpendicular to the surface is
governed by the radiative transfer equation:

+1

dl, (t,p) ,
2 - haw- TOJ{J(u,um(nu')du' 1

dt

T ap PCHo) exp- 1)

where | denotes the cosine of the angle between the
incident propagation direction and the local zenith. Due
to the assumption of azimuthal symmetry the angles
defining the directions of propagating radiation are in a
plane perpendicular to the~layers of the atmosphere.
The second term on the right-hand side is an integral
over all possible directions which scatter into the direc-
tion p and therefore describes multiple scattering in the
layer. The last term represents the source of the diffuse
radiation, i.e. the part of the direct radiation which is
scattered out of the direct beam. For the purposes of
evaluating the UV-B at the surface only the amount

striking a horizontal surface is required, i.e. the diffuse
intensity must be integrated over all the possible angles
of incident radiation, viz.:

£1
FpM) =J‘le(u)udu .8

At large SZA the direct beam traverses a longer atmos-
pheric path and is therefore subject to substantial scat-
tering. A large proportion of the scattered radiation
propagates at angles to the vertical which are smaller
than the SZA and hence experiences less absorption
than the direct beam. This results in a large diffuse to
direct. ratio. The opposite is true for small SZA. For
large SZA (greater than about 75°) the plane-parallel
geometry assumption is not sufficiently accurate and the
appropriate equations for spherical geometry are
required (Tsay and Stamnes 1992).

Evaluating the equations for diffuse radiation
Equation 6 requires only the knowledge of the total opti-
cal depth from the top of the atmosphere to the surface
and the SZA for the direct radiation to be readily evalu-
ated but the integrals over directions present in Eqns 7
and 8 complicate the solution for the diffuse radiation.
In principle the equations have to be solved for al} pos-
sible angles in the plane perpendicular to the surface
with the added complication that the multiple scattering
term couples different directions. One common solution
technique for this problem is the discrete ordinates
approximation (DOA) (Stamnes et al. 1988; Kylling
1996) which expands the azimuthal intensity [/, and
scattering phase function p(u,|") as series of Legendre
polynomials. This converts the integral equation to a
number of coupled equations which can be solved by
matrix algebra. The series are truncated at a number
chosen to satisfy the competing constraints of accuracy
and computational resources. This approach is equiva-
lent to approximating the spherical character of the
intensity by a weighted sum of a number of individual
beams or streams propagating in specific directions.

A simpler approximation is to assume that the diffuse
radiation can be averaged into an equivalent single
upwelling and a single downwelling beam. This
approach is equivalent in complexity to retaining only
two terms from the DOA Legendre expansion and is
known as the two-stream approximation. There are a
number of two-stream approximations which, while
retaining the same general form (Meador and Weaver
1986), differ in the approximations used to average the
intensity and scattering phase function over the upper
and lower hemispheres resulting in different constants
of integration in the solutions. Such two-stream approx-
imations are computationally cheap and appear to be
sufficiently accurate for clear-sky UV-B calculations
provided that the SZA does not become too large






