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ABSTRACT

This is a study concerning the modeling of UV-B irradiance at the earth’s surface.
It is timely because stratospheric ozone depletion has oceurred globally as a result of
increasing chlorofluorocarbons in the stratosphere. This reduction allows more UV-B
irradiance (290-325 nm) to reach the earth’s surface and cause detrimental biological
effects. Presently there are few spectral UV-B radiation measurements. Therefore,
irradiance models are useful tools for estimating UV-B irradiances in areas where
measurements are not made. A numerical model to calculate spectral and broadband
irradiances for all sky conditions is described and the results are validated with
measurements for nine Canadian stations (Alert, Resolute Bay, Churchill, Edmonton,
Regina, Winnipeg, Montreal, Halifax and Toronto). The model uses either the discrete
ordinate radiative transfer (DISORT) or the delta-Eddington algorithms to solve the
radiative transfer equation for a 49-layer, vertically inhomogeneous, plane-parallel
atmosphere, with cloud inserted between the 2 and 3 km heights. Spectral calculations are
made at | nm intervals. The model uses extraterrestrial spectral irradiance, spectral
optical properties for each atmospheric layer for ozone, air molecules, and aerosol and
surface albedo. Cloud optical depths r, were calculated separately for overcast irradiance
measurements for nine stations from 26 years of data. The delta-Eddington method
performed well for producing 7, and overcast broadband irradiances. A fixed 7, value of

18.7 was found to be accurate for calculating cloudy sky irradiances at all stations except

in the arctic.
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Twenty-six station years of irradiance measurements and model estimates are
compared. Comparisons are made both for daily totals and for monthly averaged spectral
and broadband irradiances. It is shown that the delta-Eddington method is not suitable for
calculating spectral irradiances under clear skies, at short wavelengths (< 305 nm), where
absorption by ozone is high, and at large solar zenith angles. The errors are smaller for
overcast conditions. The method was found to be adequate for daily total spectral (= 305
nm) and for broadband calculations for all sky conditions, although consistently
overestimating the irradiances. There is a good agreement between broadband
measurements and calculations for both daily totals and monthly averages with mean bias
error (MBE) mainly less than 5% of the mean measured daily irradiance and root mean
square error (RMSE) less than 26%, decreasing to below 15% for monthly averages.
Agreement between mean monthly measured and calculated spectral irradiances is also
good for wavelengths > 305 nm. The accuracy of the Brewer instrument is questioned at
wavelengths <305 nm at most stations.

Comparison of the model broadband irradiances with simultaneous satellite-based
results and Brewer measurements at six stations shows that the model performs as well as
the satellite model but with the advantage that it can provide irradiance estimates

throughout the day and, therefore, daily totals.
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CHAPTER 1

Introduction

1.1 The ozone problem

The magnitude of biologically active ultraviolet (UV-B) irradiance received at the
earth’s surface depends mainly on ozone concentrations in the stratosphere. Concerns
about ozone depletion first started in 1970 when the possible destructive effects of the
exhaust gases from supersonic transports were identified (Harrison, 1970; Johnston,
1971). The possibility of ozone break down due to reactions triggered by chlorine
released from chlorofluorocarbons (CFCs) was first proposed by Molina and Rowland
(1974). This possibility became reality with the discovery of the dramatic springtime
ozone depletion in the Antarctic (Farman et al., 1985; Stolarski et al., 1986) and evidence
for ozone decreases in middle and high latitudes in both hemispheres (Stolarski et al.,
1991, 1992; Gleason et al., 1993; Chandra et al., 1996; Herman et al., 1996; Harris et al.,
1997, Stachelin et al., 1998a, 1998b).

Ozone depletion has not been uniform over the planet. Depletion estimates for
mid-latitudes range from 3% to 8% per decade, being less in the tropics and substantially
greater in polar regions, especially in Antarctica (Liu et al., 1991; Stolarski et al., 1991;

Stolarski et al., 1992; Bojkov et al., 1995a; Harris et al., 1997). This is fortunate in



a way, because the ozone layer is naturally thickest over the poles and thinnest over low
latitudes. The largest ozone depletion has been recorded at Halley in Antarctica (75° 317
S, 26° 40 W) where springtime levels in 1984 were reduced to 40% of 1975 values
(Farman et al., 1985), decreased further to 60 % in 1990 (Henderson et al., 1991) and to
63% in 1994 (Jones and Shanklin, 1995). An average depletion of about 6% has been
observed over most of southern Canada since the late 1970s (Kerr, 1991; Atmospheric
Environment Service' (AES), 1999). Figure 1.1 shows annual averages from five
Canadian monitoring stations (Toronto, Goose Bay, Edmonton, Churchill and Resolute
Bay) measured from the ground by Brewer spectrophotometers, and global levels that
were measured by TOMS (Total Ozone Mapping Spectrometer) on the Nimbus-7 (1979-
92), Meteor-3 (1992-94), and Earth probe (1996-98) satellites and are averaged from 65°
S to 65° N latitude. Both Canadian and global ozone levels show a decrease after 1982.

In Toronto (43° 47" N, 79° 28" W) Kerr and McElroy (1993) reported decreases
in the ozone levels between 1989 and 1993 of 4.1% and 1.8% per year in winter and
summer, respectively. Ozone depletion over North America is a strong function of season
with greatest depletion occurring during the early spring (Stolarski ez al., 1992; Bojkov et
al., 1995a; Harris et al., 1997; Staehelin et al., 1998b). Over southern Canada, depletion

averages about 8% to 12% during spring with maximum depletions reaching 20% for

! The name was changed to the Meteorological Service of Canada (MSC) in 2000.
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short periods (MSC, 1999). Similar depletion rates were reported by Bojkov et al.
(1995b) for 1994-95 over Europe and North America. Depletions as great as about 45%
have been recorded in the high Arctic during the early spring (MSC, 1999).

Ozone is a greenhouse gas as well as a UV-B filter (Munro ez al., 1998).
Therefore, stratospheric ozone depletion leads to a cooling of the stratosphere, making
conditions even more favorable for ozone depletion (Kerr, 1998; Shindell e al., 1998).
Greenhouse gases warm the earth’s surface but cool the stratosphere radiatively and such
a cooling during long winter darkness could increase the formation of polar stratospheric
clouds (Hofmann et al., 1989; Solomon, 1999). These clouds are made up of frozen
chemical particles, which can speed up the process of ozone depletion in the arctic
stratosphere and combined with ozone-depleting substances, causing a hole to develop in
the Antarctic stratosphere (Toon and Turco, 1991; Stolarski, 1992). UV-B irradiance
inhibits plant growth. Reduced plant growth increases carbon dioxide gas, which is a
major contributor to the greenhouse effect.

1.2 The ultraviolet irradiance problem

The most important consequence of ozone depletion is the increase in the amount
of UV-B irradiance reaching the earth’s surface (Madronich, 1992; Bais et al., 1993;
Klein and Furrer, 1994; Herman et al., 1996). Most biological damage at the surface is
caused by the UV-B band (280 to 325 nm) and, to a lesser extent, the UV-A band (325 to
400 nm). Although the irradiance in the UV-C band (200 to 280 nm) is potentially the
most damaging to organisms, it is absorbed completely by the atmosphere so that

negligible amounts reach the earth’s surface. Irradiance in the UV-A band, which has



both beneficial and detrimental effects on organisms, is only slightly absorbed by ozone.
UV-B irradiance in wavelengths between 280 and 290 nm is mainly absorbed by
stratospheric ozone and does not reach the earth's surface, even after large reductions in
atmospheric ozone such as occur over Antarctica in spring (Frederick et al., 1993). For
this reason, it is useful to adopt the spectral interval from 290 to 325 nm as the effective
UV-B region. This is the wavelength range of Canadian spectrophotometer
measurements. Even though the UV-B band is biologically important, it constitutes only
1.8% of the total solar radiation at the top of the atmosphere, and no more than 1% at the
earth’s surface (Frederick et al., 1989).

UV-B irradiance exposure can cause skin erythema, pigmentation and cancer, eye
cataracts and can weaken the immune system (McKinlay and Diffey, 1987; Madronich
and deGruijl, 1993). Besides hazards to health, any depletion of the ozone layer may
reduce crop yields and disrupt aquatic life (Biggs and Joyner, 1994; Caldwell and Flint,
1994). Since UV-B radiation can penetrate in water, it influences marine and freshwater
ecosystems (Browman et al., 2000). Also, high UV-B irradiance amounts can adversely
affect animals in their early developmental stages (Tevini, 1993).

A 1% decrease in total column ozone is expected to cause an increase of 1.3% in
erythemally active UV-B irradiance (McKinlay and Diffey, 1987; McKenzie et al, 1991;
Herman et al., 1996), 2% in wavelengths that can lead to DNA damage (United Nations
Environmental Programme (UNEP), 1994) and 2% in those wavelengths implicated in
non-melanoma skin cancer (Kelfkens et al., 1990). Also, ozone depletion of 10% will

induce about one million new cases of cataracts (UNEP, 1994). Bartlett and Webb (2000)



found that a 5.9% decrease in ozone between 1993 and 1997 produced a 4.3% increase in
UV-B irradiance at Reading (51° 26" N, 0° 56" W), England.

Within the UV-B band the atmosphere becomes more transparent with increasing
wavelength since ozone absorption decreases by two orders of magnitude as wavelength
increases between 290-325 nm (Molina and Molina, 1986).r Biological effects are not
constant across the waveband. In general, the shorter the wavelength, the greater the
biological effect (Lubin et al., 1992). Therefore, spectral measurements are more useful.

The spectral distribution of UV-B irradiance reaching the earth's surface depends
on both the spectral irradiance emitted by the sun and the spectral transmission properties
of the atmospheric constituents namely ozone, clouds, dry air molecules and aerosols.
Also other trace gases associated with urban pollution, mainly sulfur dioxide, nitrogen
dioxide and tropospheric ozone can contribute to absorption in highly polluted areas.

1.3 Measurements and models

Normally, measurements in the UV-B are either broadband (spectrally
integrated) or spectral. Broadband measurements provide total energy received across a
given waveband, often weighted with an approximation to a biological action spectrum.
The Robertson-Berger meter (Berger, 1976) is such an instrument with spectral response
matching the McKinlay and Diffey (1987) erythemal action spectrum. Instruments such
as the Brewer spectrophotometer measure spectral irradiance (Kerr ef al., 1985). Spectral
measurements are easily adapted to a particular biological effect by applying appropriate

spectral weighting.



Efforts have been made since 1990 to increase the number of ground-based
monitoring sites, but the spectral UV-B irradiance measurements in Canada and
internationally are few and have a short record duration. The record is too short to clearly
show the effect of reduced ozone on UV-B irradiance. Therefore, radiation models are
potentially very important tools to provide irradiance estimates for the past and for
stations without any measurements. They also can be used to predict future irradiance
changes for specified changes in ozone concentrations. Radiation models use either
surface meteorological data, as in the present study, or satellite measurements.

Satellite-borne instruments measure reflected UV radiances at the top of the
atmosphere. Wang ez al. (2000) combined ozone and reflected radiance from the TOMS
instrument on board the Russian Meteor 3 satellite and AVHRR (Advanced Very High
Resolution Radiometer) on the NOAA (National Oceanographic and Atmospheric
Adminstration) satellite with an algorithm developed by Li et al. (2000) to estimate
broadband UV-B fluxes and erythemal weighted UV-B irradiances at the surface. This
method provides global spatial coverage and is based on a single instrument (Eck ef al.,
1995; Herman et al., 1996). It is, however, indirect. The present TOMS on the NASA's
Earth probe and the GOME (Global Ozone Monitoring Experiment) on the European
ERS-2 (European Remote Sensing) satellites are characterized by relatively low spatial
and temporal resolutions and need three days to map the entire globe. However, the
original TOMS on Nimbus 7 satellite provided a global daily coverage with only one
daily overpass which was most representative for mid-day irradiance for Toronto (Eck et

al., 1995). The Meteor 3 TOMS satellite is not sun synchronous and normally provides



only one measurement per day with a maximum of two (P. Tsering, private
communication, 2001). Obtaining daily total irradiance frorﬂ just one instantaneous
measurements per day is a major drawback, as is the heavy computation involved in the
processing of global satellite data (Li ef al., 2000).

Radiation models, which use surface data, apply algorithms which vary from
simple approximations (Green et al., 1974; Schippnick and Green, 1982) to rigorous
solutions of the radiative transfer equation. Since they use local data, they represent point
conditions more accurately than the large area estimates from satellite. The much larger
historical record of surface meteorological data, compared with satellite measurements,
makes it possible to establish a historical UV-B climatology.

The two most widely used radiative transfer solutions are the discrete ordinate
radiative transfer (DISORT) model (Stamnes et al., 1988; Liu et al., 1991; Stamnes ef al.,
1992; Wang and Lenoble, 1994; Zeng et al., 1994; Forster ef al., 1995) and the delta-
Eddington model (Joseph et al., 1976; Madronich, 1992; Kuhn, 1996; Davies et al.,
2000). Both methods are known to be robust from comparisons with other detailed
radiative transfer calculations (Joseph et al., 1976; Wiscombe and Joseph, 1977; King
and Harshvardhan, 1986; Harshvardhan and King, 1993) but have also limitations (e.g.
parameterization of the sphericity of the atmosphere).

Validation studies that have compared model calculations with measurements are
mostly restricted to data for just a few days and cloudless skies (Koskela et al., 1993;
Zeng et al., 1994; Wang and Lenoble, 1994; Mayer et al., 1997). There have been few

studies where surface-based models have been validated for cloudy conditions



(Leontyeva and Stamnes, 1994; Forster, 1995; Forster ef al., 1995). This is the first
comprehensive study for Canada. A pilot study was performed by Davies et al. (2000) at
four Canadian stations (Bedford, Toronto, Winnipeg, Edmonton) using a small amount of
data.

Surface models are generally hampered by sparse cloud information and the
information that is available is of poor quality. In most model studies, clouds are usually
defined as overcast plane parallel layers (Lubin and Frederick, 1991; Tsay et al., 1983).
The influence of partial cloud cover has been studied empirically by relating irradiance
measurements to simultaneous observations of cloud properties (Ilyas, 1987, Frederick
and Snell, 1990; Frederick ef al., 1993; Webb, 1992). Some studies have included a
single cloud layer (Frederick and Lubin, 1988; Frederick and Snell, 1990), others
multiple layers (Charache ef al., 1994). A major uncertainty concerns the optical depth of
clouds, which is the most important optical parameter. There have been no
determinations for the cloud optical depth for the UV-B band, other than an initial study
with a small data set presented by Davies et al. (2000). On the other hand, a number of
studies have determined cloud optical depth for the total solar radiation waveband
(Leontyeva and Stamnes 1994; Leontieva et al., 1994; Ricchiazzi and Gautier, 1995;

Leontieva and Stamnes, 1996; Barker et al., 1998).
1.4 Objectives and outline of the thesis

The general objectives of this thesis are:
1. to produce and evaluate a numerical model for UV-B irradiance for all sky

conditions and to estimate cloud optical depth,
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2. to validate spectral and broadband irradiances using Brewer spectrophotometer
measurements and to assess the relative usefulness of the DISORT and delta-
Eddington algorithms, and

3. to compare model results with those from a satellite model of the Canada Centre
for Remote Sensing (CCRS), which is the first such comparison.

Chapter 2 describes the irradiance and ozone measurements, the model and the
input parameters. Chapter 3 outlines the procedure for calculating cloud optical properties
and presents the results. Chapter 4 presents the model validation results. Chapter 5
compares model results with those from the CCRS satellite model. Chapter 6 gives
conclusions, emphasizes the contributions of this research and details some of the future

research needs.



CHAPTER 2

The measurement and calculation of irradiance

2.1 Irradiance measurements

Spectral UV-B irradiance measurements in Canada began in March 1989 and are
made at 13 locations with the Canadian designed single monochromator Brewer
spectrophotometer. Nine of these locations, which have the necessary meteorological data
for radiative transfer calculation, are used in this study (Figure 2.1). The Brewer
instrument allows the calculation of daily ozone depth and measures spectral irradiance
for wavelengths between 290 and 325 nm at a resolution of 0.5 nm. Each spectral
measurement consists of the average of a forward and backward scan across the
wavelength range, which takes about 8 minutes to complete (Kerr and McElroy, 1993).
Measurements of the radiation ihtensity that falls on a horizontal diffusing surface are
made once or twice each hour throughout the day from sunrise to sunset at irregular times
in GMT. These spectral measurements were obtained from the World Ozone and
Ultraviolet Radiation Data Centre (WOUDC).

The Brewer instruments have known uncertainties. They receive stray light from
longer wavelengths adjacent to the one being measured (Bais et al., 1996; Davies, 1996)

which affects measurements below about 305 nm where the light intensity is very small.

11
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Also they are subject to cosine error’ such that measurements usually underestimate the
horizontal global irradiance by up to 8% depending on clouds, aerosols, and solar zenith
alngle3 (Wardle and Kerr, 1999; Bais et al., 1998). The cosine error for the Brewer
instrument is due to the imperfection of a thin Teflon diffuser. Different instruments that
have the same type of diffuser have roughly the same cosine response, but the orientation
and vertical position of the diffuser may affect this response. Damage to the diffuser will
also alter the directional responsivity of the instrument (L. J. B. McArthur, personal
communication, 2000). Each instrument has its own cosine error, which can vary from
2% to 20% (e.g., Feister et al., 1997, Bais et al., 1998).

Calibration uncertainty for the Brewer instruments ranges from #5 - 7%
(Herman et al., 1999; Wang et al., 2000). The Brewer instrument is also affected by the
ambient temperature and humidity variations (Bais et al., 1996). It is provided with a
temperature-stabilized enclosure but this does not totally eliminate the temperature
variability. The temperature effect is greater at shorter wavelengths and can produce
mean errors ranging from -2% to 2% in winter and summer, respectively over the Brewer
spectral range (Wardle and Kerr, 1999). However, Cappellani and Kochler (1999) have
found that for winter days (temperature range 9.8° to 21.7°C) and for summer days
(temperature range 21.7° to 42°C), the Brewer values should be increased by 2% and 8%,

respectively.

? The irradiance on a horizontal surface varies with the cosine of the angle of incidence. The
cosine error is the deviation of the angular response of the instrument from the ideal response.
3 Solar zenith angle is the vertical angle between the zenith and the sun’s position.
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Some quality control procedures are performed by the MSC. These include:
calibration with 1000-watt standard lamps that are traceable to the US National Institute
of Standards and Technology; daily radiometric stability that is maintained with an
internal 20-watt quartz halogen lamp; a wavelength check is made several times per day
using a mercury discharge lamp; and a correction for stray light (Wardle and Kerr, 1999).
However, corrections for the effect of cosine error on the UV-B spectra and a
wavelength-dependent temperature effect are not applied. In this study an increase of 6%
was applied to the Brewer data to compensate for the cosine error effect on the basis of
research by Krotkov et al. (1998) and Wang et al. (2000).

2.2 Other measurements

Daily total ozone column’ measurements from the Brewer instrument were
obtained from the WOUDC for the stations shown in Figure 2.1. Hourly (local standard
time) measurements of total cloud opacity’, surface temperature, pressure and relative
humidity were provided by the MSC. Values were linearly interpolated for the irradiance
measurement times in GMT. Solar zenith angles for each measurement time and the ratio
of actual to mean Sun-Earth distance were calculated following Michalsky (1988). Daily

snow depth measurements were provided by the MSC.

4 Column ozone is the total amount of ozone in a column between the earth's surface and the top of
the stratosphere expressed as Dobson Units (DU). One DU is equivalent to 10" m of pure ozone at standard
temperature (0° C) and pressure (1013 mb) or = 2.69x 10" molecules/cm” (Frederick, 1990).

% Cloud opacity is the fraction of sky that is totally obscured by cloud.
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2.3 McMaster Model description

Surface irradiance G is expressed as a cloudiness-scaled combination of

cloudless sky irradiance G, and overcast sky irradiance G, :

G=(1——C’)G0+CG®, (2.1)
where C is the fraction of the sky that is cloud covered. G,and G are calculated
spectrally at 1 nm intervals using either the DISORT (Stamnes ef al., 1988) or the delta-
Eddington (Joseph et al., 1976) solutions to the radiative transfer equation.

This model can be applied anywhere where there are daily measurements of
column ozone and snow depth and hourly cloud cover observations. Radiative transfer
calculations of G and G, require the following optical properties:

1. the optical depth 7 which is defined as the integral of the extinction (absorption

plus scattering) coefficient S,, for each wavelength A over the depth z of an

atmospheric layer:
T, = fﬂw (4, 2)dz; (2.2)

2. single scattering albedo @ is the probability of a photon being scattered, which
is equal to 1 for conservative scattering and is 0 when the extinction is by
absorption only, and is defined as the ratio of the scattering to extinction

coefficients:

ﬂ sca,
B,

o= ; (2.3)
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3. and the asymmetry factor ¢ which is the average direction of scattering and is

defined as

=2 [ puyus @4)

where p(u) is the scattering phase function and 4 is the cosine of the scattering angle.

The asymmetry factor varies between —1 and +1 for complete scatter into the backward

and forward directions and is 0 for isotropic scattering.

The atmosphere consists of a mixture of gases, aerosols and cloud particles with
different spectral optical properties, which vary with altitude. In this study, the
atmosphere is divided into 49 layers with constant scattering and absorbing properties
within each. The layers are thin (1 km) in the lower atmosphere, intermediate (2.5 km) in
the middle atmosphere and thick (5 km) in the upper atmosphere (Figure 2.2). Each layer
is regarded as horizontally homogeneous and the curvature associated with sphericity of
the earth is ignored. The cloud can be located at any level in the atmosphere (Leontyeva
and Stamnes, 1994) and low clouds occur inside the lower 2 km (Schweiger and Key,
1992). Therefore, all cloud is placed in one layer (between 2 and 3 km) and in this plane-
parallel atmosphere radiation transfer is considered only in the vertical. Incident

irradiance has both direct beam and diffuse components. The direct beam spectral

radiation S, (7, 44,4, ) at the ground is described by Beer’s law:

S,(0)
(d/d)?

S, (Ta/lo>¢o)=,uo[ }eXP(“T/ﬂo)a (2.5)

where A is the wavelength, g, the cosine of the solar zenith angle, ¢, the solar azimuth
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angle®, S, (0) is the extraterrestrial solar flux at Sun-Earth distance of 1 Astronomical

Unit (AUY, d the actual daily Sun-Earth distance, d its average annual value and 7 is
the total optical depth for the atmosphere.

The diffuse irradiance is the downward component of atmospheric scattering. For

a direction specified by 4 and ¢, the spectral radiance 1, (v, i, ¢)is given by:

dl 2 27+l T ¢ g ' 70t
#;;i‘(%u,sé)b& (f;.,#»¢)+‘§);£ [ P(std § )M (5001t §)dpd d 06

i %SMP,& (:“’ P; Ho» By )e(_mm ’
where P, ( .9, ,u',¢') is the scattering phase function that defines the light scattered
from the direction ',¢’ into the direction u,¢ . The first term on the R.H.S. is the
diffuse intensity attenuated by absorption and scattering, the second represents multiply
scattered radiation from the direction y',¢' into g, ¢, and the third represents scattering
from the direct beam from 4,4, into the direction u,¢ .

2.4 Radiative transfer solutions

Eq. (2.6) is an integro-differential equation, which, in general, cannot be solved
analytically. The most accurate or exact methods include the discrete ordinates
(Chandrasekhar, 1960), doubling (Hansen, 1971; Van de Hulst, 1980), and Monte Carlo
(Plass and Kattawar, 1971) methods. These exact methods are computationally intensive.

This makes them usually unsuitable for climatological purposes such as the calculation of

¢ Azimuth angle is the horizontal angle between the sun and a standard direction (north or south).
7 AU is the average Sun-Earth distance (1.495x10"'m) and is assigned a value of 1.
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Figure 2.2. Model layers from the top of the atmosphere to the surface with cloud inserted
between 2 and 3km above the surface. T(A,1), w(A,1), and g(A,1) are the spectral optical depth,
single scattering albedo and asymmetry factor for each layer. 1., ®,, and g, are for the clould

layer.
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hourly irradiances over long time periods measured in years. They are invaluable,
however, in providing the best possible estimates as standards against which calculations
from simpler, less computationally-demanding methods can be compared. DISORT is
used in this way in this study.

The simplest solutions are the two-stream (Frederick and Lubin, 1988; Lubin ez
al. 1989; Frederick and Snell, 1990; Lubin and Frederick, 1991)}Vand the Eddington

(Shettle and Weinman, 1970) approximations. All methods use 7, @ and g but the

simple methods have a simplified scattering phase function. They lose accuracy when
scattering is highly peaked in the forward direction which is the case for both cloud and
aerosol particles (Wiscombe and Joseph, 1977). Joseph et al. (1976) modified the
Eddington method using a delta function to handle the strong forward peak of the phase
function. Their delta function has approximately the same second moment as the Henyey-
Greenstein scattering phase function, which has a broad forward-scattering peak and is
widely used to simulate asymmetric scattering (Wiscombe and Joseph, 1977). The delta-
Eddington method is used in this study because it handles asymmetrical phase functions
(which characterize aerosol and cloud particles) well, produces broadband irradiances
similar to exact methods (Forster and Shine, 1995), and it is computationally fast which
can be run on a personal computer.

The DISORT and delta-Eddington algorithms have been used to model irradiance
under clear and cloudy skies (Chubarova, 1991; Liu ez al., 1991; Madronich, 1992; Tsay
and Stamnes, 1992; Madronich, 1993; Davies and Runnalls, 1993; Wang and Lenoble,

1994; Zeng et al., 1994; Forster, 1995; Forster et al., 1995; Davies et al., 2000).
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Comparisons between the DISORT and delta-Eddington methods for theoretical model
atmospheres for UV transmittance (290-400 nm) for various ozone amounts and aerosol
and cloud optical depths and different solar zenith angles are given by Forster and Shine
(1995). This is the first comparison of the two methods for a real atmosphere in the UV-B
waveband in terms of daily total irradiances.

2.5 The delta-Eddington approximation

Eq. (2.6) is solved with the Wiscombe’s (1977) delta-Eddington algorithm,
which combines the Eddington approximation (Shettle and Weinman, 1970) with a Dirac
delta function (Joseph et al., 1976) to approximate the large forward peak in the phase
function of asymmetric scattering. This is accomplished with scaled terms (7,0, g’) of

7,0 and g where

7= (1 — wg2 )7‘, 2.7
1— g2
W = L—i-)z—‘i, 2.8)
1—wg
and
' g
= —2, 2.9
A (2.9)
Assuming that intensities and the phase function are independent of azimuth Eq.
(2.6) reduces to

dI w' p+l
pr = I + 5 f_1 (14 3¢ up M (7', ' )d " (2.10)



21

This is solved following Shettle and Weinman (1970) by assuming no downward
diffuse irradiances at the top of the atmosphere and an upwelling flux at the ground,
which is the product of surface albedo and the incident flux. The use of the scaled optical
properties improves accuracy for highly anisotropic phase functions and for thin layers
when absorption is large (Joseph et al., 1976; Wiscombe and Joseph, 1977).

Joseph et al. (1976) tested the delta-Eddington fluxes against the doubling
method (Wiscombe, 1976), which has an accuracy of 0.1%. The maximum delta-
Eddington error for all flux computation did not exceed 2% of the incident flux and the
average flux error was less than 0.5%. For flux ratios (transmissivity, reflectivity and

absorptivity) accuracy is better than 0.02 for x > 0.4 over all values of optical depth

(0.01-100) but errors increase with increasing solar zenith angles. Other studies also have
compared the delta-Eddington approximation with doubling methods and concluded that
it was very good for highly asymmetric phase functions and for a wide range of optical
depths and single scattering albedos for a homogeneous layer calculation (Wiscombe and
Joseph, 1977; King and Harshvardhan, 1986; Harshvardhan and King, 1993). Forster and
Shine (1995) showed that the delta-Eddington is not suitable for spectral values for clear
skies and at large solar zenith angles but for overcast skies the delta-Eddington errors
were much smaller. For clear skies, the irradiance was overestimated by as much as 32%
at 312 nm, for a solar zenith angle of 84.3°. For thick scattering layers, as is the case for
cloud, the two-term expansion is enough because the multiple scattering is more
dominant and the radiation field is smoother and not too sensitive to detailed phase

function structure (Wiscombe and Joseph, 1977; Lenoble, 1993 p. 176). Erlick and
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Frederick (1998) compared the delta-Eddington flux calculations with the 22-stream
DISORT model for an isolated optically thick cloud layer (7, = 40) at 290 nm with zero

surface albedo. They found that transmission and reflection from these two methods were

closely matched except for large zenith angles (2 60° ) where the delta-Eddington

transmissivity and reflectivity were systematically too high and too low (by 10%)
respectively. Lubin ef al. (1998) argued that the uncertainties in irradiance calculations
using the delta-Eddington approximation instead of DISORT are less than the
uncertainties involved in treating clouds as plane parallel layers. The delta-Eddington
approximation may be adequate for modeling UV-B under all sky conditions.

2.6 The DISORT method

The discrete ordinate method was introduced originally by Chandrasekhar
(1960) for radiative transfer applications in planetary atmospheres. Liou (1973) was the
first to apply the method to compute radiation fields in aerosol and cloudy atmospheres.
Numerical instabilities produced erroneous results such as small negative absorptions. A
new formulation of the discrete ordinate method has overcome these difficulties by
superior algorithms for faster calculation of eigenvalues and eigenvectors (Stamnes and
Swanson, 1981). This algorithm is both efficient and accurate for calculating intensities
and fluxes (Stamnes and Dale, 1981). Stamnes et al. (1988) made this algorithm
(DISORT)?® available to the scientific community through a computer code. DISORT is

an exact solution of the radiative transfer equation since, in principle; it does not require

¥ The DISORT Fortran-77 code is available at:
http://climate.gsfc.nasa.gov/pub/wiscombe/multiple scat/
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truncation of phase function expansion. In practice, the user does truncate and the method
becomes an approximation.

After expanding / and P in Eq. (2.6) using Fourier cosine series and Legendre
polynomials, and replacing the phase function integral with Gaussian quadrature, one

achieves the following 2N first order differential equations

di(z, 4, S S
ﬂi.__._..__(r-ﬂ ) =~I(r,yi)+gzm13(ﬂi) Z ajl(f’”f)P’('uf)
dr 2% J==N

J=0 2.11)

+ 25| 31 o8 ) () |+

where i runs from —» to n. For a vertically inhomogeneous atmosphere this equation
constitutes a system of 2N coupled differential equations with nonconstant

coefficients which is solved with the boundary conditions specified for the delta-
Eddington solution. The accuracy of flux calculations depends on the number of discrete-
ordinate streams (expansion terms) used. High accuracy flux calculations have been
reported for 4-stream (Stamnes and Conklin, 1984; Curtis, 1996) and 8-stream forms
(Stamnes and Dale, 1981; Stamnes and Swanson, 1981; Zeng et al., 1994). Comparison
between UV-B irradiance calculated by DISORT model and measurements have been
vpresented by Wang and Lenoble (1994), Zeng et al. (1994) and Pachart et al. (2000) for
clear sky conditions. Wang and Lenoble (1994) concluded that the variation of the ratio
between measurement and model spectral results exceeds +20%, but the agreement is
better than #6% when the ratio is averaged over intervals of 10 nm. Zeng et al. (1994)
compared measured irradiances with DISORT (8-streams) results. They found that UV-B

irradiances could be predicted to within 8% if the input parameters were well known.
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These differences are due to calibration errors either in the instrument or in the

extraterrestrial spectral irradiance.

2.7 Model inputs

2.7.1 Extraterrestrial spectral irradiance

The McMaster model uses solar spectral extraterrestrial irradiances from the Solar
Ultraviolet Spectral Irradiance Monitor (SUSIM) instrument on board the third
Atmospheric Laboratory for Applications and Science (ATLAS-3) space shuttle mission
launched on Nov. 13, 1994 (D. Prinz, personal communication, 1998).

Since the Brewer instrument measures irradiance through a triangular filter
(Figure 2.3) with a base of 1.1 nm (full width at half maximum of 0.55 nm), the high
spectral resolution (full width at half maximum ~ 0.15 nm, sampled approximately every
0.05 nm) SUSIM data were averaged to mimic the Brewer. SUSIM measurements for
average Sun—Earth distance were selected from the 289.45 and 326.55 nm wavelength

range at a 0.05 nm interval, and averaged for each nanometer from 290 to 325 nm (Table

2.1). The average spectral irradiance 3‘; for each nanometer was obtained from:

~ S
S -_—.Z_‘f_{_}. (2.12)

A 9
PR
where w, is the triangular filter weighting function with the value 1 at the centre of the

filter and O at its two ends and S, is the extraterrestrial solar irradiance interpolated at

every 0.05 nm. Weights were assigned at 0.05 nm intervals between the lower

wavelengths limit of the filter and its midpoint using
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d
W, = —, 2.13
055 (2.13)

where d is the difference between a particular wavelength and the starting wavelength of
the triangular filter. The weights between the midpoint and the upper limit of the filter are
mirror images of these. The triangularly averaged extraterrestrial solar irradiance is
compared with the arithmetically averaged values in Figure 2.4. To show the difference
more clearly the ratios between triangularly averaged and arithmetically averaged
extraterrestrial spectral irradiance values are also shown. The ratios show some scatter
and generally the differences are larger than 6%. The triangularly averaged irradiances
are corrected for the departure of the Sun- Earth distance from the average value
following Michalsky (1988).

2.7.2 Atmospheric optical properties

Since there are few measured atmospheric vertical profiles of ozone, temperature,
pressure and humidity, standard model atmospheres containing these vertical profiles for
50 atmospheric levels from the surface to 120 km in LOWTRAN 7 (Kneizys et al., 1988)
were used for the model in this study. Summer and winter midlatitude and subarctic
model atmospheres were used to calculate Rayleigh and ozone optical depths.

Radiative transfer calculations need spectral values of optical depth, single
scattering albedo and asymmetry factor for each layer. These are calculated from their
components, which are the result of ozone absorption, Rayleigh scattering and aerosol

extinction indicated by the subscript 0,R and a using

t(A1) =7, (A1) + 14 (A1) +7, (A1), (2.14)
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(1) +o,(4,0)7,(4,0)

@(L.1)= (4.1 ’

(2.15)

and

9a (M Dwa (A D74 (A1)

I == Do v

(2.16)

In the calculation, cloud optical properties replace those calculated from Egs.

(2.14) - (2.16) for the layer between 2 and 3 km (Figure 2.2).
2.7.3 Rayleigh scattering

Since Rayleigh scattering by dry air molecules is proportional to A7, itis
strongest in the UV-B waveband. The spectral optical depth for Rayleigh scattering

7x(4,1) for an atmospheric layer is calculated as

72 (A1) = o (ANNO° benR (z)dz, (2.17)

where o, (/1) is the mean spectral Rayleigh scattering cross-section’, ng(z) the

molecular number density (number of molecules/cm’) at height z and z, and z, are the

heights of the top and bottom layer. Cross sections were calculated as weighted means

(Table 2.1) from

op(2)= Zgﬁgfﬂ), (2.18)

where o, ( /l) is the spectral Rayleigh scattering cross-section given by

® Scattering cross section is the area perpendicular to the light wave that receives the same amount
of energy as the spherical particle scatters.
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(2.19)

in which 7, is the molecular number density (2.547 x 10" molecules/cm® at standard

airw) (Elterman, 1968), § the anisotropic factor which is set at 0.035 (Penndorf, 1957)

and m,, is the real part of the refractive index, which controls scattering and for standard

air at 15° C temperature is given by

m, = [6432.8+ 2949810 | 25540 ]10‘“+1.

+ 2.20
146-47  41-17 (220)

The imaginary part of the refractive index, which controls absorption, is

insignificant for air molecules, therefore @ =1. o, (/1) does not vary with temperature

and pressure but 1, (z) depends on both:

ne(2)=n, {fgl][%} @21)

Here, p, and T, are the standard pressure (1013.25 mb) and standard temperature
(273.15 K) at sea level, and p(z)and T (z)are the atmospheric pressure and

temperature at height z. Then the final form of Eq. (2.17) can be approximated by

7o (Aul) =0 (A)10°n, [%4—%:’[%}(4 ~z,)/2. 2.22)

' Standard air is defined as dry air containing 0.03% CO, by volume at normal pressure (1013.25
mb) and having an air temperature of 15 C.
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Figure 2.3. The weighting factors applied to the extraterrestrial solar spectral

irradiance, Rayleigh scattering and ozone absorption cross sections to mimic
the Brewer filter.
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Table 2.1. Triangularly averaged extraterrestrial spectral irradiances and
Rayleigh scattering optical cross section o z(A) used in the model.

Wavelength (nm) Flux mwm™nm”) 3 r(A) (cm?)

290 592.32 6.5674x107%
291 605.73 6.4721x107%¢
292 568.57 6.3771x107%¢
293 536.78 6.2812x102¢
294 501.15 6.1916x1072¢
295 506.52 6.1014x1028
296 607.94 6.0135x107%
297 417.03 5.9267x1072¢
298 596.11 5.8462x107%¢
299 544.51 5.7565x107%6
300 450.32 5.6813x102¢
301 487.27 5.5958x1076
302 397.48 5.5197x107%6
303 668.10 5.4393x107%¢
304 588.83 5.3647x10726
305 660.80 5.2880x102¢
306 530.88 5.2139x1072¢
307 625.43 5.1416x107%¢
308 663.84 5.0727x10%
309 604.18 5.0052x1072¢
310 483.83 4.9353x1026
311 824.53 4.8666x1072
312 657.76 4.8012x10°%
313 715.97 4.7354x107%
314 805.91 4.6716x107%6
315 726.37 4.6073%107%
316 531.16 4.5475x10°%
317 784.77 4.4845x107%¢
318 684.16 4.4288x107%6
319 767.22 4.3682x102¢
320 817.19 4.3092x107%
321 768.81 4,2553x107%
322 805.39 4.1970x102
323 6.39.57 4.1421x107%
324 761.06 4.0875x107%6

325 790.42 4.0356x102%°
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2.7.4 Ozone absorption

Ozone spectral optical depth for each atmospheric layer 7, (4,) is calculated

from the mean spectral ozone absorption cross-section o, (4, z) , and the ozone molecular

number density N, (z)at height z:

7,(A.0)= ja (4,2)N, (z) &z, (2.23)

where o, (4,z) is calculated as weighted means in a similar manner to Eq. (2.18),

o, (,1’ z) = M (2.24)

ZWAS; ’
where, following Paur and Bass (1985),
0, (4,2)=Cy(A)+C (AT (2)+C, (AT (2), (2.25)
in which C,, C, and C, are temperature-dependent ozone absorption coefficients and T
is the temperature in degrees Celsius.

Ozone molecular number density N, (z) is the product of the number of ozone
molecules in each gram 7, and ozone density O, (z),
N,(z)=0,(z)n,, (2.26)
where

23
_ 6.022045x% 107 _ 1.25467x10%, (2.27)

(4]
[
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in which the numerator is Avogadro's number and M, is the molecular weight of ozone

(47.9982 g mol™). O, (z) values in ppmv were converted to density (gm’3) by the ideal

gas equation:

0,(z)= 0; gi) [;8 1?: } ‘Z , (2.28)

where O, (z)l is the ozone concentration at height z in ppmv scaled by the ratio of
measured daily column ozone amount by Brewer instrument to the model atmospheres
value, M, is the molecular weight of dry air (28.966 g mol™), p is pressure (Pa), T is
temperature in Kelvin and R is the gas constant (287.053 J kg K. The ozone spectral

optical depths for each layer 7, (1,7) were calculated from

7, (1) =[ 0, (1.2, (2)+ 0, (2.5 V, (2,) (2.~ 2,) 12 (2.29)
2.7.5 Aerosol optical properties

There are no aerosol data for the UV-B band for Canada. Therefore, values were
extracted from the Shettle and Fenn (1979) data tabulated in LOWTRAN 7. Weighted
means of optical cross-sections are not used for aerosol parameters for the reason that
LOWTRAN 7 provides low-resolution aerosol spectral values and aerosol optical
properties vary slowly with wavelength in the UV-B band.

Aerosol spectral optical depth for each layer is defined by

7, (A1) = j Bou (Ar2)z, (2.30)
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where the aerosol extinction coefficient £, (/1, z) is determined from

ﬁext (;{':Z)z,BgX asf » (231)
where f, is the normalized (divided by the extinction at 4 =0.55um ) aerosol spectral
extinction and g, is the aerosol scaling factor extinction coefficient at 4 = 0.55um.

The atmosphere is divided into four layers of different aerosol shown in Figure 2.2: the
boundary layer (0 to 2 km), the troposphere (>2 to 10 km), the stratosphere (>10 to 30

km) and the upper atmosphere (>30 km).

Aerosol extinction data B, were interpolated for each wavelength from the low-

resolution spectral values of Shettle and Fenn (1979). Their data provide extinction and
absorption coefficients and asymmetry factors for 15 wavelengths between 0.200um and
4.5 um for the four atmospheric layers. For the boundary layer these optical properties
are provided for rural, urban and maritime aerosol types. Aerosol optical properties for
the first 10 km from the surface (i.e., the boundary layer and troposphere) are humidity
dependent, because with increasing relative humidity water vapor condenses onto the
atmospheric particulates, thereby increasing their sizes and changing their composition
and optical properties.

The aerosol scaling factors 3, are provided for 33 heights from LOWTRAN 7

(Kneizys et al., 1988) and were interpolated to match this model’s 50 atmospheric levels.
These aerosol profile data are classified according to visibility in the boundary layer,
season and visibility in the troposphere, and season and volcanic aerosol in the

stratosphere. Table 2.2 summarizes the aerosol model components.
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Rural (with 50 km visibility) and urban aerosols (for 50 km and 36.5 km
visibilities, the later is the average of 23 km and 50 km) were used in the boundary layer
as appropriate. For the troposphere 50 km visibility aerosol was selected. Background
aerosol and normal aerosol for the stratosphere and upper atmosphere, respectively, for

all stations.

The aerosol extinction coefficient ,, , single scattering albedo @, and

asymmetry factor g, were interpolated linearly at each level and for each nanometer.
Layer aerosol optical depth was calculated from

7, (A1) =] B,(22,) By (2)+ B.(2:2,) By (2,) (2.~ 2,) /2. (2.32)
Single scattering albedos were calculated from interpolated absorption and extinction

coefficients:

~ abs(4,z)

A,z)=1 .
,(4,2) 5.(%7)

(2.33)

Layer values of single scattering albedos and asymmetry factors were calculated as layer

averages.
2.7.6 Surface albedo

Surface albedo measurements for the UV-B band are not available in Canada.
Albedo was calculated following Davies et al. (2000) as a linear function of daily snow

depth measurement sd between ¢, =0.05 for a snow free ground (Bowker et el., 1985)

and ¢, =0.75 for a snow cover of 30 cm or greater:
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sd
a=q +—3—6(a,, -a)). (2.34)

The value of 0.75 was determined from Stony Plain data (approximately 37 km west of
Edmonton) where measurements were made with extensive snow cover. Albedo is
independent of wavelength and the effects of melting and snow contamination are

ignored.



CHAPTER 3

The role of clouds in modeling UV-B radiation

This Chapter addresses the cloud amount and cloud optical properties for nine
stations. All cloud types and heights are incorporated into calculating mean cloud
amount. Cloud types and heights are broken down separately to investigate their effects
when calculating cloud optical properties. Some sensitivity analyses are presented to
show the influence of cloud optical properties on the transmitted broadband irradiances.

Stations with concurrent measurements of UV-B irradiance and meteorological
data for radiation calculations are listed in Table 3.1. They include two arctic (Alert and
Resolute), one sub-arctic (Churchill) and six midlatitude stations. They provide 26 years
of data in total. All the datasets used are from the period between 1993 to 1996 because
ozone data were only available for that period.

3.1 Cloud amount

Cloud amount is the most important determinant of solar irradiance in cloudy
skies because it controls the partitioning between direct beam and diffuse radiation (Eq.
2.1). Visual estimates of hourly cloud amount (tenths) have been made by the MSC at
airports. Since ground based observers see sides of clouds as well as bases, their

estimates normally overestimate true cloud cover. The MSC does not correct for this
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Table 3.1. Stations used in the study.

Station Latitude, Longitude, Elevation, Years of
°N °W m data
Alert (NWT) 82°30" 62°1% 62 1995
Resolute Bay NWT) 74°43"  94°59° 64 1993-1996
Churchill (Man.) 58°45"  94°04° 35 1993-1996
Edmonton (Alta.) 53°33" 114°06° 766 1993-1996
Regina (Sask.) 50°13"  104°40° 592 1994-1995
Winnipeg (Man.) 49°55" 97°14° 239 1993
Montreal (Que.) 45°28"  73°45° 24 1993-1994
Halifax (NS) 44°44°  63°407 31 1993-1996
Toronto (Ont.) 43°47° 79°23° 198 1993-1996
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systematic error but, based on the work of Davies and McKay (1982), an effective
approximation can be made using observations of total cloud opacity instead of cloud
amount. Therefore this study uses cloud opacity and henceforth, the term cloud amount
will be used to designate cloud opacity. Figure 3.1 shows that daytime mean total cloud
exceeds 50% for all stations, reaching 85% at Alert.

Cloud amount frequencies for all years are shown in Figure 3.2. With the
exception of Alert, all cloud amounts are well represented in these distributions.
Coﬁsequently, error in specifying cloud amount is an important component of the error in
calculating radiation from Eq. 2.1. Alert shows a distinct J-shaped distribution with
overcast skies for about 60% of the year. Here, error in cloud amount will have the least
effect since it is expected to be small for overcast skies. The southern stations have U-
shaped distributions that are characteristic of most midlatitude-stations (Essenwanger,
1976). Resolute Bay seems to have a combination of J-U shaped distributions.

Cloud type is potentially important in determining variation in optical depth.
Surface observations provided by the MSC contain cloud amounts, opacities and types
for up to four cloud layers. Observing cloud types from surface observations is difficult
because overcast low clouds obscure higher-level clouds, therefore only low level cloud
types are recorded reliably. Table 3.2 shows the frequency of occurrence of different
cloud types for overcast cases. Stratocumulus is the most common type at all stations.
Additionally there is significant representation of stratofractus and altocumulus types.

Fog is significant at coastal locations.



41

Resolute Bay
e -
B 20 1993-1986
c
[13]
3
o
o 10
L.
R
y 1
0123458678 910
Churchill Edmonton
L>)~ 20 1993-1998 20 1993-1996
c
Q
3
o
D 4
L.
=
o R ] & PRk
0123 4567 8 910 01234567 8910
Regina Winnipeg
> 1994-1995 1993
fon
[}
3
o
(0]
Soe
L.
R
0123454678910 01234567 8910
Montreal Halifax
P2y 1993-1994 1993:1996
c
1
3
o
)
S
(5
R
012 3 45486 7 8 9 10 01234567 8910
Cloud amount Cloud amount

Toronto
1993-19986

n
(=]

% Frequency

O 12 3 4567 8 910
Cloud amount

Figure 3.2. Percent frequency distributions of cloud amount for Alert, Resolute Bay,
Churchill, Edmonton, Regina, Winnipeg, Montreal, Halifax and Toronto.



42

18G€1  8CLIT 98CC 0891 8¢Sl 099¢ 8005 or19 o],
r09 1669 €zel 678 (4% €101 6v6¢ 1143 )
6ESL LL1S €901 168 9L9 L¥91 650T GS8T Apnop)

SUOIJBAIISqO JO JOQUINN]
60 1Al 0 ¢l Cl 30,] uey) Jot0 UOHINNSGQ)
€¢I Al L0 1T L0 30
81 Sl L0 C'l \ sneng
G Lids “ SnOUmMooens
vl 0 -0 0 0 SMJRIISOQUIIN
o 0 I'1 €'l 91 snnumy) uLamo]
8'8C ¢'8 9 6'1¢ €€l 8'81 snjoelq snens
90 L1 L1 ¢l LY A\ snmjoBISnnwn
$¢ L1 9¢C 88 6'S 08 81 snnumng
£0 1'0 80 90 o £0 €0 ShquIruonwiny)
v'T L'e 90 I's S'L I'e L1 Nihaiig)
Sl I'1 I'1 145 0 I I'0 90 SNIBISOLID)
0 0 0 0 0 0 0 0 SNNUINJOLI))
g€ [4 6t LT 9% £ 6’0 60 Snjensoyy
00 0 0 L1 19 % ¥'0 Zro 0  snue[[aIse) SNNUNO0NY
v 9°CI €8I 6'SC 4! 971 P8I 88 SNMUWNo0}y
Aouonbai oy adk 1

ojuol0], Xejle [eonuoly Jodruuip BUISSY UOWOWDH [[IYdINY)  9INJOSIY

‘A[oA1399dsal ‘sad£} pnojo wowIo oW puodas pue 18Iy oY)

SYBOIPUI SIOQUINU P[OG PURB PIPEBYS Y], SIDYS 1S80IaA0 10J ad4 pnojo Jo suonnqinsip Aousnboiy a8ejusoiad '7'¢ 9[qeL



43

3.2 Cloud optical properties
The cloud optical properties needed for radiative transfer calculations are the

optical depth 7, the single scattering albedo w, and the asymmetry factor g, . These

dimensionless properties are not measured and must be estimated from Mie theory,
assuming that clouds are composed of spherical droplets of virtually pure water of known
radii (Stephens, 1984).

Optical depth is the most important property and is given by the integral of the
extinction cross section'' over all droplet radii over the depth of a horizontally

homogeneous cloud:
7. (1) = J' ‘ f n(NQ,, (x,m)r’drdz, G3.1)
where n(r) is the number of particles per unit volume with radius between r and » +dr,

O, (x,my) is the extinction efficiency factor defined as the ratio of extinction to

geometrical cross sections:
Coext
Qext (xa mﬁ) = 7[(:2 D (3 2)

in which C,,, is the extinction cross section for a cloud particle of radius », x is the Mie
size parameter defined as the ratio of sphere circumference to incident wavelength

(x=2xr/A) and m is the complex refractive index of the sphere relative to the

surrounding medium and is composed of a real part m, and an imaginary part m; , such

! Extinction cross section is the area perpendicular to the light wave that receives the same
amount of energy as the spherical particle absorbs and scatters (Liou, 1980).
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that m(A) =m,(1)—m,(A). Efficiencies are calculated from Mie theory (Dave, 1968) as a

function of particle radius, wavelength of the incident ray and refractive index. Following
standard practice in radiation climatology computations over a particle size distribution

are replaced with a single computation for the equivalent radius of a spherical droplet:

) fr3n(r)dr

T, = . (3.3)
frzn(r)dr

Mie calculations for the UV-B band wavelengths show that (,,, for a given
equivalent radius of cloud drops is approximately constant and approaches an asymptotic
value of 2 (Hansen and Travis, 1974). Figure 3.3 shows that Q,,, = 2 for the range of x
values (135-209) that is appropriate for the UV-B band. This range was determined for
equivalent radii of 7um and 10um . The equivalent radius was specified as 10um for the
midlatitude and subarctic stations clouds, which is close to the global mean value for
liquid water clouds ~ 11um (Han et al., 1994), and 7um for the arctic stations following
studies presented by Herman and Curry (1984) and Leontyeva and Stamnes (1994).

Assuming that (J,,, does not vary spectrally, it follows from equation (3.1) that

7, is independent of wavelength and can be treated as a broadband cloud optical depth

throughout the UV-B range. In reality, 7, changes due to variations in equivalent radius
of its droplets (Slingo and Schrecker, 1982; Slingo, 1989, Hu and Stamnes, 1993).
Observations show that the drop size distribution varies with height within the cloud

(Slingo, 1989). However, the variation of n(r) with height is unknown for Canadian
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Figure 3.3. Extinction efficiency factor Q_ as a function of the Mie size parameter x

for two equivalent radii, 7um (dotted tine) and 10um ( solid line).
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conditions and, for this study, an iterative approach (Brent method, from Press et al.,
1992} is adopted to calculate a broadband 7, from overcast irradiance measurements
(Stamnes et al., 1990; Stamnes et al., 1991, Leontyeva and Stamnes 1994; Leontieva et
al.,1994; Davies et al., 2000). This procedure amounts to iterating the cloud optical depth
in the model until computed and measured spectrally integrated irradiances agree to
within 1x10~® Wm™. Only days with at least two overcast measurements were selected.
Times with snow on the ground were avoided since snow albedo in the UV-B band,
which is not measured, can vary greatly with surface contamination and state of the snow
(Wiscombe and Warren, 1980; Warren and Wiscombe, 1980). By restricting overcast
data to snow free conditions, this eliminates about 50-55% of total overcast conditions for
the arctic and subarctic stations and 15% for the midlatitude stations.

For clouds g, lies between 0.75 and 0.9 (Liou, 1992; Min and Harrison, 1996)
and an average value of about 0.85-0.87 has often been used (Hansen and Travis, 1974;
Slingo and Schrecker, 1982; Hu and Stamnes, 1993). Figure 3.4 shows ¢, as a function
of x. For small particles g, approaches zero, the value for Rayleigh scattering. For large

x, g. approaches 0.87. @, is also shown as a function of x in Figure 3.5. For the UV-B

band @, and g, vary little with wavelength and variation in the equivalent radius have
little effect in this narrow range (Slingo and Schrecker, 1982). Also, their variations have

small effect on transmissivity as compared with those resulting from changes in 7,

(Leontyeva and Stamnes, 1994).
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Table 3.3. Co-albedo (1 — @) and asymmetry factor ( g, ) values for two different

equivalent radii (r,) obtained from Mie calculation and the two parameterizations.

Method l-w) 9
r, =10um
Mie theory (present study) 5x10°¢  0.8587
Slingo and Schrecker (1982) 4%x10°6 0.8578
Hu and Stamnes (1994) 6x107¢  0.8685
v, =7um
Mie theory (present study) 3x106  0.8709
Slingo and Schrecker (1982) 3x1076¢  0.8528
Hu and Stamnes (1994) 5x10°¢  0.8641
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In this study @, and g, were calculated from Mie theory for wavelengths of 300

and 325 nm using the complex refractive index data of Hale and Querry (1973). The ice
crystal and mixed-phase clouds were neglected because @, and g, for these clouds are

roughly equal to those for liquid clouds (Tsay and Stamnes, 1992; Forster, 1995; Barker
et al., 1998). The averages of co-albedo'? (1-w,) and g, for 300 and 325 nm

wavelengths are presented in Table 3.3 along with cloud properties obtained as functions
of equivalent radius by Slingo and Schrecker (1982) and Hu and Stamnes (1993).

Slingo and Schrecker (1982) developed simple linear relationships for (1 - @,)

and g, as functions of equivalent radius 7, :
1-w, =6.5%x107 +4.33x107r,, (3.4

g. = 0.841 +1.680 x 107z, (3.5)

where the coefficients apply to the 300-325 nm waveband and were obtained from least
squares fitting of these functions to the data (Slingo, 1989). Following Ackerman and
Stephens (1987), Hu and Stamnes (1993) arrived at nonlinear fittings of the droplet

absorption and g, for solar wavelengths:
-, =[ (1.42x10007% ) +(-2.33x10°0%2 )] /2 +9.24 x10%,  (3.6)
g, = {(0.1 1)) + (-0.08061,"" )] /2 +0.8065, 3.7

where the coefficients apply to the 290-314 nm wavelengths and were derived by least

squares. Table 3.3 summarizes (1 —@.) and g, values obtained from the above

2 Co-albedo is the fraction of the incident radiation absorbed by the particle.
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parameterizations and by the Mie theory used in this study. This shows that the Mie
values of (1 -~ w,) and g, for r, = 10um lie between the values obtained from the two
parameterizations. For 7, = 7um, the Mie values are slightly larger. In general, the Mie
results are similar to the results from both parameterizations. These values will be used in
all future radiation flux calculations.

3.3 Results

3.3.1 Delta-Eddington-DISORT comparisons

The DISORT model was used to calculate 7, for five years at four stations to
validate the delta-Eddington model results. These four stations were selected rather than
all stations to reduce the amount of computation with DISORT. Alert was excluded
because it had little data. The 8-stream (8 degrees of expansion of the phase function)
DISORT algorithm was chosen to achieve high accuracy. Min and Harrison (1996)
reported that the uncertainty in inferring 7, using DISORT with 8 streams is only 1%.

Cloud optical depths derived from the two models are compared in Figures 3.6
and 3.7 for 50 km visibility aerosol. Figure 3.6 shows that the agreement is excellent for
all five cases and indicates no bias. This is evident in the scatter plots for Resolute in
1993 and 1995, Churchill in 1993, Winnipeg in 1993, and Toronto in 1993 with slopes
1.03, 1.013, 0.986, 0.986, and 1.009. Differences between median cloud optical depths
for the two models are always less than one. Percentage frequency distributions of 7,
(Figure 3.7) calculated by the two models for the same years are positively skewed with

the most frequent 7, values in the class interval of 10 < 7, < 20 for all five years.
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Resolute has quite distinctive distribution with most frequent 7, (over 60%) is between 5
and 15. This illustrates that a high percentage of overcast conditions at high latitudes are
optically thin. Churchill and Winnipeg have similar 7, distributions with the highest
frequency (over 30%) occurring between 10 and 20. However, Winnipeg has lower
frequency (less than 10%) for 7, between 5 and 10. Toronto shows broad distributions
with fairly large number of observations in the higher optical depth ranges. These broad

distributions with many large values of 7, are what contribute to high mean and median

values at Toronto.

Table 3.4 summarizes the results of 7. calculated by both models and indicates
mean, median and number of observations for each year for the nine stations. Mean
values exceed median values by 3 to 36 optical depth. Median values are smaller for
arctic and sub-arctic stations (5-15) and between 17 and 28 for the rest. At Bergen,
Norway Leontieva et al. (1994) obtained much larger median values between 33 and 55.
However, Leontiyeva and Stamnes (1994), Ricchiazzi and Gautier (1995) and Barker et
al. (1998) did not present median 7, but only the mean values, and they are similar to
those obtained by this study.

3.3.2 Optical depths

Cloud optical depths were calculated for all stations with the delta-Eddington
model. Overcast sky is the sum of all clouds in four layers. This sum is inserted within
one model layer located between 2 and 3 km. Urban aerosol optical depths with 50 and

36.5 km visibilities were selected for the boundary layer for both Toronto and Montreal
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Table 3.4. Characteristics of the inferred cloud optical depth for the nine
Canadian datasets. N is the number of data points.

Station Year Aerosol type Mean and Median cloud optical depth
0 -Eddington DISORT 8
Mean Median Mean Median N
Alert (NWT) 1995 Rural+50km 7.88 4.98 224
Resolute (NWT) 1993 Rural+50km 11.9 8.04 1143 728 398
1994 1277 8.76 371
1995 2268 12.18 2199 11.24 367
1996 15.63 7.79 361
Station 17.04  10.18 1497
Churchili (Man.) 1993 Rural+50km 21.85 13.6 219 1349 187
1994 5407 18.26 234
1995 35.39 14.07 228
1996 20.15 11.8 585
Station 31.38. 1499 1234
Edmonton (Alta.) 1993 Rural+50km 25.34 17.28 120
1994 29.09 2191 138
1995 3954 2452 159
1996 23.93 16.9 245
Station 29.62 19.62 662
Regina (Sask.) 1994 Rural+50km 29.23 17.22 245
1995 38.46 17.49 134
Station 3248 17.4 379
Winnipeg (Man.) 1993 Rural+50km 24.8 1705 2485 17.04 420
Montreal (Que.) 1993 Urban+50km 3774 21.89 281
1994 39.89  20.77 231
Station 38.71  20.84 512
1993 Urban+36.5km 34.46 17.23 220
1994 32.59 19.98 265
Halifax (NS) 1993 Rural+50km 30.81 19.42 623
1994 25.93 17.03 672
1995 25.65 16.55 751
1996 21.53 14.82 823
Station 25.65 16.6 2869
Toronto {Ont.) 1993 Urban+50km 31.65 17.26 3029 16.38 603
1994 35.11 22.95 919
1995 38.47  20.95 716
1996 42,84 27.69 1103
Station 37.76 22.98 3341
1993 Urban+36.5km 26.69  14.07 590
1995 33.93 17.19 705
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as being the heaviest aerosol loading places in Canada to find the effect of aerosol on 7,

(Table 3.4) and then on the fluxes in Chapter 4. The selection was made after Davies et
al. (2000) who found, for cloudless skies, that best results were obtained at different
times with either a 23 km visibility urban atmosphere or the average for a 23 km and 50
km visibilities atmosphere. However, rural aerosol with 50 km visibility was used for all
other stations. Aerosol for 50 km visibility was selected for the whole year (spring-
summer and fall-winter) in the troposphere and background and normal aerosols were
selected for the stratosphere and upper atmosphere layers respectively (Table 2.2).

Since cloud optical depth was calculated from surface irradiance measurements,
which have been attenuated by aerosol, aerosol optical depth within the 2-3 km layer is
implicitly included within the cloud optical depths. However, this aerosol contribution

(75, <0.5) is a very small part of the total optical depth (Davies et al., 2000).

The frequency distributions of cloud optical depth for the nine stations using 50
km visibility aerosol are presented in Figure 3.8. All distributions are strongly positively
skewed with maximum frequencies between 10 and 20. The shapes are similar to those
shown in the studies of Leontyeva and Stamnes (1994), Curtis (1996) and Barker et al.
(1998), but are very unlike the distribution presented by Leontieva et al., (1994) for the
whole spectrum at Bergen, Norway. Thus, the median was adopted as the best measure of
central tendency. Arctic stations show smaller spread and stronger mode. Clouds at Alert
are optically thinner than those at all other stations with a maximum frequency of 50%

occurring at 7, < 10. At Resolute, 45% of the cases occur at 7. < 20. At southern

locations distributions become wider with more optically thick clouds. High percentages
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of completely overcast conditions at the arctic stations are in keeping with the frequent

occurrence of thin low clouds and fog. Figures Al, A2, A3, A4, AS, and A6 (Appendix
A) show yearly frequency distributions of 7, for seven stations. The general patterns of

the histograms are consistent with that for the two and four years period (Figure 3.8) but

with little yearly variation.
Barker et al. (1998) found that the observed distributions of hourly overcast 7,

across Canada followed the gamma distribution, which is defined by

l 14 v v—=l - 7
Pr(Tc)‘;-i_,—m(—f—) el % {1, > 0w >0}, (3.8)

where I"(v) is the gamma function and v is the variance-related parameter and

is determined either by the method of moments (mom) v, =(7./0 )2 , or the

maximum likelihood estimation (mle) w (v, )+ In(7. [V ) — Int, = 0, where 7, and

o are the mean and standard deviation of 7, and y(v) = g—v—lnf(v ). 7. as well as v

values (Table 3.5) are computed using only 7, values less than 150 for each station to
avoid extreme values of 7, that affect the mean ( H. W. Barker, private communication,
2000). Also the average transmittance for all sun angles at r, = 150 is equal to 0.05 and a
further increase in 7, has no effect on surface fluxes (Figure 3.9) Figure 3.10 shows the

gamma distributions. Both methods provide an excellent fit to the observed histograms.
The best fits of these two methods to the observations are at Toronto and Montreal and

the worst are at Resolute and Churchill. This is because for sites with large 7, values, the
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slopes of the lines are less steep and the differences between v,,,,, and v,,, are actually
small (Table 3.5).

Halifax and Toronto are the only stations with enough observations to show any
seasonal variations in 7. . In general, arctic and subarctic stations only have observations
from May to October and midlatitude stations have few observations from December to
March. Figure 3.11 shows monthly median values of 7, and number of days included in
each month. Although there is some seasonal variability at Toronto there is little at
Halifax. Toronto has optically thinner overcast conditions in the winter and maximum 7,
values occur in October and April. Clouds are optically thick in summer months due to
warmer conditions, which lead to large evaporation and to more water in the atmosphere
forming more stratocumulus clouds.

3.3.3 Cloud type

Although cloud optical depth is expected to vary with cloud type (Stamnes et al.,
1991), there have been few studies on this. Table 3.6 contains median 7, values for low
cloud types, incorporating only data with more than 30 observations. Values are quite
similar and do not indicate clear differences in 7, between cloud types.

3.3.4 Cloud height

Min and Harrison (1996) positioned the cloud layer in a radiative transfer model

at different heights from 1-2 km to 5-6 km to see the effect of cloud altitude in the

inferred 7. They found no significant effect. Here, this is further examined by placing
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Table 3.5. Mean cloud optical depths (7, ) and variance-related parameters
determined by the method of moments (v,,,, ) and maximum likelihood estimate
(Ve )- The value N is the number of overcast cloud optical depth observations

for each station.

Station A Vinle Vinom N
Alert (NWT) 7.88 0.81 0.71 224
Resolute Bay NWT)  15.13 1.19 0.78 1487
Churchill (Man.) 23.26 1.23 0.9 1234
Edmonton (Alta.) 26.42 1.53 1.31 655
Regina (Sask.) 26.19 1.22 0.97 370
Winnipeg (Man.) 22.19 1.64 1.35 413
Montreal (Que.) 28.76 1.04 1.12 493
Halifax (NS) 23.67 1.23 1.01 2838
Toronto (Ont.) 30.83 1.28 1.22 3254
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the cloud layer at five different heights (between 1-2 km, 2-3 km, 4-5 km, 5-6 km and 6-7
km). Table 3.7 shows that median 7, values decrease slightly with increasing cloud
height but overall differences are slight. Thus, positioning cloud in the 2-3 km layer will
not introduce significant systematic error in retrieving 7,. Median 7, values (Table 3.4)
will be used to calculate irradiances because there is no variation with cloud type, height
and season.
3.3.5 Sensitivity analyses
3.3.5.1 Sensitivity to cloud optical depth

The influence of 7, on direct and diffuse transmitted broadband irradiances from
both the delta-Eddington and DISORT models is shown in Figure 3.12. This shows
model calculations of transmitted irradiance through a single layer of variable optical
depth irradiated from above solely by direct beam radiation of quantity 7. . Both models
show that the direct beam irradiance at the surface becomes smaller with increasing 7, . It
also shows that when 7, is greater than 3 or 10 for the DISORT and delta-Eddington
models, respectively, the direct beam drops to virtually zero and the surface irradiance is
diffuse. Also, there is no further increase in surface diffuse component beyond this point
at any wavelength and sun angle (Bodeker and McKenzie, 1996). There are also
discrepancies in the direct and diffuse components between the two models at smaller 7,

and higher sun angles. This is because the delta-Eddington model uses the scaled optical

depth in calculating the direct beam, which makes the direct irradiance larger than the



Table 3.6. Median cloud optical depths for different cloud types, values in the

brackets indicate number of observations.

Station Cloud type

Stratus Fractus  Stratocumulus  Stratus Fog

Resolute Bay 11.1.(77) 8.8 (126) 12.7 (178)
Churchill 16.1 (104) 11.5 (118) 10 (65) 14.7 (135)
Regina 17.4 (37) 11.7 (63)
Winnipeg 19.7 (69)
Montreal 19.4 (68)
Halifax 204 (274) 11.6 (208) 15.2(62) 14.7(332)

Toronto 18.5 (251)
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Table 3.7. Median cloud optical depths calculated by delta-Eddington model for

different cloud heights.

Station and year Cloud height

1-2 km 2-3 km 4-5 km 5-6 km 6-7 km
Edmonten 1993 17.91 17.28 16.41 16.3 16.16
Winnipeg 1993 17.77 17.05 16.03 15.81 15.52
Montreal 1993 22.59 21.89 212 20.73 20.67
Toronto 1993 17.95 17.26 16.62 16.52 16.48
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actual direct irradiance (Joseph et al., 1976). Also the direct beam includes diffuse
radiation that travels in the same direction as the direct beam resulting in overestimation
of the direct beam and underestimation of diffuse irradiance. This is evidently not a
problem in the calculation of global fluxes. To confirm this, the globally (direct + diffuse)
transmitted irradiance is plotted against 7, in Figure 3.12¢ and shows that the delta-
Eddington values compare well with that of DISORT at low 7. and higher sun angles.
Thus, the delta-Eddington model is accurate when calculating the global fluxes

anywhere, although it overestimates by an average of 6%.

The variation of the transmitted diffuse irradiance with 7, calculated by both
delta-Eddington and DISORT models is presented in Figure 3.13 (Davies et al., 2000).
The disagreement between the two models for x4, = 0.6 and when 7, <10 is apparent.
However, both models show that transmitted irradiance changes little with 7, for larger
solar zenith angles. Therefore, the above comparisons suggest that the delta-Eddington
model is not suitable for calculating direct and diffuse components separately but is
suitable for calculating diffuse irradiances for cloudy conditions for two cases only at
northern latitudes where solar zenith angles are large and at southern Canada where 7,
values are always greater than 10.
3.3.5.2 Sensitivity to equivalent radius

The sensitivity of total irradiance and cloud optical depth to different equivalent

radii and sun angles is shown in Figure 3.14. For smaller droplet sizes r, = 7um the
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transmitted flux increases with the larger values of @, and g, and 7, is about 10%
smaller than that for r, =10um . Leontieva et al. (1994) found that the variations in r,
from 5um to 15um can produce an uncertainty of about 15% in retrieved 7, for the
whole solar irradiance. 7, has varying impact on irradiances. Rawlins and Foot (1990)
stated that increasing the value of r, results in greater forward scattering by the cloud
layer and an increase in transmitted irradiance. This is true only for low surface albedo
but for larger albedo > 0.8 the transmitted irradiance at the surface is larger with smaller
v, (Leontyeva and Stamnes, 1994). However, this study shows that the total UV-B
transmitted irradiance is always larger with smaller », for both cases of low

(a = 0.05) and high (o = 0.75) albedos (Figure 3.14). The effect of surface albedo is
more obvious in Figure 3.15 where transmitted diffuse irradiance is shown for one sun
angle and two different r, values. Multiple reflections between the snow surface (i.e., o =

0.75) and cloud base can double the surface radiation.
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CHAPTER 4

Validation of model irradiances

4.1 Introduction

This chapter assesses the model’s performance in calculating spectral and
broadband irradiances using the extraterrestrial solar spectrum, the calculated optical
parameters as described in Chapter 2, and the broadband cloud optical depths given in
Chapter 3. Although the results in Chapter 3 showed that the DISORT 8 and delta-
Eddington algorithms yielded very similar cloud optical depths for all stations in the
study it is also important to examine how well irradiances from the two methods compare
since the delta-Eddington method is an approximate solution of the radiative transfer
equation whereas the DISORT 8§ method is close to an exact solution.

4.2 Performance measures

Model performance is assessed using the mean bias error (MBE), which measures
systematic error, and the root mean square error (RMSE), which includes both systematic
and non-systematic error (Hay and Wardle, 1982). When MBE is small the RMSE

measures mainly the non-systematic error. If d; is the difference between calculated and

measured irradiances (daily or monthly), MBE and RMSE are defined from the variance
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of d

) 2
ol = 2.4 —[Z]gi) = (RMSE)* - (MBE)*, 4.1

where N is the number of data points. Both measures are calculated for spectral and
broadband irradiances for both daily totals and monthly averages. Irradiances are in

J m™day™'nm™" for spectral irradiance and in &J m %day~! for broadband values. The
performance measures are given both in these radiation units and also as percentages of
the mean measured irradiance for the relevant period. RMSE is also shown for different
averaging periods. This is useful since it indicates the length of averaging period that is
needed to obtain a desired level of accuracy. This is not necessary for the MBE because it
does not vary with averaging period.

The main source of random error stems from the cloud cover data. Since cloud
cover is only reported once an hour, cloudiness variations between hours are missed.
Linear interpolation of cloud cover for the Brewer instrument’s measurement time only
improves the validity of cloud estimates if the real variation of cloudiness between hourly
observations is linear. Intuitively, errors arising from interpolation are expected to be
random although initial errors in observer cloud estimates are probably systematic since
observers tend to overestimate cloud cover because the earth curvature leads to an

impression of greater cloudiness toward the horizon in non-overcast sky conditions

(Hughes, 1984).
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4.3 Comparisons of irradiances from the delta-Eddington and
DISORT methods

Delta-Eddington values are compared with DISORT 8 values of spectral and
broadband irradiances for both daily totals and monthly averages for all sky conditions
using annual values of cloud optical depth for each station (Table 3.4).

Seven wavelengths (295, 300, 305, 310, 315, 320 and 325 nm) were selected to
demonstrate model spectral performance for one arctic (Resolute in 1993 and 1995), one
sub-arctic (Churchill in 1993) and two mid-latitudes (Winnipeg in 1993 and Toronto in
1993) stations. Figures 4.1 shows spectral performance for two distinctive wavelengths
(295 nm and 305 nm). Five other wavelengths are shown in Appendix B. The spectral
irradiances in Resolute are much smaller than the other stations; this is a consequence of
greater cloudiness and larger solar zenith angles.

MBE, RMSE statistics and slope (the ratio of two means of calculated irradiances,
which is the slope of the regression line constrained to pass through the origin) are
presented in Table 4.1. In general the relative MBE shows that the delta-Eddington
method values are systematically larger than DISORT’s values with the exception of
Resolute at 295 nm. The delta-Eddington estimates are larger by 2-11% (mostly between
3-7%) and relative RMSE values are mainly within 5-11% of the mean measured daily
value. These differences are, however, within the uncertainty of the Brewer instrument

(~ +10%) and are much smaller than the differences between irradiances measured with

various instruments (Gardiner ef al., 1993; McKenzie et al., 1993; Seckmeyer et al.,

1994; Wang and Lenoble, 1994, Bais et al., 2001).
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Although systematic overestimation by the delta-Eddington method was not
reported in the original study of Joseph et al. (1976) it became apparent in the numerical
experiments by Forster and Shine (1995). Here, their analysis has been repeated. UV-B
irradiances were calculated for June 24, 1993 at Toronto using the actual atmosphere
calculations but for three simulated cloudiness states: cloudless, overcast and 50% cloud
cover. Results are summarized in Figures 4.2 and 4.3.

Figure 4.2 shows ratios of spectral UV-B irradiances calculated by both the delta-
Eddington and DISORT (using 4 and 8 streams) methods to irradiances calculated by a
16-stream DISORT method for a solar zenith angle of 64.4°, as used by Forster and Shine
(1995). The DISORT ratios are close to one at wavelengths greater than 300 nm for all
the three cloud cases. Below 300 nm DISORT 4 values decrease rapidly. This decrease is
not apparent for DISORT 8. The delta-Eddington model agrees to within 1% with
DISORT 4 and 8 for the overcast case at wavelengths greater than 303 nm but the error
increases to 12% and 17% for the 50% cloudy and clear sky cases, respectively, at 305
nm. Also delta-Eddington values fall off sharply for wavelengths below 303 nm
(overcast) or 300 nm (cloudless) like the DISORT 4 values although at longer
wavelengths.

Figure 4.3 compares the delta-Eddington and DISORT 8 irradiances at six solar
zenith angles, for simulated clear and overcast skies. The delta-Eddington values
generally overestimate spectral irradiances in the clear sky case model (Figure 4.3a).
Underestimations only occur at wavelengths below 305 nm at larger solar zenith angles.

In the overcast case model (Figure 4.3b) delta-Eddington estimates are closer to
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DISORT 8 values except at smaller wavelengths at larger solar zenith angles. Also the
irradiance decrease increases for larger solar zenith angles and with overcast sky case.
For example with a solar zenith angle of 60° and 71°, the delta-Eddington irradiances
decrease rapidly at about 295 nm and 300 nm, respectively for the clear sky conditions,
whereas for the overcast conditions, it fall off sharply at 297 nm and 301 nm.

The simulation results in Figures 4.2 and 4.3 show clearly that the delta-Eddington
method will overestimate spectral irradiances at most wavelengths. For all sky
conditions, Figure 4.1 also suggests that the ovérestimation, as measured by the slope
statistics, increases as wavelength decreases. The Resolute results are an exception.

At 295 nm at Resolute the delta-Eddington approximation underestimates UV-B
irradiance by 23% and the relative RMSE is increased to 27%. Resolute is more cloudy
than other subarctic and midlatitude stations (Figure 3.1). Forster and Shine (1995) found
that the delta-Eddington method underestimates the multiple scattering of cloud by up to
14%. The underestimation of irradiances by the delta-Eddington method at Resolute is
exacerbated by the rapid decrease in irradiance at the large sun angles encountered at
Resolute (Figure 4.3b). This is confirmed by examining cloudy data (total cloud amount
> (.8) for one year of Resolute, Winnipeg and Toronto (Figure 4.4). It shows clearly that
the delta-Eddington method underestimates irradiances at 295 nm by 34% for Resolute.
Figure 4.3 shows that this stems from the larger solar zenith angles at Resolute where the
mean zenith angle is about 69°. This is not apparent for the lower latitude stations where
sun angles are higher with the mean solar zenith angles being 50° and 59° for Winnipeg

and Toronto, respectively.
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Delta-Eddington and DISORT mean monthly spectra are compared in Figure 4.5.
The agreement in irradiances is good for these months at all four stations except at
wavelengths < 300 nm at months with larger mean zenith angles where the delta-
Eddington method always underestimates spectral irradiances. This confirms the effect of
a rapid decrease in irradiance at shorter wavelengths and at larger sun angles in the delta-
Eddington method.

All the above comparisons showed that for large solar zenith angles and at shorter
wavelengths (less than 305 nm) where ozone absorption is high, the deita-Eddington
method did not perform well because of the truncation of the phase function to two terms.
Although the amount of irradiance is very small, short wavelengths are nevertheless
important because the biological sensitivities are maximum for many processes.
Therefore, DISORT 8 method is superior for spectral irradiances. Figure 4.6 shows the
ratio of irradiances of the delta-Eddington and DISORT 8 methods as a function of total
column ozone and solar zenith angle for two simulated cases (cloudless and overcast) and
for two wavelengths (295 nm and 305 nm). At a wavelength of 295 nm (Figure 4.6 a) the
delta-Eddington error depends strongly on the ozone amount. Increases in the amount of
ozone generally increase the delta-Eddington error especially at larger solar zenith angles.
For example, at a solar zenith angle of 71° and a small ozone amount (200 DU), the delta-
Eddington underestimates irradiances by 36%, but the underestimation is much larger (a
factor of 3) with increasing ozone amount up to 500 DU. At 305 nm (Figure 4.6 b) the
delta-Eddington error depends slightly on ozone but the error increases with increasing

solar zenith angles up to 83°. Therefore, for wavelength > 305, and when considering
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daily total spectral irradiances, errors produced with the delta-Eddington approximation
are less important. This is because the times of day with smaller solar zenith angles
contribute most to the total irradiances.

Model estimates of daily total and monthly averaged broadband irradiances are
compared in Figure 4.7. Agreement is good for both daily total and monthly averages.
This is also indicated by the statistics in Table 4.2 where both MBE and RMSE values
are less than 7%. This is consistent with the findings of Forster and Shine (1995), which
indicate that the average delta-Eddington transmittance for the broadband UV-B exceeds
DISORT 16-stream model estimates by 5% at sun angle of 60°. Plots of the mean
meonthly calculated broadband irradiances (Figure 4.8) show that both sets of model

estimates agree well with each other with delta-Eddington consistently overestimating.

4.4 Comparisons of the delta-Eddington and DISORT model

calculations with measurements

This section compares model estimates with Brewer spectral and broadband
irradiances for both daily totals and monthly averages for all sky conditions using annual
values of cloud optical depth for each station (Table 3.4).

4.4.1 Spectral results
4.4.1.1 Daily spectral irradiance

Daily spectral irradiances from the delta-Eddington and DISORT 8 methods are
compared with measurements in Figures 4.9 and 4.10 for two wavelengths (295 nm and
305 nm). Other wavelengths (300, 310, 315, 320 and 325 nm) are presented in

Appendixes C and D. The performance statistics for the seven wavelengths are given in
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Table 4.3. With the exception of the 295 and 300 nm plots the scatter in the data points
are quite evenly distributed around the 1:1 line and the corresponding relative MBE

values are small. For wavelengths > 305 nm the relative MBE for the two methods is

mainly within 5% of the mean measured irradiance. This is well within the uncertainty of
the Brewer instrument.

Table 4.3 shows that there are systematic biases for delta-Eddington but most
MBE values for DISORT are negative, indicating underestimation by the model. This
finding is consistent with the results of section 4.3 which showed that the delta-
Eddington, generally, produces larger spectral irradiances than DISORT 8. DISORT
estimates are closer to measurements at shorter wavelengths ( < 300 nm) than the delta-
Eddington estimates. This is the result of the rapid decrease in delta-Eddington
irradiances at those wavelengths. The better MBE for delta-Eddington at longer
wavelengths may suggest systematic overestimation by Brewer instruments. This may
indicate that the 6% increase due to cosine error may be too large. Otherwise, it is
difficult to see why an inferior model performs better than DISORT 8.

The larger relative MBE values at 295 and 300 nm at most stations in both the
delta-Eddington and DISORT estimates may be attributed to the difficulty in measuring
this spectral region. In the wavelength range (290-304 nm) there are very low light levels
and increased stray light scattering that increase the instrumental uncertainty (E. Wu,

personal communication, 2001).
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Figure 4.9a. Comparison of measured and caiculated (delta-Eddington) daily total spectral
irradiances using annual values of cloud optical depth for each station (Table 3.4) for 295 nm.
The dotted lines represent linear regressions constrained to pass through the origin.
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Figure 4.9b. same as Figure 4.9a but for 305 nm.
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Figure 4.10. Comparison of measured and caiculated (DISORT) daily total spectral irradiances
using annual values of cloud optical depth for each station (Table 3.4) for 285 nm. The dotted
lines represent linear regressions constrained to pass through the origin.
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Delta-Eddington’s rapid decrease in irradiance at 295 nm is only detectable at the
arctic stations as a result of the greater cloudiness (Figure 3.1) and solar zenith angles. At
the other stations except Halifax, delta-Eddington’s MBE values are positive. This is
attributed to the effect of greater flux overestimation in cloudless skies that are more
common than in the arctic. At Halifax, the negative MBE for both models suggests a
systematic error in the Brewer instrument.

Relative RMSE values for wavelengths greater than 300 nm are mainly within
12% to 25%. RMSE decreases similarly with length of averaging period for both models.
An example is shown for Toronto (1993-1996) in Figure 4.11. For wavelengths greater
than 300 nm, RMSE values are between 17 and 20% for individual days and decrease to
between 6 and 8% for 30-day averaging periods. Davies and McKay (1982) showed a
similar decrease for radiation estimates over the broadband solar spectrum. The larger
values of RMSE at 300 nm are due to larger MBE values.
4.4.1.2 Monthly averaged spectral irradiance

Mean monthly measured and calculated spectral irradiances are plotted for four
stations (one arctic, one subarctic and two midlatitudes) in Figure 4.12 and performance
statistics for the two models are shown in Table 4.4. Figure 4.12 illustrates the annual
variation of spectral irradiance at four stations. Both model estimates follow
measurements well except for Churchill in April at wavelength > 310 nm. This is
because the snow depth at Churchill is small and the station is very close to Hudson Bay,
which is covered with ice during that time of the year (W. Rouse, personal

communication, 2001). Consequently, the model is underestimating the effect of multiple
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scattering from the ice and producing less irradiance than the measured values. At
wavelengths < 300 nm the delta-Eddington method is consistently overestimating the
irradiances at the four stations.

Table 4.4 shows that for 295-310 nm the magnitude of the relative MBE is smaller
for DISORT 8 than delta-Eddington but for larger wavelengths MBE is smaller for delta-
Eddington. The larger magnitude of biases at 295 nm for delta-Eddington (- 49% to 71%)
follows from the results shown in Figures 4.2 and 4.3. However, similar magnitude for
DISORT 8 biases (- 30% to 51%) require a different explanation since DISORT 8 is a
good approximation to an exact discrete ordinates solution of the radiative transfer
equation. Delta-Eddington overestimates on average for 19 of the 24 cases while
DISORT 8 underestimates for 15. Larger delta-Eddington irradiances were anticipated on
the basis of the findings in Figure 4.3.

Figure 4.13 shows the annual variation of measured and modeled spectral
irradiances for Toronto 1993. The systematic errors at 295 and 300 nm are visually more
obvious on a logarithmic scale. The Table below Figure 4.13 also indicates largest MBE
(22% for the delta-Eddington method and 11% for the DISORT method) and RMSE
(31% for the delta-Eddington method and 18% for the DISORT method). However, the
model performs very well at wavelengths 305 nm and above with MBE less than 7% and

RMSE between 4-8%.
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Figure 4.11. The relative root mean square error between delta-Eddington and measured
daily total spectral irradiances for different averaging periods for Toronto 1993-1996.



102

3
295 nm i 1295 nm
- 1 Toronto 3 !
E 4 |-
c A
- AV 3 ] Edmonton
P - . 2 4 . L
@ AN ! ]
ko) . ! ]
] . . [ L
£ /A . _
2 24 / L L
8 /2 , ' i
g aj ' . I
= P L
- Churchill 1
0 T T i T T T T T T 1 0 L T - T
1 2 3 4 5 6 7 8 9 10 11 12 1 2 10 11 12
120 - 100
- Toronto 300 nm
o Edmonton
£ 80 - .
c o
& N\
© 60 - \:
(\‘J L 4 './ -..
£ : - \.
= 40 - R A
3 A
c
! r
5 20
© .
- 1
T 0

1200 ] 305 nm

g Edmonton
C 900 - o
S A\
g 7\
1 e // N\ :
- \
§ / R;idute Bay

300 N L
g J o\ ,
£ .

0 ) T T T T T T T T

Month Month

Figure 4.12a. Mean monthly measured (solid lines) and calculated by delta-Eddington (dotted lines)
and DISORT (dash lines) methods spectral irradiance at 295, 300, 305 nm using annual values of
cloud optical depth for each station (Table 3.4) for Toronto in 1993, Churchill in 1993, Edmonton

in 1994 and Resolute Bay in 1985.



irradiance (J m? day"' nm™)

Irradiance (J m2 day' nm™)

Irradiance (J m?2 day' nm-)

103

7 310 nm

.. Toronto

} 310 nm

Edmonton

10 11 12

4800 4
3600
2400 4

1200 -

L 2400

L 1200 4

8000 { 320 nm 2\ Toronto - 8000 § 320 nm Edmonton
6400 —- .' F" : \" - 6400
7 7/ churchin \. X

4800 - L L 4800 4
3200 - / / - 3200

] 7 > [
1600 ‘ / \ x .‘E' 1600

4 [ P

0 ; T T T T T T T T 0
1 2 3 4 5 6 7 8 9 10 #1112 1

Figure 4.12b. same as Figure 4.12a but for 310, 315 and 320 nm.




104

708 ror $STI ez (8 ASI%
969 L9F] Ll Zr6c (HQ ASWI%
£8°¢- §LT- zz€- 197/ (8Q) AgN%
L6 £€°9 SLt POFI (2@ 9N%
209t ILEIE €0°8LT ¥SSTI w
Wy o€

0S9I 7862 96'+€ £€09 (8Q) ASINI%
06 0¢ ST6F zzos £629 (@ ISWI%
SEIT 291 9c/1 8647 (8Q) A9N%
$§'Iz 7967 £6°9¢ 96z  (FQ AIN%
96'1¢€ 8581 6071 LEE n
4l 4! 01 8 N
wu )¢

L8 9069 IL#I 67921 (8Q) ISINI%
6€0¢ 0L°06 L6°0C £2°€7T  (AQ ASNI%
6201 $TIS 9¢'I- 9662-  (8Q) AdN%
0L07 SL0L $9'€ Zrer- (3@ 99N%
L8°0 050 $€°0 S0°0 nW
41 L 8 L N

wu 67

€661 OJUOIOL, 66 UOTUOWIDH €661 [UOINYD G661 ANJOSTY  (ISUS[IABA

"UOTJBUITISOIDA0 [SPOUT 9)8dIpUL San[eA A SANISOJ * J
Jo (or7e31) sedejuasiad se usAIS are FSIARY pue AGIN JO sonjep “ (. wu,_Avp, w [) dueIpelll [exodds pamsesw A[yjuow
UBSW Y} ST gy pue sputod eyep Jo Jequinu 2y} ST A "UOIE)S Yoed 10§ pajesipur potiad ayj 10J seourIpeLl [enoads A[yjuow

uBoW 10] sjuswaINseaw jsurede samsesw sourunojiad (8 8§ 1YOSIA pue () Uo1SUIppI-vIop JO Alwiwing ‘44 2[qe ]



105

zL9 [y FILI £69 (8Q) ASNIY%
0% $9°8 pEFI $9°9 (HA) 3SNE%
90°¢- rET- SO°I1I- z0°¢- (8@ g%
¥L0- §T€ z0°9- 080 (HA) 39N%
S6'IbEY 20'9€9€ Z0°S00v TYLSTE w
wu §7¢

z0°8 LS8 $9°91 00 (8Q) ASNI%
£EF 0L'8 IN 2 98/ HQ) 9SIWI%
#E9- 69 €- 9z°01I- £L°C (8Q) 9N%
68°1- re 0Lt~ 6%'1 (@ 9%
96°800€ 69°1$HT €7°9092 12°9v61 W
wu gy

66t $0'6 8l 9.°€1  (8Q) ASINU%
zs6 I#°SI £5°971 0661 (A ASIWIY%
020 ZET- prE- Irs (8Q) TIN%
zs9 06 8r'€ ST (@ 49N%
91'8L6 €7°69L €€°09L 90°9S+ W
wu Oy ¢

€661 OOIOL, $66] UONOWDPT €661 [[IYINYD G661 AIN[0SY  YIFUI[IABA

(poD) v 2Iqe L



106

Spectral Irradiance (J m™ day™* nm™)

Delta-Eddington DISORT 8
Wavelength M Slope MBE% RMSE% Slope MBE% RMSE%
295 nm 0.87 1.207 20.70 30.39 1.103 10.29 18.47
300 nm 3196 1.219 21.85 30.90 1.115 1145 16.50
305 nm 446.02 1.030 2.97 6.56 0962 -3.83 8.02
310 nm 978.16 1.065 6.52 9.52 1.002  0.20 4,99
315 nm 3008.96 0.981 -1.89 4.33 0934 -6.34 8.02
320 nm 434195 0993 -0.74 4.01 0949 -506 6.72

Figure 4.13. Mean monthly measured (solid lines) spectral irradiances and calculated by the
delta-Eddington (dotted lines) and DISORT (dash lines) models for various wavelengths for
Toronto 1993. Tabie gives relative MBE and RMSE values with positive MBE indicating model

overestimation. M is the mean monthly measured lrradiance.
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Figure 4.14. Mean monthly measured (solid lines) and calculated by delta-Eddington

{black circles, triangles and squares) and DISORT (white circles, triangies and squares)

spectral irradiance on a logarithmic (upper lines, left axis) and linear (lower lines, right axis)
scale for January (circles), March (triangles) and June (squares) for Edmonton in 1994, Halifax
in 1993 and Toronto in 1993. Table gives N which is the number of days used for each month.



108

Figure 4.14 shows mean monthly measured spectral irradiance and corresponding
DISORT and delta-Eddington values with both linear and logarithmic plots for three
months (January, March and June) for Edmonton in 1994, Halifax in 1993 and Toronto in
1993. The linear plot illustrates more clearly the agreement of measured and calculated
irradiances at higher wavelengths while the logarithmic plot is better for showing the
agreement at smaller wavelengths. Model values follow measurements well except at
shorter wavelengths (< 300 nm). This may be attributable as stated earlier to the
difficulty of measuring such low irradiance levels and to the light leakage problem even
though a correction has been applied to irradiances for wavelengths less than 305 nm
(Wardle and Kerr, 1999). Model calculations show the same spectral variation as the
Brewer measurements at wavelengths greater than 295-298 nm. The Halifax and Toronto
data indicate that there is still evidence of stray light leakage in the corrected Brewer

measurements.
4.4.2 Broadband irradiance results

4.4.2.1 Daily total irradiance

In this section, daily total and monthly averaged broadband irradiances estimated
from delta-Eddington and DISORT methods are compared with measurements (Figures
4.15 and 4.16). Performance statistics are given in Table 4.5. In general the delta-
Eddington method performs very well for broadband calculations with relative MBE less
than 6.5% and RMSE less than 23.5%, which is similar to values obtained from
comparisons for global irradiance (Davies and McKay, 1989) and the preliminary UV-B

irradiance study for Canadian stations by Davies ef al. (2000). The delta-Eddington
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Figure 4.15a. Comparison of measured and calculated (delta-Eddington) daily totals (white circles)
and monthly averaged (black circles) irradiances at Alert, Resolute, Churchill, Edmonton and
Regina, using annual values of cloud optical depth for each station. N is the number of days.

The dotted lines represent linear regressions constrained to pass through the origin.
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Figure 4.16a. Comparison of measured and calculated (DISORT) daily totals {(white circles)
and monthly averaged (black circles) irradiances at Alert, Resolute, Churchill, Edmonton and
Regina, using annual values of cloud optical depth for each station. N is the number of days.
The dotted lines represent linear regressions constrained to pass through the origin.
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values are slightly better than the DISORT values with relative MBE up to 9% and

RMSE values about 26%.

The above comparisons show that the delta-Eddington algorithm is adequate for
estimating surface broadband UV-B irradiance under all sky conditions from mid-
latitudes to the arctic. The method has the important advantage of being approximately
1000 times computationally faster than the DISORT algorithm. Since cloudy sky
irradiances are not very sensitive to uncertainty in 7, three sets of irradiances were
calculated and compared. There are daily total and monthly averaged broadband

irradiances estimated from annual 7, for each station, estimates using one 7, for each
station and estimates using one 7, for all (or most) stations. This is done only for delta-

Eddington algorithm. Model irradiances produced from the three different sets of 7,
values are discussed below.
4.4.2.1.1 Model calculations using station 7, values for each year

In Figures 4.17, measured and calculated (delta-Eddington) daily and monthly
mean daily broadband irradiances for all years of available data were compared using
annual 7, values determined for each station (Table 3.4). Agreement is good. Relative
MBE is less than 1% at Alert, Resolute, Halifax and Toronto (Table 4.6). At Churchill,
Edmonton, Regina, Winnipeg, and Montreal the relative MBE range from 1 to 6%. The
model overestimates the surface irradiance at Alert, Churchill, Edmonton, Regina,
Winnipeg and Halifax by 0.1-6% and underestimates by less than 1% at Resolute,

Montreal and Toronto. RMSE values are between 13 and 24% of the mean daily
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measured irradiance, decreasing to between 2% and 14% for monthly averages depending
on the averaging period at each station (Table 4.6). The MBE and RMSE values for daily
total UV-B irradiance are similar to those obtained by Davies et al. (2000) at Edmonton,
Winnipeg, Halifax and Toronto. Appendix E contains all comparisons between measured
and calculated daily total and monthly averages broadband irradiances for individual
years for each station.

An example of the daily variation of measured and calculated irradiances is
shown in Figure 4.18 for Halifax (1993-1996). This station was chosen because there
were no missing months for the period. Model irradiances follow the variation of
measurements well with little bias. The calculated irradiances are between +15% of
measurements. Variation between measured and calculated surface irradiances possibly

reflect daily variation in 7, . Also, measurements are affected by changing cloud amounts

over periods of minutes to hours and generally the highest irradiance is measured during
partly cloudy conditions due to scattering from cloud sides when the sun is not obscured
(Mims and Frederick, 1994; Estupinan et al., 1996; Schafer et al., 1996). This could
increase measurements on some days and would not be captured by the model.

4.4.2.1.2 Model calculations using pooled 7. values for each station

Calculations based on station 7, also show good agreement with the surface
measurements as shown in Figures 4.19. The results are very similar to the calculations
with annual 7, . The surface flux is slightly underestimated (by 0.9 to 3%) at Resolute

Bay, Montreal and Toronto and overestimated (by 0.8 to 6%) at other stations (Table

4.6). RMSE is between 15-19% for the daily irradiances and between 2-13% for the
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The dotted lines represent linear regressions constrained to pass through the origin.
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Figure 4.19a. Comparison of measured and calculated (deita-Eddingion) daily totals
(white circles) and monthly averaged (black circles) irradiances at Resolute Bay,

Churchill, Edmonton and Regina using station cloud optical values. N is the number
of days. The dotted lines represent linear regression constrained to pass through the origin.
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Figure 4.19b. same as Figure 4.19a but for Montreal, Halifax and Toronto.
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monthly averages results. The agreement between model and measurements using station
7, for individual years at each station is shown in Appendix F.

4.4.2.1.3 Model calculations using a pooled 7. value

Values of 7, for all stations were combined to produce one median 7., which was then
used to calculate irradiances at each station. Alert was excluded because it had a much
smaller 7. (4.98) and little data (31 days only for four summer months). The effective
median 7. (17.07) was found to be too large for Resolute Bay and attenuated the model
surface irradiances too much.

On the basis of this poor agreement between measured and calculated irradiances
when using the effective median 7, to generate fluxes for the arctic stations (not shown),
a median 7, of 18.7 was calculated for the pooled subarctic and midlatitudes stations.
The use of this fixed 7, to generate fluxes did not degrade the irradiance amount at all
stations (subarctic and midlatitudes) as shown in Figures 4.20 and the scatter plots are
similar to those of Figures 4.17 and 4.19 with MBE less than 6% and RMSE between 13-
19%. The average difference in irradiance is less than 0.2% when comparing to
irradiance calculations using station 7, values for each year. Appendix G has all the
comparisons between model and measured irradiances for individual years for subarctic
and all midlatitudes stations using the fixed median 7, .

The results of Figures 4.20 suggest that a 7, value of 18.7 is adequate for
subarctic and midlatitudes stations. This obviates the need for extensive computation to

retrieve 7, for each station and year.



124

~ 160 160
"> 1 Churchill 1993-1996 o - 1 Edmonton 1993-1996 F
3 1 N=603 - 1 N= 947 9% . -
" : Q0 - . %0 - -
‘T 120 - 120 A -
) E o - E o -
o E %0 o L 4 o =) L
0
o) 9 0g° o - 1 ° ) -
S 8o SR R 80 - o S i
m -~ ° - -t -
o © °
E ] o 03 i E oo § s ° '_
= 1 o ® E 1 A i
5 40 o ° - 40 -
g E o o - E 3
83 . L . L
3 . L E ©
S“ 0 2 I | l T 1 ‘ L I 1T 0 LI L | ¥ l ¥ & & ‘ LI L
0 40 80 120 160 0 40 80 120 160
~7’; 160 - 160 -
& 7 Regina 1994-1995 °°_~’ i 1 Winnipeg 1893 i
o 1 N=373 5 i 1 N=228
'E 4 ® y - .1 8. X
120 - o S 120 4 i L
2 7 oo 2 ] 2 ] % 3
8 : [} ° 9%3’0 : : : 5 © :
S 804 , e’s @ - 80 - o & © -
5 - i ’ ME, i
@ 4 o ! 4 o s
= ° Y [ N4
T awd 3 I w0 o -
@ . o o - B
= 3 S i ] -~ i
5 4 o - 4 L
9 J L ; !
g 0 LR R , T4 % ' LE R } T O PUTT , L I ' L] t ' L S )
0 40 80 120 160 0 40 80 120 160
Measured irradiance (kJ m? day™) Measured irradiance (kJ m?day™)

Figure 4.20a. Comparison of measured and delta-Eddington calculated daily (white circles) and
monthly (black circles) irradiances at Churchill, Edmonton, Regina and Winnipeg, using a pooled
cloud optical depth (18.69). N is the number of days. The dotted lines represent linear regression
constrained to pass through the origin.
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4.4.2.2 Monthly averaged irradiance
The model performance of monthly averaged irradiance is shown in Figure 4.21

for Toronto and Halifax for 1993-1996 using annual 7. values for each station. Similar

plots for all other stations are shown in Appendix H. Agreement between calculations and
measurements are generally very good at all seasons. Irradiances compare mainly to
within 15%. Largest differences occur in a few summer months but they are small and
change in sign from year to year.

4.5 Comparisons of two different aerosol loadings

Two urban aerosols loading are used in chapter 3 to calculate 7, for Montreal

(1993 and 1994) and Toronto (1993 and 1995), for a 50-km visibility aerosol model (light
aerosol) and a 36.5 km (average of 50 km and 23 km models) model (heavier acrosol).
Fluxes from the two urban aerosol loadings are compared with measurements at both
stations. For Montreal there is better agreement between the light aerosol model and
measurements with MBE less than 2.5% for both daily total and monthly average
broadband irradiances (Table 4.7). For Toronto, the heavier aerosol model shows better
agreement with MBE less than 1% and less than 2% for the daily total and monthly
average, respectively. Table 4.6 shows that heavy aerosol reduces the daily surface
irradiance by 2-7%. This agrees well with the findings of Chertock et al. (1992) who

found that aerosols could reduce daily solar irradiance up to 5%.
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CHAPTER 5

Comparisons with the CCRS satellite model results

5.1 Introduction

UV-B irradiance can be estimated from surface meteorological data, as in the
present study, or from satellite measurements. The performance of the McMaster model
is further assessed by comparing model broadband irradiances (290-320 nm) with those 7
from the Canada Centre for Remote Sensing (CCRS) Meteor-3/TOMS satellite based-

model (Li et al., 2000).
5.2 The CCRS satellite based method

The TOMS instrument on board the Meteor 3 satellite between 1991 and 1994
measured the incoming solar irradiance and bidirectional reflected radiance'” at the TOA
at three ozone-sensitive (312.35, 317.40, and 331.13 nm) and three insensitive
wavelengths (339.73, 360, and 380.16 nm), all measured with a 1 nm resolution. Since
atmospheric absorption at these longer wavelengths is weak, the reflected radiance
represents the Rayleigh scattering, Mie scattering (aerosol and cloud particles) and
surface reflection.

The CCRS satellite algorithm for retrieving surface net UV-B irradiance was

developed by Li et al. (2000) using a simplified radiative transfer model and validated

1 Bidirectional reflected radiance is the backscattered solar flux in a particular direction which
depends on both the solar and the satellite angles where the radiation takes two-way path through the
atmosphere.
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against the DISORT model of Wang and Lenoble (1994). The algorithm was also tested
against broadband (290-320 nm) Brewer measurements at Edmonton, Regina, Winnipeg,
Saturna Island, Halifax and Toronto between 1992 and 1994 (Wang et al., 2000).

The algorithm is based on a linear relationship between TOA albedo at 360 nm
and surface net (absorbed) UV-B irradiance. TOA albedos were calculated from Meteor-
3 TOMS reflected radiance measurements at 360 nm following spectral and angular

corrections. Bidirectional reflectance and albedo are defined respectively as:

a(00.0.4) =T 200) 5.1)
_F1 (&)
“(90)""—"_Socoseo , (5.2)

where S, is the extraterrestrial solar irradiance at an incident angle 8, L is the reflected
radiance measured by the satellite at a satellite angle &, and ¢ is the azimuth angle
between the sun and satellite, and F T (6, ) is the reflected flux. The angular

dependence model (ADM) is used to derive albedos from radiances (Li, 1996) and ADM

is defined by:
T[L(90399¢)
R(6y,0,¢) = —5—=. 53
Using Egs. (5.1) and (5.3), Eq. (5.2) can be rewritten as:
(6 ) = 8400:0:9) (5.4)

R(6,,6,¢)
There are 12 ERBE ADM:s corresponding to 12 scene types with four cloud classes over

different surface types. Cloud classification required to apply the ERBE ADMs are part
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of the TOMS data. These are determined by cloud cover percentages (clear, 0-5%); partly
cloudy 5-50%; mostly cloudy, 50-95%; and overcast, >95%) (Li, 1996; Wang et al.,
2000).

The algorithm is mainly used to provide broadband estimates of surface UV-B
irradiance (Wang et al., 2000). The atmosphere is divided into three layers: the top layer
is mainly ozone, the middle layer contains air molecules, cloud, and aerosol particles and

the third layer is the surface. The surface net UV-B irradiance is given by:

UVByer = (1-0.196 = 0.7980136p — 4; )CTo3S, cos, (5.5)

C= (1-ay)
(1-a, )+ Ao,

(5.6)

where a4 is the TOA albedo for the earth-atmosphere system at 360 nm, C accounts

for multiple reflection and aerosol absorption, a, is surface albedo, 4, and 45 represent
aerosol absorption for the downwelling and upwelling UV-B irradiance, respectively, and
they are parameterized following the Beer’s law. Tj; is the band-mean transmittance due
to ozone absorption and is calculated by adding a series of exponential functions with
constant ozone coefficients and weights shown in Table 1 of Li ez al. (2000).

Eq. (5.5) requires the extraterrestrial solar irradiance, total ozone amount, TOA
albedo, aerosol optical depth and single scattering albedo, and surface albedo. Therefore,
surface UV-B irradiance can be estimated without the knowledge of cloud optical depth.
The extraterrestrial irradiance was taken from Frohlich and London (1986). Total ozone
amount was taken from the TOMS data set. Surface albedo was assumed to be 0.04 for

Toronto and 0.03 for other stations. Aerosol optical depth 7, measurements were
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available for Toronto (Wang ez al., 2000) and a value of 0.31 was substituted for missing
days. For Winnipeg and Edmonton 7, was assumed to be 0.2, and 0.1 for the remaining
stations. Aerosol single scattering albedo was assumed to be 0.95 for all stations.

The transmitted surface UV-B irradiance is given by UVB,,, /(1 - a; ). These

calculated transmitted spot values were compared with Brewer measurements for the
same satellite measurement time. In the comparison three criteria were taken under
consideration. Firstly, days with snow cover were neglected since the differentiation
between cloud cover and snow surfaces is often difficult to detect in a satellite image.
This is due to the similarity of their spectral reflectance in the solar and UV channels
(Gautier et al., 1993). Secondly, satellite and Brewer measurements were matched in
time, zenith angle and space. Time difference between satellite and Brewer measurement
was constrained to less than 7 min, and difference in their zenith angles should be less
than 1°. Also the location of the ground station should be within the center of the satellite
pixel with the distance less than 30 and 50 km for cloudy and clear sky conditions,

respectively.
5.3 Comparison of the McMaster model and CCRS model results

The Meteor 3 reflectance measurements were made at various local times with
different solar angles with mostly one value per day, up to a maximum of two values per
day that matched the Brewer time (P. Tsering, personal communication, 2001). Each
CCRS model estimate is compared with a simultaneous Brewer measurement and a
calculation from the McMaster model using both the delta-Eddington and DISORT

methods. There is a small difference in the spectral integration range used by CCRS and
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the present study. CCRS presents irradiances integrated over the 290-320.5 nm waveband
in 0.5 nm steps while the present study results were integrated in 1 nm steps over the 290-
320 nm range. In this chapter, both models are compared with Brewer measurements
integrated to the upper wavelength limit appropriate to the model.

Comparison of the McMaster model broadband irradiances and the simultaneous
satellite-based results with Brewer measurements made at six stations (Edmonton in 1993
and 1994, Regina in 1994, Winnipeg in 1993, Montreal in 1993 and 1994, Halifax in
1993 and 1994, Toronto in 1993 and 1994) are presented in Figure 5.1. They represent 10
station years of data mainly between May and September, with 605 data points in total.
Generally, the agreement between the three is visually good.

Table 5.2 provides performance statistics for both individual stations and pooled
data. For the pooled data, the McMaster model with the delta-Eddington and DISORT
methods and the CCRS model underestimate Brewer measurements by 0.3%, 6% and 3%
of the mean measured irradiance. For the individual stations the relative MBE values
range between +6% for the delta-Eddington method, between —10% and 0.2% for the
DISORT method and between —11% and 0.3% for the satellite-based method. These

irradiance differences are smaller than differences between near simultaneous

measurements made with different ground instruments (£10%) (McKenzie et al., 1993;

Bais et al., 2001). However, the relative RMSE for the pooled data is similar (26% and
29%) for the two methods. For the individual stations, relative RMSE range from 24 to
34% and from 20 to 40% for the McMaster model and satellite-based method,

respectively.
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Figure 5.1. Comparison between McMaster model calculations, CCRS satellite-based model
calculations and measured UV-B irradiances for all sky conditions for Edmonton, Regina,
Winnipeg, Montreal, Halifax and Toronto. The dotted lines represent linear regressions
constrained to pass through the oigin. A different symbol represents data for each station.
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The differences in McMaster model and satellite estimates of UV-B irradiance are
well within the uncertainties in the model input data and Brewer measurements. These
small differences cannot be explained because it could be due to uncertainties in both the
surface measurements and the input parameters of the two methods. The satellite method
is different because the TOMS instrument field of view is 50 x 50 km? in the nadir
direction, increasing to 150 x 200 km? in the extreme off-nadir direction, while the
Brewer instrument and the McMaster model are representing irradiance for a much
smaller area. Therefore the values of clouds, aerosols and surface albedo detected by
satellite may not represent the conditions at a station because these values are averaged
over the larger area. However, the differences between surface UV-B irradiances
retrieved from the visible channel of NOAA/AVHRR satellite acquired in Canada in
1994 and the Brewer measurements at the same Canadian stations were insignificant due
to the smaller AVHRR pixel size which changes from a circle of 1.1 km diameter at nadir
to an ellipse (2.5 km x 6.8 km) at larger scanning angle (Wang et al., 2000).

This is the first study comparing satellite-based model results of UV-B irradiance
with ground based model results. Although the two model forms have little in common,
surprisingly, they perform almost identically which further support the accuracy of
McMaster model. Since the satellite-based model cannot produce calculations throughout
the day, the true usefulness of the McMaster model is apparent. The delta-Eddington
method is especially appealing since it is computationally efficient compared with
DISORT 8, it gives a complete temporal record and it is cheap and easy to use relative to

Brewer measurements.



CHAPTER 6

Summary and Conclusions

The objectives of this study were 1) to provide a numerical model for estimating
spectral and broadband UV-B irradiances for Canadian conditions; 2) to determine cloud
optical depth which is essential to radiative transfer calculations; 3) to examine the
relative performance of the delta-Eddington and DISORT 8 algorithms and validate
model results with Brewer spectrophotometer measurements; and 4) to compare model
irradiance results with simultaneous results from a satellite-based method.

In the first part of the thesis, a numerical model to estimate spectral and
broadband UV-B irradiances at the surface is presented. Irradiances for all sky conditions
were obtained by linearly weighting calculated clear and overcast sky irradiances with
cloud amount. Irradiances were calculated from either the delta-Eddington or the
DISORT 8 solutions of the radiative transfer equation at 1 nm spectral intervals. The
model is physically based can be employed to calculate irradiances anywhere given daily
measurements of total ozone and snow depth, and hourly cloud cover observations.

In the second part, methods for determining cloud optical properties were
presented. Mie theory shows that cloud droplets scatter UV-B irradiance uniformly over

the UV-B spectral range. Broadband values of cloud single scattering albedo @, and
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asymmetry factor g, were calculated from Mie theory for two equivalent radii; 7 um for
arctic stations and 10um for midlatitude and subarctic stations. Broadband cloud optical
depths 7, were then calculated iteratively from overcast irradiance measurements for
snow free cases. 7, values calculated by the delta-Eddington and DISORT methods are
similar. This implies the broadband fluxes from the two methods must also be close.
Mean 7, values are similar to those obtained by other researchers for the global solar
radiation waveband. Median 7, was chosen as the best measure of central tendency.

Values were between 5-15 for arctic and subarctic stations and increased to between 17~

28 for the midlatitude stations.

Sensitivity analyses were made with model calculations for a single cloudy layer
of various 7, values to examine the accuracy of delta-Eddington in calculating the
transmitted broadband UV-B irradiances under overcast conditions and to investigate the
effect of using two different drop sizes (r, = 7um and r, = 10um)on the transmitted
flux.

The significant contributions from Chapter 3 are as follows:

e The retrieved values of 7, did not show geographic variations except for
smaller values in the arctic.

e Frequency distributions of 7, are well fitted by the gamma distributions as
found by Barker et al. (1998) for retrieved 7, values for the whole solar
spectrum.

e Changing the cloud altitude did not have effect in the retrieved 7, values.
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e Through comparisons with DISORT 8§ resuits, the delta-Eddington method
is unsuitable for calculating direct and diffuse irradiance components but
is often satisfactory for global (direct +diffuse) broadband irradiances.

Therefore, it is also suitable for estimating 7.
e Transmitted UV-B irradiances decrease with increasing 7, .

In the third part of the thesis, three comparisons were performed. First, model
calculations of spectral and broadband irradiances from the delta-Eddington and
DISORT 8 methods were compared for both daily totals and monthly averages for all sky
conditions at four stations (Resolute, Churchill, Winnipeg and Toronto). Second, model
calculations from both methods were validated with Brewer measurements for one year
of data for all nine stations. The most important findings are:

e The delta-Eddington method produces daily total spectral irradiances for
all sky conditions, which are generally 2-11% larger than those from the
DISORT 8 method. The fractional overestimation by the delta-Eddington
method decreases as wavelength increases. Therefore, the delta-Eddington
irradiances are acceptable for wavelengths > 305 nm.

e The delta-Eddington method is unsuitable for instantaneous spectral
values for different times in the day below 305 nm where ozone
absorption is high. At longer wavelengths its performance véries
significantly with solar zenith angle and cloudiness. For clear skies, the

delta-Eddington method always overestimates irradiances at all sun angles
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with the error increasing, as the solar zenith angle increases. For cloudy
skies the errors are much smaller.

e The delta-Eddington method performs very well for broadband
calculations for both daily total and monthly averaged irradiances.

e Comparison of the delta-Eddington and DISORT spectral estimates with
measurements indicate uncertainties in the Brewer measurements at
wavelengths < 305 nm.

e At wavelengths > 305 nm better agreement between the delta-Eddington-
Brewer comparison than the DISORT 8-Brewer comparison suggests
systematic overestimation by the Brewer spectrophotometers. This might
indicate that the 6% increase due to cosine error is too large.

e Model estimates for broadband irradiances for both daily totals and
monthly averages are good with the relative mean bias error (MBE) < 5%
and relative root mean square error (RMSE) < 26% of the mean measured
daily irradiance.

e A fixed 7, value of 18.7 is adequate for all stations except the arctic. This

is important because it suggests that further estimation of 7, is not
necessary.
Third, the effect of using two different urban aerosol loadings (light and heavy
aerosol) were examined at Montreal and Toronto for two years of data for each station. It

was shown that a light aerosol model was suitable for Montreal and a heavy aerosol

model for Toronto.
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The last part of the thesis further validated the model’s performance by comparing
its values with those obtained from a satellite-based model for times of measurements
made by satellite mostly 1 per day at different local times. The two independent methods
produced similar results. However, the model used here has an important advantage over
the satellite model. It can be used to estimate irradiances throughout the day and thus
produces daily totals. This is not possible with the satellite-based model.

This research has made significant contributions to the understanding and
evaluation of UV-B irradiance models for all sky conditions. It is the first to provide
extensive evaluation for spectral and broadband irradiances for a large data set, using
nine stations and 26 years of data. The spectral information presented here are of
importance to biologists in that it can be multiplied by an action spectrum of interest to
determine potential biological exposure at each wavelength and integrated over the UV-B
wavelength range to derive total exposure.

Because the model is physically based it should be applicable anywhere.
Refinements to the extraterrestrial solar spectrum, Rayleigh scattering cross sections and
ozone absorption coefficients are unlikely to be large and the model’s linear combination
of a cloudless and overcast components has been shown to work in a wide range of
Canadian conditions. The greatest restriction to its use is the availability of cloud cover
information.

The following recommendations are made for future research. First, the model’s
future application in Canada is limited by the availability of cloud data because of the

cessation of cloud observations at most Canadian stations (L. J. B. McArthur, personal
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communication, 2001). Alternative cloud data must be obtained. There are many
possibilities: (1) digital all-sky camera photographs (2) Total Sky Imager (TSI) model

880 manufactured by Yankee environmental systems (3) sunshine duration from sunshine
recorders (4) broadband radiometer measurements (5) ceilometer algorithms (6) satellite
imaging from International Satellite Cloud Climatology Project (ISCCP). The first

ISCCP cloud products (C dataset) had some problems, but the new version of cloud
products (DX dataset) are superior to those of C dataset products due to the use of
modified satellite calibration and cloud microphysical models (Trishchenko et al., 2001).
These ISCCP DX data are archived at NASA/Langley Research Center. They provide
cloud information every 3 hours for each 30-km grid cell over the globe for the period
from July 1983 through December 1999 (Rossow and Schiffer, 1999). In the United
States cloud amount is also observed every 3 hours. Davies and McKay (1989) showed
that good results could be obtained with a solar radiation model by linearly interpolating
cloud amount for missing hours. Ceilometer algorithms use the time series of ceilometer
data to calculate the cloud amount and heights of different cloud layers (Karkkainen ef
al., 1997). The radiometer technique for estimating cloud cover is based on the irradiance
difference between clear and cloudy skies (Coombes and Harrison, 1985; Long et al.,
1999). Sunshine duration has been recorded at many sites around the world including
Canada. Cloud sensor TSI-880 has not been used in Canada. Digital all-sky camera
measurements are largely experimental. There is a need to evaluate model performance

with cloud data from these methods.
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Second, the Brewer instrument data sets have not been corrected for the cosine
error of the diffuser, temperature errors, as well as absolute radiometric calibration errors.
In fact, the 6% increase made to the Brewer data in this study was an approximate
correction to remove the systematic cosine error but the actual correction should be made
depending on the solar zenith angle and sky illumination conditions (Wardle and Kerr,

1999).
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Appendix A

Frequency distributions of cloud optical depths calculated by the delta-Eddington
method for Resolute, Churchill, Edmonton, Regina, Montreal, Halifax and Toronto.
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Figure A1. Frequency distributions of cloud optical depths calculated by the delta-Eddington

method for Resolute Bay.
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Figure A2, same as Figure A1 but for Churchill.
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Figure A3. same as Figure A1 but for Edmonton.
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Appendix B

Comparison of DISORT and delta-Eddington daily total spectral irradiances
calculated using annual values of cloud optical depth for each station (Table 3.4)
for five wavelengths: 300, 310, 315, 320 and 325 nm.
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Appendix C

Comparison of measured and calculated (delta-Eddington) daily total spectral
irradiances using annual values of cloud optical depth for each station (Table 3.4)
for 300, 310, 315, 320 and 325 nm.
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Figure C1. Comparison of measured and calculated (delta-Eddington) daily total spectral
irradiances using annual values of cloud optical depth for each station (Table 3.4) for 300 nm.
The dotted lines represent linear regressions constrained to pass through the origin.
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Figure C2. same as Figure C1 but for 310 nm.
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Figure C3. same as Figure C1 but for 315 nm.
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Figure C4. same as Figure C1 but for 320 nm.
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Figure C5. same as Figure C1 but for 325 nm.
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Appendix D

Comparison of measured and calculated (DISORT) daily total spectral irradiances using annual
values of cloud optical depth for each station (Table 3.4) for 300, 310, 315, 320 and 325 nm.
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Figure D1. Comparison of measured and calculated (DISORT) daily total spectral irradiances
using annual values of cloud optical depth for each station (Table 3.4) for 300 nm. The dotted
lines represent linear regressions constrained to pass through the origin.
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Figure D2. same as Figure D1 but for 310 nm.
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Figure D3. same as Figure D1 but for 315 nm.
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Figure D4. same as Figure D1 but for 320 nm.
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Figure D5. same as Figure D1 but for 325 nm.
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Appendix E

Comparison of measured and calculated (delta-Eddington) daily totals and
monthly averages irradiances For Resolute, Churchill, Edmonton, Regina,
Montreal, Halifax and Toronto using annual cloud optical depth.
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Figure E1. Comparison of measured and calculated (delta-Eddington) daily totals (white circles)
and monthly averages (black circles) irradiances for Resolute Bay using annual cloud optical
depth. N is the number of days.
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Figure E2. same as Figure E1 but for Churchill.
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Figure E3. same as Figure E1 but for Edmonton.
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Figure E4. same as Figure E1 but for Regina and Montreal.
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Figure E5. same as Figure E1 but for Halifax.
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Figure E6. same as Figure E1 but for Toronto.
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Appendix F

Comparison of measured and calculated (delta-Eddington) daily totals and
monthly averages irradiances For Resolute, Churchill, Edmonton, Regina,

Montreal, Halifax and Toronto using pooled cloud optical depth values for
each station.
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Figure F1. Comparison of measured and calculated {delta-Eddington) daily (white circles)
and monthly (black circles) irradiances for Resolute Bay, cloud optical depth= 10.18. N is

the number of days.
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Figure F2. same as Figure F1 but for Churchill, cloud optical depth= 14.99.
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Figure F3. same as Figure F1 but for Edmonton, cloud optical depth= 19.62.
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Figure F4. same as Figure F1 but for Regind (cloud optical depth= 17.4) and
Montreal (cloud optical depth= 20.84).
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Figure F5. same as Figure F1 but for Halifax, cloud optical depth= 16.6.
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Figure F6. same as Figure F1 but for Toronto, cloud optical depth= 22.98.
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Appendix G

Comparison of measured and calculated (delta-Eddington) daily totals and
monthly averages irradiances For Churchili, Edmonton, Regina, Montreal,
Halifax and Toronto using a pooled cloud optical depth value of 18.7.
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Figure G1. Comparison of measured and calculated (delta-Eddington) daily (white circles) and
monthly (black circles) irradiances for Churchill, cloud optical depth= 18.7.
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Figure G2. same as Figure G1 but for Edmonton,
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Figure G3. same as Figure G1 but for Regina and Montreal.
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Figure G4. same as Figure G1 but for Halifax.
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Figure G5. same as Figure G1 but for Toronto.
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Appendix H

Monthly averaged measured and calculated broadband irradiances for
Resolute Bay, Churchill, Regina, Montreal, Winnipeg, Alert and Edmonton
for the available years.
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