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ABSTRACT: Cloud optical properties play a highly significant role in the amount of UV-B irradiance reaching the ground. Broadband values of UV-B cloud optical properties are calculated for nine Canadian stations from 26 years of data. Cloud single scattering albedo ωc and asymmetry factor gc are computed from Mie theory for two values of equivalent droplet radius; 7 µm for arctic stations and 10 µm for midlatitude and subarctic stations. Overcast cloud optical depths τc are estimated iteratively for a model cloud layer located between 2 and 3 km above the surface from hourly integrated spectral Brewer spectrophotometer measurements for snow-free cases using either the discrete ordinate radiative transfer (DISORT) or the delta-Eddington algorithms. Median τc values calculated by both algorithms compare to within 3%. Median values are smaller for arctic stations (9–18) and between 26 and 38 for the rest. Both mean and median values are negatively correlated with latitude. Aerosol effect on τc varies between 9 and 18% on average. Copyright  2009 Royal Meteorological Society KEY WORDS
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1.



Introduction



Cloud optical properties govern cloud transmittance and, thereby, affect the irradiance reaching the surface. These properties are essential for radiative transfer models. Cloud optical depth is the most important optical property. Several studies have determined cloud optical depth for the total solar radiation waveband (Leontyeva and Stamnes, 1994; Barker et al., 1998; Barker et al., 2002; Marshak et al., 2004); apart from a study by Davies et al. (2000), it has not been determined for the UV-B band. This article estimates UV-B cloud optical properties for nine Canadian stations for the purpose of calculating UV-B irradiances. They include two arctic (Alert and Resolute), one sub-arctic (Churchill) and six mid-latitude stations (Edmonton, Regina, Winnipeg, Montreal, Halifax and Toronto). The data are for 1993 to 1996 (Table I). In this study, the cloud optical depth was calculated from overcast surface-based observations for snow-free cases using spectrally integrated down-welling irradiances measured by Brewer spectrophotometers in the 290 to 325-nm region of the UV-B band. Section 2 outlines the procedure for calculating cloud optical properties. Section 3 presents the results. Aerosol, seasonal variations, cloud types and heights are broken down separately to investigate their effects when calculating cloud optical properties. Section 4 finishes with a summary and conclusion.



2.



Calculation of cloud optical properties



The cloud optical properties needed for radiative transfer calculations are the optical depth τc , the single scattering albedo ωc and the asymmetry factor gc . These dimensionless properties are not measured. Mie theory is used to calculate spectral values of extinction efficiency Qext , gc and ωc . Optical depth is the integral of Qext πr 2 over all droplet radii (r) over the depth of a horizontally homogeneous cloud. Spectral values of Qext allow us to infer the spectral variation of τc over the UV-B band. Actual values of overcast τc are obtained by iteration using measured UV-B irradiances. Clouds are assumed to be composed of spherical droplets of virtually pure water of known radii (Stephens, 1984) using the spectral complex refractive index data of Hale and Querry (1973). The ice crystal and mixed-phase clouds were neglected because ωc and gc for these clouds are roughly equal to those for liquid clouds (Tsay and Stamnes, 1992; Leontyeva and Stamnes, 1994; Forster, 1995; Barker et al., 1998). Following standard practice in radiation climatology computations over a particle size distribution are replaced with a single computation for the equivalent radius re of a spherical droplet:  ∞ r 3 n(r)dr 0 re =  ∞ , (1) 2 r n(r)dr 0



* Correspondence to: Jacqueline Binyamin, University of Winnipeg, Department of Geography, Winnipeg MB, R3B 2E9, Canada. E-mail: [email protected] Copyright  2009 Royal Meteorological Society



where n(r) is cloud droplet-size distribution and r is the cloud droplet radius. The means and standard deviations
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Table I. Stations used in the study. Station



Alert (NWT) Resolute Bay (NWT) Churchill (Man.) Edmonton (Alta.) Regina (Sask.) Winnipeg (Man.) Montreal (Que.) Halifax (NS) Toronto (Ont.)



Latitude, Longitude, Elevation, °N °W m



Years of data



82° 30 74° 43



62° 18 94° 59



62 64



1995 1993–1996



58° 45



94° 04



35



1993–1996



53° 33



114° 06



766



1993–1996



50° 13



104° 40



592



1994–1995



49° 55



97° 14



239



1993



45° 28



73° 45



24



1993–1994



44° 44 43° 47



63° 40 79° 23



31 198



1993–1996 1993–1996



is treated as a broadband cloud optical depth. Values of τc were calculated iteratively from overcast irradiance measurements (Leontyeva and Stamnes, 1994; Leontieva et al., 1994; Davies et al., 2000). Either the discrete ordinate radiative transfer (DISORT) (Stamnes et al., 1988) or the delta-Eddington algorithms (Joseph et al., 1976) were used to solve the radiative transfer equation for a 49-layer, from the surface to 120-km, plane-parallel atmosphere, with cloud inserted between the 2 and 3 km height. Each layer is regarded as horizontally homogeneous and the curvature associated with sphericity of the earth is ignored by neglecting solar zenith angles greater than 75° . Radiative transfer calculations require the spectral UV-B irradiance emitted by the sun and the spectral optical properties for each atmospheric layer for ozone absorption, Rayleigh scattering, aerosol extinction and cloud scattering and surface albedo. Layer values of spectral optical depths, single scattering albedos and asymmetry factors were calculated as layer l averages for each wavelength λ using:



Table II. Mean and standard deviation values of extinction efficiency (Qext ), co-albedo (1 − ωc ) and asymmetry factor (gc ) obtained from Mie calculation for two values of equivalent droplet radius (re ). (1 − ωc ) and gc values from the two parameterizations are included. (1 − ωc )



Method re = 10 µm Mie theory (mean) Standard deviation Slingo and Schrecker (1982) Hu and Stamnes (1993)



Qext



and g(λ, l) =



5 × 10−6 0.8587 2.0299 1.6 × 10−6 0.0014 0.0023 4 × 10−6 0.8578 6 × 10−6 0.8685



re = 7 µ m Mie theory (Mean) Standard deviation Slingo and Schrecker (1982) Hu and Stamnes (1993)



gc



τ (λ, l) = τO (λ, l) + τR (λ, l) + τa (λ, l), τR (λ, l) + ωa (λ, l)τa (λ, l) , ω(λ, l) = τ (λ, l)



3 × 10−6 0.8709 2.0147 1.2 × 10−6 0.0053 0.0059 3 × 10−6 0.8528 5 × 10−6 0.8641



of the three optical parameters are given in Table II for two values of equivalent droplet radius (7 µm and 10 µm). The 10 µm radius is appropriate for clouds in midlatitudes and in the subarctic. This is close to the global mean value for liquid water clouds ≈11 µm (Han et al., 1994). The 7 µm radius applies to arctic stations (Herman and Curry, 1984; Leontyeva and Stamnes, 1994). The standard deviations in Table II show that the optical properties vary negligibly over the UV-B waveband. Table II also presents averages of the coalbedo (1 − ωc ) and gc from parameterization by Slingo and Schrecker (1982) and Hu and Stamnes (1993). These values are similar to the Mie values. Since Qext is virtually constant over the UV-B band, τc is considered to be independent of wavelength and Copyright  2009 Royal Meteorological Society



ga (λ, l)ωa (λ, l)τa (λ, l) , τ (λ, l)ω(λ, l)



(2) (3)



(4)



where the subscripts o,R and a refer to ozone absorption, Rayleigh scattering and aerosol extinction. We have constructed aerosol profiles for 50 atmospheric levels from the work of Shettle and Fenn (1979) conveniently presented in LOWTRAN 7 (Kneizys et al., 1988). Background aerosol was assumed for the upper atmosphere and stratosphere, 50-km visibility for the troposphere and 50-km visibility rural or urban aerosol for the boundary layer. Urban aerosol optical properties were used for Toronto and Montreal for the boundary layer and rural aerosol was used for all other stations (Table III). Spectral aerosol properties for the cloud layer were combined with cloud properties using analogous equations to Equations (2) – (4). The model uses spectral values of the extraterrestrial irradiance from the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) ATLAS-3 space shuttle mission (D. Prinz, personal communication, 1998), ozone absorption coefficients from Paur and Bass (1985), Rayleigh scattering cross sections following Elterman (1968) and a fixed surface albedo of 0.05 (Bowker et al., 1985). Hourly total cloud opacity observations were obtained from the Meteorological Service of Canada. Vertical profiles of ozone, temperature, pressure and humidity were obtained from standard subarctic and midlatitude model atmospheres for 50 atmospheric levels from the surface to 120 km in LOWTRAN 7 (Kneizys et al., 1988). Summer and winter midlatitude Int. J. Climatol. 30: 1246–1255 (2010)
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Table III. Characteristics of the inferred cloud optical depth for the nine Canadian datasets. Urban aerosol optical properties were used for Toronto and Montreal for the boundary layer and rural aerosol was used for all other stations. N is the number of data points. Station



DISORT 8



δ-Eddington Year



Mean



First quartile



Median



Third quartile



1995 1993 1994 1995 1996 Station



13.6 23.0 22.9 36.8 25.2 27.2



4.4 10.7 11.0 13.6 11.2 11.6



8.9 16.7 16.9 22.9 16.6 18.0



19.4 26.8 26.2 36.2 30.1 30.5



Churchill (Man.)



1993 1994 1995 1996 Station



39.8 78.1 48.3 37.9 48.6



14.0 20.3 16.1 15.0 15.8



27.5 34.2 26.6 23.4 27.1



46.7 82.3 50.4 43.3 49.5



Edmonton (Alta.)



1993 1994 1995 1996 Station



34.7 40.4 51.0 33. 9 39.7



15.9 16.8 20.6 16.4 17.0



24.8 30.6 33.5 24.8 28.0



46.2 52.0 55.5 43.0 48.9



112 127 149 211 599



Regina (Sask.)



1994 1995 Station



40.7 54.7 45.1



13.2 18.0 14.4



25.4 26.4 25.9



46.6 54.0 49.1



246 113 359



Winnipeg (Man.) Montreal (Que.)



1993 1993 1994 Station



37.4 53.0 49.5 51.1



16.2 15.0 12.1 13.4



27.0 34.7 28.9 29.6



45.3 66.4 54.4 58.5



Halifax (NS)



1993 1994 1995 1996 Station



49.0 39.3 40.5 34.2 40.5



17.7 15.0 15.6 15.0 16.0



31.7 27.6 27.4 25.6 27.8



57.0 46.6 51.6 40.9 47.7



Toronto (Ont.)



1993 1994 1995 1996 Station



43.9 44.7 53.0 53.7 49.4



15.0 15.9 14.9 19.6 16.3



26.8 31.0 29.7 38.4 32.6



51.3 60.6 58.2 65.3 60.6



Alert (NWT) Resolute (NWT)



and subarctic model atmospheres were used to calculate Rayleigh and ozone optical depths. Ozone concentrations were scaled by the ratio of total measured by the Brewer spectrophotometer to total model atmospheric ozone depth. The Brewer spectrophotometer measurements were increased by 6% to compensate for the cosine error (Krotkov et al., 1998). The optical depth of the overcast cloud layer was determined by iteration using Brent’s method (Press et al., 1992). 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 is difficult to specify because it varies greatly with surface contamination and state of the snow (Warren and Wiscombe, 1980; Wiscombe and Warren, 1980) and in urban areas variation in albedo is accentuated during snow conditions. Restricting overcast data to snow-free Copyright  2009 Royal Meteorological Society



Mean



First quartile



Median



Third quartile



22.3



9.9



15.9



26.1



36.3



12.9



22.4



35.7



39.7



14.0



26.7



46.9



37.6



16.0



27.4



45.8



Nj



271 294 271 313 283 1161 170 216 216 454 1056



405 215 239 454 516 531 609 613 2269



43.7



15.2



26.7



51.3



405 765 583 880 2633



conditions eliminates about half of all overcast conditions for arctic and subarctic stations and 15% of midlatitude stations.



3. 3.1.



Results Cloud effects on radiation



Cloud effects are shown commonly with the cloud modification factor (CMF), which is the ratio of measured irradiance at the surface under overcast skies to calculated cloudless irradiance beneath the same atmosphere. Figure 1a shows a frequency distribution of hourly CMF values for 4 years at Toronto for snow-free conditions. The CMF show a wide range of values because of variation in sun angle and τc . Overcast was defined for a surface-based observed total cloud opacity of 1. It Int. J. Climatol. 30: 1246–1255 (2010)
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irradiance changes little with τc for larger solar zenith angles. 3.2. Delta-Eddington-DISORT comparisons



Figure 1. (a) Percentage frequency distributions of cloud transmissivity for the snow-free period for Toronto 1993–1996. (b) Variation of global transmitted irradiance calculated by the delta-Eddington with cloud optical depth and cosine of sun angle µ0 . gC is the cloud asymmetry factor and α is the surface albedo. N is the number of data points.



includes various overcast cases from a single layer of one or more cloud types to multiple layers of different cloud types. Layer thickness varies between and within cloud type. We have not attempted to classify the data by cloud type because surface observations cannot detect clouds above the lowest overcast layer. Instead, we determine cloud effects on irradiance through optical properties, which are independent of cloud type. Lindfors and Arola (2008) show that CMF is proportional to the product of the transmission between the top of the atmosphere and the cloud top, the transmission through cloud and the transmission between cloud base and the surface. Cloud transmission depends on the optical depth τc , the single scattering albedo ωc , the asymmetry factor gc and solar zenith angle. The dependence of cloud transmission on solar zenith angle and cloud optical depth is shown in Figure 1b for a single cloud layer with ωc = 0.999995, gc = 0.8587, surface albedo of 0.05 and a variable incident irradiance of µ0 . Values were calculated with the delta-Eddington algorithm but DISORT produces virtually identical results. Figure 1b shows that transmitted Copyright  2009 Royal Meteorological Society



The appropriateness of the delta-Eddington algorithm for calculating τc was examined by comparing τc values from it with those from the DISORT algorithm with a rural aerosol (50-km visibility) (Shettle and Fenn, 1979) except for Toronto where an urban aerosol (50-km visibility) was used. Values of τc were calculated for 1 year of data for Resolute, Churchill, Winnipeg and Toronto. These represent the arctic, subarctic and midlatitude regions of Canada. The 8-stream (8 degrees of expansion of the phase function) DISORT algorithm was chosen to achieve acceptable accuracy. Min and Harrison (1996) reported that the uncertainty in inferring τc using DISORT with 8 streams is 1%. Cloud optical depths derived from the two algorithms are compared in Figures 2 and 3. Figure 2 shows that the agreement is excellent for all stations with a tight scatter around the one to one line. Figure 3 shows excellent agreement between the frequency distributions of τc from the two algorithms. Percentage frequency distributions of τc (Figure 3) calculated by the two models for the same years are positively skewed with the most frequent τc values in the class interval of 10 < τc ≤ 30 for all 4 years. The distribution for Resolute shows the dominance of optically thinner clouds (over 60% is between 10 and 20). Churchill and Winnipeg have similar τc distributions with the highest frequency (over 40%) occurring between 10 and 30. Toronto shows broad distributions with fairly large number of observations in the higher optical depth ranges. Thus, the delta-Eddington method is appropriate for estimating broadband τc values in these climates. Differences between median cloud optical depths for the two models are less than 3%. Table III summarizes the results of τc calculated by both models and indicates mean, first quartile, median (second quartile), third quartile and number of observations for each year for the nine stations. τc values were calculated for all stations using rural aerosol except for Toronto and Montreal where an urban aerosol was used. The median was adopted as the best measure of central tendency. Median values are smaller for arctic stations (9–18) and between 27 and 38 for the rest. At Bergen, Norway Leontieva et al. (1994) obtained much larger median values between 33 and 55. Leontyeva and Stamnes (1994), Ricchiazzi et al. (1995) and Barker et al. (1998) did not present median τc but only the mean values, and they are similar to those obtained by this study. 3.3. Optical depths from the delta-Eddington algorithm Frequency distributions of cloud optical depth calculated by the delta-Eddington algorithms for the nine stations are presented in Figure 4. All distributions are strongly positively skewed with maximum frequencies between 10 and 25. The shapes are similar to those shown in the Int. J. Climatol. 30: 1246–1255 (2010)
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Figure 2. Correlation between cloud optical depths calculated by delta-Eddington and DISORT 8 algorithms for Resolute Bay, Churchill, Winnipeg and Toronto. N is the number of data points.



studies of Leontyeva and Stamnes (1994), Curtis (1996) and Barker et al. (1998), but unlike the distribution presented by Leontieva et al. (1994) for the total solar spectrum at Bergen, Norway. Curtis’s (1996) stations and our stations had little overlap. Both arctic stations show a smaller spread and a stronger mode. Clouds at Alert are optically thinner than those at all other stations with the highest frequency (over 60%) occurring at τc ≤ 15. At Resolute, 45% of the cases occur at τc ≤ 20. At southern locations distributions become wider with more optically thick clouds. In an extensive study of τc for the total solar spectrum across Canada, Barker et al. (1998) showed that the observed distributions of hourly overcast τc followed the gamma distribution, which is defined by  ν 1 ν P (τc ) = τc ν−1 e−ντc /τ c ; {τc > 0; ν > 0}, (ν) τ c (5) where (ν) is the gamma function and ν is the variancerelated parameter and is determined by the method of moments, ν = (τ c /σ )2 , where τ c and σ are the mean and standard deviation of τc . Figure 5 shows that the gamma distributions for the UV-B band, fitted using the method Copyright  2009 Royal Meteorological Society



of moments, provide an excellent fit to the observed histograms, as shown by Barker et al. (1998). Barker et al. (1998) showed that the mean and standard deviation of τc for the whole solar spectrum are negatively correlated with latitude. Figure 6 shows similar plots for mean, median and variance-related parameter for the stations in this study. All show strong negative correlation with increasing latitude through R 2 values greater than 0.8. Mean and median τc as well as variance-related parameter values are computed using τc values less than 150 for each station to avoid extreme values of τc that affect the mean (H. W. Barker, private communication, 2007). Also the average transmittance for all sun angles at τc = 150 is equal to 0.05 and a further increase in τc has no effect in surface irradiances (Figure 1b). This study found that the variations in re from 7 µm (ωc = 0.999997 and gc = 0.8709) to 10 µm (ωc = 0.999995 and gc = 0.8587) can reduce τc values by about 5% for the UV-B irradiance. Leontieva et al. (1994) found that the variations in re from 5 µm to 15 µm can produce an uncertainty of about 15% in retrieved τc for the whole solar irradiance. The total transmitted UV-B irradiance with re equalling 7 µm is larger by about 4% Int. J. Climatol. 30: 1246–1255 (2010)
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Figure 3. Comparison of cloud optical depth calculated by delta-Eddington and DISORT 8 algorithms at Resolute Bay, Churchill, Winnipeg and Toronto. N is the number of data points.



than re equalling 10 µm for both cases of low (α = 0.05) and high (α = 0.75) albedos. 3.4. Aerosol effect on τc Earlier Davies et al. (2000) calculated τc for an aerosolfree atmosphere. Median τc values for several Canadian stations range between 31 and 45. Here we show that including aerosol has a small effect on τc . Table IV shows the results of τc calculations for three cases for Montreal (1993 and 1994) and Toronto (1993 and 1995). Theses are (1) no aerosol, (2) with aerosol as already defined in this article and (3) same as (2) but with a 23-km boundary layer visibility. τc values decrease by about 9% on average for 50-km visibility aerosol model and 18% for 23-km visibility aerosol model. The difference between the three cases is less than 6 units (Table IV). 3.5. Seasonal variations Halifax and Toronto are the only stations with enough observations to show any seasonal variations in τc . In general, arctic and subarctic stations have observations from May to October only and midlatitude stations have few observations from December to March. Figure 7 shows monthly first quartile, median (second quartile), third quartile values of τc and number of days included in Copyright  2009 Royal Meteorological Society



Table IV. Median cloud optical depths calculated by the delta-Eddington model for different aerosol conditions at Toronto and Montreal. Station



Year



N



No aerosol



Urban aerosol (50-km visibility)



Urban aerosol (23-km visibility)



Toronto



1993 1995 1993 1994



405 583 215 239



30.01 34.1 36.6 30.94



26.83 29.71 34.74 28.87



20.85 24.66 28.99 24.33



Montreal



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 τc values occur in April and October. Clouds are optically thicker in the warmer period between spring and fall. 3.6. 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 V contains median τc values for low clouds, incorporating only data with more than 30 Int. J. Climatol. 30: 1246–1255 (2010)
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Figure 4. Frequency distributions of cloud optical depths calculated by delta-Eddington at Alert, Resolute, Churchill, Edmonton, Regina, Winnipeg, Montreal, Halifax and Toronto.



Table V. Median cloud optical depths for different cloud types, values in the brackets indicate number of observations. Station



observations. Values do not indicate clear differences in τc between cloud types.



Cloud type



3.7. Resolute Bay Churchill Regina Winnipeg Montreal Halifax Toronto



Stratus fractus 20.2 (30)



26.0 (35)



29.5 (37)



Stratocumulus



Stratus



13.46 (42) 29.7 18.3 31.4 28.3 16.4 29.3



(32) (63) (63) (60) (31) (90)



Fog 21.45 (63)



18.2 (30) 38.6 (70)



Copyright  2009 Royal Meteorological Society



43.6 (37)



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 τc . They found no significant effect. Here, this is further examined by placing 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 VI shows that median τc values decrease slightly with increasing cloud height but overall differences are slight. Thus, positioning cloud Int. J. Climatol. 30: 1246–1255 (2010)
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Figure 5. Normalized frequency distributions of observed cloud optical depths for the nine stations (thick line) and Gamma function fits based on the method of moments (thin line).



Table VI. Median cloud optical depths calculated by deltaEddington model for different cloud heights. Station and year Edmonton 1993 Winnipeg 1993 Montreal 1993 Toronto 1993



Cloud height 1–2 km 2–3 km 4–5 km 5–6 km 6–7 km 24.58



24.81



25.0



25.03



25.02



26.27



26.98



26.87



26.71



26.6



33.61



34.74



35.16



35.05



34.94



25.86



26.83



27.03



26.99



26.87



in the 2–3-km layer will not introduce a significant systematic error in retrieving τc .



4.



Summary and conclusions



Broadband values of cloud single scattering albedo ωc and asymmetry factor gc were calculated from Mie theory for the UV-B band for two values of equivalent droplet radius droplet radii; 7 µm for arctic stations and 10 µm for midlatitude and subarctic stations. ωc and gc were estimated at 0.999997 and 0.8709, respectively, for an Copyright  2009 Royal Meteorological Society



equivalent radius of 7 µm and 0.999995 and 0.8587, respectively, for an equivalent radius of 10 µm at all wavelengths. Cloud optical depths are expected to vary little across this 290–325 nm waveband since Mie extinction efficiencies vary only slightly for water droplets of the size found in clouds. Broadband cloud optical depths τc were then calculated iteratively from overcast irradiance measurements for snow-free conditions in order to minimize irradiance enhancement from multiple scattering between cloud and snow. τc values calculated by the delta-Eddington and DISORT methods were similar. Calculated τc mean values are similar to those obtained by other researchers (Leontyeva and Stamnes, 1994; Barker et al., 1998) for the global solar radiation waveband. Most estimates of cloud optical depths have been for the total solar spectrum. This is the first comprehensive study for the UV-B band for Canada. The advantage in determining optical depth from UV-B data is that the effect of water vapour can be ignored. The main findings from this research are as follows: • τc values calculated from both the discrete ordinates and delta-Eddington algorithms are similar. Therefore, delta-Eddington is the preferred method to calculate broadband values of τc in the UV-B band because it is computationally fast. Int. J. Climatol. 30: 1246–1255 (2010)
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Figure 7. Annual monthly first quartile, median (second quartile) and third quartile values of cloud optical depth at Halifax and Toronto during 1993–1996. N is the number of data points.



Acknowledgment We thank Dr H. W. Barker of the Meteorological Service of Canada for helpful discussions of cloud optical depth, aerosol effect and the gamma distribution. Figure 6. Mean, median and variance-related parameter (v) of cloud optical depth as a function of latitude.



• τc values are negatively correlated with latitude as pointed out by Barker et al. (1998). • Frequency distributions of τc followed the gamma distribution as found by Barker et al. (1998) for retrieved τc values for the whole solar spectrum. • τc values decrease slightly with aerosol and the difference between ignoring and including aerosols is less than 9% on average. • Changing cloud altitude had little effect on retrieved τc values.



Further evaluation of UV-B cloud optical depth is clearly required for the Arctic and strongly recommended for tropical, temperate and polar locations. The Arctic is particularly important because of greater thinning of the ozone layer in this region. Copyright  2009 Royal Meteorological Society
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