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Abstract:

 Scattering of solar radiation by clouds can reduce or enhance solar global irradiance compared to cloudless-sky irradiance at the Earth’s surface. Cloud effects to global irradiance can be described by Cloud Modification Factors (CMF). Depending on strength and duration, irradiance enhancements affect the energy balance of the surface and gain of solar power for electric energy generation. In the ultraviolet region, they increase the risk for damage to living organisms. Wavelength-dependent CMFs have been shown to reach 1.5 even in the UV-B region at low altitudes. Ground-based solar radiation measurements in the high Andes region at altitudes up to 5917 m a.s.l showed cloud-induced irradiance enhancements. While UV-A enhancements were explained by cloud scattering, both radiation scattering from clouds and Negative Ozone Anomalies (NOA) have been discussed to have caused short-time enhancement of UV-B irradiance. Based on scenarios using published CMF and additional spectroradiometric measurements at a low-altitude site, the contribution of cloud scattering to the UV-B irradiance enhancement in the Andes region has been estimated. The range of UV index estimates converted from measured UV-B and UV-A irradiance and modeled cloudless-sky ratios UV-B/erythemal UV is compatible with an earlier estimate of an extreme UV index value of 43 derived for the high Andes.
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1. Introduction

Single and multiple scattering of solar radiation by droplets and ice particles of clouds result in a distribution of diffuse radiance being different from the anisotropic pattern of the cloudless sky. Number, shapes, and size distribution of cloud droplets and particles determine the radiance distribution of the cloudy sky. Radiation scattering depends on wavelength. Direct solar irradiance at the ground can be reduced or blocked by clouds in the path of the solar beam. If the direct solar beam irradiance is not or only slightly affected by clouds, and clouds in the sky strongly scatter radiation to the ground, global irradiance at the ground can be higher than that under a cloudless sky. Enhancements usually persisting for a few minutes to tens of minutes modify the energy and heat balance of the Earth’s surface. They can have beneficial effects for gaining additional solar power. In the UV region, they can increase the risk of damage to living organisms.

A number of studies have shown irradiance enhancements by radiation scattering from clouds for the UV and visible region. Enhancements of total solar irradiance were described for Brazil at 11° S that exceeded cloudless-sky irradiance for hours and extraterrestrial irradiance for minutes, though with frequent short-time fluctuations and reductions to lower values due to cloud movement [1]. Measured enhancements of total solar global irradiance over extraterrestrial irradiance by 8%, and average enhancements referred to cloudless sky by 12% for total global irradiance and by 6% in the UV region from 295–385 nm were reported from Puna de Atacama (23.3° S, 3700 m a.s.l) [2]. Higher enhancements of total solar irradiance that exceeded extraterrestrial irradiance by 8% and cloudless-sky irradiance by 43% were measured by [3] at Recife, Brazil (8° S, 4 m a.s.l). Daily maximum total irradiance exceeded extraterrestrial irradiance for 3.4% of the days of the measurement period [3]. Still higher enhancements of total solar irradiance by 12% over extraterrestrial irradiance were reported by [4] for high latitudes in Southern Norway.

In the UV-B (280–315 nm) and UV-A (315–400 nm) regions, radiation scattering by clouds can be remarkable. Solar UV irradiance measured in the wavelength region covering part of the UV-B at Mauna Loa Observatory (19.5° N, 3,400 m a.s.l) showed enhancements over cloudless-sky irradiance due to Cumulus clouds near the apparent position of the Sun [5]. Enhancements of up to 30% persisted for minutes to tens of minutes. Enhancements by 50% in the UV-B and for the UV index [6,7], the latter of which is defined as the 40 fold of erythemal irradiance according to the action spectrum by [8] with corrections according to [9], and somewhat smaller maximum enhancements by 30% for UV-A irradiance were reported from measurements at Girona (Spain) at 42° N latitude and 100 m a.s.l, and in Toowoomba, Australia at 28° S and 693 m a.s.l. Wavelength dependencies of enhancements derived in different studies [6,10,11,12,13,14] show either increasing or decreasing enhancements with increasing wavelengths.

Ground-based measurements of UV-A irradiance, UV-B irradiance and Photosynthetic Active Radiation (PAR, 400–700 nm) using Eldonet dosimeters in the high Andes region at altitudes up to 5916 m a.s.l had shown enhancements over irradiance at cloudless conditions, the latter of which was derived from radiative transfer model calculations, for minutes to tens of minutes [15]. While the irradiance enhancements for PAR and UV-A were explained by radiation scattering from clouds, extreme UV-B enhancements were ascribed to the result of both cloud scattering and Negative Ozone Anomalies (NOA). NOAs observed in satellite-based data were defined as small-scale air parcels containing extremely low atmospheric ozone concentration. Due to missing satellite-based column ozone data at the time and place of ground-based UV-B irradiance measurements, the contribution by radiation scattering to measured UV-B irradiance was based on assumptions on the extent and wavelength dependence of scattering.

Using results of cloud-related radiation enhancement from the literature and from measurements taken at a low-altitude site, the present paper focuses in more detail on the wavelength-dependent nature of radiation scattering by clouds in relation to NOAs that contributed to extremely high UV-B irradiance and high UV-B/UV-A irradiance ratios at the high-altitude sites. We also focus on the conversion from measured UV-B/UV-A ratios to estimates of UV index values discussed by [15]. It is mentioned here, though not further discussed, that enhancements in UV-B irradiance also affect photolysis rates of tropospheric trace constituents [16,17] and thus potentially modify tropospheric chemistry.



2. Materials and Methods


2.1. Cloud Modification Factors

Global solar irradiance of the cloudless sky increases with increasing altitude due to decreasing mass of air and usually less aerosol at higher altitudes. Cloudless-sky UV irradiance was modeled for altitude levels between ground level and 7 km a.s.l by the LibRadtran model [18] for a tropical atmosphere, a column ozone amount of 250 DU, and a low surface albedo of loam. In addition to the low surface albedo, a model calculation for higher altitudes of 5, 6, and 7 km a.s.l was performed using an albedo of snow cover. The cloud effect on irradiance can be expressed by a cloud modification factor (CMF) that is defined as the ratio between global irradiance for cloudy conditions UVmeas and irradiance with cloudless conditions UVCS in the respective wavelength region (e.g., [19,20]).
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During cloudy conditions, cloudless-sky UV irradiance can be estimated with some uncertainty from radiative transfer model calculations or extrapolations/parameterizations from irradiances measured at other times with cloudless, but otherwise similar atmospheric conditions. CMFs become greater than one, usually if the sun is not occluded by a cloud, as a result of strong radiance enhancements by scattering of solar radiation from clouds that are preferably near the apparent position of the sun or opposite the sun (e.g., [21]). If radiance values of cloudy sky regions are higher than cloudless-sky radiance, the resulting irradiance of cloudy sky exceeds cloudless-sky irradiance.

The duration of CMFs > 1 in time depends on vertical structure, movement and optical characteristics of clouds within the 180° field of view at the observation site. Fast moving clouds can lead to short-time fluctuations of CMFs. The duration of an irradiance enhancement recorded by the radiation instrument depends on the change of the viewing angle of the scattering cloud spot in time. Figure 1 illustrates the time in minutes that it takes for a scattering cloud pixel at altitudes of 9 km or 3 km, respectively, above the ground to move by an angle of 2.5°, which is half the viewing angle of a pyrheliometer, at speeds of 10 km/h, 30 km/h or 50 km/h from a starting viewing angle shown at the abscissa. While it takes a cloud pixel close to the zenith at a height of 9 km above the ground at a speed of 10 km/h almost 3.5 h to move from 5° to 7.5° viewing angle, it takes only 5 minutes at the higher viewing angle from 40° to 42.5°. Viewing angle changes are still larger at a lower cloud height of 3 km. It has been assumed for simplicity for Figure 1 that the apparent position of the sun does not change within that time and that only one cloud pixel scatters radiation. The dashed curve at a time of 10 minutes in Figure 1 shows that, from the geometric point of view, parts of clouds at larger heights above the ground and viewing angles of less than about 30° from the zenith that occur at lower geographic latitudes have a higher chance to effectively scatter radiation to the ground for longer time periods of minutes to even hours than clouds at lower heights and higher speed. It is noted that in the real atmosphere, other effects such as changing solar zenith and azimuth angles, changing scattering angles with cloud particle movement, and the anisotropy of the cloudless sky, significantly contribute to the duration and the values of enhancement at the ground. It must be noted that stationary clouds preferably developing by forced uplifting and cooling of air at the luv side of mountains, or by pressure reduction or gravity waves induced at mid-tropospheric levels at their lee side can also result in longer-lasting scattering of radiation from clouds even at higher viewing angles. Banner clouds that seem to hang at the mountain crest as well as wave clouds such as Altocumulus lenticularis at the mountain’s lee sides are typical examples of longer lasting quasi-stationary cloud phenomena.

Figure 1. Time t in minutes for a cloud pixel to move by 2.5° viewing angle from the start viewing angle α at the abscissa (α = 0° corresponds to zenith) for cloud-base altitudes of 9 km and 3 km above the ground, respectively, and at horizontal speeds of 10 km/h, 30 km/h and 50 km/h derived from geometric relations.
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Figure 2 illustrates results of LibRadtran model calculations for UV-B (280–315 nm), erythemal irradiance according to the action spectrum by [8] and [9] (plotted as UV index), UV-A (315–400 nm) and Photosynthetic Active Radiation (PAR), which is defined as broad-band irradiance in the visible region between 400 and 700 nm. In addition to low surface albedo, results for a snow-covered surface are shown in Figure 2 at the highest altitudes (5–7 km a.s.l). Enhanced irradiance by scattering from clouds with an assumed CMF = 1.35, as it was measured by a fast scanning spectroradiometer and a multichannel filter radiometer with neural network technique in the UV-A and UV-B over 22 minutes at Izaña (Tenerife) at an altitude of 2409 m a.s.l [20], is also shown in Figure 2 for altitudes between 5 and 7 km, and for solar zenith angles (SZA) of 0° and 20°. Scattering by clouds (sc) in addition to high surface albedo enhances UV-A and PAR even beyond their extraterrestrial values, while UV-B and erythemal irradiance (UV index) still remain below their extraterrestrial values due to the strong absorption of solar irradiance by stratospheric ozone.

Figure 2. Global irradiance for UV-A (315–400 nm), UV-B (280–315 nm), UV index according to the action spectrum by CIE (1987) and PAR (400–700 nm) in dependence of altitude above sea level from LibRadtran model calculations for a column ozone value of 250 DU, low aerosol optical depth, low precipitable water, and a surface albedo of loam for solar zenith angles (SZA) 80°, 60°, 40°, 20°, and 0° (solid lines). For the three highest altitude levels, results are also shown for snow albedo (dashed curves). Results for a CMF of 1.35 are shown at altitudes 5, 6, and 7 km, and SZAs 20° and 0° as scattering by clouds (sc). EXT: extraterrestrial irradiance.
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2.2. Diurnal Changes of UV Cloud Modification Factors

Cloud Modification Factors (CMF) according to Equation (1) were derived for UV-B, erythemal and UV-A irradiance from spectroradiometric measurements UVmeas performed at the site Lindenberg (52.2° N, 14.1° E, 127 m a.s.l) and from corresponding LibRadtran cloudless model calculations UVCS for two days (7 July and 4 August 2014). Each spectroradiometric scan from 290–450 nm takes 23 s and was repeated every minute. Model calculations were performed for every minute between sunrise and sunset. Using measured cloud fraction of the upper hemisphere from a Nubiscope that scans the whole sky in the infrared region (8–14 µm) in about 3.5 minutes, cloudless time periods were checked for CMF = 1 at the three wavelengths regions. Cloud-free periods derived by the Nubiscope are supported by images of an All-Sky camera taken at one minute time steps. Figure 3 shows UV-B irradiance from measurements (all-sky) and from model calculations for cloudless sky (lower panel), and cloud fractions (upper panel) for the two days. Concurrent Whole Sky Imager measurements showed high diffuse radiances in the visible region close to the apparent position of the sun, but not in the circumsolar region, at times when measured global UV radiation exceeded cloudless-sky irradiance. On 4 August, a thick Cumulonimbus (Cb) cloud reduced UV-B irradiances between about 11 and 15 UTC down to 0.41% and UV-A to 0.97% of their cloudless-sky values. The resulting CMFs on the two days vary between 0.004 and 1.34, as it is shown for UV-B, ERY, and UV-A in Table 1. CMF variations in time are shown for UV-B and UV-A in Figure 4. Cloudless-sky values were derived assuming that diurnal changes of aerosol optical depths were negligible. AOD340 at 340 nm derived from a CIMEL photometer at the site show low values between 0.35 and 0.5 on 7 July. On 4 August, only few AOD340 measurements with an average of 0.162 in the morning hours between 7:45 and 9:30 UTC are available due to mostly cloudy sky during the rest of the day.

Figure 3. UV-B global irradiance measured at Lindenberg (52.2° N, 14.1° E, 0.127 km a.s.l) on 7 July and 4 August 2014 by a fast scanning spectroradiometer Spectro 320D (symbols), and cloudless-sky model calculations (lower panel). Total cloud fraction (CF) derived from Nubiscope measurements (IR sky scanner) are shown in the upper panel.
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Figure 4. Cloud modification factors (CMF) derived from spectroradiometric measurements and LibRadtran model calculations in the UV-B and UV-A on 7 July and 4 August 2014 at Lindenberg (lower panel). CMFUVB/UVA of ratios CMFUVB/CMFUVA on the two days is shown in the upper panel.
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Table 1. Minimum and maximum cloud modification factors (CMF) of UV-B, erythemal irradiance (ERY), and UV-A, and for ratios UV-B/UV-A, UV-B/ERY on two days at Lindenberg.



	

	
7 July 2014

	
4 August 2014




	

	
MIN

	
MAX

	
MIN

	
MAX






	
CMFUVB

	
0.407

	
1.198

	
0.004

	
1.293




	
CMFERY

	
0.379

	
1.105

	
0.005

	
1.319




	
CMFUVA

	
0.350

	
1.153

	
0.010

	
1.337




	
CMFUVB/UVA

	
0.873

	
1.310

	
0.346

	
1.328




	
CMFUVB/ERY

	
0.970

	
1.143

	
0.768

	
1.157















Enhanced multiple scattering of radiation and thus longer photon path lengths within optically thick clouds and resulting stronger absorption of UV-B irradiance by tropospheric ozone can result in increased ratios between-UV-B and UV-A irradiance, as was first observed from spectroradiometric measurements of solar radiation at Garmisch-Partenkirchen/Germany (47.5° N, 0.734 km a.s.l) and modeled by [23]. Spectroradiometric measurements at Lindenberg (52.2° N, 0.127 km a.s.l) over a 4-year period had shown several cases of significantly enhanced absorption of shorter-wave UV irradiance compared to irradiance at longer wavelengths by optically very thick clouds [24]. It is generally not recommended to take column ozone measurements during the occurrence of Cb clouds, as they would falsely show too high column ozone. CMF ratios such as CMFUVB/UVA



CMFUVB/UVA = CMFUVB/CMFUVA



(2)




are helpful for understanding the wavelength dependence of solar irradiance modification by clouds. They can be calculated for any broad-band UV values from measured and modeled UV irradiances. On 4 August 2014, CMF ratios CMFUVB/UVA measured at Lindenberg were reduced to 0.35, and CMFUVB/ERY, which is derived from a relation analogous to Equation (2) by replacing UV-A by ERY, still went down to 0.77. On the other hand, CMFs were enhanced at times on the two days to 1.34 for UV-A, 1.32 for erythemal irradiance, and 1.29 for UV-B (Table 1). Those values closely correspond to CMF enhancements measured at the high-altitude site Izaña at 28.3° N, 16.5° W and 2409 m a.s.l [22]. Results of CMFs found at other sites over longer time periods, as mentioned above, report even higher maximum CMFs of 1.5 for UV-B and erythemal, and 1.3 for UV-A irradiance [7], and durations exceeding 20 minutes [12]. We note that CMFUVB/UVA for ratios UV-B/UV-A on the two days at the low-altitude site Lindenberg reached values of 1.31 and 1.33 (Table 1).



3. Results


3.1. UV Irradiance Enhancement by Clouds in the Andes Region

UV-B, UV-A, and PAR irradiance measurements performed at high-mountain sites in the tropical high Andes region indicated extreme enhancements over cloudless-sky values lasting for minutes to tens of minutes [15]. Possible causes of the PAR and UV-A irradiance enhancements such as scattering by clouds and, in addition for the UV-B, small-scale Negative Ozone Anomalies (NOA), were discussed in [15]. NOAs had been found in satellite data, though not at the same time when measured UV-B irradiance values at the ground were enhanced. Due to the limited spatial resolution and poor time resolution of data from polar orbiting satellites as well as due to missing satellite observations at the locations of UV-B irradiance enhancements, no ozone values were available to derive cloudless-sky UV-B irradiance.



A number of possible atmospheric processes that could have contributed to the NOAs such as vertically propagating gravity waves with quasi-stationary wave clouds and overshooting deep convection by Cb clouds were discussed in [15]. An additional possible cause of short-time and spatially small-scale ozone perturbations not mentioned in that paper may have been Blue Jets. They are beams of short-term electromagnetic pulses with very narrow spatial extension of about 400 m on top of Cb clouds. Cb cloud tops in the tropics can reach heights of about 18 km a.s.l, which is still about 12–13 km above the surface in the Andes region. Electrical discharges go upwards from cloud tops at a speed of 100 km/s to the lower and middle stratosphere (40 km), while gradually spreading and reaching about 3 km in diameter at 35 km altitude [25]. Their cone angle is between about 7 km and 22 km [25]. While earlier model calculations of the consequences of discharges on stratospheric ozone showed slight enhancements of ozone in the lower and mid stratosphere [26], recent modeling results of effects from electric discharges in the altitude range 18 km to 38 km in the tropical stratosphere do confirm an initial ozone increase due to NOX and N2O production by the streamer. However, this ozone increase is immediately followed by a drastic decrease in ozone volume concentration reaching more than five orders of magnitude at 18 km altitude due to production of nitrogen monoxide (NO) that destroys ozone [27]. As a result of spatial movement of the Cb clouds, the perturbed region of one Blue Jet discharge (0.4 to 3 km) can extend to several tens of kilometers [25,26] to become detectable by a satellite-based instrument with high pixel resolution. Their small spatial extension corresponds to the spatially limited and short-time phenomenon of UV-B enhancements discussed by [15]. Blue Jets are another potential cause of the existence of NOAs. Data on Blue Jets for the time and place of the extreme UV-B irradiance values were not available.

Using CMFUVA derived from measurements at Licancabur (22.48° S, 67.47° W, 5917 m a.s.l) and probable ranges of CMFUVB/UVA discussed above, we tried to determine a reasonable range of the cloud scattering contribution to the enhancement in UV-B irradiance over cloudless-sky UV-B irradiance. Figure 5 shows results of measurements and model calculations for different hypothetic column ozone values of 240 DU, 180 DU, 133 DU. and 75 DU, as well as UV-A irradiance on 17 January 2004 in dependence of true solar time (TST) (Figure 1 in [15]; the corrected date in the upper left corner of that Figure 1 in [15] should be 17 January 2004 and the time of the x axis should be corrected by +1 h). The range of column ozone values was chosen to illustrate UV-B irradiances for cloudless sky, i.e., without radiation scattering by clouds. They are not meant to imply that those column ozone values actually occurred. Highest UV-B irradiance values occur between 10:39 and 11:09 TST. They partly concur with high UV-A irradiance exceeding cloudless-sky UV-ACS with maximum CMFUVA values of 1.21–1.33, as derived from measured data and LibRadtran model calculations. They partly even exceed extraterrestrial UV-A irradiance, which was corrected for seasonal sun-earth distance variation, by 14% and 4%. Potential cloudless-sky UV-B irradiance derived from measured values by assuming a CMFUVB of 1.4 and an alternative CMFUVB of 1.6 are shown as symbols (full circles and plus signs) in Figure 5. They correspond to higher column ozone values between about 133 DU and 200 DU. CMFUVA values are shown in Table 2 for times, when UV-B irradiance or UV-B/UV-A ratios were highest. To estimate cloudless-sky UV-B irradiances, column ozone values have to be known. For the location of Licancabur, no satellite ozone values are available for that day neither from the AIRS satellite nor from EPTOMS [28]. Satellite-based ozone values at the closest distance (a few hundred kilometers) are 256 DU for EPTOMS and 222 DU for AIRS data. Globally, minimum ozone values on that day were 215 DU at 17.5° N for EPTOMS and 165 DU at 5.5° S for AIRS. Assuming a CMFUVB/UVA of 1.40, which is only slightly higher than the highest value measured during the two days at Lindenberg (Table 1), we derived from Equation (3) CMFUVB values of 1.69 and 1.35 for the times of two maximum enhancements of UV-B irradiance

Figure 5. UV-B and UV-A irradiance measured on 17 January 2004 at Licancabur (symbols). Results of cloudless-sky model calculations for UV-A as well as extraterrestrial UV-A and UV-B irradiance for column ozone values of 240 DU, 180 DU, 133 DU, and 75 DU are shown as solid and dashed curves. Additional symbols (full circles and plus signs) around 11 TST indicate estimated cloudless UV-B irradiance derived from measurements assuming CMFs of 1.4 and 1.6. Note that a time correction of 1 h has been applied to the measured data shown here that was not applied in [15].
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Table 2. UV-A and UV-B irradiances (W·m−2) measured at Licancabur on 17 January 2004 at true solar time (TST); SZA (°): solar zenith angle; UV-ACS (W·m−2) irradiance from LibRadtran cloudless-sky model calculation; cloud modification factors CMFUVA derived from Equation (1) different assumed CMFUVB/UVA ratios.












	
	TST
	SZA
	UV-A
	UV-ACS
	CMFUVA
	UV-B
	CMFUVB/UVA





	1
	9.48
	35.1
	89.76
	74.37
	1.21
	8.15
	1.4



	2
	11.15
	12.1
	73.53
	76.15
	0.97
	7.87
	1.4



	3
	9.48
	35.1
	89.76
	74.37
	1.21
	8.15
	1.6



	4
	11.15
	12.1
	73.53
	76.15
	0.97
	7.87
	1.6



	5
	9.48
	35.1
	89.76
	74.37
	1.21
	8.15
	1.7



	6
	11.15
	12.1
	73.53
	76.15
	0.97
	7.87
	1.7



	7
	12.32
	5.4
	28.09
	77.83
	0.36
	0.52
	0.3










CMFUVB = CMFUVA × CMFUVB/UVA



(3)




that result in cloudless-sky UV-BCS irradiance values of 4.82 and 5.82 W·m−2 (Table 3). A higher assumed CMFUVB/UVA of 1.6 would result in CMFUVB values of 1.93 and 1.54, and thus lower cloudless-sky UV-B irradiances of 4.22 and 5.09 W·m−2. The cloudless-sky estimates of UV-BCS correspond to column ozone values between about 133 DU and 200 DU depending on which of the selected CMFUVB/UVA is taken (Table 2, Table 3 and Figure 5). Assuming a slightly higher CMFUVB/UVA of 1.7 would further reduce cloudless-sky UV-BCS irradiance to values compatible with column ozone values above 200–220 DU, as measured by the EPTOMS mission. Though higher CMFs cannot be ruled out to have occurred at the site, we have not been aware of reports on such high CMFUV-B/UV-A from other sites.
The last row in Table 2 and Table 3 shows values of measured and modeled UV-A and UV-B irradiance, as well as corresponding CMFs, when cloud-induced reductions in UV irradiance were largest. CMFUVA = 0.36 and CMFUVB = 0.12 were derived from measurements and model calculations assuming a column ozone of 240 DU for the latter. The CMFUVB/UVA for ratios at the time of lowest CMFUVA and CMFUVB amounts to 0.3, which is in close correspondence to the minimum value reached on 4 August 2014 at Lindenberg during the passage of an optically thick cloud.





We also looked at the possibility that the altitude above sea level and a resulting change in cloudless-sky contributions of diffuse and direct irradiance to global irradiance could have affected the CMFs. Ratios between cloudless-sky diffuse and global irradiance decrease with increasing altitude. As illustrated by the results of model calculations for cloudless-sky in Figure 6, ratios between diffuse and direct irradiance decrease from 0.90 at sea level to 0.37 at 6 km altitude a.s.l, i.e., by −41%. Only about half the number of molecules scattering solar radiation out of beam radiation is available at 6 km compared to their number at sea level. As is shown in Figure 7, cloudless-sky global UV-BCS irradiance increases from 3.23 W·m−2 at sea level to 4.14 W·m−2 at 6 km altitude a.s.l (+28%). Relative changes of ratios between diffuse and global irradiance with height are stronger at shorter wavelengths such as UV-B and erythemal irradiance than at longer wavelengths (UV-A and PAR). They are also stronger at higher SZAs.

Figure 6. Ratios of diffuse to global irradiance for UV-B, erythemal irradiance (ERY), and UV-A at SZAs of 20° and 0° in dependence of altitude above sea level for the same atmospheric conditions as in Figure 1.
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Figure 7. Model calculations of cloudless-sky UV-B irradiance UV-BCS; cloudy-sky irradiance. UV-BCL was derived from Equations (3) and (1) by assuming a constant CMF = 1.4, and alternatively by assuming a constant ratio DIFCL/DIR according to Equation (4), which results in a variable CMF. Results of DIF/DIR ratios and CMF according to Equation (4). Irradiance curves at the right-hand side; ratio curves at the left-hand side; SZA = 0°.
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Clouds in the sky not occluding direct sun irradiance change diffuse sky radiance. A constant CMF of 1.4 assumed to be independent of height, enhances UV-B irradiance at sea level from 3.23 W·m−2 to 4.53 W·m−2, and at 6 km altitude a.s.l from 4.14. W·m−2 to 5.79 W·m−2 (Figure 7). As an idealized case, let us assume that multiple scattering back into beam radiation is negligible or is the same for cloudy and cloudless conditions. Diffuse irradiance of cloudy sky DIFCL is then derived from



DIFCL = CMF × (DIFCS + DIR) − DIR



(4)




Using a constant CMF = 1.4, ratios DIFCL/DIR show a slightly stronger decrease from 1.67 at sea level to 0.92 at 6 km a.s.l (−55%) (Figure 7) compared to the −41% change in the cloudless case. Air pressure and volume concentration of air molecules exponentially decrease with increasing altitude to reach about 1/10 of their sea level values at highest cloud top heights around 17–18 km a.s.l. Therefore, radiation scattering with clear sky rapidly decreases towards higher altitudes. With cloudy sky, particularly with Cb clouds, moisture is transported by updrafts towards the tropical tropopause layer TTL [29]. Overshooting deep convective clouds and small-scale ‘jumping Cirrus’ that can develop by gravity wave-breaking at their tops can even penetrate the TTL and inject tropospheric air including cloud particles to the lower stratosphere [30,31]. The volume concentration of cloud particles need not change with increasing height in the same way as the number of air molecules decreases. Cross sections, size distributions, and optical characteristics of cloud droplets and particles can vary in different ways at different heights. Assuming for simplicity that the scattering efficiency of cloud particles remains the same with increasing height such that diffuse to direct ratios for cloudy-sky DIFUVBCL/DIRUVB do not decrease, as can be assumed for the cloudless-sky case, but remain constant with increasing height or in other words, the same percentage of radiation is scattered from direct irradiance at all heights—cloud modification factors according to
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increase with height. In our example, CMFUVB increases from 1.4 at sea level to 1.94 at 6 km a.s.l. For clouds at higher levels, the change would still be higher. This change in CMFUVB results in an increase of global UV-BCL irradiance with cloudy sky from 4.53 W·m−2 at sea level to 8.03 at 6 km altitude a.s.l, i.e., by 77% instead of a 28% increase for a constant CMFUVB = 1.4. The higher CMFUVB for UV-B at 6 km a.s.l and the derived value of UV-BCL roughly correspond to the results of measurements shown in Table 2 and Table 3. Though we cannot exactly derive the CMFUVB and its changes at the site of Licancabur during the day on 17 January 2004, the higher maximum values of CMFUVB according to Table 3, which have not been observed at lower altitudes, appear more likely to be compatible with the measurements at Licancabur.


Figure 8 shows average cloud-top pressure from the Atmospheric InfraRed Sounder (AIRS) and the Moderate Resolution Imaging Spectroradiometer (MODIS), both of which were carried by the near-polar, low-Earth orbit Aqua satellite, for the period October 2003 to April 2004 over South America. AIRS and MODIS cloud-top retrievals were compared with one another and with other satellite-based data sets by [32]. The satellite data sets illustrate that average cloud-top pressure reaches minimum values around 200 hPa, i.e., at largest heights, over the high Andes region, where the ground-based radiation measurements were taken. Individual satellite overpass data measurements show cloud top pressure values down to around 100 hPa (16–17 km) in that region.

Figure 8. Average cloud top pressure (hPa) between 1 October 2003 and 30 April 2004 from the Atmospheric InfraRed Sounder (AIRS) on the left and from the Moderate Imaging Spectroradiometer (MODIS) on the right.
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Table 3. Continuation of Table 2 for the same cases: CMFUVB was derived from Equation (3); ratios CMFUVB/CMFERY were assumed to be slightly smaller than ratios CMFUVB/UVA; ratios UV-BCS/ERYCS were derived from LibRadtran model calculations (Figure 9); UV index estimates were derived from Equation (6).











	
	CMFUVB
	UVBCS
	UVBCS/UVACS
	CMFUVB/CMFERY
	UVBCS/ERYCS
	UVI





	1
	1.69
	4.82
	0.065
	1.3
	5.6
	45



	2
	1.35
	5.82
	0.076
	1.3
	5.1
	47



	3
	1.93
	4.22
	0.057
	1.5
	6.2
	35



	4
	1.54
	5.09
	0.067
	1.5
	5.9
	36



	5
	2.05
	3.97
	0.053
	1.4
	6.2
	38



	6
	1.64
	4.79
	0.063
	1.4
	5.9
	38



	7
	0.12
	4.26
	0.055
	0.3
	6.8
	11








3.2. Conversion from UV-B Irradiance to Erythemal Irradiance or UV Index

Erythemal irradiance (ERY) was not measured by [15], but estimates derived from UV-B and UV-A irradiance measurements and radiative transfer model calculations to show extreme values in comparison to the range of common values. The UV index can be derived from measured UV-B irradiance, ratios between cloudless-sky UV-BCS and cloudless-sky erythemal irradiance ERYCS, and the respective ratios of cloud modification factors for UV-BCS and ERYCS.
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(6)




Tables of clear-sky ratios UV-BCS/ERYCS in dependence of SZA and column ozone were published by [33]. For cloudy skies, the ratios CMFUVB/CMFERY have to be taken into account in the conversion from UV-B irradiance to the UV index. For CMFUVB = CMFERY, Equation (6) reduces to the cloudless case. The uncertainty of an estimated UV index from measured UV-B irradiance by Equation (6) depends on the uncertainties of measured UV-B irradiance, CMF ratios, and modeled UVBCS/ERYCS ratios. For fixed column ozone, uncertainties of UVBCS/ERYCS ratios arising from uncertainties in ozone absorption cross-sections and aerosol extinction modeled by LibRadtran are estimated to be small (in the order of 1%–3%), because only ratios are concerned. Uncertainties in ratios of CMFUVB/CMFERY in Equation (6) can appreciably affect the conversion from UV-B irradiance to UV index. They are fixed to selected values in our examples (see Table 2 and Table 3). Their effect on the conversion is illustrated by the results shown in Table 2 and Table 3. For a given CMFUVB/CMFERY ratio, an uncertainty factor of a UV index estimate derived by Equation (6) is thus similar to the uncertainty factor of measured UV-B irradiance. The upper panel of Figure 9 shows cloudless-sky UV-BCS/ERYCS ratios, and the lower panel ratios UV-BCS/UV-ACS for column ozone values of 240 DU, 180 DU, 133 DU, and 75 DU derived by the LibRadtran model for 17 January 2004 at the site of Licancabur. The column ozone values down to 75 DU were selected for the model calculations to illustrate hypothetic cloudless-sky UV-B irradiance without radiation scattering by clouds. They are not meant to show that they did occur. Assuming cloud modification factors CMFUVB/UVA of 1.4 and CMFUVB/ERY of 1.3, UV-BCS/ERYCS ratios correspond to about 5.1 and 5.6 at 9:48 TST and 11:15 TST (Table 3 and Figure 9). They result in maximum UV index values of 45–47 (Table 3). If slightly higher CMFUVB/UVA ratios of 1.6 are assumed to have occurred (Table 2), measured UV-B irradiance values would correspond to slightly smaller maximum UV index values of 35–36. The maximum UV index of 43 given by [15] is within the range of UVI values estimated here.






4. Conclusions

Scattering of solar radiation by clouds can drastically enhance UV irradiance at the surface. Wavelength-dependent cloud modification factors (CMF) were used to analyze UV irradiance measurements taken at sites in the high-altitude Andes region. Cloud Modification Factors CMFUVA are derived from measured UV-A irradiance and model calculations. Due to missing column ozone values at the site and time of observed UV enhancements, cloud modification factors for ratios CMFUVB/UVA derived from measurements at a low-altitude site and from the literature were used to derive a probable range of UV-B irradiance enhancements by clouds at the high-altitude site Licancabur. Measured UV-B and UV-A irradiance, and model-derived irradiance for different column ozone and SZA were used to estimate UV index values for the high Andes site. The extreme UV index of 43 derived by [15] is within the range of values derived above.

Cumulonimbus clouds with top heights close to the tropical tropopause layer at altitudes of 17–18 km a.s.l have the potential to significantly enhance diffuse UV-B radiance over its clear sky value, which is relatively small at high altitudes. If CMFs increase with altitude, larger CMFs at higher altitudes would enlarge the contribution of radiation scattering to observed extreme UV-B irradiance and thus reduce potential values of Negative Ozone Anomalies that explain the extremely high UV-B irradiance measurements. More measurements of solar UV-A and UV-B irradiance need to be performed concurrently with measurements of column ozone and cloud distribution at high time resolution in the high Andes region.
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Abbreviations / Nomenclature








	AIRS
	Atmospheric InfraRed Sounder




	a.s.l
	above sea level




	Cb
	Cumulonimbus




	CF
	cloud fraction, i.e., percentage of the upper hemisphere covered by clouds




	CMF
	cloud modification factor (dimensionless)




	CL
	index for cloudy sky




	CS
	index for cloudless sky




	DIF, DIFFUSE
	diffuse irradiance in the respective wavelength region (W·m−2)




	DIR
	direct irradiance in the respective wavelength region (W·m−2)




	DU
	Dobson unit




	EPTOMS
	Earth Probe Total Ozone Mapping Spectrometer




	ERY
	erythemal irradiance derived from spectral irradiance weighted by the erythemal action spectrum according to [8]




	EXT
	extraterrestrial irradiance in the respective wavelength region (W·m−2)




	GLOBAL
	global irradiance component in the respective wavelength region (W·m−2)




	MEAS
	index for measured irradiance




	MOD
	index for model calculation using the LibRadtran radiative transfer model




	MODIS
	Moderate Imaging Spectroradiometer




	PAR
	Photosynthetic Active Radiation defined as irradiance from 400 to 700 nm (W·m−2)




	sc
	index for irradiance including scattered radiation from clouds




	SZA
	solar zenith angle




	TST
	True Solar Time




	TTL
	tropical tropopause layer




	UTC
	Universal Time Coordinated




	UV-A
	irradiance from 315 to 400 nm (W·m−2)




	UV-B
	irradiance from 280 to 315 nm (W·m−2)




	UVI
	UV index (dimensionless) defined as the 40 fold of erythemal irradiance in W·m−2
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