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Abstract 8 

Satellite data from the Ozone Measuring Instrument (OMI) and Earth Polychromatic Imaging Camera 9 
(EPIC) are used to study long-term changes and global distribution of UV erythemal irradiance E(,z,t)  10 
(mW/m2) and the dimensionless UV index E/(25 mWm2) over major cities as a function of latitude , 11 
longitude altitude z, and time t. Extremely high amounts of erythemal irradiance (12 < UV index < 18) 12 
are found for many low latitude and high-altitude sites (e.g., San Pedro, Chile, 2.45 km; La Paz, Bolivia, 13 
3.78 km). Lower UV indices at some equatorial or high-altitude sites (e.g., Quito, Ecuador) occur because 14 
of persistent cloud effects. High UVI levels (UVI > 6) are also found at most mid-latitude sites during the 15 
summer months for clear-sky days. OMI time series data starting in January 2005 to December 2018 are 16 
used to estimate 14-year changes in erythemal irradiance E, total column ozone TCO3, cloud and haze 17 
transmission CT derived from scene reflectivity LER, and reduced transmission from absorbing aerosols 18 
CA derived from absorbing aerosol optical depth  for 191 specific cities in the Northern and Southern 19 
Hemispheres from 60OS to 60ON using publicly available OMI data. A list of the sites showing changes at 20 
the 2-standard deviation level 2 is provided. For many specific sites there has been little or no change in 21 
E(,z,t) for the period 2005 – 2018. When the sites are averaged over 15O of latitude, there are strong 22 
correlation effects of both short- and long-term cloud and absorbing aerosol change as well as 23 
anticorrelation with total column ozone change TCO3. Estimates of changes in atmospheric transmission 24 
CT(,z,t) derived from OMI measured cloud and haze reflectivity LER and averaged over 15O of latitude 25 
show an increase 1.1±1.2%/decade between 60OS to 45OS, almost no average 14-year change 26 
0.03±0.5%/decade from 55OS to 30ON and show local increases and decreases from 20ON to 30ON, and an 27 
increase 1±0.9%/decade from 35ON to 60ON. The largest changes in E(,z,t) are driven by changes in 28 
cloud transmission CT. Synoptic EPIC radiance data from the sunlit Earth are used to derive ozone and 29 
reflectivity needed for global images of the distribution of E(,z,t) from sunrise to sunset centered on 30 
the Americas, Europe-Africa, and Asia. EPIC data are used to show the latitudinal distribution of E(,z,t)  31 
from the equator to 75O for specific longitudes. EPIC UV erythemal images show dominating effect of SZA, 32 
the strong increase in E with altitude, and the decreases caused by cloud cover. The nearly cloud-free 33 
images of E(,z,t) over Australia during the summer (December) show regions of extremely high UVI (14 34 
– 16) covering large parts of the continent. Zonal averages show a maximum of UVI = 14 in the equatorial 35 
region seasonally following latitudes where SZA = 0O. Dangerously high amounts of erythemal irradiance 36 
(12 < UV index < 18) are found for many low latitude and high-altitude sites. High levels of UVI are known 37 
to lead to health problems (skin cancer and eye cataracts) with extended unprotected exposures as shown 38 
in the extensive health statistics maintained by Australian Institute of Health and Welfare and the United 39 
States National Institute of Health National Cancer Institute. 40 
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1 Introduction 45 

Calculated and measured amounts of UV radiation reaching the Earth’s surface can be used as a 46 
proxy to estimate the combined effects of changing ozone, aerosols, and cloud cover on human health. 47 
High levels of UV irradiance, usually occurring at small solar zenith angles SZA or high altitudes, are known 48 
to affect the incidence of skin cancer and the development of eye cataracts (Findlay 1928, Diffey, 1987, 49 
Strom and Yamamura, 1997; Ambach and Blumthaler, 1993; Abraham et al., 2010; Roberts, 2011, Behar-50 
Cohen, 2014; Watson et al., 2016; Australian Institute of Health and Welfare, 2016, Howlander et al., 51 
2019; and the US Department of Health and Human Services, 2018). 52 

The UV response function (action spectra) for the development of skin cancer and eye cataracts 53 
are different (Herman, 2010), but the effects are highly correlated. Similar correlations exist for other 54 
action spectra (e.g., plant growth, vitamin-D production, and DNA damage action spectra) involving the 55 
UV portion of the solar spectrum. Because of these correlations, this paper will only estimate erythemal 56 
(skin reddening) effects. To obtain standardized results, we use a weighted UV spectrum (290 – 400nm) 57 
based on the CIE-action (Commission Internationale de l'Eclairage) spectrum suggested by McKinlay and 58 
Diffey (1987) to estimate the erythemal effect of UV radiation incident on human skin. Erythemal 59 
irradiance (E) is usually measured or calculated in energy units (mW/m2), or in terms of the UV index UVI 60 
= E/(25 mW/m2), reaching the Earth’s surface after passing through atmospheric absorbing and scattering 61 
effects from ozone, aerosols, and clouds.  62 

Previous work (Krotkov et al., 1998; 2001; Gao et al., 2001; Arola et al., 2005; 2009; Seckmeyer 63 
et al., 2006; Tanskanen, et al., 2007; Bernhard et al., 2010; Herman, 2010) includes extensive analysis of 64 
UV irradiance at the Earth’s surface from satellites and ground-based instruments for individual 65 
irradiance wavelengths and weighted with various action spectra. One of the chapters in Bernhard et al., 66 
(2010) provides references to the National Science Foundation’s database of Antarctic region UV 67 
instruments including measurements of the daily maximum UVI from Ushuaia, Argentina with values of 68 
8 – 9 for January 2008 and approximately 11 for San Diego, California in June. Similar data are available 69 
for different years from the Brewer spectroradiometer WOUDC site https://woudc.org/data/stations/.. 70 

 71 
Eleftheratos et al. (2015) give estimates of UV trends at northern high latitudes showing a decrease 72 

of 3.9% at 305 nm with little change at 325 nm for the period 1990 – 2011 suggesting that the change is 73 
caused by increasing ozone amounts not cloud cover changes. No statistically significant change in 307.5 nm 74 
or 350 nm UV irradiance were found for Thessaloniki for the period 2006 – 2014 (Fountoulakis et al., 2016).  75 
A decrease in Erythemal irradiance was observed for Chilton, UK of 1% per year from 2000 -2015 (Hooke et 76 
al., 2015). An analysis of OMI (Ozone Monitoring Instrument onboard the NASA AURA spacecraft) 77 
erythemal irradiance estimates without absorbing aerosols (Tanskanen, et al., 2007) compared to ground-78 
based measurements found, “For flat, snow-free regions with modest loadings of absorbing aerosols or 79 
trace gases, the OMI-derived daily erythemal doses have a median overestimation of 0 – 10%, and some 80 
60 to 80% of the doses are within ±20% from the ground reference.” An OMI erythemal data set 81 
(Tanskanen, et a., 2006; 2007) is available for different sites than used in the current study using the 82 
same OMI ozone data, but different cloud CT and absorbing aerosol CA transmission factors. For CA in this 83 
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study, the 354 nm absorbing aerosol optical depth A can be obtained from the 1O x 1O absorbing aerosol 84 
data set: https://disc.gsfc.nasa.gov/datasets/OMAEROe_003/summary?keywords=omi . 85 
 86 

Lindfors et al., (2009) published a global erythemal analysis based on pseudo-spherical radiative 87 
transfer that includes absorbing aerosol optical depth  from a climatology and combined ozone and 88 
cloud data from multiple satellites.  A similar aerosol absorption algorithm has been proposed for ESA/EU 89 
Copernicus Sentinel 5 precursor (S5P/TROPOMI) (Lindfors et al., 2018) using a form E() = E(0)/(1 + 3)  90 
originally empirically derived by Krotkov et al. (2005) to improve the agreement between radiative 91 
transfer calculations using satellite data and ground-based irradiance measurements using the absorption 92 
optical depths  derived from OMI measured radiances (Torres et al., 2007). 93 

 94 
The radiative transfer algorithm (Herman et al., 2018 and in the Appendix) used in this study has 95 

been extended to include the effect of increasing E with altitude and decreases from aerosol absorption 96 
(Eqns. 1 – 3). The method is applied to both OMI Total Column Ozone TCO3 and Lambert Equivalent 97 
Reflectivity LER (LER accounts for both clouds and scattering aerosols)measured at 13:30±0:30 and the 98 
synoptic measured amounts of TCO3 and LER obtained from the EPIC (Earth Polychromatic Imaging 99 
Camera) instrument onboard the DSCOVR (Deep Space Climate Observatory) spacecraft orbiting about 100 
the Earth-Sun Lagrange-1 gravitational balance point (Herman et al., 2018; Marshak et al., 2018). The EPIC 101 
global synoptic sunrise to sunset estimates of E(tO) augment the specific site locations selected for OMI 102 
local noon time-series analysis. The synoptic views are derived from simultaneous EPIC measurements of 103 
the illuminated Earth at various Greenwich Mean Times tO with a spatial resolution of 18x18 km2 at the 104 
spacecraft nadir view centered on various longitudes each 24-hour period. 105 

This paper presents calculated noontime E(,z,t) time series and estimated least squares LS 106 
trends (2005 – 2018) from a Multivariate Linear Regression Model (Randel and Cobb, 1994) for globally 107 
distributed locations at different latitudes , longitudes , altitudes z, and time t (in years) most of which 108 
are centered over heavily populated areas such as New York City, Seoul Korea, Buenos Aires, etc. (see 109 
Tables 1, 2, 3, and 4 and an extended Table A4 in the Appendix) based on measurements of the relevant 110 
parameters from OMI. OMI satellite measurements were selected for trend estimates (percent change 111 
per year) because OMI has the longest continuous well calibrated UV irradiance time series from a single 112 
instrument (Schenkeveld et al. 2017) with global coverage and moderate spatial resolution (13x24 km2 at 113 
its nadir view). Since the main goal of this study is to estimate the long-term changes in E (percent per 114 
year) over a selection of major cities, estimates are given of 14-year latitude-dependent changes in 115 
atmospheric transmission CT(,z,t) (mostly from change in cloud reflectivity), changes on total column 116 
ozone TCO3(,z,t), changes in absorbing aerosol transmission CA(,z,t), and changes in erythemal 117 
irradiance E(,z,t). The effect of snow and ice on the surface reflectivity RG during winter months has 118 
been ignored in this study. This means that the already low amounts of erythemal irradiance during high 119 
solar zenith angle winter months for high latitude cities are further underestimated. 120 

 121 

 122 
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1.1 UV absorbing Aerosols 123 

The algorithm used to estimate E in this study is a fast polynomial fit algorithm FP (Herman, 124 
2010; 2018) based on calculations using the scalar TUV radiative transfer program (Madronich, 2007; 125 
Madronich , 1993a; 1993b; Madronich and Flocke, 1997) with a reduction factor for clouds CT.  The FP 126 
algorithm used to estimate E has been enhanced to include the effect of aerosol absorption on UV 127 
irradiance based on derived 354 nm aerosol optical depths and single scattering albedo from OMI 128 
measured radiances (Torres et al., 2007). The measured absorbing OMI aerosol optical depths 129 
nm) corresponding to the locations in Table A4 are available from: 130 
https://avdc.gsfc.nasa.gov/pub/DSCOVR/TimeSeries_Absorbing_Aerosol_Data/ . The accuracy of OMI 131 
retrieved aerosol properties has been evaluated by comparison to AERONET (AErosol RObotic NETwork) 132 
ground-based observations (Ahn et al., 2014; Jethva et al., 2014). 133 

The wavelength  dependence of  is approximately given by using the absorption Angstrom 134 
exponent AAE=1.8 derived from data obtained over Seoul, Korea in a manner similar to that derived for 135 
Santa Cruz, Bolivia (Mok et al., 2018). 136 
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 137 
The reduction factor CA for irradiance E caused by absorbing aerosols is given by Eqn. 2. 138 
 139 

              CA = E  
140 

For the purposes of estimating the absorption optical depth for erythemal irradiance a single 141 
wavelength,  = 310 nm, is used approximately corresponding to the maximum of the product of solar 142 
flux at the Earth’s surface and the erythemal action spectrum (Eqn. A2).143 

 (310 nm) = 1.27  (354 nm)                                                             (3)                                                                       144 

1.2 Comparison with Previous Results 145 

Table 1 shows a comparison of the June maximum local noon UVI values estimated from OMI 146 
TCO3 and LER data with June ground-based measurement data.  June was selected for the comparisons, 147 
since the SZA changes slowly near solstice permitting at least a week’s data to be considered selecting a 148 
maximum that can be compared with comparable calculated Erythemal irradiance calculated from OMI 149 
data. The day-to-day measured and calculated variation at solar noon during June is greater than 10% for 150 
nearly clear-sky days. Calculated values are 14-year June average maximum values that vary slightly year-151 
to-year.   152 

 153 

 154 
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 155 

Table 1 Comparison of FP Calculated OMI UVI with Ground-based Measurements 
         Site Ground-Based UVI June 

Maximum 
Calculated UVI 
June Maximum 

Latitude Altitude 
Meters 

Beltsville, Maryland1 10 10 39N 60 
Lamar, Colorado1 11 11 38.1N 1104 
Honolulu, Hawaii1 12 12 21.3N 0.01 
San Diego, California2 11 11 32.8N 9 
Flagstaff, Colorado1 11 12 35.2N 2128 
Griffin, Georgia1 10 11 33.2N 300 
Houston, Texas1 11 11 29.8 0 

1https://uvb.nrel.colostate.edu/UVB/da_Erythemal.jsf    156 
2http://uv.biospherical.com/updates/boreal/euvindex.aspx  157 
 158 

The FP calculated erythemal irradiance from this study is compared to previous calculations RA, 159 
https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2OVP/OMUVB/ , for a few sites in 160 
common with those listed in Table A4. For the five sites shown in Figs. 1 and 2, the two algorithms 161 
produce similar results (Fig. 1A and B for Beltsville, MD) and Figure 2 for Atlanta, Georgia, Lauder New 162 
Zealand, Seoul Korea, and Havana, Cuba. The comparison is in terms of the dimensionless UVI = E/25.  163 

 164 
Point-by-point comparison is difficult because of different temporal selection criteria where even 165 

small-time differences produce rapid changes in E(t). To help with the comparison, the output from both 166 
algorithms are interpolated onto a common timescale (Fig.1A and Fig. 2A). Differences are formed using 167 
the interpolated time series (Fig. 1B and Fig. 2). For Beltsville, Maryland (Fig. 1) with low absorbing aerosol 168 
amounts, the two algorithms agree to within a UVI mean of 0.39 ± 1.5.  A similar analysis is shown for four 169 
additional sites (Fig.2). The OMI time series for RA (Fig. 1A) has many more points than for FP because of 170 
much stricter elimination of row-anomaly (Schenkeveld et al., 2017) points in the FP analysis. 171 
Approximately one-year average Loess(0.1) fits to the difference data are shown. Loess(f) is Locally 172 
Weighted least squares fit to a fraction f of the data points, (Cleveland, 1981). 173 

 174 
The site at Santiago, Chile shows an overestimation case where the effect of absorbing and 175 

scattering aerosols may not be properly considered in calculations using OMI data for a city located in a 176 
depression surrounded by complex high terrain (Cabrera et al., 2012). Calculations in this paper (see Table 177 
A4) show a maximum summer value of UVI = 14, when ground-based measurements within the city show 178 
peak values near 12. The overestimate is consistent with calculations made previously using other satellite 179 
data (Cabrera et al., 2012). Another analysis of erythemal irradiance estimates from OMI satellite data in 180 
the New York City area (Fan et al., 2015) found that the calculated UVI overestimates the measured UVI 181 
under cloudy conditions, a result that might affect estimated trends.  182 

 183 
2 Erythemal Time Series and LS Linear Trends   184 
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 E(,z,t) is estimated using total column ozone amounts TCO3, 340 nm Lambert Equivalent 185 
Reflectivity LER, (converted to transmission factors CT (Krotkov et al., 2001; Herman et al., 2009) 186 

                       CT(,z,t) = (1-LER)/(1-RG), (1 > CT > 0)                                                              (4)  187 

where RG = the spatially resolved 38i0 nm reflectivity of the Earth’s surface (Herman and Celarier, 1997) 188 
with an average <RG> of about 0.05, and aerosol absorption effects CA(,z,t) that are retrieved from 189 
spectrally resolved irradiance measurements (300 – 550 nm) obtained from OMI for the entire Earth. OMI 190 
data are filtered to remove measurements obtained from portions of the CCD detector affected by pixels 191 
with reduced sensitivity or “row anomaly” (Schenkeveld et al., 2017). OMI is a polar orbiting side viewing 192 
satellite instrument (2600 km width on the surface) onboard the AURA spacecraft that provides near 193 
global coverage (nadir resolution field of view 13 km x 24 km) once per day from a 90-minute polar orbit 194 
with an equator crossing time of approximately 13:30 local solar time (LST) (Levelt et al., 2018). Because 195 
of OMI’s simultaneous side-viewing capability, there are occasionally 2nd or 3rd data points (±90 minutes) 196 
from adjacent orbits at higher latitude locations.  197 

This study uses TCO3 (in Dobson units DU, 1 DU = 2.687x1016 molecules/cm2) and 340 nm Lambert 198 
equivalent reflectivity LER (Herman et al., 2009) (LER is in reflectivity units, 0<RU<100) data organized in 199 
gridded form for the entire sunlit Earth every 24 hours. TCO3 and LER data (2005 – 2018) at a resolution 200 
of 1O x 1O https://avdc.gsfc.nasa.gov/pub/tmp/OMI_Daily_O3_and_LER/  in ASCII format and ozone in 201 
HDF5 format from https://disc.gsfc.nasa.gov/datasets/OMTO3_V003/summary for latitude , longitude 202 
, and time t (in fractional years) that were used to estimate noontime E(,z,t). The LER data has been 203 
corrected for instrument drift (approximately 2% in 14years, see Fig A6) by requiring that the LER values 204 
over the Antarctic high plateau region remain constant over 14 years. The LER calibration correction 205 
permits 14-year LS trends to be estimated from Eqn. 4. A gridded 1O X 1O Version 8.5 ozone product is 206 
available from https://avdc.gsfc.nasa.gov/pub/DSCOVR/OMI_Gridded_O3/. Site specific time series are 207 
generated from the 1Ox1O degree latitude by longitude files. The numerical algorithm for erythemal 208 
analysis as applied for the Northern and Southern Hemispheres and the equatorial region is discussed in 209 
the Appendix. The same algorithm is applied to the synoptic sunrise to sunset data for the entire 210 
illuminated Earth obtained from EPIC for samples from the 2015 – 2019 period. 211 

2.1 Multivariate Linear Regression Model for Calculating LS Trends. 212 
 213 

Trends B(t) were determined for Erythemal time series E(t) (similar for total column ozone and 214 
cloud transmission time series) using a generalized multivariate linear regression (MLR) model (e.g., 215 
Randel and Cobb, 1994, and references therein): 216 

                                                                                             217 
                                   E(t) = A(t) + B(t)∙t + R(t) (4) 

  218 
where t is the daily index (t=1 to 5113 for 2005–2018), A(t) is the seasonal cycle coefficient fit, B(t) is the 219 
linear LS trend coefficient fit, and R(t) is the residual error time series for the regression model.  A(t) 220 
involves 7 fixed constants while B(t) is a single constant.  The harmonic expansion for A(t) is 221 
 222 
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 223 
where a(p) and b(p) are constants.  Statistical uncertainties for A(t) and B(t) were derived from the 224 
calculated statistical covariance matrix involving the variances and cross-covariances of the constants 225 
(e.g., Guttman et al., 1982; Randel and Cobb, 1994). The linear deseasonalized trend results for various 226 
sites are listed in Tables 2, 3,4, and A4 in percent per year with one standard deviation (1) uncertainty.  227 
For comparison of the trends and trend uncertainties derived from (5), trend analysis was also done using 228 
monthly average data (one data point per month).   The trends and 1σ trend uncertainties derived from 229 
the monthly averages were found to be nearly identical to trends and 1σ uncertainties derived from the 230 
daily time series data with gaps. The trends E are expressed in %/Yr with E = 100 dE/<E>, where <E> is 231 
the average value over the considered period. 232 
 233 
 2.2 Northern Hemisphere   234 

Figure 3 and Table 2 show erythemal irradiance E(,z,t) time series (mW/m2) and their LS 235 
linear trends (in percent change per year along with their 1 standard deviation) at six sites with various 236 
altitudes z within the United States from 2005 – 2018 (14 annual cycles). The right-side axis shows the 237 
proportional values of the standard UV index, UVI = E/(25 mW/m2). Erythemal time series are truncated 238 
to start and stop at the same point in their 14-year annual cycles (1 January 2015 to 31 December 2018).  239 

 240 
The time series depicted in Fig.3 are non-uniform in time with gaps, mostly from the row 241 

anomaly, between some adjacent points. In all cases the gaps are small enough to properly represent 242 
the SZA dependence of the erythemal irradiance. Of the six United States sites listed in Table 2, 243 
Albuquerque, NM and Honolulu, HI have trends, E = 100dE/<E>, with better than 2 standard 244 
deviations 0.64±0.19 and -0.30±0.12 %/Year, respectively.  These sites have small changes in TCO3 245 
(─0.03±0.05 and -0.00±0.03 %/Year) but significant changes in cloud + haze transmission CT, 0.35±0.16 246 
and -0.25±0.12 %/Year, and absorbing aerosols transmission (0.09±0.12 and -0.04±0.17 %/Year), 247 
respectively (see Table 2). 248 

 249 
Of human health interest are the maximum values that occur during the summer months when 250 

the solar zenith angle is near a local minimum reducing the slant column ozone absorption and Rayleigh 251 
scattering for clear-sky days. In terms of the UV index, a value of 6 will produce significant skin 252 
reddening in light skinned people in about an hour of unprotected exposure (Diffey, 1987; 2018; Italia 253 
and Rehfuess, 2012). In local shade, there is reduced but significant exposure from atmospheric 254 
scattering (Herman et al., 1999) with shorter more damaging wavelengths scattering the most. For three 255 
low-latitude US sites in Table 2, the 14-year average maximum UVI reaches 12 with Tampa Florida 256 
reaching 11. For sites with extremely high UVI (10 – 18), even shaded areas can produce damaging 257 
exposure from scattered UV. Table 2 shows the 14-year average maximum UVI and the 14-year average 258 
UVI. 259 

 260 
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For the mid-latitude site, Greenbelt, Maryland 39ON, summer values between 8 and 9 are 261 
frequently reached with a few days reaching 10 and 1 day reaching 11 on 6 June 2008. The cause of 262 
UVI=11 was a low ozone value of 283 DU on a clear-sky day compared to more normal values between 263 
310 and 340 DU.  The basic annual cycle follows the solar zenith angle (SZA) with the minimum angle 264 
and maximum E occurring during the summer solstice. For Greenbelt, MD, this angle is approximately 265 
39O – 23.45O = 15.55O. Sites with fewer clouds plus haze and closer to the equator have higher maximum 266 
UV-index values, 12 for White Sands, NM and 11 for Tampa, Florida. Trend results corresponding to Fig. 267 
3A are summarized in Table 2 and the appendix Table A4. The last 4 columns give the estimated LS trend 268 
B(t) from Eqn. 4 for each time series and the standard deviation 1. Graphs summarizing the more 269 
extensive Table A4 are given in section 2.5 which show the expected change in UVI for a wide range of 270 
locations at various latitudes. Since the purpose is estimating changes in E from all causes, the effects of 271 
the quasi-biennial oscillation (QBO), ENSO (El Nino Southern Oscillation), and the 11-year solar cycle are 272 
not removed from the ozone time series. Figure 3B shows the increases in erythemal irradiance for 273 
Greenbelt (UVI =11) and Rural Georgia (UVI=12) when the effects of clouds and aerosols are removed 274 
from the calculations. 275 

When (t) = SZA, CA(t), and CT(t) = transmission are held constant for calculating E((t), O3(t), 276 
CT(t), CA(t)), a 1% change in total column ozone amount C produces approximately a 1.2% 277 
change  in erythemal irradiance. The exact amount of change is dependent on the SZA selected (Eqn. 278 
6).  The values for O3, CA, and CT change (%/Year) are given in Table 2, which shows that a significant 279 
amount of the erythemal irradiance change over 14 years is caused by changes in cloud cover except for 280 
White Sands, NM. 281 

A numerical solution of the radiative transfer equation for the erythemal action spectrum can be 282 
approximated by a power law form as a function of  = SZA and  = TCO3 (Eqn. 6 and the appendix Eqn. 283 
A4), where the cloud and aerosol transmission are given by CT and CA. This form gives an improved 284 
version of the Radiation Amplification Factor (Madronich, 1995) R() that is independent of TCO3 285 
(Herman, 2010). With cloud and aerosol absorption represented by CT and CA factors, 0 < CT or CA < 1. 286 

E() = U() (R()  CT CA                                                                                 (6) 287 

For a given time, t, the sensitivities of E to changes in CT, and CA are 288 

Table 2 Trends for locations in the United States (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
*Albuquerque_NM. 35.1 -106.6 1.6 6 12 0.64±0.19 -0.03±0.05 0.35±0.16 0.09±0.12 
Greenbelt_MD_US 39 -76.9 0.1 4 9 -0.05±0.28 -0.01±0.06 -0.25±0.26 0.13±0.08 
*Honolulu_HI_US. 21.3 -157.8 0 8 12 -0.30±0.12 -0.00±0.03 -0.25±0.12 -0.04±0.17 
Rural_Georgia_G 34.5 -83.5 0.2 5 10 0.28±0.22 0.00±0.05 0.13±0.24 -0.04±0.25 
Tampa_FL_US 28 -82.5 0 6 11 0.08±0.22 -0.00±0.04 -0.29±0.20 0.08±0.10 
White_Sands_NM. 32.4 -106.5 1.2 7 12 0.12±0.15 0.01±0.05 0.01±0.14 -0.33±0.18 

*Means 2 trend significance for erythemal change 
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     (7) 

where, for example, dU() = U(d) – U() and dR() = R(d) – R() 289 

For  = 0, R(0) = 1.2 and R() gradually decreases to 0.85 for  = 80O (Herman, 2010 and 290 
Appendix Fig. A1). SZA variation is the primary anti-correlated driver for the annual cycle of erythemal 291 
irradiance (Fig. 3) at each location, except when there is heavy cloud cover. The cycle for E(,z,t) is 292 
perturbed by the smaller effect of short-term changes in , CT, and CA  that are shifted in phase from 293 
(t). The result is that the separately estimated 14-year linear trends for CT and  are not necessarily 294 
additive when using Eqns. 4 and 5. For example, for the Albuquerque, NM site Fig. 3, the erythemal 295 
trend is statistically significant at 0.64 ± 0.19 %/Yr. Contributing factors are the cloud transmission 296 
function CT trend CT = 0.35 ± 0.16 %/Year (positive = more transmission), aerosol absorption function CA 297 
trend CA = 0.09±0.12 %/Year, and the small (t) trend ˗0.03 ± 0.05 %/Year.  The E trend for 298 
Albuquerque without cloud reflectivity and aerosol absorption is 0.04 ± 0.3 %/Yr corresponding to the 299 
small change in just ozone, O3 =  -0.03±0.05. 300 

2.3 Equatorial Region 301 

The equatorial region is unique for erythemal irradiance, since TCO3 is a minimum and the SZA 302 
has a twice-yearly minimum as the solar declination angle changes between ±23.45O. Four selected 303 
equatorial sites (Fig. 4 and Table 3) show very different behavior compared to mid-latitude sites (Fig. 3 304 
and Table 2).  305 

 Equatorial sites listed in Table A4 have very high UVI Maximum values (e.g., Darwin, AU 12.5S, 306 
0km, UVIM=14; Lima, PE, 12S, 0.2km, UVIM=15; Kinshasa, CD, 0.3km, UVIM=14; Nairobi, KE, 1.9km, 307 
UVIM=15; Bogota, CO, 4.6N, 2.5km, UVIM=15) with a significant number of clear-sky days. There are 308 
exceptions where there is considerable cloud cover on many days, such as Manaus, Brazil and Quito, 309 
Ecuador. The average E(z) is higher (mean <UVI>=9, UVIM=14) for the near sea level site in Manaus, 310 
Brazil (1.8 million people) than the equally populated city of Quito, Ecuador (1.85 million) at 2.9 km 311 
altitude (mean <UVI>=7, UVIM=12). The lower average Quito value is caused by the presence of 312 
additional cloud cover (mean transmission <CT> = 0.34) compared to Manaus (mean transmission <CT> = 313 
0.68) even though the Quito altitude is considerably higher.  The effect of high altitude, 5.2 km with 314 
relatively clear skies, is seen for the Mt. Kenya site 0.1S having UVIM=18.  315 

Figure 5 Panel A shows the effect of altitude causing an increase in clear-sky E(,z,t) for Quito 316 
(2.9 km) compared to Manuas (0.1 km) plus a small difference in average TCO3 (2%) between the two 317 
locations. Without clouds, Fig.5, both sites show a double peak corresponding to SZA = 0O twice a year 318 
near the March and September equinoxes.  Figure 5 Panel B has an expanded time scale for 2005 319 
showing the double peak for Quito and the strong effect of clouds in the region.  The 14-year average 320 
cloud-free value for Quito <UVI> = 16 and a maximum UVI = 19. The minimum cloud-free value is <UVI> 321 
= 15 instead of 3 when cloud cover is included. Compared to Quito, the cloud effect is less at the 322 
Manaus Brazil and Mt Kenya sites, and even at the coastal Makassar, Indonesia site. The 20 DU variation 323 
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in TCO3 causes the autumn peak in E(,z,t) without clouds to be smaller than the spring peak. Note 324 
that there are only 90 points in 2005 because of data gaps in OMI equatorial data and the effect of 325 
losing points because of the row anomaly.  326 

 327 

The calculations based on 1O x 1O (100x100 km2) spatial resolution can obscure an 328 
important health related result. In Quito, there are frequent localized clear periods when the 329 

UV index can rise to the clear-sky values (13<UVI<18), an increase of about 10, which are a 330 
serious health threat for skin cancer and cataracts all year. At all sites, ground-based 331 

measurements show that UV irradiance at the ground can briefly exceed the clear-sky value 332 
because of reflections from nearby clouds (Sabburg and Wong, 2000). In Honolulu (21.3O), the 333 

double peaks in E(,z,t) are not significantly separated in time (15 days) to be easily 334 
discernable, but it causes the slightly different shape in the annual cycle (Fig. 3A). In general, 335 

equatorial sites have increased E(,z,t) compared to higher latitudes because of both lower 336 
SZA values and less ozone near the equator giving reduced UV absorption and increased 337 

E(,z,t). 338 

 339 
 Two of the four equatorial sites in Fig. 4 and Table 3 show significant linear trends B(t) 340 

(Makassar Indonesia, and Mt Kenya, Kenya) with the Makassar Indonesia site showing the largest 341 
linear trend, -0.55 ± 0.2%Year.  For Makassar, ozone is increasing at a rate of 0.17 ± 0.02 342 
%/Year, which by itself would cause UVI to decrease at a rate of -0.20 ± 0.01 %/Year. 343 

Atmospheric transmission (Table 3) is decreasing a rate of -0.16 ± 0.19%/Year causing E(,z,t) 344 
to have a net decrease. In the absence of clouds, the percent decrease in ozone amount causes 345 

an increase in E(,z,t) at approximately a 1.2:1 ratio. Figure 5A shows the approximate anti-346 

correlation between ozone amounts and E(,z,t) for Quito and Manaus. This is modified by 347 
the six-month shifting of the sub-solar point (SZA = 0). When all four periodic and quasi-periodic 348 

effects are combined, the result is the aperiodic function shown in Fig.5B for Quito, Ecuador. 349 
Similar analysis applies for Manaus, Brazil located near the Amazon River, which is dominated 350 

by variable cloud driven atmospheric transmission, but less than for Quito, Ecuador. The other 351 

Table 3 Summary of four Equatorial Sites (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
*Mt_Kenya_KE 0.1 37.3 5.2 13 17 -0.29±0.11 0.13±0.02 0.05±0.09 -0.12±0.10 
Quito_EC 0.2 -78.5 2.9 7 12 0.04±0.17 0.15±0.02 0.24±0.17 -0.62±0.61 
*Makassar_ID -5.1 119.4 0 9 14 -0.55±0.20 0.17±0.02 -0.16±0.19 -0.27±0.13 
Manaus_BR -3.1 -60 0.1 9 14 -0.17±0.25 0.14±0.02 0.18±0.24 -0.17±0.12 

*Means 2 trend significance for erythemal change 
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two equatorial sites Makassar, Indonesia and Mt. Kenya, Kenya have smaller cloud effects and 352 
show periodic structures driven by SZA and ozone absorption. 353 

 354 

2.4 Southern Hemisphere  355 
Time series for the Southern Hemisphere are represented by six sites shown in Fig. 6 ranging in 356 

latitude and altitude (12.5O to 54.8O and 0 to 2.5 km). The maxima occur close to the December solstice 357 
date, with the exact date shifted by cloud cover, and the minima occur near the June solstice date. Of 358 
these, Darwin Australia is within the equatorial zone (12.5OS) and shows the double peak structure with 359 
peaks separated by about 85 days.  The site furthest from the equator, Ushuaia (54.8OS) has the lowest 360 
UVI peak value of 9.6 (14-year average maximum UVI = 8) and the lowest 14-year minimum average 361 
UVI=2. Occasionally the Antarctic ozone depletion region passes over Ushuaia giving rise to increased UV 362 
amounts, but these episodes (September – October) usually do not correspond to the maximum UVI 363 
values that occur with the minimum SZA in January. The 20-year historical ground-based measurement 364 
record at Ushuaia starting in 1988 (Bernhard et al., 2010) shows higher values, 11.5, when the Antarctic 365 
ozone hole moved overhead in October even though the SZA is not a minimum.   366 

For the sites in Fig. 6, the populated sites San Pedro de Atacama, CL and La Quiaca, AR have the 367 
largest UVI maximum (17 and 18) and average (11), since they are at significantly higher altitudes (2.5 368 
and 4.5 km) and are located at the southern edge of the equatorial zone (23OS and 22OS) with a 369 
relatively clear cloud-free atmosphere. More than half of the days each year have 10 < UVI < 18. This 14-370 
year average UVIM is higher than for equatorial Darwin Australia, UVI < 15.5. The frequent June minima 371 
for Darwin are UVI=8 with occasional days at UVI=2 caused by clouds, while the almost cloud-free San 372 
Pedro de Atacama has minima of UVI=4 corresponding to a June noon SZA = 46O compared to Darwin 373 
June SZA = 36O. Both sites have about the same typical TCO3, 255 DU.   374 

 375 
Previous estimations of erythemal irradiance from ground-based measurements (1997-1999) 376 

and calculations (using Total Ozone Mapping Spectrometer data) at Ushuaia (Cede et al., 2002; 2004) 377 
shows very similar values with UVI < 1 in the winter (June) and with 14-year average maximum values up 378 
to 8. The OMI data shows an occasional day reaching UVI=10 during the summer (December-January). 379 
Buenos Aires at lower southern latitudes has values of UVI from 1-2 in the winter and up to 12-13 in the 380 
summer.  These values approximately agree with those in Table 4. Cede et al. (2004) gives ground-based 381 
results for 8 sites that also include a higher altitude equatorial site, La Quiaca, AR (22.1OS), at 3.46 km 382 
altitude, having very high summer values up to UVI = 20. The corresponding calculated estimates using 383 

Table 4  Summary for 7 Southern Hemisphere Sites (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
Darwin_AU -12.5 130.8 0 10 14 0.19±0.19 0.09±0.02 -0.12±0.15 0.22±0.13 
La_Quiaca_AR -22.1 -65.6 4.5 11 18 0.15±0.15 0.05±0.03 -0.08±0.11 -0.10±0.10 
San_Pedro_CL -22.9 -68.2 2.5 11 17 -0.06±0.10 0.10±0.03 0.04±0.07 -0.01±0.13 
Queenstown_SA -31.9 26.9 1.1 7 14 -0.13±0.19 0.10±0.03 0.03±0.16 -0.24±0.23 
Melbourne_AU -37.3 145 0 5 12 -0.30±0.26 0.13±0.05 -0.10±0.22 -0.21±0.07 
Ushuaia_AR -54.8 -68.3 0.1 2 8 0.11±0.28 0.12±0.07 0.17±0.20 -0.07±0.08 
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OMI data (2005-2018) also have the maximum UVI = 20 occurring in 2010 with a 14-year average 384 
maximum of UVIM=18 (Table 4).  None of the E in Table 4 are statistically significant at 2. 385 

 386 
2.5 Trends E, , CT, and CA vs Latitude 387 

Figure 7 shows the 14-year LS trends (Eqn. 4) (%/Yr) E, , CT, and CA and the 1- error 388 
estimate for land (Table A4 and Fig. A3) plus Atlantic and Pacific Ocean sites distributed in latitude from 389 
60OS to 60ON. The colored solid lines are a Loess(0.1) fit to the trend data that is approximately 390 
equivalent to a 15O latitude running average with least squares weighting. Figure 8 contains the same 391 
Loess(0.1) fits on an expanded common scale. The 1 error estimates are large enough to conclude that 392 
there are few significant changes in E at the 2confidence level for many of the individual sites (see 393 
sites prefaced with * in Table A4). However, the Loess(0.1) curves show significant correlation with each 394 
other suggesting that the increases and decreases from combining sites within a 15O latitude band are 395 
significant and not just noise. 396 

For the UV portion of the spectrum represented by the erythemal irradiance action spectrum, 397 
the E is affected by changes in TCO3 that change relatively slowly with latitude (Figure 7A panel B and 398 
Fig. 7B). TCO3 driven changes (1±0.5%/decade 40OS to 30ON, , 0.3±0.3%/decade 25ON to 45ON, 399 
1.4±0.6%/decade 45ON to 60ON ). The ozone changes (Fig. 7B) obtained from OMI observations include 400 
the effects of the 11.3-year solar cycle, the quasi-biennial oscillation QBO, and the El Nino Southern 401 
Oscillation ENSO effects, and, as such, are not the standard ozone trend amounts (Weber et al., 2017; 402 
WMO 2018).There are significant increases 1.1±1.2%/decade in CT at high southern latitudes (mostly 403 
cloud reflectivity) for a latitude range, 60OS to 45OS (Fig. 7C) with a significant decrease around 22ON and 404 
35ON and increase near 22.5ON.   405 

 406 
 Atmospheric transmission CT has increased (cloud reflectivity decreased) 1±0.9%/decade for 407 

35ON to 60ON for the period 2005 to 2018 implying that solar insolation has also increased for all UV 408 
(305 – 400 nm), visible (400 – 700 nm), and near infrared wavelengths (700 – 2000 nm). Atmospheric 409 
transmission in the presence of absorbing aerosols CA has decreased in the equatorial zone 410 
─1.9±0.9%/decade 20OS to 5ON (Panel D) and at southern latitudes -1.8±1.3%/decade 60OS to 30OS. CA in 411 
the Northern Hemisphere shows two peaks centered on 5ON and 18ON and oscillates about zero 412 
─0.1±1%/decade 5ON to 60ON. E is correlated with changes in cloud transmission CT and absorbing 413 
aerosols associated with cities CA (Fig. 7B). Since TCO3 changes slowly with latitude compared to CT 414 
and CA, the effect of TCO3 is more of an offset compared to the stronger latitudinal variation effect of 415 
aerosols and clouds. 416 
 417 

  Figures 7A, 7B, and 8 are limited to ±60O latitude, since estimating E(,z,t) over the Arctic or  418 
Antarctica snow and ice from OMI data is likely not accurate because the LER of the scene is approximately 419 
treated as if there were a cloud instead of a bright surface. In Antarctica’s Palmer Peninsula, the annual 420 
erythemal irradiance cycle ranges from 0 in winter (May to August) to a variable maximum in the spring 421 
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and summer months depending on the year. For example, estimates from OMI data with CT=1 (clear sky), 422 
are 125 mW/m2 (UVI=5) in 2013 and 175 mW/m2 (UVI=7) in 2016. The year to year variation in the 423 
maximum E(,z,t) is driven the highly variable Antarctic TCO3 hole. 424 

 Figure 8 shows a latitudinal plot of the maximum and average UVI over 14 years from 105 of the 425 
land sites listed in the Appendix Table A4.  The maximum values over 14 years show the high summertime 426 
UVI levels that can be expected at individual sites, especially for the four indicated high-altitude sites. The 427 
maximum summer values at all latitudes between 60OS and 60ON exceed UVI = 6, which is considered high 428 
enough to cause sunburn for unprotected skin (Sánchez-Pérez et al., 2019) in 20 to 50 minutes depending 429 
on skin type. Higher values of UVI can produce sunburn in much shorter times. For example, for UVI = 10, 430 
sunburn can be produced in as little as 15 minutes for Type 1 and Type 2 skin (Caucasian and Asian) to 30 431 
minutes unprotected exposure for Type 4 skin (Sanchez-Perez, 2019). 432 

The highest UVI values in Table A4 and Fig. 8 are associated with 4 high-altitude sites. Two of 433 
these are populated cities, San Pedro de Atacama (2.5 km, Population = 11,000), Chile and La Paz Bolivia 434 
(3.8 km, Population = 790,000). These two-high altitude sites have very high UVI associated with their low 435 
latitudes and relative lack of clouds on some days. Over the 14 years of this study, the UVI at San Pedro 436 
de Atacama has remained approximately constant (-0.06±0.10 %/Year) while at La Paz, Bolivia the UVI has 437 
decreased at a rate -0.59±0.16 %/Year caused by an increase in ozone amount (0.1 ± 0.02 % per Year),  a 438 
decrease in atmospheric transmission CT from increasing cloud cover (-0.48±0.14 %/Year), and a decrease 439 
in absorbing aerosol transmission CA (-0.24±0.13 %/Year) from increasing amounts of absorbing aerosols. 440 
The height dependence of UVI for Mt. Everest (8.8 km) is linearly extrapolated from calculations for 0 to 441 
5 km (Eqn. A4 and Table A3). Radiative transfer calculations of the height dependence to 8 km show that 442 
this is a good approximation. 443 

3 Global View of E(,tO) of sunrise to sunset distributions from DSCOVR EPIC 444 

EPIC onboard the DSCOVR spacecraft views the sunlit disk of the Earth from a small orbit 445 
about the Earth-Sun gravitational balance point (Lagrange-1 or L1) 1.5 million kilometers from 446 

the Earth.  EPIC has 10 narrow-band filters ranging from the UV at 310 nm to the near infrared, 447 
870 nm that enable measurements of TCO3 and LER with 18 km nadir resolution using a 2048 x 448 

2048-pixel charge coupled detector. EPIC takes multiple (12 sets October-March to 22 sets 449 
April-September) of 10 wavelength images per day as the Earth rotates on its axis. The 450 
instrumental details and calibration coefficients for EPIC are given in Herman et al. (2018) as 451 

well as some examples of UV estimates.    452 

EPIC estimated UV irradiances reaching the Earth’s surface are derived from measured 453 

TCO3 and 388 nm LER for about 3 million grid points as shown in for 22 June 2017 at tO= 06:13 454 
GMT (Fig. 9).  The relative accuracy of clear-sky EPIC calculated E compared to that from OMI is 455 

derived from the relative accuracy of TCO3 measurements. Computing the global and seasonal 456 
average E percent difference 100(EEPIC - EOMI)/EEPIC = 1.4 ± 1%. In the presence of clouds, local 457 
differences may be larger, since the OMI latitudinal overpass GMT can vary by ± 20 minutes 458 
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from the equator crossing GMT causing apparent changes in local cloud cover from the specific 459 
EPIC GMT tO. Also, the OMI analysis contains an assumption that TCO3 CA, and CT measured at 460 

13:30±0:20 apply to the local noon erythemal calculation (SZA = Latitude – Solar declination). 461 

TCO3, CA, CT, and terrain height maps z are converted into E(,z,tO)  for each grid point at the 462 
specified GMT time tO using the algorithm given in the appendix. As with OMI, R = LER is 463 
converted into cloud transmission CT using CT = (1 – R)/(1 – RG). The quantitative LER map in Fig. 464 

9 can be compared to the color image of the Earth obtained by EPIC (also Fig. 9), where the 465 
high values of LER correspond to the high bright white clouds shown in the color image. Ozone 466 
absorption mostly affects the short wavelength portion of the erythemal spectrum (300 – 320 467 

nm), with only negligible absorption from 340 – 400 nm. The results, including the effects of 468 
TCO3, LER and Rayleigh scattering to estimate erythemal irradiance are shown in Fig. 10 (upper 469 

left) for 22 June 2017 with tO = 06:13 GMT.   470 

The data from each EPIC image are synoptic (same GMT) so that the ozone, reflectivity, 471 
and erythemal results are from sunrise (west or left) to sunset (right or east) with decreasing E 472 
for SZA near sunrise and sunset. A similar erythemal darkening effect from increased SZA occurs 473 
for north and south higher latitudes. In these images, local solar noon is near the center of the 474 

image but offset by EPIC’s orbital viewing angle that is always 4O to 15O away from the Earth-475 
sun line. In the case shown, the six-month orbit is offset about 10O to the west. Three months 476 

earlier in March and three months later in September, the orbit is offset to the east. 477 

 478 

Erythemal maps in subsequent figures are organized by season (December and June 479 

solstices, and March and September equinoxes). The maximum values of E(,tO) follow the 480 
minimum SZA modified by cloud amount. Since the sub-solar point moves north and south with 481 
the annual change in the Earth’s declination angle (between ±23.45O), the maximum clear-sky 482 

UVI usually occurs near local solar noon (LST) with the smallest SZA. An exception is when the 483 
effect of increased altitude is larger than the SZA effect.                                                                                                                                                    484 

3.1 Northern Hemisphere Summer Solstice (June)  485 

For the June solstice view (Fig.10), the EPIC view includes the entire Arctic region and 486 

areas to about 55OS. The center longitude of the image is close to local solar noon. The view is 487 
with north up and from sunrise (west or left) to sunset (east or right). The effect of the orbital 488 

distance from the Earth-Sun line can be seen in the asymmetry of the near sunrise and sunset 489 
regions implying that that the six-month orbit was off to the south-west of the Earth-sun line.  490 
The images were selected to give estimates of erythemal irradiance over Asia, Africa, and the 491 

Americas as a function of latitude, altitude, and longitude (time of the day) for a specific 492 
Greenwich Mean Time (GMT) for each map. 493 
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In Fig. 10 high UVI is seen over the Himalayans Mountains (06:13 GMT) and central 494 
western China, reaching over UVI = 18 for June 22 on Mt Everest (28.0ON, 86.9OE, 8.85 km). For 495 

the same conditions, except for artificially setting the altitude at sea level, the maximum UVI = 496 
13. The sea level mean UVI value is 7. The estimated UVI neglects reflections from snow and 497 

ice. For Everest, the extrapolated (from 5 km) average net altitude correction for maximum UVI 498 
of (18 - 13)/(13*8.8km) = 4.3%/km and 5.6%/km for the mean UVI, including reduced TCO3 and 499 
Rayleigh scattering (Appendix Eqn. A7). With calculations to 8 km the value is 4.5%/km. The 500 

reason for the difference between UVI maximum and UVI mean is that the mean UVI contains 501 
clouds and aerosols while the maximum UVI is nearly clear sky.  502 

On the next view in Fig. 10 over central Africa (11:21 GMT) there are elevated UVI =11, 503 
and on the third image in Fig. 10 (19:00 GMT) there is an elevated UVI area over the 504 

mountainous regions of Mexico (UVI = 16). Elevated UVI=11 is also seen over the US Southwest. 505 
The effect of significant cloud cover at moderate SZA can be seen (blue color), where the UVI is 506 
reduced to 2 near noon (e.g., Gulf of Mexico at 19:00 GMT).  507 

There are reductions in E(,z,t) from lower reflectivity clouds in the center of the Fig.10 images 508 
that are not easily seen in the UVI image with the expanded scale (0 to 20). The effect of higher 509 
reflectivity clouds (see Fig. 9) are easily seen in Fig. 10 in blue color representing low amounts of 510 
E(,z,t)  at the ground. There are only small percent change features in the ozone distribution, so that 511 
few ozone related structures are expected in the E(,tO) images for such a coarse UVI scale.  512 

Figure 11A shows the latitudinal distribution,  = 0O to 80ON, of erythemal irradiance estimated 513 
from the synoptic EPIC measurements on a line of longitude passing through San Francisco, CA at 19:37 514 
GMT or 11:37 PST. The main driver of the decrease in E() from the equator toward the poles is the 515 
increased optical path from increasing SZA() and increasing TCO3() absorption. The smaller structure 516 
near 10O, 21O, 37ON is caused by small amounts of cloud cover reducing the transmission CT(). This day, 517 
30 June 2017, near the 22 June solstice was selected based on the data from DSCOVR-EPIC showing that 518 
there were few clouds present in the scene (Fig.11B) with CT near 1. All the E() estimates in Fig. 11A are 519 
at or near sea level and yield a maximum UVI = 12 near 13ON latitude. Similarly, Fig. 11C shows the 520 
latitudinal distribution of E() for the line of longitude passing near Greenwich England at 0.25OE. E() is 521 
reduced because of cloud cover starting at 40ON in addition to the increasing ozone absorption at higher 522 
latitudes. The accompanying images in Figs. 11B and 11D show the distribution of E() and the location 523 
of significant cloud cover. 524 

3.2 E(,tO) for September and March Equinox Conditions 525 

Near the September and March equinoxes (Figs. 12A and 12B) the Sun is overhead near the 526 
Equator giving high UVI = 12 in many areas with higher values (16 to 18) in the mountain regions (e.g., 527 
Southern Indonesia, Peru’s Andes Mountains, and some high-altitude regions in Malawi and Tanzania). 528 
While the Sun-Earth geometry is nearly the same for both equinoxes, there is considerable difference in 529 
seasonal cloud cover for the two equinox days. The area of sub-Saharan Africa near Nigeria has 530 
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particularly high UVI values caused by nearly cloud-free conditions over a wide region implying a 531 
considerable heath risk for mid-day UV exposure.  Other high UVI values occur over smaller elevated 532 
areas. This is particularly evident in the nearly cloud-free high-altitude Peruvian Andes at about 28OS 533 
even though the SZA = 28O. 534 

3.3 Southern Hemisphere Summer Solstice (December) 535 

During the December solstice the Sun is overhead at 23.45OS (Fig. 13). The reduced SZA causes 536 
high UVI levels throughout the Southern Hemisphere mid-latitude region, Fig. 13, between 20OS and 537 
40OS especially in elevated regions such as the Chilean Andes, Western Australia and elevated regions of 538 
southeastern Africa (South Africa, Tanzania, Kenya).  For the case where Western Australia is near local 539 
solar noon, the UVI levels reach about 13 to 14 between 20OS to 34OS, a region that includes the city of 540 
Perth with more than a million people and several smaller cities and towns. These high UVI values 541 
represent a considerable health risk for skin cancer, since the UVI stays above 12 for nearly a month. 542 
This is also true for eastern Australia (Fig. 14) during December that implies the high skin cancer risk for 543 
the entire Australian continent.  The same comments apply to New Zealand, eastern South Africa and 544 
elevated areas further north (e.g., Tanzania Africa). Even higher values occur in the Andes Mountains in 545 
Chile and Peru that include some small cities (see Fig. 6 for San Pedro de Atacama, Peru time series). 546 

Figure 14A shows the latitudinal distribution, 0O to 80OS, of erythemal irradiance on a line of 547 
longitude passing near Sydney Australia (population 5.3 million) at 02:24:36 GMT or 13:24 NSW (New 548 
South Wales). The main driver of the decrease in E() from the equator toward the poles is the 549 
increased optical path from increasing SZA() and the increasing TCO3(). The smaller structures near 550 
40O, 50O, 60OS are caused by small amounts of cloud cover reducing the transmission CT(). The 31 551 
December day near the solstice was selected based on data from DSCOVR-EPIC showing that there were 552 
few clouds present over Australia (Fig.6B). All the E() estimates in Fig. 14A are near sea level with a 553 
maximum UVI = 14 near 25OS latitude. Figure 14B shows the distribution of high E() over Australia 554 
and Indonesia with the highest values in Australia for 31 December 2017. 555 

The erythemal irradiance differences between the northernmost city (Darwin, population 556 
132,000) and the southernmost city (Melbourne population 4.9 million) are quite large in terms of UV 557 
exposure because of differences in SZA, ozone amount, and cloud cover leading to a larger number of 558 
days per year with high UVI, a few weeks for Melbourne and three months for Darwin. This is reflected 559 
in the non-melanoma skin cancer statistics published by Australian Institute of Health and Welfare 560 
(2016) for the different regions with the Northern Territories (containing Darwin) having double the rate 561 
per 100,000 people compared to Victoria containing Melbourne (Pollack et al., 2014).   562 

3.4 Erythemal Synoptic Variation (Sunrise to Sunset) 563 

The longitudinal dependence of E(tO) is illustrated in Fig. 15 where sunrise to sunset slices 564 
have been taken for an equatorial latitude, 0.1ON and mid-latitude, 30.85ON. The estimated 565 
E(tO) includes the effect of clouds and haze (Panels C and D) included in the atmospheric 566 
transmission function CT(tO) and the effects of local terrain height. The maximum E(tO) is to the 567 
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east of the sub-satellite point because the satellite orbit about the Lagrange-1 point L1 is displaced to the 568 
west of the Earth-Sun line on 14 April 2016. The northward displacement is caused by the Earth’s 569 
declination angle of about 9.6O.  This corresponds to the minimum SZA shown in Fig. 15A Panel A of 9.5O. 570 
Panels A, B, C, D show the effects of cloud transmission for all values of LER that are not easily seen in 571 
the global erythemal color maps (bottom color panels of Fig. 15). The distribution of clouds is easily seen 572 
in the color image and LER image for 14 April at 4:21 GMT (Fig. 16A and 16B). 573 

The main cause of the decrease of E(tO) with latitude (Figs 15A, 15B, 15E) between 0.1ON and 574 
30.85ON is caused by the increased SZA followed by the latitudinal increase in TCO3.  The difference is 575 
modulated (Panels A and B) by the presence of clouds and haze (Figs. 15C, 15D and 16A, 16B) and haze 576 
in CT(tO). There are nearly clear-sky patches for the equatorial slice (Fig. 15C) leading to very high UVI 577 
= 14 compared to the mid-latitude maximum of UVI = 9 because of the effect of clouds near the time of 578 
minimum SZA. The distribution of clouds is shown in the true color picture (Fig. 16A) of the Earth 579 
obtained by EPIC on 14 April 2016 at 04:12:16 GMT centered on 104OE. The bright white portion of 580 
cloud mages are the optically thick clouds of high reflectivity and low transmission. Comparing the color 581 
image to the LER image (Fig. 16B) illustrates how dark (unreflective) the land and oceans are in the UV 582 
compared to the visible wavelengths even though clouds are reflective in both wavelength ranges. This 583 
allows cloud reflectivity and transmission CT to be determined without complicated corrections for 584 
surface reflectivity for scenes free of snow and ice once Rayleigh scattering is removed. 585 

3.5 Zonal Average E(tO) 586 

Figure 17 shows a summary of the zonal average of maximum UVI (UVIM Panel A) and zonal 587 
average of the mean UVI (UVIA Panel B) values from EPIC on 14 April 2016 at 04:21 GMT from Fig. 14A 588 
for longitudinal bands plots from -75O < Latitude < 75O. The solid lines are a smooth Akima spline fit 589 
(Akima, 1970) to the data points. Depending on the day of the year, the location of the maximum shifts 590 
between -23.45O to +23.45O following the position of overhead sun.  The zonal average UVIM (Fig. 17A) 591 
of about UVI = 14 is approximately the same for any day of the year. This includes longitudes containing 592 
high altitude sites at moderately low latitudes where the local UVI maximum can reach 18 to 20.  The US 593 
Environmental Protection Agency classifies exposure at UVI=6 to 7 as high, which requires protection for 594 
extended exposure (e.g., 1 hour). For low latitudes < 30O, UVI > 6 occurs several hours around local solar 595 
noon. For equatorial latitudes at sea level, UVI > 6 occurs for about 6 hours (Fig. 15). The zonal average 596 
values UVIA (Fig.17B) are considerably smaller, since they are more affected by clouds than the mostly 597 
clear-sky maxima in Fig. 17A.  598 

4 Summary 599 

This study presents a global view based on satellite observations (OMI and EPIC) of the amount 600 
and changes for erythemal irradiance over major cities that are affected by ozone, clouds plus scattering 601 
aerosols, absorbing aerosols, and terrain height. While there is wide variation between specific sites, 602 
sites at high altitudes or low latitudes tend to have high values of UVI representing high levels of UV 603 
radiation that are dangerous to people with unprotected skin and eyes.  604 
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OMI measured total column ozone TCO3, Lambert Equivalent Reflectivity LER (converted to 605 
atmospheric transmission) data CT(,z,t), and transmission reduction from aerosol absorption 606 
CA(,z,t) from AURA-OMI data have been combined along with terrain height data to estimate noon 607 
erythemal irradiance E(,z,t) time series at globally distributed at 191 specified cities (see Fig. A3) 608 
using Eqns. A1 to A9. Fourteen-year site specific changes in E(,z,t) are derived from multivariate 609 
linear regression MLR trends (%/yr). For most sites, there has been no long-term MLR LS linear change 610 
(2005 – 2018) in UVI at the two-standard deviation level 2. Some of the sites do show 2 changes in 611 
UVI caused by changes in atmospheric transmission (clouds plus aerosols) and mostly an offset from 612 
zero caused by 14-year changes in OMI TCO3. Fourteen-year trends as a function of latitude show the 613 
relationship between changes in E and those from CT, CA, and TCO3. E is correlated with 614 
significant decreases in CT and CA at southern latitudes 60OS to 35OS (Fig. 7C). There are significant 615 
decreases in E around 5OS, 22ON, and 35ON with a strong increase near 22.5ON.  For latitudes greater 616 
than 40ON atmospheric transmission CT has increased (cloud reflectivity decreased) for the period 2005 617 
to 2018. Changes in E caused by CT and CA are partially offset by TCO3 showing significant 618 
latitudinal increases at the 2- level between 25OS to 20ON and at high latitudes that only affects UV 619 
wavelengths (300 – 340 nm) sensitive to TCO3. 620 

Some locations have extremely high values of UVI (12 < UV index < 18) caused either by the 621 
presence of low SZA and ozone values or high altitudes under almost clear-sky conditions. The maximum 622 
UVI is shown for each selected site (Table A4) with, as expected, low latitudes and elevated sites 623 
showing the highest UVI values (14 to 18) compared to typical mid-latitude sites at low altitude having a 624 
maximum UVI = 8 to 10. OMI based results show agreement with the maximum seasonal values from 625 
several ground-based sites (Table 1) and with measurements of UVI made in Argentina (Cede et al., 626 
2002; 2004). Two equatorial region high altitude cities, San Pedro, Chile (2.45 km), La Paz, Bolivia (3.78 627 
km), with frequently clear sky conditions have very high UVIMAX = 17 and 18 and UVIAVG = 11 in contrast 628 
to Quito, Ecuador (2.85 km) that has substantial cloud cover UVIMAX = 11 and UVIAVG = 7. Cities located at 629 
sea level in the equatorial zone also can have high vales of UVIMAX = 15 (e.g., Lima, Peru). 630 

DSCOVR/EPIC global synoptic maps at a specified GMT of UVI from sunrise to sunset are shown 631 
for specific days corresponding the solstices and equinoxes. These show the high UVI values occurring at 632 
local solar noon over wide areas and especially at high altitudes and the decrease with SZA caused by 633 
latitude and solar time. A zonal average of E for 14 April 2016 from EPIC data shows latitudes of very 634 
high UVI. For other days the latitudinal dependence and peak track the seasonal solar declination angle. 635 
EPIC observations show that there are the wide areas between 20O and 30OS latitude during the summer 636 
solstice in Australia (Fig.12) showing near noon values with UVI = 14 to 16, values that are dangerous for 637 
production of skin cancer and eye cataracts and correlate with Australian National Institute of Health 638 
and Welfare cancer incidence health statistics (2016). Similar values of high UVI occur for the latitude 639 
range ±30O that includes parts of Africa and Asia.  640 

 641 
 642 
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5 Appendix 643 

Some of the contents of this appendix are reproduced for convenience from Herman et al. (2018) 644 
and Herman (2010). Fitting error estimates from solutions of the radiative transfer equations are given in 645 
Herman (2010). The notation used in Herman (2010) and Herman et al., 2018 is retained with SZA = Solar 646 
Zenith Angle,  = SZA,  = total column ozone amount in DU TCO3,  = wavelength in nm, and CT = fractional 647 
cloud + haze transmission. An improved numerical fit for the altitude dependence Z is provided for Eqn. 648 
A7 and for the coefficients in Eqn. A8. 649 

Erythemal irradiance E0(CT, CA) at the Earth’s sea level (W/m2) is defined in terms of a 650 
wavelength dependent weighted integral over a specified weighting function A() times the incident 651 
diffuse plus direct solar irradiance I(ΩCT) W/(nm m2) (Eq. A1). The erythemal weighting function 652 
Log10(AERY()) is given by the standard erythemal fitting function shown in Eq. A2 (McKinley and Diffey, 653 
1987). Tables of radiative transfer solutions for DE = 1 AU are generated for a range of SZA (0 <  < 90O), 654 
for ozone amounts 100 <  600 DU, and terrain heights 0 < Z < 5 km using accurate fitting functions to 655 
the solutions from the TUV DISORT radiative transfer model as described in Herman (2010) for erythemal 656 
and other action spectra (e.g., plant growth PLA, vitamin-D production VIT, cataracts CAT, etc.).  The 657 
irradiance weighted by the erythemal action spectrum is given by 658 

 dACCICCE ATAT )(),,,,(),,,(
400

250

0    
 

(A1) 

250 < < 298 nm Log10(AERY) = 0 (A2) 

298 < < 328 nm Log10(AERY) = 0.094 (298 - )  

328 < < 400 nm Log10(AERY) = 0.015 (139 - )  

Equation A1 can be closely approximated by the power law form (Eq. A3), where U() and R() are 659 
fitting coefficients where R() is an improved Radiation Amplification Factor (Herman 2010) that is 660 
independent of Ozone independence arises because of an extra coefficient U representing EO as a 661 
fit to the radiative transfer solutions in the form of rational fractions (Herman, 2010). Rational fractions 662 
were chosen because they tend to behave better at the ends of the fitting range than polynomials with 663 
comparable fitting accuracy.  The absorbing aerosol reduction factor CA is given by Eqn. 2. 664 

         E0(,CT,CA)  = U() ()-R()CT CA (A3) 

       U() or R() = (a+c2+e4)/(1+b2+d4+f6)   r2 > 0.9999 (A4) 

       CT = (1-LER)/(1-RG) where RG is the reflectivity of the surface  (A5) 

         E(z E0()  H(,z) / DE
2  (A6) 
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When Eq. A6 is applied to the ozone and LER data, the global E(z at the Earths’ surface can be 665 
obtained after correction for the Earth-Sun distance DE, where DE in AU can be approximated by (Eq. A9),  666 
 667 
         DE = 1 − 0.01672 cos(2π (day_of_year − 4)/365.25) (A9) 

 668 

 669 

Since RE() has only weak  and  dependence an approximation can be obtained by forming the 670 
mean of RE over  and  Then a linear approximation is 671 

H(z) = 1 + 0.047 Zkm                                                                                                       (A10) 672 

H(,Z) scales the erythemal irradiance at the surface to an altitude z and was 
calculated by fitting a function to the ratio RE =  E(zE0() where E and E0 were 
calculated with the TUV radiative transfer program. Most of the  and  dependence 
is derived from E0(). Linear extrapolation is used for Z > 5km, which gives almost 
the same result when TUV calculations are extended to 8 km. 

 

         H(,Z) = [(-3.8443E-3 Zkm+3.1127E-4) /200 + 0.054111 Zkm+1] G( ) (A7) 

        G() = g+h+i2+j3+k4       (A8) 

 The coefficients  a, b, c, d, e, f, g, h, j, and k are in Tables A1 and A2   

Table A1    Coefficients R() and coefficient U() for  0 <  < 80O  Eq. A4                                                                                                                             
and  100 <  < 600 DU   for E() = U() (R()     ( 1.0E10 = 1.0x1010) 
 
U() or R() = (a+c2+e4)/(1+b2+d4+f6)   r2 > 0.9999 (see Fig. A1) 

Action Spectra U() (watts/m2)              R() 

CIE Erythemal 
UERY &  RERY  

   a= 0.4703918683355716  
   b= 0.0001485533527344676  
   c= -0.0001188976502179551  
   d= 1.915618238117361E-08  
   e= 7.693069873238405E-09  
   f= 1.633190561844982E-12  

   a= 1.203020609002682  
   b= -0.0001035585455444773  
   c= -0.00013250509260352  
   d= 4.953161533805639E-09  
   e= 1.897253186594168E-09  
    f=  0.0  

   

 
 

Table A2 Solar Zenith angle function G() used in Eq. A8 

G()   =   g+h+i2+j3+k4  

   g= 9.999596516311959E-01 
   h= 2.384464204972423E-05 
   i= 3.078822311353050E-06 

j= 1.752907417831904E-07 
k= -2.482705952292921E-09 
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Equation A10 is similar to Eqn. A7 with G()=1 and  = 300 DU  673 

H(300, Z) = 1 + 0.052 Zkm                                                                                                        (A12) 674 

Note: Double precision coefficients are necessary for accuracy over the wide range of   675 

A similar approximate analysis can be obtained for height dependence of other action spectra given by 676 
Herman (2010) for Zkm = 0 and the references therein. 677 

Table A3 Height Dependence of Six Action Spectra 
Action Spectrum Approximate Height Dependence 
Vitamin-D VIT 1 + 0.055 Zkm 
Cataracts CAT 1 + 0.050 Zkm 
DNA Damage DNA 1 + 0.056 Zkm 
Erythemal  ERY 1 + 0.047 Zkm 
Plant damage PLC 1 + 0.046 Zkm 
Plant Damage PLA 1 + 0.038 Zkm 

Height dependence increases for those action spectra with more emphasis on shorter UV wavelengths 678 

Over the 2005 to 2018 operating period of OMI there has been a change in instrument 679 
sensitivity as measured by the reflectivity of the Antarctic high plateau region Fig. A2. The estimated 680 
OMI sensitivity change assumes that the summer reflectivity of the Antarctic high plateau region has not 681 
changed. The small changes have little effect on ozone, but directly affects LER. 682 

 683 

Table A4 Summarizes the erythemal irradiance E(z and its rate of change E for specific 684 
locations (Latitude, Longitude, and Altitude) based on the algorithm from Eqns. A1 - A9. CT includes the 685 
effect of both cloud and scattering aerosol transmission to the surface. Absorbing aerosols effects are 686 
included through the factor CA. Sites that have trends statistically significant at the two-standard deviation 687 
level (95% probability) for E(z,tare indicated with an *. For a number of sites, E(z,t can show 688 
significant change even when there is almost no change in  where the change in E(z is caused by 689 
increases or decreases in CA or CT. The expected change in EO(z,t with ozone change ranges from 690 
about 0.82 to 1.2 (see R() in Table A1 and Fig. A1) depending on the latitude (SZA as a function of latitude). 691 
Sites deviating significantly from this ratio have been affected by changes in CT or CA. A plot of these points 692 
plus ocean sites is shown in Fig. 7 and a map of the site locations in Fig. A3. 693 

  694 
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 695 

Table A4 191 land, and city locations in various countries as indicated in alphabetical order. Shown are the latitude (LAT), 
Longitude (Lon), Altitude (Alt), the 14-year UVI average (Avg), the 14-year average maximum (Max), average (AVG), and the 
trends ), ),  CT), CA) along with their accompanying 1 standard deviation uncertainties (1) (percent per year) 
for the erythemal irradiance with ozone, clouds and absorbing aerosols. 
 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max ) O3) CT) CA) 
Abidjan_CL 5.3 -4 0 8 13 -0.32±0.23 0.08±0.02* -0.02±0.17 -0.20±0.24 
Abu_Dhabi_AE 24.4 54.4 0 8 12 -0.05±0.13 0.11±0.02* 0.02±0.08 0.01±0.15 
Abuja_HG 9.1 7.5 0 8 13 -0.21±0.17 0.07±0.02* -0.28±0.12* -0.15±0.11 
Accra_GH 5.6 -0.2 0 8 13 0.16±0.19 0.11±0.02* 0.17±0.14 -0.71±0.18* 
*Adelaide_AU -34.9 138.6 0 6 13 -0.43±0.20* 0.08±0.04* -0.18±0.17 -0.27±0.07* 
Ahmedabad_IN 23 72.6 0.1 7 12 -0.31±0.16 0.17±0.02* -0.11±0.11 -0.09±0.09 
*Albuquerque_NM. 35.1 -106.6 1.6 6 12 0.64±0.19* -0.03±0.05 0.35±0.16* 0.09±0.12 
*Alexandria_EG 31.2 29.9 0 6 11 -0.45±0.12* 0.07±0.04 0.01±0.09 -0.49±0.10* 
Algiers_DZ 36.7 3.1 0.2 5 10 0.31±0.18 0.02±0.05 0.34±0.17* -0.18±0.08* 
*Alice_Springs_A -23.7 133.9 0.6 9 15 -0.40±0.15* 0.06±0.03* -0.11±0.13 -0.18±0.05* 
Alta_Floresta_B 9.9 -55.6 2 11 15 0.25±0.15 0.12±0.02* 0.07±0.14 0.80±0.20* 
Anchorage_AK_US 61.1 -149.9 0 1 6 0.22±0.24 -0.11±0.05* 0.34±0.18 -0.09±0.06 
Ankara_TR 39.9 32.9 0.9 4 10 0.15±0.18 -0.02±0.05 0.24±0.19 -0.18±0.10 
Annopolis_MD_US 39 -76.3 0 4 10 -0.31±0.27 -0.01±0.06 -0.25±0.26 -0.27±0.08* 
Aosta_IT 45.7 7.3 0.6 3 9 -0.00±0.26 0.02±0.06 -0.08±0.22 -0.34±0.07* 
Arica_CL 18.1 -70.2 0.4 7 12 -0.15±0.21 0.15±0.02* -0.15±0.16 0.55±0.15* 
Athens_GR 38 23.7 0.7 5 10 -0.17±0.15 0.04±0.05 0.16±0.16 -0.27±0.09* 
Atlanta_GA_US 33.5 -84.5 0.3 5 11 -0.04±0.21 -0.05±0.05 -0.32±0.23 -0.08±0.07 
Auckland_NZ -36.9 174.8 0.1 5 12 0.16±0.23 0.12±0.04* 0.22±0.20 -0.06±0.09 
*Baghdad_IQ 33.3 44.4 0 6 11 0.54±0.15* 0.13±0.04* 0.13±0.13 0.40±0.10* 
Baltimore_US 39.3 -76.6 0.1 4 10 -0.26±0.27 -0.01±0.06 -0.25±0.26 -0.28±0.10* 
Bangalore_IN 13 77.6 0.9 9 13 -0.18±0.15 0.14±0.02* 0.15±0.14 -0.22±0.12 
*Bangkok_TH 13.7 100.5 0 9 13 -0.42±0.18* 0.14±0.02* -0.03±0.15 -0.10±0.14 
Bangor_ME 44.8 -68.8 0.1 3 9 -0.08±0.27 0.04±0.06 0.13±0.26 -0.28±0.06* 
*Baoding_CN 38.9 115.5 0 4 9 0.64±0.24* -0.02±0.05 0.04±0.19 0.28±0.15 
*Baton_Rouge_US. 30.5 -91.2 0 6 11 -0.50±0.23* 0.02±0.04 -0.56±0.23* -0.05±0.08 
Beijing_CN 39.9 116.4 0.1 4 9 0.42±0.25 -0.00±0.05 -0.02±0.19 0.31±0.13* 
Belsk_PO 52 20.3 0.2 2 8 0.25±0.28 0.05±0.06 0.43±0.24 -0.22±0.08* 
Beltsville_MS_U 39 -76.8 0 4 10 -0.34±0.27 -0.01±0.06 -0.25±0.26 -0.37±0.09* 
Berlin_DE 52.5 13.4 0 2 7 0.06±0.27 0.18±0.06* 0.02±0.23 -0.22±0.07* 
*Bogota_CO 4.6 -74.1 2.5 9 15 -0.40±0.19* 0.17±0.02* -0.32±0.18 -0.26±0.10* 
Boston_MA_US 42.4 -71 0 3 9 0.46±0.28 -0.01±0.06 0.42±0.26 -0.17±0.08* 
Brasilia_BR -15.8 -47.9 1.2 10 15 0.07±0.18 0.09±0.02* 0.21±0.15 -0.18±0.09* 
Brisbane_AU -27.5 153 0 7 14 -0.26±0.20 0.06±0.03* 0.01±0.17 -0.12±0.07 
Brussels_BE 50.8 4.3 0.1 2 8 0.26±0.29 0.14±0.06* 0.41±0.24 -0.32±0.07* 
Budapest_HU 47.9 20.5 0.3 3 8 0.24±0.24 0.02±0.05 0.37±0.23 -0.35±0.08* 
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Buenos_Aires_AR -34.6 -58.4 0 6 13 -0.08±0.25 -0.00±0.04 -0.08±0.23 -0.19±0.07* 
Bulawayo_ZW -20.1 28.6 1.4 9 15 0.11±0.20 0.08±0.02* 0.26±0.16 -0.05±0.10 
Busan_KR 35.2 129.1 0 5 10 -0.05±0.29 0.02±0.05 -0.19±0.25 0.11±0.14 
Cabauw_NL 51.8 4.6 0 2 7 0.51±0.29 0.11±0.06 0.63±0.24* -0.20±0.08* 
Cairo_EG 30.1 31.3 0 6 11 -0.04±0.13 0.12±0.04* 0.09±0.09 -0.14±0.09 
Calgary_CA 51 -114.1 1 3 8 0.39±0.28 0.07±0.06 0.08±0.22 0.01±0.11 
Canberra_AU -35.3 149.1 0.6 5 13 -0.31±0.24 0.06±0.04 -0.25±0.19 -0.13±0.06* 
*Cape_Town_ZA -39.9 18.4 0 5 12 -0.46±0.21* 0.14±0.05* -0.12±0.19 0.0±0.0 
Caracas_VZ 10.5 -66.9 0.9 10 14 0.03±0.13 0.11±0.02* 0.17±0.11 -0.34±0.10* 
Casablanca_MA 33.6 -7.6 0 6 11 0.14±0.15 -0.01±0.05 0.08±0.13 -0.26±0.08* 
Chengdu_CN 30.7 104.1 0.5 5 11 -0.62±0.33 0.12±0.04* -0.34±0.32 0.25±0.21 
Chennai_IN 13.1 80.2 0 9 13 -0.35±0.18 0.12±0.02* -0.09±0.17 -0.35±0.16* 
Chicago_IL_US 41.9 -87.7 0.2 4 9 -0.17±0.26 0.08±0.06 -0.35±0.25 -0.07±0.10 
Chongqing_CN 29.6 106.5 0.2 5 11 -0.41±0.38 0.09±0.03* -0.20±0.37 0.06±0.23 
Christchurch_NZ -43.5 172.6 0 4 11 -0.07±0.27 0.20±0.05* -0.12±0.22 -0.23±0.06* 
Cordoba_AR -31.4 64.2 0.4 6 13 -0.15±0.20 0.12±0.03* 0.04±0.17 0.16±0.07* 
Dallas_TX_US 32.8 -96.8 0.1 6 11 0.06±0.20 0.03±0.04 -0.14±0.21 -0.01±0.07 
*Dar_es_Salaam_T -6.8 39.3 0 10 14 -0.48±0.16* 0.15±0.02* -0.01±0.15 -0.21±0.09* 
Darwin_AU -12.5 130.8 0 10 14 0.19±0.19 0.09±0.02* -0.12±0.15 0.22±0.13 
Delhi_IN 28.6 77.2 0.2 7 12 0.18±0.18 0.16±0.03* 0.13±0.12 0.04±0.13 
*Denver_CO_US 39.7 -105 1.6 5 11 0.84±0.24* 0.00±0.05 0.54±0.21* 0.13±0.11 
Des Moines_IA_U 41.6 -93.6 0.3 4 10 0.12±0.28 0.06±0.05 0.42±0.27 -0.12±0.09 
Detroit_MI_US 42.3 -83 0.2 3 9 0.15±0.29 0.07±0.06 0.29±0.27 -0.51±0.11* 
Dhaka_BD 23.7 90.4 0 7 12 -0.19±0.20 0.17±0.03* -0.14±0.16 -0.19±0.13 
Dongguan_CN 23 113.7 0 6 11 -0.47±0.28 0.08±0.03* -0.51±0.28 0.04±0.16 
*Dubai_AE 25.1 55.2 0 7 12 -0.33±0.15* 0.14±0.03* 0.07±0.08 -0.17±0.12 
*Eureka_CA_US 40.8 -124.1 0 4 10 0.56±0.18* 0.01±0.06 0.34±0.19 -0.17±0.08 
Flagstaff_AZ_US 35.2 -111.7 2.1 6 12 0.02±0.17 -0.06±0.05 -0.17±0.14 -0.05±0.08 
Giza_EG 30 31.2 0 6 11 -0.09±0.13 0.12±0.04* 0.09±0.09 -0.19±0.09* 
Glascow_UK 55.9 -4 0.2 2 7 -0.42±0.32 0.27±0.07* -0.38±0.25 -0.01±0.09 
Greenbelt_MD_US 39 -76.9 0.1 4 9 -0.05±0.28 -0.01±0.06 -0.25±0.26 0.13±0.08 
Grenada_ES 37.2 -3.5 0.8 5 11 -0.09±0.17 0.04±0.06 -0.04±0.17 -0.22±0.08* 
Griffin_GA_US 33.2 -84.3 0.3 6 11 -0.10±0.21 -0.05±0.05 -0.32±0.23 -0.22±0.07* 
Guangzhou_CN 23.1 113.2 0 6 12 -0.50±0.28 0.08±0.03* -0.51±0.28 0.00±0.18 
Hamilton_NZ -37.9 175.3 0.1 5 12 -0.09±0.25 0.13±0.04* -0.03±0.22 0.01±0.07 
*Hangzhou_CN 30.3 120.2 0 5 11 -0.69±0.31* 0.06±0.04 -0.54±0.31 0.23±0.15 
*Hanoi_VN 21 105.8 0 7 12 -0.76±0.26* 0.10±0.03* -0.74±0.25 0.04±0.24 
Hartford_CT_US. 41.8 -72.8 0 4 9 0.18±0.27 -0.02±0.06 0.11±0.26 -0.11±0.08 
Havana_CU 23.3 -82.7 0 8 12 0.24±0.15 0.11±0.03* 0.18±0.14 -0.05±0.09 
Helsinki_FI 61.9 25.8 0 1 6 -0.38±0.24 0.14±0.05* -0.00±0.20 -0.19±0.06* 
Ho_Chi_Minh_VN. 10.8 106.7 0 9 13 -0.27±0.17 0.21±0.02* -0.23±0.17 0.05±0.09 
Hong_Kong_CN 22.3 114.2 0 7 12 -0.26±0.27 0.11±0.03* -0.28±0.26 -0.13±0.11 
*Honolulu_HI_US. 21.3 -157.8 0 8 12 -0.30±0.12* -0.00±0.03 -0.25±0.12 -0.04±0.17 
Houston_TX_US 29.8 -95.4 0 6 11 -0.35±0.23 0.05±0.04 -0.27±0.23 -0.14±0.22 
Hyderabad_IN 17.4 78.5 0.5 9 13 -0.29±0.16 0.16±0.02* -0.10±0.13 -0.11±0.11 
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Indianapolis_OH 39.8 -86.2 0.3 4 10 0.11±0.27 0.02±0.06 -0.11±0.27 -0.09±0.09 
Iowa_Center_IA_ 42 -93.5 0.3 4 10 0.08±0.28 0.10±0.05* 0.47±0.27 -0.11±0.08 
Iquitos_PE -3.8 -73.3 0.1 9 14 -0.34±0.24 0.09±0.02* -0.31±0.24 -0.28±0.10* 
Ispra_IT 45.8 7.7 2 3 9 -0.00±0.26 0.02±0.06 -0.08±0.22 -0.24±0.07* 
Istanbul_CN 41 29 0 4 10 -0.33±0.20 -0.00±0.05 -0.27±0.22 -0.45±0.10* 
Izania_ES 28.3 -16.6 1.2 7 12 -0.11±0.14 0.07±0.04 0.10±0.11 -0.42±0.13* 
*Jakarta_ID -6.2 106.8 0.1 8 13 -0.56±0.19* 0.15±0.02* -0.13±0.18 -0.26±0.16 
Kansas_City_US. 39.1 -94.6 0.3 4 10 0.18±0.26 0.08±0.05 0.21±0.25 -0.08±0.07 
*Karachi_PK 25 67 0 7 12 -0.47±0.15* 0.15±0.03* -0.03±0.08 -0.25±0.11* 
Kinshasa_CD -4.3 15.3 0.3 8 14 -0.08±0.23 0.16±0.02* 0.10±0.18 -0.44±0.16* 
*Kislovodsk_RU 43.9 42.7 0.8 3 10 0.57±0.26* 0.04±0.05 0.99±0.22* -0.17±0.08* 
*La_Paz_BO -16.5 -68.2 3.8 11 18 -0.59±0.16* 0.10±0.02* -0.48±0.14* -0.24±0.13 
La_Quiaca_AR -22.1 -65.6 4.5 11 18 0.15±0.15 0.05±0.03 -0.08±0.11 -0.10±0.10 
Lagos_NG 6.5 3.4 0 8 13 0.12±0.22 0.09±0.02* -0.18±0.20 0.31±0.15* 
Lahore_PK 31.6 74.3 0.2 6 11 -0.05±0.18 0.15±0.04* -0.13±0.15 0.24±0.12* 
Lamar_CO_US 38.1 -102.6 1.1 5 11 0.13±0.21 0.02±0.05 0.64±0.19* -0.34±0.21 
*Lansing_MI_US 42.7 -84.6 0 3 9 1.18±0.31* 0.09±0.07 0.26±0.28 0.26±0.14 
Lauder_NZ -45 169.7 0.4 4 11 0.59±0.32 0.18±0.05* 0.23±0.23 -0.29±0.10* 
Leeds_UK 53.8 -1.6 0 2 7 -0.25±0.31 0.22±0.06* -0.20±0.24 -0.32±0.09* 
Lima_PE -12 -77 0.2 9 15 -0.21±0.14 0.14±0.02* -0.14±0.13 -0.30±0.16 
London_UK 51.5 -0.1 0 2 7 0.34±0.30 0.17±0.06* 0.13±0.25 -0.29±0.09* 
Los_Angeles_CA_ 34.5 -118.5 0.1 6 11 0.12±0.13 -0.02±0.05 0.06±0.12 -0.20±0.08* 
Madrid_ES 40.4 -3.7 0.7 4 10 0.07±0.18 0.04±0.06 -0.26±0.17 0.08±0.07 
*Makassar_ID -5.1 119.4 0 9 14 -0.55±0.20 0.17±0.02* -0.16±0.19 -0.27±0.13* 
Manaus_BR -3.1 -60 0.1 9 14 -0.17±0.25 0.14±0.02* 0.18±0.24 -0.17±0.12 
Manchester_UK 53.6 -2 0.3 2 7 -0.26±0.30 0.22±0.06* -0.20±0.24 -0.29±0.09* 
Manhattan_NY_US 40.8 -74 0 4 9 -0.12±0.25 -0.05±0.06 -0.34±0.24 -0.11±0.10 
*Marin_County_CA 37.5 -122 0.1 5 10 0.59±0.15* -0.03±0.05 0.11±0.14 0.13±0.08 
Mauna_Loa_Obs_H 19.5 155.6 3.4 11 15 -0.04±0.14 0.10±0.03* 0.05±0.13 0.48±0.25 
Melbourne_AU -37.3 145 0 5 12 -0.30±0.26 0.13±0.05* -0.10±0.22 -0.21±0.07* 
Mendoza_AR -32.9 -68.9 0.8 7 14 -0.00±0.18 0.05±0.04 -0.17±0.14 -0.01±0.07 
*Mexico_City_MX. 19.4 -99.1 2.2 9 14 0.52±0.19 0.09±0.03* -0.13±0.17 0.51±0.11* 
Miami_FL_US 25.8 -80.2 0 7 11 0.39±0.20 0.05±0.03 0.09±0.18 0.23±0.12 
*Monterrey_MX 25.7 -100.3 1.8 8 13 0.44±0.19* 0.06±0.03* -0.03±0.17 0.43±0.10* 
Montreal_CA 45.4 -79.9 0 3 9 -0.12±0.29 0.14±0.06* -0.10±0.26 -0.13±0.08 
Moscow_RU 55.8 37.6 0.1 2 7 0.44±0.27 0.13±0.05* 0.50±0.23* -0.01±0.10 
Mt_Everest_0km. 28 86.9 0 6 12 0.16±0.22 0.15±0.04* 0.27±0.17 0.00±0.18 
Mt_Everest_8.85 28 86.9 8.8 9 18 0.15±0.22 0.15±0.04* 0.27±0.17 0.00±0.18 
*Mt_Kenya_KE 0.1 37.3 5.2 13 17 -0.29±0.11* 0.13±0.02* 0.05±0.09 -0.12±0.10 
*Mumbai_IN 19.1 72.9 0 8 12 0.34±0.17* 0.12±0.02* 0.14±0.13 -0.05±0.13 
NAHA_JP 26.2 127.7 0.1 6 12 0.40±0.26 0.13±0.03* 0.50±0.26 -0.33±0.26 
*Nairobi_KE 1.1 35.9 1.9 11 15 -0.49±0.12* 0.14±0.03* -0.09±0.11 -0.23±0.10* 
*Nanjing_CN 32.1 118.8 0 5 11 -0.69±0.30* 0.04±0.05 -0.68±0.29 -0.02±0.15 
New_Delhi_IN 28.6 77.2 0 6 12 0.18±0.18 0.16±0.03* 0.13±0.12 0.04±0.13 
New_Orleans_US. 30 -90.1 0 6 11 -0.38±0.22 0.05±0.04 -0.48±0.21 0.01±0.09 
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New_York_US 40.7 -71 0.1 4 9 -0.12±0.25 -0.04±0.06 -0.30±0.24 -0.32±0.09* 
Nice_FR 43.7 7.3 0 4 9 0.12±0.18 0.01±0.06 -0.12±0.18 -0.09±0.07 
Obninsk_RU 55.1 36.6 0.2 2 7 0.48±0.28 0.13±0.06* 0.39±0.24 -0.12±0.10 
Palembang_ID -3 104.8 0 9 14 -0.28±0.19 0.19±0.02* -0.02±0.19 0.0±0.0 
Paris_FR 48.9 2.4 0 3 8 0.53±0.27 0.13±0.06* 0.49±0.24* -0.16±0.21 
Perth_AU -31.9 115.9 0 7 14 0.05±0.13 0.12±0.04* 0.19±0.13 0.0±0.0 
Phoenix_US 33.5 -112.1 0.4 7 11 -0.06±0.11 -0.04±0.05 -0.11±0.11 0.0±0.0 
Pilar_AR -31.7 -63.9 0.3 7 14 0.05±0.23 0.02±0.04 -0.01±0.20 0.0±0.0 
Portland_US 45.5 -122.7 0 3 9 0.41±0.25 0.04±0.06 0.13±0.24 0.0±0.0 
Punta_Arenas_CL -53.2 -70.9 0 3 9 -0.36±0.28 0.13±0.06* -0.15±0.21 0.40±0.19* 
Quanzhou_CN 24.9 116.6 0 6 12 0.53±0.28 0.07±0.03* 0.44±0.28 0.31±0.23 
Queenstown_SA -31.9 26.9 1.1 7 14 -0.13±0.19 0.10±0.03* 0.03±0.16 -0.24±0.23 
Quezon_City_PH. 14.7 121.1 0.1 8 13 0.15±0.22 0.20±0.02* 0.40±0.22 0.08±0.77 
Quito_EC 0.2 -78.5 2.9 7 12 0.04±0.17 0.15±0.02* 0.24±0.17 -0.62±0.61 
Recife_BR -8.1 -34.9 0.6 11 14 -0.06±0.11 0.11±0.02* 0.09±0.11 -0.27±0.26 
Redding_CA_US 40.5 -122.4 0 5 10 0.26±0.16 0.05±0.06 0.30±0.18 0.65±0.47 
Rio_de_Janeiro_ -22.9 -43.2 0.1 8 14 0.37±0.27 0.11±0.03* 0.28±0.25 -0.05±0.40 
Riyadh_SA 24.8 46.7 0.6 9 13 -0.14±0.08 0.11±0.02* 0.02±0.09 0.60±0.50 
Rome_IT 41.9 12.5 0 4 10 0.05±0.17 -0.02±0.05 0.25±0.18 -0.33±0.20 
Rosario_AR -32.9 -60.6 0 6 14 -0.34±0.26 0.01±0.04 -0.28±0.23 0.65±0.56 
Rural_Georgia_G 34.5 -83.5 0.2 5 10 0.28±0.22 0.00±0.05 0.13±0.24 -0.04±0.25 
*Sacramento_CA 38.5 -121.5 0.1 5 10 0.44±0.15* -0.03±0.06 0.17±0.15 0.04±0.07 
Saint_Petersburg 60 30.3 0 1 6 -0.00±0.29 0.13±0.06* 0.14±0.21 -0.32±0.11* 
Salt_Lake_UT_US 40.7 -111.9 1.3 5 11 0.28±0.21 0.01±0.06 0.38±0.19* 0.29±0.12* 
*Salvador_BR -13 -38.5 0 9 14 0.37±0.15* 0.10±0.02* 0.32±0.14 0.26±0.09* 
*San Diego_CA_US 32.8 117.2 0 4 10 -0.85±0.32* 0.06±0.05 -0.60±0.30* -0.55±0.09* 
San_Antonio_TX_ 29.4 -98.5 0.2 6 11 -0.01±0.22 0.04±0.04 -0.39±0.21 0.15±0.11 
San_Francisco_U 37.8 -122.4 0 5 10 0.31±0.19 -0.03±0.06 0.29±0.17 -0.22±0.10* 
*San_Jose_CA_US. 37.5 -122.5 0.1 5 10 0.38±0.17* -0.03±0.06 0.29±0.17 -0.34±0.08* 
San_Julian_AR -49.3 -67.8 0.1 3 10 0.44±0.26 0.09±0.06 0.16±0.18 0.03±0.07 
San_Pedro_CL -22.9 -68.2 2.5 11 17 -0.06±0.10 0.10±0.03* 0.04±0.07 -0.01±0.13 
Santa FE_NM_US. 35.7 -105.9 2.1 6 12 0.17±0.21 0.02±0.05 0.40±0.17 -0.42±0.08* 
*Santa_Rosa_CA_U 38.5 -122.7 0.1 5 10 0.64±0.16* -0.01±0.06 0.17±0.16 -0.05±0.08 
Santiago_CL -33.5 -70.7 0.6 7 14 0.06±0.19 0.09±0.04* 0.43±0.21* -0.14±0.09 
*Sao Paulo_BR -23.5 -46.6 0.8 7 14 0.59±0.27* 0.11±0.03* 0.27±0.25 0.04±0.20 
Sapporo_JP 43.1 140.8 0.4 3 9 -0.47±0.29 -0.03±0.05 -0.22±0.24 -0.26±0.08* 
Seattle_WA_US 47.5 -123.5 0.1 3 9 0.17±0.26 0.04±0.06 0.32±0.24 -0.01±0.12 
Seoul_KR 37.6 127 0 4 10 0.23±0.30 0.00±0.06 -0.01±0.24 -0.11±0.15 
Shanghai_CN 31.2 121.5 0.1 5 11 0.21±0.32 0.04±0.04 -0.22±0.31 0.24±0.15 
Shenyang_CN 41.8 123.4 0.1 4 9 0.23±0.29 0.07±0.06 0.11±0.22 -0.01±0.15 
Shenzhen_CN 22.5 114.1 0 7 12 -0.22±0.27 0.11±0.03* -0.28±0.26 -0.02±0.22 
Singapore_SG 1.3 103.8 0 8 13 -0.09±0.27 0.18±0.03* 0.26±0.26 -0.37±0.11* 
St_Louis_MO_US. 38.6 -90.2 0.2 4 10 -0.32±0.25 0.04±0.05 -0.38±0.25 -0.10±0.14 
Stanley_FK -51.7 -57.9 0.1 3 9 -0.17±0.27 0.07±0.06 -0.02±0.21 -0.04±0.08 
Steamboat_Spr_U 40.5 -106.8 2.1 4 11 -0.06±0.26 0.05±0.06 0.09±0.23 -0.09±0.10 
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( ) is the slope B ±  from Eqn 4 of the fit to each time series with 1 standard deviation  696 
* indicates significant 2 change in E(t), TCO3, CT, and CA. 697 
 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

  710 

Suzhou_CN 31.3 120.6 0 5 11 -0.54±0.31 0.04±0.04 -0.46±0.32 0.02±0.16 
Tampa_FL_US 28 -82.5 0 6 11 0.08±0.22 -0.00±0.04 -0.29±0.20 0.08±0.10 
Tehran_IR 35.7 51.4 1.2 6 12 -0.20±0.15 0.03±0.05 0.11±0.14 -0.31±0.10* 
Tel-Aviv_IL 32.1 34.9 0 6 11 -0.23±0.12 0.02±0.05 0.02±0.11 -0.45±0.09* 
*Tianjin_CN 39.1 117.2 0 4 10 0.62±0.23* -0.01±0.05 0.24±0.18 0.04±0.14 
Tokyo_JP 35.6 139.8 0 4 10 0.18±0.31 0.15±0.05* 0.50±0.28 -0.11±0.10 
Toronto_CA 43.7 -79.3 0.2 3 9 0.27±0.27 0.06±0.06 0.32±0.25 -0.19±0.10 
*Tuscon_AZ_US 32.2 -110.3 0.8 6 11 0.74±0.15* -0.00±0.04 0.13±0.13 0.46±0.08* 
Ushuaia_AR -54.8 -68.3 0.1 2 8 0.11±0.28 0.12±0.07 0.17±0.20 -0.07±0.08 
*Utah_Center_UT_ 39 -109.5 1.8 5 11 0.60±0.21* -0.00±0.06 -0.00±0.17 0.42±0.16* 
*Vancouver_CA 49.2 -123.1 0.1 3 8 0.62±0.26* 0.05±0.06 0.30±0.25 -0.04±0.10 
Vientiane_LA 18 102.6 0.2 8 12 -0.19±0.20 0.11±0.02* 0.05±0.16 0.16±0.16 
*Waimea_HA_US 22 -159.7 0 8 12 -0.43±0.14* 0.04±0.03 -0.14±0.12 0.26±0.21 
Washington_DC_U 38.9 -77 0 4 10 -0.37±0.25 0.03±0.06 -0.20±0.24 -0.01±0.29 
Wellington_NZ -41.3 174.8 0.1 5 12 -0.51±0.27 0.17±0.05* -0.20±0.22 -0.21±0.09* 
Wenzhou_CN 28 120.7 0 5 11 -0.11±0.32 0.05±0.03 -0.16±0.33 -0.06±0.07 
White_Sands_NM. 32.4 -106.5 1.2 7 12 0.12±0.15 0.01±0.05 0.01±0.14 -0.33±0.18 
Wuhan_CN 30.6 114.3 0 5 11 -0.11±0.33 0.12±0.04* -0.18±0.32 0.07±0.09 
Yangon_MM 16.8 96.2 0 8 13 -0.06±0.21 0.13±0.02* -0.06±0.18 0.40±0.19* 
Zugspitze_DE 47.2 10.9 2 3 9 0.00±0.31 0.02±0.06 0.25±0.24 0.06±0.11 
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7.0 Figure Captions 885 
 886 
Fig. 1 A comparison of the OMI Erythemal Irradiance algorithm (RA) with the fast polynomial algorithm 887 
(FP) for Beltsville, Maryland. Panel A are the time series. Panel B is the difference FP – RA. The red line is 888 
approximately a 1-year Loess(0.1) fit to the data. 889 

Fig. 2 A comparison of the OMI Erythemal Irradiance algorithm (RA) with the fast polynomial algorithm 890 
(FP) for four sites. The red lines are approximately a 1-year Loess(0.1) fit to the data. 891 

 892 
Fig. 3A. Erythemal Irradiance E(,z,t) at six selected sites from Table A1 distributed within the United 893 
States. Listed are the 14-year UVI average maximum and average values (UVI = E/25) (See Table 3).  894 
Mean and Maximum values are 14-year averages. 895 
 896 
Fig. 3B Two sites from Fig. 1A, Greenbelt, Maryland and Rural Georgia, with the effect of clouds 897 

and aerosols removed (i.e., T=1,  = 0) 898 

 899 
Figure 4. Four sites located close to the equator. Mt Kenya at 0.1OS, Quito Ecuador 0.2ON, Makassar 900 
Indonesia 5.1OS, Manaus Brazil 3.1ON. The blue lines are a Loess(0.04) fit (approximately 6 month LS 901 
running average).  Mean and Maximum values are 14-year averages.  902 
 903 
Fig. 5 Panel A: A two week running average of cloud-free E(,z,t) corresponding to the data in Fig. 3A 904 
for Quito Ecuador and Manaus Brazil showing the effect of height and a small difference in average 905 
ozone amount. Panel B: An temporal expansion for one year (2005) of E(,z,t) estimates for Quito 906 
showing the double peak as a function of minimum SZA near the equinoxes in the absence of clouds that 907 
is masked when clouds are included. The blue line shows the 20 DU variation in ozone between March 908 
and September. Solid lines in panel A are an Akima spline fit. 909 
 910 
Fig. 6: Six sites in the Southern Hemisphere including estimates of the trends for E(,z,t),  TCO3, and 911 
the atmospheric transmission CT caused by clouds and haze. The TCO3 time series (blue) is shown for 912 
Ushuaia 913 
 914 
Fig. 7A Percent change per year for (A) Erythemal Irradiance E, (B) TCO3 (total column ozone) for the 915 
period 2005 – 2018, (C) CT (atmospheric transmission, and (D) CA (absorbing aerosol transmission) 916 
from OMI observations at individual sites (see Table A4). The solar cycle and quasi-biennial oscillation 917 
effects have not been removed. Error bars are 1. Solid curves are Loess(0.1) fits to the data (15O 918 
averaging) and are shown in Fig. 7B with the same color code. A geographic map of the land locations in 919 
Table A4 and Fig.7 are shown in Fig. A3. 920 

 921 
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Fig 7B Loess(0.1) fits from Fig. 7A showing the correlation of E with CA and CT and 922 
anticorrelation with TCO3 923 
 924 
Fig. 8. Fourteen-year UVI Average and UVI Maximum from Table A4 for 105 sites. Solid curves are Akima 925 
spline fits (Akima, 1970) to the individual site data points. There are 4 high altitude sites listed, San 926 
Pedro, Chile (2.45 km), La Paz, Bolivia (3.78 km), Mt Kenya, Kenya (5.2 km), and Mt Everest, Nepal and 927 
China (8.85 km). 928 
 929 
Fig. 9 EPIC derived TCO3 (upper left in DU: 100 to 500 DU) and reflectivity (LER upper right in percent or 930 
RU: 0 to 100) for 22 June 2017 at tO = 06:13 GMT. Lower left: color image of the Earth showing clouds 931 
and land areas. The brighter clouds are optically thick and correspond to the higher values of the LER. 932 
Color image available on https://epic.gsfc.nasa.gov/ 933 

Fig.10 Erythemal irradiance E(,z,t) and UVI(,z,t) from sunrise to sunset for 21 June 2017 solstice. 934 
The three images are for different GMT. Upper left 22 June 2017 (06:13GMT). Upper Right 21 June 2017 935 
(11:21 GMT) and Lower Left 21 June 2017 (19:00 GMT).  The images correspond to the sub-solar points 936 
over different continents caused by the Earth’s rotation (15O per hour). 937 

 938 
Fig. 11A Latitudinal distribution of E() and its contributing factors, TCO3, CT, and SZA for a line of 939 
longitude passing through San Francisco, CA 940 
 941 
Fig. 11B Global distribution of E() from DSCOVR EPIC data on 30 June 2017 19:17 GMT when there 942 
were few clouds. 943 
 944 

Fig. 11C Latitudinal distribution of E(,z,t) and its contributing factors, TCO3, CT, and SZA for a line of 945 
longitude passing near Greenwich England. 946 
 947 
Fig. 11D Global distribution of E(t0) from DSCOVR EPIC data on 04 July 2017 12:08 GMT. 948 
 949 
Fig. 12A E(,tO) and UVI(,tO)  from sunrise to sunset for 21 September 2017 equinox. The three 950 
images are for different GMT 951 
 952 
Fig. 12B  E(,tO)  and UVI(,tO)  from sunrise to sunset for 21 March 2017 equinox. The three images 953 
are for different GMT (05;33, 10:56, and 16:20). 954 
 955 
Fig. 13 E(tO) and UVI(tO) from sunrise to sunset for 21 December 2017 solstice. The three images 956 
are for different GMT. 957 
 958 

Fig. 14A Latitudinal distribution of E(,z,t) and its contributing factors, TCO3, CT, and SZA for a line of 959 
longitude passing near Sydney, Australia 960 
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 961 
Fig. 14B Global distribution of E() from DSCOVR EPIC data on 31 December 2017 02:24:36 GMT. 962 
 963 
Fig. 15 Longitudinal slices of UVI(tO) at 0.1ON and 30.85ON latitude (short dark horizontal arrows in 964 
Panel E). The EPIC E(tO) (mW/m2) images are for 14 April 2016 tO = 04:21 GMT centered at about 965 
10ON and 104OE. Panels A and C show longitudinal slices of E(tO) and CT(tO) for = 0.1ON and 966 
panels B and D for 30.85ON. The solid lines in panels A and B represent the SZA. 967 

Fig 16A EPIC color image for 14 April 2016 at 04:12:16 GMT showing the distribution of cloud cover and 968 
land corresponding to Fig. 15. https://epic.gsfc.nasa.gov/ 969 

Fig 16B EPIC scene reflectivity LER for 14 April 2016 at 04:12:16 GMT 970 
 971 
Fig. 17 Zonal average of maximum UVI (UVIM Panel A), Zonal Average of mean UVI (UVIA Panel B) on 14 972 
April 2016 at 04:21 GMT from EPIC including the effect of clouds and haze, as a function of latitude. Both 973 
the data points and an Akima spline fit are shown. 974 
 975 

Fig. A1 Values of the coefficients RERY() and UERY() 976 

Fig. A2 Correction factors for change in OMI sensitivity at 340 nm by measuring ice reflectivity over the 977 
Antarctic high plateau. For cross track positions XTP 0 to 19, the change has been less than 2.5%.  978 

Fig. A3 Map of locations in Table A4  979 
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10. Tables 1028 
 1029 

Table 1 Comparison of FP Calculated OMI UVI with Ground-based Measurements 
         Site Ground-Based UVI June 

Maximum 
Calculated UVI 
June Maximum 

Latitude Altitude 
Meters 

Beltsville, Maryland1 10 10 39N 60 
Lamar, Colorado1 11 11 38.1N 1104 
Honolulu, Hawaii1 12 12 21.3N 0.01 
San Diego, California2 11 11 32.8N 9 
Flagstaff, Colorado1 11 12 35.2N 2128 
Griffin, Georgia1 10 11 33.2N 300 
Houston, Texas1 11 11 29.8 0 

1https://uvb.nrel.colostate.edu/UVB/da_Erythemal.jsf    
2http://uv.biospherical.com/updates/boreal/euvindex.aspx  

 1030 

Table 2 Trends for locations in the United States (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
*Albuquerque_NM. 35.1 -106.6 1.6 6 12 0.64±0.19 -0.03±0.05 0.35±0.16 0.09±0.12 
Greenbelt_MD_US 39 -76.9 0.1 4 9 -0.05±0.28 -0.01±0.06 -0.25±0.26 0.13±0.08 
*Honolulu_HI_US. 21.3 -157.8 0 8 12 -0.30±0.12 -0.00±0.03 -0.25±0.12 -0.04±0.17 
Rural_Georgia_G 34.5 -83.5 0.2 5 10 0.28±0.22 0.00±0.05 0.13±0.24 -0.04±0.25 
Tampa_FL_US 28 -82.5 0 6 11 0.08±0.22 -0.00±0.04 -0.29±0.20 0.08±0.10 
White_Sands_NM. 32.4 -106.5 1.2 7 12 0.12±0.15 0.01±0.05 0.01±0.14 -0.33±0.18 

*Means 2 trend significance for erythemal change 
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Table 3 Summary of four Equatorial Sites (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
*Mt_Kenya_KE 0.1 37.3 5.2 13 17 -0.29±0.11 0.13±0.02 0.05±0.09 -0.12±0.10 
Quito_EC 0.2 -78.5 2.9 7 12 0.04±0.17 0.15±0.02 0.24±0.17 -0.62±0.61 
*Makassar_ID -5.1 119.4 0 9 14 -0.55±0.20 0.17±0.02 -0.16±0.19 -0.27±0.13 
Manaus_BR -3.1 -60 0.1 9 14 -0.17±0.25 0.14±0.02 0.18±0.24 -0.17±0.12 

*Means 2 trend significance for erythemal change 
 

Table 4  Summary for 7 Southern Hemisphere Sites (Errors are 1 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max E  CT CA 
Darwin_AU -12.5 130.8 0 10 14 0.19±0.19 0.09±0.02 -0.12±0.15 0.22±0.13 
La_Quiaca_AR -22.1 -65.6 4.5 11 18 0.15±0.15 0.05±0.03 -0.08±0.11 -0.10±0.10 
San_Pedro_CL -22.9 -68.2 2.5 11 17 -0.06±0.10 0.10±0.03 0.04±0.07 -0.01±0.13 
Queenstown_SA -31.9 26.9 1.1 7 14 -0.13±0.19 0.10±0.03 0.03±0.16 -0.24±0.23 
Melbourne_AU -37.3 145 0 5 12 -0.30±0.26 0.13±0.05 -0.10±0.22 -0.21±0.07 
Ushuaia_AR -54.8 -68.3 0.1 2 8 0.11±0.28 0.12±0.07 0.17±0.20 -0.07±0.08 

 

Table A4 191 land, and city locations in various countries as indicated in alphabetical order. Shown are the latitude (LAT), 
Longitude (Lon), Altitude (Alt), the 14-year UVI average (Avg), the 14-year average maximum (Max), average (AVG), and the 
trends ), ),  CT), CA) along with their accompanying 1 standard deviation uncertainties (1) (percent per year) 
for the erythemal irradiance with ozone, clouds and absorbing aerosols. 
 
Location Lat Lon Alt UVI UVI ------------------- Percent /Year -----------------------------------> 

   km Avg Max ) O3) CT) CA) 
Abidjan_CL 5.3 -4 0 8 13 -0.32±0.23 0.08±0.02* -0.02±0.17 -0.20±0.24 
Abu_Dhabi_AE 24.4 54.4 0 8 12 -0.05±0.13 0.11±0.02* 0.02±0.08 0.01±0.15 
Abuja_HG 9.1 7.5 0 8 13 -0.21±0.17 0.07±0.02* -0.28±0.12* -0.15±0.11 
Accra_GH 5.6 -0.2 0 8 13 0.16±0.19 0.11±0.02* 0.17±0.14 -0.71±0.18* 
*Adelaide_AU -34.9 138.6 0 6 13 -0.43±0.20* 0.08±0.04* -0.18±0.17 -0.27±0.07* 
Ahmedabad_IN 23 72.6 0.1 7 12 -0.31±0.16 0.17±0.02* -0.11±0.11 -0.09±0.09 
*Albuquerque_NM. 35.1 -106.6 1.6 6 12 0.64±0.19* -0.03±0.05 0.35±0.16* 0.09±0.12 
*Alexandria_EG 31.2 29.9 0 6 11 -0.45±0.12* 0.07±0.04 0.01±0.09 -0.49±0.10* 
Algiers_DZ 36.7 3.1 0.2 5 10 0.31±0.18 0.02±0.05 0.34±0.17* -0.18±0.08* 
*Alice_Springs_A -23.7 133.9 0.6 9 15 -0.40±0.15* 0.06±0.03* -0.11±0.13 -0.18±0.05* 
Alta_Floresta_B 9.9 -55.6 2 11 15 0.25±0.15 0.12±0.02* 0.07±0.14 0.80±0.20* 
Anchorage_AK_US 61.1 -149.9 0 1 6 0.22±0.24 -0.11±0.05* 0.34±0.18 -0.09±0.06 
Ankara_TR 39.9 32.9 0.9 4 10 0.15±0.18 -0.02±0.05 0.24±0.19 -0.18±0.10 
Annopolis_MD_US 39 -76.3 0 4 10 -0.31±0.27 -0.01±0.06 -0.25±0.26 -0.27±0.08* 
Aosta_IT 45.7 7.3 0.6 3 9 -0.00±0.26 0.02±0.06 -0.08±0.22 -0.34±0.07* 
Arica_CL 18.1 -70.2 0.4 7 12 -0.15±0.21 0.15±0.02* -0.15±0.16 0.55±0.15* 
Athens_GR 38 23.7 0.7 5 10 -0.17±0.15 0.04±0.05 0.16±0.16 -0.27±0.09* 
Atlanta_GA_US 33.5 -84.5 0.3 5 11 -0.04±0.21 -0.05±0.05 -0.32±0.23 -0.08±0.07 
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Auckland_NZ -36.9 174.8 0.1 5 12 0.16±0.23 0.12±0.04* 0.22±0.20 -0.06±0.09 
*Baghdad_IQ 33.3 44.4 0 6 11 0.54±0.15* 0.13±0.04* 0.13±0.13 0.40±0.10* 
Baltimore_US 39.3 -76.6 0.1 4 10 -0.26±0.27 -0.01±0.06 -0.25±0.26 -0.28±0.10* 
Bangalore_IN 13 77.6 0.9 9 13 -0.18±0.15 0.14±0.02* 0.15±0.14 -0.22±0.12 
*Bangkok_TH 13.7 100.5 0 9 13 -0.42±0.18* 0.14±0.02* -0.03±0.15 -0.10±0.14 
Bangor_ME 44.8 -68.8 0.1 3 9 -0.08±0.27 0.04±0.06 0.13±0.26 -0.28±0.06* 
*Baoding_CN 38.9 115.5 0 4 9 0.64±0.24* -0.02±0.05 0.04±0.19 0.28±0.15 
*Baton_Rouge_US. 30.5 -91.2 0 6 11 -0.50±0.23* 0.02±0.04 -0.56±0.23* -0.05±0.08 
Beijing_CN 39.9 116.4 0.1 4 9 0.42±0.25 -0.00±0.05 -0.02±0.19 0.31±0.13* 
Belsk_PO 52 20.3 0.2 2 8 0.25±0.28 0.05±0.06 0.43±0.24 -0.22±0.08* 
Beltsville_MS_U 39 -76.8 0 4 10 -0.34±0.27 -0.01±0.06 -0.25±0.26 -0.37±0.09* 
Berlin_DE 52.5 13.4 0 2 7 0.06±0.27 0.18±0.06* 0.02±0.23 -0.22±0.07* 
*Bogota_CO 4.6 -74.1 2.5 9 15 -0.40±0.19* 0.17±0.02* -0.32±0.18 -0.26±0.10* 
Boston_MA_US 42.4 -71 0 3 9 0.46±0.28 -0.01±0.06 0.42±0.26 -0.17±0.08* 
Brasilia_BR -15.8 -47.9 1.2 10 15 0.07±0.18 0.09±0.02* 0.21±0.15 -0.18±0.09* 
Brisbane_AU -27.5 153 0 7 14 -0.26±0.20 0.06±0.03* 0.01±0.17 -0.12±0.07 
Brussels_BE 50.8 4.3 0.1 2 8 0.26±0.29 0.14±0.06* 0.41±0.24 -0.32±0.07* 
Budapest_HU 47.9 20.5 0.3 3 8 0.24±0.24 0.02±0.05 0.37±0.23 -0.35±0.08* 
Buenos_Aires_AR -34.6 -58.4 0 6 13 -0.08±0.25 -0.00±0.04 -0.08±0.23 -0.19±0.07* 
Bulawayo_ZW -20.1 28.6 1.4 9 15 0.11±0.20 0.08±0.02* 0.26±0.16 -0.05±0.10 
Busan_KR 35.2 129.1 0 5 10 -0.05±0.29 0.02±0.05 -0.19±0.25 0.11±0.14 
Cabauw_NL 51.8 4.6 0 2 7 0.51±0.29 0.11±0.06 0.63±0.24* -0.20±0.08* 
Cairo_EG 30.1 31.3 0 6 11 -0.04±0.13 0.12±0.04* 0.09±0.09 -0.14±0.09 
Calgary_CA 51 -114.1 1 3 8 0.39±0.28 0.07±0.06 0.08±0.22 0.01±0.11 
Canberra_AU -35.3 149.1 0.6 5 13 -0.31±0.24 0.06±0.04 -0.25±0.19 -0.13±0.06* 
*Cape_Town_ZA -39.9 18.4 0 5 12 -0.46±0.21* 0.14±0.05* -0.12±0.19 0.0±0.0 
Caracas_VZ 10.5 -66.9 0.9 10 14 0.03±0.13 0.11±0.02* 0.17±0.11 -0.34±0.10* 
Casablanca_MA 33.6 -7.6 0 6 11 0.14±0.15 -0.01±0.05 0.08±0.13 -0.26±0.08* 
Chengdu_CN 30.7 104.1 0.5 5 11 -0.62±0.33 0.12±0.04* -0.34±0.32 0.25±0.21 
Chennai_IN 13.1 80.2 0 9 13 -0.35±0.18 0.12±0.02* -0.09±0.17 -0.35±0.16* 
Chicago_IL_US 41.9 -87.7 0.2 4 9 -0.17±0.26 0.08±0.06 -0.35±0.25 -0.07±0.10 
Chongqing_CN 29.6 106.5 0.2 5 11 -0.41±0.38 0.09±0.03* -0.20±0.37 0.06±0.23 
Christchurch_NZ -43.5 172.6 0 4 11 -0.07±0.27 0.20±0.05* -0.12±0.22 -0.23±0.06* 
Cordoba_AR -31.4 64.2 0.4 6 13 -0.15±0.20 0.12±0.03* 0.04±0.17 0.16±0.07* 
Dallas_TX_US 32.8 -96.8 0.1 6 11 0.06±0.20 0.03±0.04 -0.14±0.21 -0.01±0.07 
*Dar_es_Salaam_T -6.8 39.3 0 10 14 -0.48±0.16* 0.15±0.02* -0.01±0.15 -0.21±0.09* 
Darwin_AU -12.5 130.8 0 10 14 0.19±0.19 0.09±0.02* -0.12±0.15 0.22±0.13 
Delhi_IN 28.6 77.2 0.2 7 12 0.18±0.18 0.16±0.03* 0.13±0.12 0.04±0.13 
*Denver_CO_US 39.7 -105 1.6 5 11 0.84±0.24* 0.00±0.05 0.54±0.21* 0.13±0.11 
Des Moines_IA_U 41.6 -93.6 0.3 4 10 0.12±0.28 0.06±0.05 0.42±0.27 -0.12±0.09 
Detroit_MI_US 42.3 -83 0.2 3 9 0.15±0.29 0.07±0.06 0.29±0.27 -0.51±0.11* 
Dhaka_BD 23.7 90.4 0 7 12 -0.19±0.20 0.17±0.03* -0.14±0.16 -0.19±0.13 
Dongguan_CN 23 113.7 0 6 11 -0.47±0.28 0.08±0.03* -0.51±0.28 0.04±0.16 
*Dubai_AE 25.1 55.2 0 7 12 -0.33±0.15* 0.14±0.03* 0.07±0.08 -0.17±0.12 
*Eureka_CA_US 40.8 -124.1 0 4 10 0.56±0.18* 0.01±0.06 0.34±0.19 -0.17±0.08 
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Flagstaff_AZ_US 35.2 -111.7 2.1 6 12 0.02±0.17 -0.06±0.05 -0.17±0.14 -0.05±0.08 
Giza_EG 30 31.2 0 6 11 -0.09±0.13 0.12±0.04* 0.09±0.09 -0.19±0.09* 
Glascow_UK 55.9 -4 0.2 2 7 -0.42±0.32 0.27±0.07* -0.38±0.25 -0.01±0.09 
Greenbelt_MD_US 39 -76.9 0.1 4 9 -0.05±0.28 -0.01±0.06 -0.25±0.26 0.13±0.08 
Grenada_ES 37.2 -3.5 0.8 5 11 -0.09±0.17 0.04±0.06 -0.04±0.17 -0.22±0.08* 
Griffin_GA_US 33.2 -84.3 0.3 6 11 -0.10±0.21 -0.05±0.05 -0.32±0.23 -0.22±0.07* 
Guangzhou_CN 23.1 113.2 0 6 12 -0.50±0.28 0.08±0.03* -0.51±0.28 0.00±0.18 
Hamilton_NZ -37.9 175.3 0.1 5 12 -0.09±0.25 0.13±0.04* -0.03±0.22 0.01±0.07 
*Hangzhou_CN 30.3 120.2 0 5 11 -0.69±0.31* 0.06±0.04 -0.54±0.31 0.23±0.15 
*Hanoi_VN 21 105.8 0 7 12 -0.76±0.26* 0.10±0.03* -0.74±0.25 0.04±0.24 
Hartford_CT_US. 41.8 -72.8 0 4 9 0.18±0.27 -0.02±0.06 0.11±0.26 -0.11±0.08 
Havana_CU 23.3 -82.7 0 8 12 0.24±0.15 0.11±0.03* 0.18±0.14 -0.05±0.09 
Helsinki_FI 61.9 25.8 0 1 6 -0.38±0.24 0.14±0.05* -0.00±0.20 -0.19±0.06* 
Ho_Chi_Minh_VN. 10.8 106.7 0 9 13 -0.27±0.17 0.21±0.02* -0.23±0.17 0.05±0.09 
Hong_Kong_CN 22.3 114.2 0 7 12 -0.26±0.27 0.11±0.03* -0.28±0.26 -0.13±0.11 
*Honolulu_HI_US. 21.3 -157.8 0 8 12 -0.30±0.12* -0.00±0.03 -0.25±0.12 -0.04±0.17 
Houston_TX_US 29.8 -95.4 0 6 11 -0.35±0.23 0.05±0.04 -0.27±0.23 -0.14±0.22 
Hyderabad_IN 17.4 78.5 0.5 9 13 -0.29±0.16 0.16±0.02* -0.10±0.13 -0.11±0.11 
Indianapolis_OH 39.8 -86.2 0.3 4 10 0.11±0.27 0.02±0.06 -0.11±0.27 -0.09±0.09 
Iowa_Center_IA_ 42 -93.5 0.3 4 10 0.08±0.28 0.10±0.05* 0.47±0.27 -0.11±0.08 
Iquitos_PE -3.8 -73.3 0.1 9 14 -0.34±0.24 0.09±0.02* -0.31±0.24 -0.28±0.10* 
Ispra_IT 45.8 7.7 2 3 9 -0.00±0.26 0.02±0.06 -0.08±0.22 -0.24±0.07* 
Istanbul_CN 41 29 0 4 10 -0.33±0.20 -0.00±0.05 -0.27±0.22 -0.45±0.10* 
Izania_ES 28.3 -16.6 1.2 7 12 -0.11±0.14 0.07±0.04 0.10±0.11 -0.42±0.13* 
*Jakarta_ID -6.2 106.8 0.1 8 13 -0.56±0.19* 0.15±0.02* -0.13±0.18 -0.26±0.16 
Kansas_City_US. 39.1 -94.6 0.3 4 10 0.18±0.26 0.08±0.05 0.21±0.25 -0.08±0.07 
*Karachi_PK 25 67 0 7 12 -0.47±0.15* 0.15±0.03* -0.03±0.08 -0.25±0.11* 
Kinshasa_CD -4.3 15.3 0.3 8 14 -0.08±0.23 0.16±0.02* 0.10±0.18 -0.44±0.16* 
*Kislovodsk_RU 43.9 42.7 0.8 3 10 0.57±0.26* 0.04±0.05 0.99±0.22* -0.17±0.08* 
*La_Paz_BO -16.5 -68.2 3.8 11 18 -0.59±0.16* 0.10±0.02* -0.48±0.14* -0.24±0.13 
La_Quiaca_AR -22.1 -65.6 4.5 11 18 0.15±0.15 0.05±0.03 -0.08±0.11 -0.10±0.10 
Lagos_NG 6.5 3.4 0 8 13 0.12±0.22 0.09±0.02* -0.18±0.20 0.31±0.15* 
Lahore_PK 31.6 74.3 0.2 6 11 -0.05±0.18 0.15±0.04* -0.13±0.15 0.24±0.12* 
Lamar_CO_US 38.1 -102.6 1.1 5 11 0.13±0.21 0.02±0.05 0.64±0.19* -0.34±0.21 
*Lansing_MI_US 42.7 -84.6 0 3 9 1.18±0.31* 0.09±0.07 0.26±0.28 0.26±0.14 
Lauder_NZ -45 169.7 0.4 4 11 0.59±0.32 0.18±0.05* 0.23±0.23 -0.29±0.10* 
Leeds_UK 53.8 -1.6 0 2 7 -0.25±0.31 0.22±0.06* -0.20±0.24 -0.32±0.09* 
Lima_PE -12 -77 0.2 9 15 -0.21±0.14 0.14±0.02* -0.14±0.13 -0.30±0.16 
London_UK 51.5 -0.1 0 2 7 0.34±0.30 0.17±0.06* 0.13±0.25 -0.29±0.09* 
Los_Angeles_CA_ 34.5 -118.5 0.1 6 11 0.12±0.13 -0.02±0.05 0.06±0.12 -0.20±0.08* 
Madrid_ES 40.4 -3.7 0.7 4 10 0.07±0.18 0.04±0.06 -0.26±0.17 0.08±0.07 
*Makassar_ID -5.1 119.4 0 9 14 -0.55±0.20 0.17±0.02* -0.16±0.19 -0.27±0.13* 
Manaus_BR -3.1 -60 0.1 9 14 -0.17±0.25 0.14±0.02* 0.18±0.24 -0.17±0.12 
Manchester_UK 53.6 -2 0.3 2 7 -0.26±0.30 0.22±0.06* -0.20±0.24 -0.29±0.09* 
Manhattan_NY_US 40.8 -74 0 4 9 -0.12±0.25 -0.05±0.06 -0.34±0.24 -0.11±0.10 
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*Marin_County_CA 37.5 -122 0.1 5 10 0.59±0.15* -0.03±0.05 0.11±0.14 0.13±0.08 
Mauna_Loa_Obs_H 19.5 155.6 3.4 11 15 -0.04±0.14 0.10±0.03* 0.05±0.13 0.48±0.25 
Melbourne_AU -37.3 145 0 5 12 -0.30±0.26 0.13±0.05* -0.10±0.22 -0.21±0.07* 
Mendoza_AR -32.9 -68.9 0.8 7 14 -0.00±0.18 0.05±0.04 -0.17±0.14 -0.01±0.07 
*Mexico_City_MX. 19.4 -99.1 2.2 9 14 0.52±0.19 0.09±0.03* -0.13±0.17 0.51±0.11* 
Miami_FL_US 25.8 -80.2 0 7 11 0.39±0.20 0.05±0.03 0.09±0.18 0.23±0.12 
*Monterrey_MX 25.7 -100.3 1.8 8 13 0.44±0.19* 0.06±0.03* -0.03±0.17 0.43±0.10* 
Montreal_CA 45.4 -79.9 0 3 9 -0.12±0.29 0.14±0.06* -0.10±0.26 -0.13±0.08 
Moscow_RU 55.8 37.6 0.1 2 7 0.44±0.27 0.13±0.05* 0.50±0.23* -0.01±0.10 
Mt_Everest_0km. 28 86.9 0 6 12 0.16±0.22 0.15±0.04* 0.27±0.17 0.00±0.18 
Mt_Everest_8.85 28 86.9 8.8 9 18 0.15±0.22 0.15±0.04* 0.27±0.17 0.00±0.18 
*Mt_Kenya_KE 0.1 37.3 5.2 13 17 -0.29±0.11* 0.13±0.02* 0.05±0.09 -0.12±0.10 
*Mumbai_IN 19.1 72.9 0 8 12 0.34±0.17* 0.12±0.02* 0.14±0.13 -0.05±0.13 
NAHA_JP 26.2 127.7 0.1 6 12 0.40±0.26 0.13±0.03* 0.50±0.26 -0.33±0.26 
*Nairobi_KE 1.1 35.9 1.9 11 15 -0.49±0.12* 0.14±0.03* -0.09±0.11 -0.23±0.10* 
*Nanjing_CN 32.1 118.8 0 5 11 -0.69±0.30* 0.04±0.05 -0.68±0.29 -0.02±0.15 
New_Delhi_IN 28.6 77.2 0 6 12 0.18±0.18 0.16±0.03* 0.13±0.12 0.04±0.13 
New_Orleans_US. 30 -90.1 0 6 11 -0.38±0.22 0.05±0.04 -0.48±0.21 0.01±0.09 
New_York_US 40.7 -71 0.1 4 9 -0.12±0.25 -0.04±0.06 -0.30±0.24 -0.32±0.09* 
Nice_FR 43.7 7.3 0 4 9 0.12±0.18 0.01±0.06 -0.12±0.18 -0.09±0.07 
Obninsk_RU 55.1 36.6 0.2 2 7 0.48±0.28 0.13±0.06* 0.39±0.24 -0.12±0.10 
Palembang_ID -3 104.8 0 9 14 -0.28±0.19 0.19±0.02* -0.02±0.19 0.0±0.0 
Paris_FR 48.9 2.4 0 3 8 0.53±0.27 0.13±0.06* 0.49±0.24* -0.16±0.21 
Perth_AU -31.9 115.9 0 7 14 0.05±0.13 0.12±0.04* 0.19±0.13 0.0±0.0 
Phoenix_US 33.5 -112.1 0.4 7 11 -0.06±0.11 -0.04±0.05 -0.11±0.11 0.0±0.0 
Pilar_AR -31.7 -63.9 0.3 7 14 0.05±0.23 0.02±0.04 -0.01±0.20 0.0±0.0 
Portland_US 45.5 -122.7 0 3 9 0.41±0.25 0.04±0.06 0.13±0.24 0.0±0.0 
Punta_Arenas_CL -53.2 -70.9 0 3 9 -0.36±0.28 0.13±0.06* -0.15±0.21 0.40±0.19* 
Quanzhou_CN 24.9 116.6 0 6 12 0.53±0.28 0.07±0.03* 0.44±0.28 0.31±0.23 
Queenstown_SA -31.9 26.9 1.1 7 14 -0.13±0.19 0.10±0.03* 0.03±0.16 -0.24±0.23 
Quezon_City_PH. 14.7 121.1 0.1 8 13 0.15±0.22 0.20±0.02* 0.40±0.22 0.08±0.77 
Quito_EC 0.2 -78.5 2.9 7 12 0.04±0.17 0.15±0.02* 0.24±0.17 -0.62±0.61 
Recife_BR -8.1 -34.9 0.6 11 14 -0.06±0.11 0.11±0.02* 0.09±0.11 -0.27±0.26 
Redding_CA_US 40.5 -122.4 0 5 10 0.26±0.16 0.05±0.06 0.30±0.18 0.65±0.47 
Rio_de_Janeiro_ -22.9 -43.2 0.1 8 14 0.37±0.27 0.11±0.03* 0.28±0.25 -0.05±0.40 
Riyadh_SA 24.8 46.7 0.6 9 13 -0.14±0.08 0.11±0.02* 0.02±0.09 0.60±0.50 
Rome_IT 41.9 12.5 0 4 10 0.05±0.17 -0.02±0.05 0.25±0.18 -0.33±0.20 
Rosario_AR -32.9 -60.6 0 6 14 -0.34±0.26 0.01±0.04 -0.28±0.23 0.65±0.56 
Rural_Georgia_G 34.5 -83.5 0.2 5 10 0.28±0.22 0.00±0.05 0.13±0.24 -0.04±0.25 
*Sacramento_CA 38.5 -121.5 0.1 5 10 0.44±0.15* -0.03±0.06 0.17±0.15 0.04±0.07 
Saint_Petersburg 60 30.3 0 1 6 -0.00±0.29 0.13±0.06* 0.14±0.21 -0.32±0.11* 
Salt_Lake_UT_US 40.7 -111.9 1.3 5 11 0.28±0.21 0.01±0.06 0.38±0.19* 0.29±0.12* 
*Salvador_BR -13 -38.5 0 9 14 0.37±0.15* 0.10±0.02* 0.32±0.14 0.26±0.09* 
*San Diego_CA_US 32.8 117.2 0 4 10 -0.85±0.32* 0.06±0.05 -0.60±0.30* -0.55±0.09* 
San_Antonio_TX_ 29.4 -98.5 0.2 6 11 -0.01±0.22 0.04±0.04 -0.39±0.21 0.15±0.11 



 
 

42 
 

  1032 

San_Francisco_U 37.8 -122.4 0 5 10 0.31±0.19 -0.03±0.06 0.29±0.17 -0.22±0.10* 
*San_Jose_CA_US. 37.5 -122.5 0.1 5 10 0.38±0.17* -0.03±0.06 0.29±0.17 -0.34±0.08* 
San_Julian_AR -49.3 -67.8 0.1 3 10 0.44±0.26 0.09±0.06 0.16±0.18 0.03±0.07 
San_Pedro_CL -22.9 -68.2 2.5 11 17 -0.06±0.10 0.10±0.03* 0.04±0.07 -0.01±0.13 
Santa FE_NM_US. 35.7 -105.9 2.1 6 12 0.17±0.21 0.02±0.05 0.40±0.17 -0.42±0.08* 
*Santa_Rosa_CA_U 38.5 -122.7 0.1 5 10 0.64±0.16* -0.01±0.06 0.17±0.16 -0.05±0.08 
Santiago_CL -33.5 -70.7 0.6 7 14 0.06±0.19 0.09±0.04* 0.43±0.21* -0.14±0.09 
*Sao Paulo_BR -23.5 -46.6 0.8 7 14 0.59±0.27* 0.11±0.03* 0.27±0.25 0.04±0.20 
Sapporo_JP 43.1 140.8 0.4 3 9 -0.47±0.29 -0.03±0.05 -0.22±0.24 -0.26±0.08* 
Seattle_WA_US 47.5 -123.5 0.1 3 9 0.17±0.26 0.04±0.06 0.32±0.24 -0.01±0.12 
Seoul_KR 37.6 127 0 4 10 0.23±0.30 0.00±0.06 -0.01±0.24 -0.11±0.15 
Shanghai_CN 31.2 121.5 0.1 5 11 0.21±0.32 0.04±0.04 -0.22±0.31 0.24±0.15 
Shenyang_CN 41.8 123.4 0.1 4 9 0.23±0.29 0.07±0.06 0.11±0.22 -0.01±0.15 
Shenzhen_CN 22.5 114.1 0 7 12 -0.22±0.27 0.11±0.03* -0.28±0.26 -0.02±0.22 
Singapore_SG 1.3 103.8 0 8 13 -0.09±0.27 0.18±0.03* 0.26±0.26 -0.37±0.11* 
St_Louis_MO_US. 38.6 -90.2 0.2 4 10 -0.32±0.25 0.04±0.05 -0.38±0.25 -0.10±0.14 
Stanley_FK -51.7 -57.9 0.1 3 9 -0.17±0.27 0.07±0.06 -0.02±0.21 -0.04±0.08 
Steamboat_Spr_U 40.5 -106.8 2.1 4 11 -0.06±0.26 0.05±0.06 0.09±0.23 -0.09±0.10 
Suzhou_CN 31.3 120.6 0 5 11 -0.54±0.31 0.04±0.04 -0.46±0.32 0.02±0.16 
Tampa_FL_US 28 -82.5 0 6 11 0.08±0.22 -0.00±0.04 -0.29±0.20 0.08±0.10 
Tehran_IR 35.7 51.4 1.2 6 12 -0.20±0.15 0.03±0.05 0.11±0.14 -0.31±0.10* 
Tel-Aviv_IL 32.1 34.9 0 6 11 -0.23±0.12 0.02±0.05 0.02±0.11 -0.45±0.09* 
*Tianjin_CN 39.1 117.2 0 4 10 0.62±0.23* -0.01±0.05 0.24±0.18 0.04±0.14 
Tokyo_JP 35.6 139.8 0 4 10 0.18±0.31 0.15±0.05* 0.50±0.28 -0.11±0.10 
Toronto_CA 43.7 -79.3 0.2 3 9 0.27±0.27 0.06±0.06 0.32±0.25 -0.19±0.10 
*Tuscon_AZ_US 32.2 -110.3 0.8 6 11 0.74±0.15* -0.00±0.04 0.13±0.13 0.46±0.08* 
Ushuaia_AR -54.8 -68.3 0.1 2 8 0.11±0.28 0.12±0.07 0.17±0.20 -0.07±0.08 
*Utah_Center_UT_ 39 -109.5 1.8 5 11 0.60±0.21* -0.00±0.06 -0.00±0.17 0.42±0.16* 
*Vancouver_CA 49.2 -123.1 0.1 3 8 0.62±0.26* 0.05±0.06 0.30±0.25 -0.04±0.10 
Vientiane_LA 18 102.6 0.2 8 12 -0.19±0.20 0.11±0.02* 0.05±0.16 0.16±0.16 
*Waimea_HA_US 22 -159.7 0 8 12 -0.43±0.14* 0.04±0.03 -0.14±0.12 0.26±0.21 
Washington_DC_U 38.9 -77 0 4 10 -0.37±0.25 0.03±0.06 -0.20±0.24 -0.01±0.29 
Wellington_NZ -41.3 174.8 0.1 5 12 -0.51±0.27 0.17±0.05* -0.20±0.22 -0.21±0.09* 
Wenzhou_CN 28 120.7 0 5 11 -0.11±0.32 0.05±0.03 -0.16±0.33 -0.06±0.07 
White_Sands_NM. 32.4 -106.5 1.2 7 12 0.12±0.15 0.01±0.05 0.01±0.14 -0.33±0.18 
Wuhan_CN 30.6 114.3 0 5 11 -0.11±0.33 0.12±0.04* -0.18±0.32 0.07±0.09 
Yangon_MM 16.8 96.2 0 8 13 -0.06±0.21 0.13±0.02* -0.06±0.18 0.40±0.19* 
Zugspitze_DE 47.2 10.9 2 3 9 0.00±0.31 0.02±0.06 0.25±0.24 0.06±0.11 
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11.0 Figures 1033 

 
 
Fig. 1 A comparison of the OMI Erythemal Irradiance algorithm (RA) with the fast polynomial algorithm 
(FP) for Beltsville, Maryland. Panel A are the time series. Panel B is the difference FP – RA. 
The red line is approximately a 1-year Loess(0.1) fit to the data. 
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Figure 1 
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Fig. 2 A comparison of the OMI Erythemal Irradiance algorithm (RA) with the fast polynomial 
algorithm (FP) for four sites. The red lines are approximately a 1-year Loess(0.1) fit to the data. 
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Figure 2 1037 
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Figure 3A 1040 

 1041 
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Fig. 3A. Erythemal Irradiance E(,z,t) at six selected sites from Table A1 distributed within the United 
States. Listed are the 14-year UVI average maximum and average values (UVI = E/25) (See Table 3).  
Mean and Maximum values are 14-year averages. 
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Fig. 3B Two sites from Fig. 1A, Greenbelt, Maryland and Rural Georgia, with the effect of 
clouds and aerosols removed (i.e., T=1,  = 0) 
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Figure 3B 1044 
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Figure 4 1048 
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Figure 4. Four sites located close to the equator. Mt Kenya at 0.1OS, Quito Ecuador 0.2ON, Makassar 
Indonesia 5.1OS, Manaus Brazil 3.1ON. The blue lines are a Loess(0.04) fit (approximately 6 month LS 
running average).  Mean and Maximum values are 14-year averages. 
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Fig. 5 Panel A: A two week running average of cloud-free E(,z,t) corresponding to the data in Fig. 4 
for Quito Ecuador and Manaus Brazil showing the effect of height and a small difference in average 
ozone amount. Panel B: A temporal expansion for one year (2005) of E(,z,t) estimates for Quito 
showing the double peak as a function of minimum SZA near the equinoxes in the absence of clouds 
that is masked when clouds are included. The blue line shows the 20 DU variation in ozone between 
March and September. Solid lines in panel A are an Akima spline fit. 
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Figure 5 1051 
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Figure 6 1055 

  1056 

Fig. 6: Six sites in the Southern Hemisphere including estimates of the trends for E(,z,t),   TCO3, and 
the atmospheric transmission CT caused by clouds and haze. The TCO3 time series (blue) is shown for 
Ushuaia 
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Fig. 7A Percent change per year for (A) Erythemal Irradiance E, (B) TCO3 (total column ozone) for 
the period 2005 – 2018, (C) CT (atmospheric transmission, and (D) CA (absorbing aerosol 
transmission) from OMI observations at individual sites (see Table A4). The solar cycle and quasi-
biennial oscillation effects have not been removed. Error bars are 1. Solid curves are Loess(0.1) fits 
to the data (15O averaging) and are shown in Fig. 7B with the same color code. A geographic map of 
the land locations in Table A4 and Fig.7 are shown in Fig. A3. 
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Figure 7A 1059 
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Fig 7B Loess(0.1) fits from Fig. 7A showing the correlation of E with CA and CT and 
anticorrelation with TCO3 
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Figure 7B  1064 
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Figure 8 1068 
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Fig. 8. Fourteen-year UVI Average and UVI Maximum from Table A4 for 105 sites. Solid curves are 
Akima spline fits (Akima, 1970) to the individual site data points. There are 4 high altitude sites listed, 
San Pedro, Chile (2.45 km), La Paz, Bolivia (3.78 km), Mt Kenya, Kenya (5.2 km), and Mt Everest, Nepal 
and China (8.85 km). 
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Figure 9 1083 
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Fig. 9 EPIC derived ozone amount (upper left in 
DU: 100 to 500 DU) and reflectivity (LER upper 
right in percent or RU: 0 to 100) for 22 June 
2017 at tO = 06:13 GMT. Lower left: color image 
of the Earth showing clouds and land areas. The 
brighter clouds are optically thick and 
correspond to the higher values of the LER. 
Color image available on 
https://epic.gsfc.nasa.gov/ 
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Figure 10 1089 

 

Fig.10 Erythemal irradiance E(,z,t) and UVI(,z,t) from sunrise to sunset for 21 June 2017 solstice. 
The three images are for different GMT. Upper left 22 June 2017 (06:22GMT). Upper Right 21 June 
2017 (11:21 GMT) and Lower Left 21 June 2017 (19:00 GMT).  The images correspond to the sub-solar 
points over different continents caused by the Earth’s rotation (15O per hour). 
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Fig. 11A Latitudinal distribution of E() and its 
contributing factors, TCO3, CT, and SZA for a line of 
longitude passing through San Francisco, CA. 

Fig. 11B Global distribution of E(t0) from 
DSCOVR EPIC data on 30 June 2017 19:17 
GMT when there were few clouds.  

 

Fig. 11C Latitudinal distribution of E( and its 
contributing factors, TCO3, CT, and SZA for a line of 
longitude passing near Greenwich England 

Fig. 11D Global distribution of E(t0) from 
DSCOVR EPIC data on 04 July 2017 12:08 GMT.  
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Figure 11 1093 
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Fig. 12A E(,tO) and UVI from sunrise to sunset for 21 September 2017 equinox. The three images 
are for different GMT 
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Figure 12A 1099 
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 1100 

 1101 

 1102 

 1103 

 1104 

Figure 12B 1105 

 

Fig. 12B E(,tO) and UVI(,tO) from sunrise to sunset for 21 March 2017 equinox. The three images 
are for different GMT (05;33, 10:56, and 16:20). 
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 1106 

 

 

Fig. 13 E(tO) and UVI(tO) from sunrise to sunset for 21 December 2017 solstice. The three images 
are for different GMT.  
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Figure 13 1109 
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Figure 14  1113 

Fig. 14A Latitudinal distribution of E() and its 
contributing factors, TCO3, CT, and SZA for a line of 
longitude passing near Sydney, Australia 

Fig. 14B Global distribution of E(t0) from 
DSCOVR EPIC data on 31 December 2017 
02:24:36 GMT. 
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Figure 15 1114 

Fig. 15 Longitudinal slices of UVI(tO) at 
0.1ON and 30.85ON latitude (short dark 
horizontal arrows in Panel E). The EPIC 
E(tO) (mW/m2) images are for 14 April 
2016 tO = 04:21 GMT centered at about 
10ON and 104OE. Panels A and C show 
longitudinal slices of E(tO) and 
CT(tO) for = 0.1ON and panels B and 
D for 30.85ON. The solid lines in panels A 
and B represent the SZA. 



 
 

61 
 

Fig 16A EPIC color image for 14 April 2016 at 
04:12:16 GMT showing the distribution of cloud 
cover and land corresponding to Fig. 15. 
https://epic.gsfc.nasa.gov/ 

 

Fig 16B EPIC scene reflectivity LER for 14 April 2016 
at 04:12:16 GMT 
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Figure 16 1122 
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Fig. 17 Zonal average of maximum UVI (UVIM Panel A), Zonal Average of mean UVI (UVIA Panel B) on 
14 April 2016 at 04:21 GMT from EPIC including the effect of clouds and haze, as a function of 
latitude. Both the data points and an Akima spline fit are shown. 
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Figure 17 1130 
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Fig. A1 Values of the coefficients RERY() and UERY() 
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Figure A1 1133 
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Fig. A2 Correction factors for change in OMI sensitivity at 340 nm by measuring ice reflectivity over 
the Antarctic high plateau. For cross track positions XTP 0 to 19, the change has been less than 2.5%.  
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Figure A2 1136 
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 1139 

Fig. A3 Map of locations in Table A4 
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Figure A3 1142 
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