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ABSTRACT

Global atmospheric trends in ozone column amount has focused attention on the environmental risk of exposure to
ultraviolet (UV) radiation. Monitoring UV irradiance in diverse and remote locations is necessary to understand the
variability of exposure, dose rates and resultant vulnerability of ecological systems. The USDA UV-B Monitoring
Program maintains a wide network for ground-based continuous measurement of solar radiation in several
wavelengths of interest for photosynthesis, plant growth and UV exposure to humans. This network provides data
for analysis of UV climatology and trends at those sites. A satellite-based technique for producing mesoscale-
resolution mapped distributions of UV spectral irradiance has been developed for extending this information into a
region surrounding the network sites. The methodology combines radiative transfer modeling, multispectral image
pixel classification, cloud optical depth retrievals and auxiliary remote sensing data. The results of the method are
compared with ground-based measurements and utilized to examine the role of cloud distribution and surface albedo
in determining mesoscale variability of UV exposure in high-latitude and high-altitude environments.

1. INTRODUCTION

Exposure to ultraviolet (UV) radiation has serious impacts on living organisms from microbes to humans'>. Most
damaging are rays in the UVB (280-320 nm) wavelength region which have been linked to skin cancer*” as well as
impairment of plant growth®’.  Cloud cover, solar zenith angle and ozone column amount normally provide the
largest degree of fluctuation in UV irradiance at the surface, and both are subject to regional and global atmospheric
process trends.  Depletion of stratospheric ozone as well as alterations in cloud climatology can cause significant
impacts on UV irradiance® and tropospheric chemistry'’.

While extensive cloud layers reduce UV transmittance'', significant doses of UV radiation can still reach the surface
in the presence of cloud'? especially for optically thin cirrus, and situations of partial cloud cover that can actually
result in time periods with irradiances above clear-sky values due to scattering from cloud edges'®. Satellite remote
sensing techniques have been developed to estimate UV irradiance using measurements of upwelling ultraviolet
radiances'*'°.  Use of satellite-obtained high resolution imagery offers an opportunity to monitor more precisely the
spatial and temporal distribution of cloud over a location, and to study the correspondence between surface- and
satellite-estimated cloud extinction'’.  Verdebout'® has used geostationary Meteosat and ancillary data over Europe
to produce time series maps of surface UV radiation at 0.05° resolution. ~Meerkotter e al."” used the NOAA
Advanced Very High Resolution Radiometer (AVHRR) with addition of global ozone data for a case study of high-
resolution surface UV mapping. The AVHRR platform is desirable for application development due to the long
history (two decades) of archived data available for use in retrospective and climatological studies.

Over high latitudes, satellite image data from the geostationary environmental satellites is distorted or not available.
Data that can be obtained during daylight hours by polar-orbiting satellite sensors (such as the AVHRR) varies
seasonally (due to large range of day length) and also is subject to the number of operational satellites in orbit.
Nevertheless, data obtained from AVHRR overpasses can be valuable in analysis of UV irradiances and for
comparison with other data sources such as the NASA Total Ozone Mapping Spectometer (TOMS). Geostationary
satellite data have the advantage of high temporal resolution and thus can be used to more accurately estimate total



daily insolation. The geostationary platforms have the disadvantage of lacking coverage of high latitude regions.
Thus, a procedure that can use both polar-orbiter or geostationary data is adaptable to application anywhere on the
globe.

In this study, we demonstrate a procedure for using AVHRR or GOES data with surface measurements and radiative
transfer modeling to map the mesoscale distribution of spectral UV irradiance over mountainous regions in Alaska
and Colorado. Spectral irradiances are critical parameters in calculating biological responses to UV exposure” .
The primary sources of mesoscale variability include cloud distribution and surface albedo patterns™*.

2. GROUND-BASED UV MEASUREMENTS

Ground-based measurements were utilized for comparisons to model-derived spectral irradiances as well as for
evaluation of the satellite-derived estimates of irradiance from the satellite datasets. The USDA UVB Monitoring
and Research Network® consists of 28 US and Canadian sites and one New Zealand site which measure total
horizontal, direct, and diffuse UV irradiances using the ultraviolet shadow-band radiometer (UV-MFRSR) at seven
UV wavelengths: 300- 305-, 311-, 317-, 325-, 332-, and 368-nm with a full-width at half maximum of about 2.0 nm.
The irradiance data are used to retrieve spectral optical depth and ozone column amount®. In addition, other
relevant parameters are routinely measured including visible radiation using the Vis-MFRSR?, temperature,
humidity, and upwelling shortwave radiation (to determine the presence of snow).

Radiometric calibration of the detectors is performed by the NOAA Central Ultraviolet Calibration Facility (CUCF)
in Boulder, CO, using 1000-W NIST-traceable lamps®™®. The spectral response of each of the radiometer’s seven
channels is measured by the CUCF to within an accuracy of 0.02 nm using a ISA 1.0 m double monochromator.
Radiometric stability of the detectors is monitored in the field using a time series of Langley plot voltage intercepts.
The approximate drift per year, determined by the least squares slope of the voltage intercept time series, is less than
10% for all channels. The angular or cosine response of the detectors is measured by Yankee Environmental System
(Turners Falls, MA), and direct beam and diffuse corrections applied using the isotropic sky assumption®. The total
absolute radiometric uncertainty is estimated at +5.2%".

3. MESOSCALE RETRIEVAL OF SPECTRAL UV IRRADIANCE

A schematic diagram in Figure 1 illustrates the procedure for retrieval of UV spectral irradiance.  Prior to the
analysis of satellite data, radiative transfer modeling was carried out to prepare arrays of the range of direct and
diffuse irradiances under varying conditions of surface albedo and cloud optical depth. Spectral irradiances for clear
and cloudy scenes are calculated using the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART)
model’’. The code was modified to use the extraterrestrial solar flux obtained by the SUSIM spectrometer aboard
the Space Shuttle Atlas 3 flight (data corrected from vacuum to air). The accuracy of this spectrum was recently
validated by Grobner and Kerr **. Model input for ozone column amount was obtained from NASA TOMS database
and the USDA UV-MFRSR database. Aerosol optical depth parameters were also available from the USDA
database.

The procedure used either AVHRR or GOES satellite data, depending on geographic region or data availability.
These satellite provide image data swaths with 5 spectral channels in the visible, near infrared and thermal infrared
bands. Pixel resolution in all channels is approximately 1.1 km for AVHRR , while the GOES pixel resolution is 1
km in the visible channel but 4 km in the infrared channels used. The satellite data are remapped from pixels to a 1-
km rectangular projection of dimension 300 x 300 grid cells, centered on the study sites. All cells within the study
region are assigned a scene type based on multispectral analysis of the image data. The channel threshold technique

is similar to the daytime classification method of Turner et al®®. Gridded cell values of the visible reflectance were
scaled by the solar zenith angle (SZA). Reflectance threshold values are essential for discrimination of land from



snow or cloud. Cells are classified as (non-snow) land surfaces if visible reflectance is less than specified threshold
value. The Normalized Difference Vegetation Index obtained from AVHRR or other satellite platforms could be
useful in assigning a vegetation reflectance for UV bands.

Reflectance in the near infrared (NIR; 3.7 or 3.9 micron band, depending on satellite) was obtained by subtracting
the emitted thermal component (obtained from the radiative-equivalent temperature determined from the thermal
channel image data) and then scaling the reflected radiance by the SZA. Cells that passed the visible brightness test
were further classified as snow or cloud by the use of NIR threshold and thermal threshold tests. Snow and ice
cloud have a low value of the NIR reflectance and a relatively warm temperature in the thermal infrared (TIR)
channel. Clouds are either very bright in the NIR (if composed primarily of water droplets), or quite cold in the
TIR (high ice clouds). Refinements to the pixel classification procedures can be developed from the multispectral
image datasets compiled for different seasons in this locale.
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Figure 1. Schematic diagram for the production of mesoscale mapped distributions of spectral downwelling UV irradiance using
GOES or AVHRR data with radiative transfer modeling.

Grid cell types determined from the classification procedure were used to assign model-derived radiative flux
components at each point. First, the satellite visible channel irradiances for each grid cell were obtained by
interpolation from arrays of model results for variable surface albedo (model input values beginning at 0.05 and
increasing in intervals of 0.10), cloud optical depth (model values increasing from 5 to 200), satellite zenith angle (5,
15, 25,...75 degrees) and sun-satellite relative azimuth angle (increments of 30 degrees). The angle parameters are
known for each grid point from the image navigation data.  The UV surface albedo was assumed to equal the

calculated visible reflectance based on field measurements by McKenzie et al**, Cloud optical depth was estimated
by interpolation from visible reflectance for those pixels classified as cloudy.



If the scene at the point is designated locally cloud-free with no surrounding cloud fraction, then UV spectral flux to
the point was calculated from model clear-sky irradiance adjusted for differences between control point and local
conditions of estimated surface albedo. = Model simulations of variations in spectral irradiance due to surface
reflectance have been tabulated to allow these adjustments. Model results for increasing albedo provided an
enhancement for UV irradiance caused by multiple scattering between the surface and atmosphere. In future
refinements of the procedure, the grid-point surface elevation (obtained from a Digital Elevation Model gridded
topographic dataset) will be used to adjust irradiance based on surface elevation (or surface air pressure). If
multiple TOMS footprints exist in the study region, then this information on the spatial variability in column ozone
amount can be interpolated to the mesoscale analysis grid.

Model irradiances were separated into clear-sky direct beam (Ep) and diffuse (E4) sky components as well as
cloudy-sky direct (Ep.) and diffuse (E4.) components, and these were used to determine the total irradiance under
overcast, fully clear, or partial cloud cover conditions. When a point location was cloud-free but a non-zero cloud
fraction (CF) existed in the 30-km box centered on that point (as diagnosed from cloud classification within the 30
km x 30 km surrounding area), the irradiance for that point was modified by increasing the magnitude of downward
direct irradiance to account for UV direct beam radiation scattered from cloud sides, and reducing the magnitude of
downward diffuse irradiance to represent the cloud-filled fraction of the surrounding sky (see Equation 1). When a
point location was covered by cloud, the total irradiance to that point was calculated as the sum of direct UV
irradiance transmitted through that cloud, the diffuse irradiance from the non-cloudy surrounding sky, and the
diffuse irradiance from the cloud-filled sky fraction (Equation 2).

The equations used to calculate total irradiance ( E;) were thus:

For Sun not obscured ; E; = Ep+ E4. (CF) + Eq4 (1-CF) [1]
For Sun obscured ; E; = Ep.+ E4 (1-CF) + E4. (CF) [2]

The resulting UV total irradiances for a given spectral band were mapped into the same projection as the input
satellite data. Sampling the output data provided statistics on the range of UV irradiances within the study area.

4. CASE STUDIES
4.1 AVHRR data application for Central Alaska

Digital satellite digital data from the NOAA AVHRR instruments are collected over the Fairbanks region by the
TeraScan groundstation system at the University of Alaska Geophysical Institute. The AHVRR digital image
datasets were applied to mesoscale mapping of downward UV irradiance at the surface, using the combined
approach of radiative transfer modeling and multispectral image classification. Figure 2 depicts the region of
analysis and the central site location of the Poker Flat ground measurement site at Poker Flat Research Range. The
study region contains snowfields, mountain, forest, valley and river surfaces. Figure 3 shows a typical scene of the
mixed land cover in the vicinity of Poker Flat. A panel of the three channels used in the classification showing their
individual spectral characteristics is shown in Figure 4.



Figure 2. AVHRR visible image for a relatively clear observation time (1909 UTC on 20 April 2001) showing study region
with graphic overlays of latitude/longitude grid (green), rivers (blue) and Poker Flat measurement site (yellow).

Figure 3. View from ridge overlooking Poker Flat Research Range showing typical landscape and snow cover.

Figure 4. Panel of AVHRR multispectral imagery for 1909 UTC on 20 April in the following spectral bands: (a) visible, (b)
near-infrared, and (c) thermal infrared. The circle denotes the location of the Poker Flat measurement site.



An AVHRR visible image over the study region on a day with patchy thin cirrus is shown in Figure 5.  The
multispectral image data and model calculations were used to estimate and map 317-nm irradiances using the
method described in Section 3.  The resulting gridded fields of pixel classification, cloud optical depth and
irradiance are shown in Figure 6. Note that although the bands of thin cloud are difficult to distinguish in the
visible image (Figure 6), the additional spectral information available in the near-infrared and thermal infrared
image data allows the cloud bands to be detected and accounted for in the irradiance retrieval procedure.

Figure 5. Visible image at 1831 UTC on 22 April 2001 indicated thin cirrus bands in study region but not obvious over Poker
Flat (circle) at the observation time.

Figure 6. Results of multispectral remote sensing and model-based retrieval analysis for 1831 on 22 April 2001 over study
region, showing scaled images of (a) pixel types [black=land, light grey = ice cloud, dark grey = snow, white = water cloud], (b)
cloud optical depth, and (c¢) 317-nm irradiance.



The classification in Figure 6(a) shows the snow-covered (frozen) river course and other snow-covered terrain in the
mountainous sections of the study region, as well as water cloud in the left-hand (western) portion of the study area
and ice cloud bands extending north to south. Snow or land pixel reflectance is determined from surface visible
reflectance for those points so classified, and within the cloudy areas, optical depth (Figure 6(b)) is determined as a
function of cloud-top visible reflectance. The downward-directed UV spectral irradiance field displayed in Figure
6(c) is the end result of the pixel classification, interpolation of cloud reflectance within arrays of model results to
obtain optical depth, and subsequent calculation of direct and diffuse components for clear, cloudy and partly cloudy
areas surrounding each grid point. The irradiance field is smooth over the clear-sky portions of the image, mottled
underneath extensive clouds due to optical depth variability, and an edge effect around the perimeter of cloudy areas
is due to the scattering of radiation from nearby clouds to points that also receive direct sunlight.

Figure 7 presents a time series of ground-based observations, modeled clear-sky values and AVHRR-retrieved
estimates of downward spectral irradiance for the Poker Flat site on 22 April 2001. Variations between the hourly
observations and clear-sky model results are attributed to the patchy cloud cover moving over Poker Flat during the
day. Results from the AVHRR-based method are close to observed values. The grid of spectral irradiances was
sub-sampled over an area 100 km x 100 km centered on Poker Flat, to provide a comparison to larger-scale satellite
products such as TOMS global ozone maps. The (100km)* area covers the center third of the images shown in
Figures 5 and 6. Figure 8 is a histogram of irradiances calculated for this region. The majority of values lie in the
range 0.07-0.08 W m™ nm™, closely matching the observations at 1831 UTC (0931 AST) in Figure 7. However,
there is a wide range of values for the various points within the sample region, and the areal average is notably lower
(0.059 W m? nm™"). Other parameters obtained from the analysis are shown in the legend box; there is 36% cloud
cover for the region, and average cloud optical thickness is 5.2, suggesting the effect of even thin cloud on UV
irradiance reaching the surface over a TOMS product footprint.
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Figure 7. Observations and estimates from model and retrieval procedures for 317-nm irradiance on 22 April 2001 at Poker Flat.



Retrieval Results at 1831 UTC over TOMS FOV for Poker Flat, AK
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Figure 8. Histogram of irradiances for a 100km x 100 km area centered on Poker Flat (representing a typical TOMS field of
view) obtained for the AVHRR observation time of 1831 UTC on 22 April 2001, using the multispectral remote sensing and
model method. Each interval represents the number of points with irradiances larger than the previous interval, for example the
number of points indicated in the interval <=0.08 are those with irradiance values within the range 0.07-0.08. Indicated in the
legend are the average irradiance, average cloud fraction, and average cloud optical depth values estimated for that area.

4.2 GOES data application for Colorado

GOES-West satellite digital data were applied to mesoscale mapping of downward UV irradiance for a region of the
central Rocky Mountains centered on the DRI Storm Peak Laboratory using the method described in Section 3.
Figure 9 is a photo showing the typical terrain of this mountainous portion of this study area. The topography
generally has a large influence on surface albedo (snow cover) and cloud patterns (orographically-enhanced cloud
formation), as indicated by a GOES visible image (Figure 10(a)) and a topographic elevation image Figure 10(b) for
the study region.

Figure 9. Photograph showing typical topographic and vegetative landscape of the higher elevation portions of the study region
in central northern Colorado.



Figure 10. (a) GOES visible image of study region in central northern Colorado for 2020 UTC on 9 April 2001, showing
convective and wave cloud development associated with topography, and (b) digital elevation image of study area.

The classification and radiative transfer retrieval methods were applied to image datasets over this region for
multiple times and days. Figure 11 portrays the cell classification and 317-nm irradiance products for the time
corresponding to Figure 10(a). The distinction between water cloud and ice cloud is indicated for the orographic
convection and portions of the wave cloud areas, and some areas of snow cover are identified as well. The UV
irradiance field shows significant mesoscale variability due to the effects of cloud cover, surface albedo, and the
presence of surrounding cloud (adjacent pixel effects). Figure 12 indicates that the retrieved values provide very
good estimates of downwelling irradiance even in the presence of full or partial cloud cover. GOES data are
generally available at a 15-minute time resolution, facilitating time-specific comparisons with ground measurements
and cloud conditions, analysis of time series, and calculation of time-composited parameters such as total daily
spectral insolation.

Figure 11. Results of multispectral remote sensing and model-based retrieval analysis for 2020 UTC on 9 April 2002 over study
region, showing scaled images of (a) pixel types [black=land, light grey = ice cloud, dark grey = snow, white = water cloud] and
(b) 317-nm downward surface irradiance.
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Figure 12. Retrieved estimates (triangles), clear-sky model calculations (diamonds) and measurements (circles) for 317-nm
irradiance on 9 April 2002 at Strom Peak Lab.

5. CONCLUSIONS AND DISCUSSION

A new method for retrieval and mesoscale mapping of downwelling spectral irradiance has demonstrated useful
accuracy when compared with ground-based measurements made at sites in mountainous locations of central Alaska
and central Colorado. The results were also used to evaluate the correspondence between site-specific
measurements and irradiances that might be obtained over a larger area, for example a satellite-derived product with
a 100 km grid resolution. Significant enhancement can be created by locally specific conditions such as persistent
snow cover or high elevation. UV irradiance climatology at high latitudes and high altitudes is an important aspect
of environmental monitoring, where day length is extended, surface albedo is often high even during the summer,
atmospheric attenuation is generally small, and there is a large annual cycle in ozone column amount. Use of high-
resolution satellite image data in remote areas can also be applied to improving forecasts of UV exposure35, with

specific application to agricultural/forest workers, satellite estimation of actinic ﬂux36 for monitoring photochemical
air pollution processes, and study of biogenic emissions influenced by the magnitude of absorbed UV and
photosynthetically active radiation.
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