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EXECUTIVE SUMMARY

I n 1995, the U. S. Environment al Protect.i
began collecting data using Brewer instruments at various national park and urban sites.
The dates of the Brewer network oggon correspond with an interesting time in terms

of changes in total column ozone and other parameters, including surface pollutants.
Considerable effort was expended towards making sure the data were of sufficiently high
guality to detect trends. bthis report, we present trends in UV radiation as a function of
wavelength. This type of spectral analysis is useful in discerning the extent to which
various atmospheric parameters (total column ozone, cloudiness, surface pollution, etc.)
may be contribting to changes in surface UV levels.

For each of the 21 Brewer sites, the data were analyzed to provide information on the
spectral changes over the last four to eight years. Although short time periods (less than
ten years) of data are generally sofficient for determining longerm trends, they can

be appropriate for evaluating changes over the time period of the measurement, and in the
case of spectral information can be used to help attribute the observed changes. The data
were analyzed usingparopriate statistical techniques and efforts were employed to

assess the quality of the data and to ensure that all problematic or suspicious values were
successfully screened to prevent them from influencing the analyses.

The results are presentedi@mms of trends in UV radiation as a function of wavelength.
The analyses are available for each station individually, as well as for groups of stations
corresponding to different geographic, population, or other regions. The individual
station resultsra quite varied, with some stations experiencing notable changes in UV at
short or long wavelengths, or over the entire spectrum, and others suggesting little
change. This mix of results and the lack of a consistent pattern at some of the sites are
typicd in analyses of short time series. When the data are examined by grouping
stations, the results become more cohesive.

This report focuses on gaseous pollutants and their effect orMddel calculations,

also summarized in this report, suggest ttagidspheric pollutants, including surface

ozone and Sg have little effect on the spectral UV. The causes of the observed UV
changes are therefore likely associated with changes in cloud cover or in stratospheric
ozone. Excluding solar zenith angle amdrtterm changes in cloudiness, at shorter
(UV-B) wavelengths, total column ozone is likely the dominant factor influencing surface
UV. Atlonger (UV-A) wavelengths, clouds are the dominant factor influencing a long
term UV changeInfluence of black arbon and other aerosols are not addressed in this
report.
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1. Introduction and Background

Task (b)) nAanalyze the factors affecting the
the network, as appropriate) including correlations with changes in éine ablumn,

changes in stratospheric ozone, changes in ground level ozone, changes attributable to

ot her pollutants or atmospheric constituents
U.S. Environmental Protection Agency (EPA) to analyze measurefnemdshe network

of ultraviolet radiation instruments operated by EPA and the University of Georgia

(UGA) in collaboration with the National Park Service (NPS). Task (b) addresses the

effects of ozone and other atmospheric constituents ol héasuremes, and

complements work completed for task (a) evaluating-kemgn changes in UV.

Other tasks address different elements ofB/¥xposure and effects, and the results of
those tasks are summarized in the individual task reports.

The tasks defined by¢ U.S. Environmental Protection Agency at the start of the project
are as follows:

(a) Determine the trends in UB flux at the individual Brewer sites, at groups of
similar sites and/or across the network.

(b) Analyze the factors affecting the observationd tiends at each site (and across
the network, as appropriate) including correlations with changes in the ozone
column, changes in stratospheric ozone, changes in ground level ozone, changes
attributable to other pollutants or atmospheric constituents, etc

(c) Analyze the major factors affecting the tB/flux, including solar angle, latitude,
elevation, cloud cover, pollution levels and composition, etc.

(d) Analyze the direct versus indirect exposures teBJ¥adiation and the factors
affecting the ratio.

(e) Compre the UVB flux measurements with the predictions of the National
Weather Service Ozone Watch Program, together with an analysis of the
differences and potential causes for the discrepancies.

(f) Compare the Brewer UB measurements with that of the Troplospc
Ultraviolet (TUV) Model, Total Ozone Mapping Spectrometer (TOMS)
measurements, and provide an analysis of the differences of those measurements
and the causes of those differences.

(g) Compare the UMB measurements with air pollution measurements teraete
the effects of tropospheric air pollution on tB/exposures.



(h) Compare trends in UAB flux measured by the network at matitudes in the
United States to United National Environmental Program (UNEP) data.

(i) Determine the effect of clouds/hazetasols on UVB exposure.

()) Analyze the directional diffuse (cloudless) sky irradiance in the32®nm (U
B and 325400nm (U\A) wavelength bands as a function of aerosol optical depth.

(k) Analyze the directional diffuse sky irradiance in the-200nm (UV-B and U\*
A) wavelength band as a function of cloud cover, cloud type, cloud depth.

() Analyze the reflectance (spectral albedo) for key materials (snow, beach sand,
concrete, asphalt and water) in the 290400nm (U\AB and U\A) wavelength
band,as appropriate for the network measurement sites.

(m) Analyze the bdirectional reflectance (forwasscattering and baegcattering)
for key materials (snow, beach sand, concrete, asphalt and water) in thei290nm
400nm (UVB and U\GA) wavelength band,saappropriate for the network.

Task (b) analyzes the factors affecting the observations and trends at each site (and across
the network, as appropriate). The extent to which surface UV values are correlated with
changes in the ozone column, changesratatpheric ozone, changes in ground level
ozone, changes attributable to other pollutants or atmospheric constituents, etc. will be
evaluated and quantified. Some of this information has already been established. For
instance, it is known that the mastportant factor affecting surface UV is solar zenith

angle: changes in solar zenith angle (SZA) give rise to both the diurnal and seasonal
cycles of UV. Clouds are most often the next most important factor affecting both UVA
and UVB amounts. The importee of clouds depends on many factors and can differ
based on location and time scale considered. The magnitudes of these effects will be
discussed in greater detail below. The third significant factor affecting surface UV levels
is total column ozone, lich affects UVB much more strongly than UVA. Changes in

UV related to changes in ozone will be the focus of the following discussion. All other
factors, including pollutants and other atmospheric constituents, generally have only a
secondary influencenosurface UV. The data from the EPA Brewer network, combined
with surface measurements and radiative transfer models can help confirm and verify the
magnitudes of these effects. The influences of ozone and pollutants will be demonstrated
in the followingsections.

Solar Zenith AngleThe changes in solar zenith angle with time of day, and time of year
are responsible for most of the observed diurnal and seasonal cycles of UV at each site.
Solar zenith angle also depends on the site latitude, with mootfeern sites experiencing
lower sun angles and thus lower levels of direct UV exposure. UV is even more sensitive
to solar zenith angle than visible radiation because the shorter wavelengths are more
effectively scattered and absorbed with increasdd Ipatyth.



Clouds Clouds have the greatest effect of any atmospheric constituent on surface UV.
Under overcast conditions, clouds cause an overall decrease in surface UV amounts
(Josefsson and Landelius, 2000; Renaud et al., 2000). However, brokecahalitions

can actually enhance UV amounts at the surface (Sabburg and Wong, 2000; Weihs et al.,
2000; Estupifian et al., 1996). The influence of broken clouds depends on many factors,
with the most important being whether or not the sun is obscuredt(&rd Heisler,

2000; Schwander et al., 2002). Because cloud conditions can change rapidly over the
course of a day, or even within the time period of a Brewer scan, quantifying cloud

effects can be very difficult for individual measurements.

Ozore. The effects of stratospheric ozone on surface UV measurements are well
understood (WMO, 1999; 2003). Ozone in the stratosphere absorbs wavelengths in the
UV-C and UV¢B part of the spectrum, preventing large amounts of this shorter
wavelength radiatiofrom reaching the surface. Because stratospheric ozone has
decreased over the 1980s and 1990s as a result of chlorofluorocarbon (CFC)
concentrations in the stratosphere, there has been some evidence that surface UV levels
have shown a comparative increas’he ozone dependence of surface UV has been
established both with observations and by comparison with radiative transfer models
(Fioletev, 1997; Bodhaine et al., 1998; Bartlett and Webb, 2000; Casale et al., 2000).
However, the records of surface Uxéaenerally not long enough to detect a significant
trend in UV amounts. While the myriad of other factors affecting surface UV make it
difficult to attribute the observed changes, the spectral information from the Brewers
allows for identification of ginatures due to ozone and signatures due to clouds.

Pollutants Absorbing aerosols and gaseous species can decrease the amount of UV
radiation reaching the surface. Several investigators (e.g., Weatherhead, 1993; McArther
et al, 1999; llyas et al., 200Kirchoff et al., 2001; Jacobson, 2001; di Sarra et al., 2002)
have assessed the UV effects of aerosol from biomass burning, forest fires, desert dust,
and anthropogenic sources. Increased air pollution levels have been observed to decrease
surface erytbmal UV by as much as 30 to 40 percent (Papayannis et al., 1998; Repapis et
al., 1998). However, in the U.S. the effects of pollutant levels tend to be much smaller in
magnitude than the UV impacts from changing cloud or ozone amounts, due to the lower
padlution levels. In some highly polluted areas outside of the U.S. larger effects can be
noted, although usually secondary in impact to total column ozone depending on the time
period examined.

This document will focus on the effects of these factors @rirends. We will examine
spectral signatures of ozone, clouds and pollutants to discern the source of the observed
trends in UV radiation from the Brewer network. Finally, we will correlate UV radiation
measurements with total column ozone levels f@disolar zenith angle. This

correlation will allow us to estimate the percent variance in the UV data that may be
associated with variations in total column ozone.



2. Ozone and Other Ancillary Data

Assessing the effects of various atmospheric camstis, including ozone, clouds, and

pollutants, on UV trends at the surface requires a combination of observations and

models. Ozone observations are available from the Total Ozone Mapping Spectrometer

(TOMS) and the Solar Backscatter Ultraviolet (SBUMjtruments. Although air

pollution measurements are made at many of the EPA Brewer sites through partnership

with the National Park Serviceds Parks Resea
Network (PRIMENEet), the data have been difficult to loca#tealyses have been carried

forward to cover the range of possible tropospheric ozone levels and to show how these

can affect both Diffeyweighted UV and spectrally resolved UV.

Ozone

Ozone has been monitored routinely and consistently by the Total ®appng
Spectrometer (TOMS) and the Solar Backscatter Ultraviolet (SBUV and SBUV/2)
instruments aboard various satellites. Version 8 of the merged TOMS/SBUV(/2) dataset
was used to provide monthly total ozone column values for each of the Brewer sites in
this analysis. The merged dataset was constructed at NASA Goddard Space Flight
Center and includes the application of an external calibration adjustment to each satellite
subset in an effort to calibrate all the instruments to a common standard. Forthieen
midlatitudes, the accumulation of ozedepleting substances in the stratosphere caused a
decrease in total column ozone amounts through thel8890s (Figure 1). From 1996
onward the data indicate no substantial decreases in total columnawsoriee northern
hemisphere midlatitudes (Figure 2). The total ozone amounts during this timeframe have
been largely stable or have experienced slight increases following the enhanced depletion
that occurred in the mid990s as a result of the Mount Rinao eruption.



1979-1995

Figure 1. Total column ozone trends from 192®5. Trends are computed with data
removed for two years after the eruption of Mt. Pinatubo. For the Northern Hemisphere
the ozone losses are greatest in the springtime. Data aredrsion/g of the merged
TOMS/SBUV(/2) dataset; units are percent per decade.

1996-2003

Figure 2. Total column ozone trends from 129®3. Trends from the merged total
column ozone dataset suggest that since 1996 the trends for the northern hemisphere



midlatitudes have been either positive or null. The change in trend was also found to be
positive or null everywhere. Data are from version 8 of the merged TOMS/SBUV(/2)
dataset; units are percent per decade.

Pollutants

Overall, the total emissions of gaseoufytants in the U.S. have been decreasing since

the 1980s (EPA). However, regional increases in tropospheric ozone since 1990 have
been observed at many locations. Three of the national park sites in this study (Rocky
Mountain, Canyonlands, and Great Sty)johave experienced increases in tropospheric
ozone amounts in recent years (EPA, 2003). Although the effects of pollutants on surface
UV levels are not expected to be as large as those from other factors, including clouds,
they may still be significanwhen evaluated in local or daily contexts. The magnitude of
these effects is explored through radiative transfer calculations and comparison of
measurements and models.

3. Methods

Evaluation of Data Quality

The first step in the analysis of the sppalcUV data involved a review of the available

data with the scientists at UGA to determine any potential biases at particular sites. UGA
personnel have put considerable effort into producing a Level 1 data product suitable for
scientific use. The Levdl data from all 21 sites were used to address several questions
about the various factors influencing UV. The spectral nature of the Brewer data, as well
as the large geographic coverage of the Brewer network (Figure 3), allow for an analysis
of changesn UV at various wavelengths, which can provide important information about
the factors affecting UV throughout the continental United States and in Alaska and
Hawaii.

1C



Denali

Hawaii

Virginislands

Figure 3. The locations of instruments for theEPA Brewer UV monitoring network operated by the
University of Georgia. The sites cover a large geographical area and represent a range of
ecosystems.

Detailed information about the Brewer station locations and start dates of monitoring is
provided in Table 1.
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Table 1. Parameters relating to UV observations and temperature characterizations at each of the
Brewer sites. Columns a through c give the latitude, longitude, elevation, and year observations were
begun at each site.

Site (Brewe #) (a) Latitude/ Longitude | (b) Elevation | (c) Start Date
Glacier National Park, 48.7°N, 113.4°W 424 m 1997
Montana (96134)

Denali National Park, 63.7N, 149.0W 661 m 1997
Alaska (96141)

Olympic National Park, 48.1°N, 123.2W 32m 1997
Washington (96147)

Rocky Mountain National 40.0°N, 105.5W 2896 m 1998
Park, Colorado (96.46)

Boulder, CO (93101) 40.°N, 105.2W 1689 m 1996
Gaithersburg, MD (105) 39.1°N, 77.2W 43 m 1994
Acadia National Park, 44 /N, 68.3W 137 m 1998
Maine (96138)*

Everglales National Park, 25.4N, 80.PW 18 m 1997
Florida (96135) *

Chicago, IL (94103) 41.8°N, 87.6N 165 m 1999
Atlanta, GA (94108) * 33.8N, 84.4W 91m 1994
Research Triangle Park, 35.9N, 78.9W 104 m 1995
NC (92087)

Great Smoky National 35.8N, 83.8W 564 m 1996
Park, TN 96-132) *

Big Bend National Park, 29.3N, 103.2wW 329 m 1997
Texas (96130)

Albuquergque, NM (94109) 35.1°N, 106.6W 1615 m 1998
*

Sequoia National Park, 36.2N, 118.8W 549 m 1998
California (96139) *

Virgin Islands National 18.2N, 64.8W 30m 1998
Park, U.S. Virgin Islands

(96-144)

Shenandoah National Par} 38.8N, 78.4W 325m 1997
VA (96-137)

Canyonlands National 38.2N, 109.8W 814 m 1997
Park, Utah (96L33)

Riverside, CA (94112) 34.0N, 117.3W 84 m 1995
Theodore Rosevelt 46.9N, 103.2W 238m 1998
National Park, North

Dakota (96131) *

*A site that has a shift or other problem
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A critical factor determining our confidence in derived trends in the spectral data is the
length of the time series. Mulgiearvariations can produce apparent trends that are not
representative of lonterm changes taking place. Data quality is also extremely
important as a few errant points can significantly skew or alter the results. Problem
values in the data, including misgiscans or extremely high or low points, have been
flagged in the Level 1 data files released by UGA. However, examination of the data has
identified suspicious values that had not been flagged. The occurrence of such values
varies from site to site, Wi some sites achieving extremely good collection rates as well
as high data quality. The results of extensive quality screening of the data are
summarized in Figure 4. The data shown in red for each day have been evaluated as
being problenfree, basedmset criteria. Over 35,000 days of data have been identified

as good: each of these figoodo days cont ai

13
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FLAGS - IDENTIFIED AS GOOD DAYS

Acadia : 1693 good days Albuquerque : 1685 good days Atlanta : 1804 good days
300 300
200 200
100 100
0 0
1996 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002
Bighend : 1425 good days Boulder : 1850 good days Canyonlands : 1889 good days
300 300 300
200 200 200
100 100 100
0 0 0
1996 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002
Chicago : 1315 good days Denali: 1012 good days Everglades : 1664 good days
300 300 ! 300
200 200 200
100 100 100
0 0 0
199 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002
Gaithersburg : 2390 good days Glacier : 1981 good days Great Smoky : 1797 good days

19% 1998 200 2002 1% 199% 2000 a0 19% 1998 2000 200
Haw aii : 1154 good days Olympic : 1899 good days RT.P: 1710 good days
0
200
100
0
1996 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002
Riverside : 2328 good days Rocky Mountain : 1674 good days Sequoia : 1626 good days
300 300
200 200
100 100
0 0
1996 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002
Shenandoah : 2027 good days T. Roosevett : 1532 good days Virgin Islands : 1356 good days
300 300 300
200 200 200
100 10 10
0 0 0
1996 1998 2000 2002 1996 1998 2000 2002 1996 1998 2000 2002

Weatherhead Sun Sep 26 14:43:03 UMS 2004 task1.SSC

Figure 4. The data presented here are as released on the University of Georgia web site and screened
for quality. These data are used in this report to examine spectral UV changes over the time periods
of instrument operation.
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The UGA staff screened the data based on
associated with the site. The two criteria suggestedtcfeering were that the data

compared reasonably well to a clear sky model and that approximately the right number
of scans were taken on a given day.

In addition to the screening performed by UGA as discussed above, we employed at least
seven additionalrgeria. These additional criteria eliminated roughly 12% of the daily
values. The checks were necessary to prevent systematic problems which could have had
large impacts on the results presented in this document. However, detailed screening of
the spetral data was not possible and it is likely that some critical problems still exist in

the individual spectral values.

The additional quality assurance tests are summarized as follows:

Test 1: The data were checked to define the time of the first fcarthe daily data to
pass this test, the first scan had to have occurred within one hour of when the first scan
was scheduled to occur.

Test 2: The data were checked to define the time of the last scan. For the daily data to
pass this test, the lastan had to have occurred within one hour of when the last scan
was scheduled to occur.

Test 3: The minimum solar zenith angles were checked. This test verifies whether scans
were taken near solar noon. For the daily data to pass this test, the msotauzenith

angle recorded was required be within three degrees of the expected solar zenith angle for
that time of year.

Test 4: The number of scans in a single day was checked. This test evaluates whether
enough data were taken to provide a readensgiimate of the daytiriategrated value.

The criterion for this test is that the number of scans must not differ from the scheduled
number of scans for the time of year by more than 10.

Test 5: The data were visually evaluated for spikes. Spikes\aeltknown

phenomenon with the Brewer instruments, though their causes are not completely
understood. Spikes result in extremely large values for single wavelength measurement
in a single scan and do not represent a robust measurement of atmogphpdsition.

t

h e

Many spikes had already been removed through

Test 6: The data were assessed for problems with inappropriate time sequences.
Occasionally, the data were written to files incorrectly, with two days of data reldorde

one daily file. In these cases, the daytimegrated UV was observed to be much higher
than usual. We identified and screened these instances by looking for cases in which the
order of the solar zenith angles was out of line with what would happérg a normal

day. The test also looked for uneven or highly irregular sampling during a day.
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Test 7: The data were checked to assure that DUV values were within range. Observed
daytimeintegrated UV values are rarely above 7000 Joules/figdgrand should never

be equal to zero, given the sensitivity and locations of the Brewer instruments. All
reported values greater than 9000 and less than or equal to zero were omitted from further
evaluation. No efforts were made to determine the causess timeisual values

however an inspection of when they occurred at each site showed no patterns consistent
with an atmospheric cause of the unusual values.

Data were required to pass all seven tests to be used in the analysis of the Diffey
weightedUV. The number of data points removed in the screening process represented
only a small portion of the data collected (less than 15% network wide), but the screening
was necessary because only a few unusual points have the ability to change the results of
the analyses.

Statistical Techniques
For each site, the spectral UV values were downloaded from the UGA web site. A

sample spectrum from the network is shown in Figure 5. These spectral scans were
averaged over onmonth periods for each five degredssolar zenith angle.

Atlanta - Noon, October 21, 2001

T
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g 100 I
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Atlanta - Noon, October 21, 2001 (semi-log scale)
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Figure 5. Spectral scan from the Brewer instrument at Atlanta, Georgia. The Brewer measures at
wavelengths from 286.5 nm to 363 nm. By examining UV changes as a function of wavelength, we
can isolate some of the factordiat may be responsible for these changes.
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The statistical techniques applied address the inherent characteristics of the data,
including the measurement uncertainty and internal memory. The data collected at each
Brewer wavelength were analyzed usingeiseries analysis, primarily an ARIMA model
(Box et al., 1994). The statistical model used was as follows:

UV, = seasonal component + trend + variability

In the spectral trend analysis, the metdfmonth variability was assumed to be
autoregressive with a time lag of one step. Analysis of the residuals through
autocorrelation function (ACF) and partial autocorrelation function (PACF) techniques
supports the selection of this statistical model for most locations. Techniques for
performing the ACF and PACF and interpreting the results are available in Box et al.
(1994). The analyses so far indicate that an AR(1) assumption is good for monthly
averaged UV values outside the tropics for wavelengths higher than 195 nm. Outside of
this regon, AR(2) offers a slight improvement.

Procedures for analyzing the Diffeyeighted UV values were described in the Task (a)
report. Analysis of the spectral data proceeded similarly. However, the data were
analyzed looking at 60 degrees solar zeartgle to minimize the effects of sun angle.

This allowed the removal of much of the annual and diurnal cycle to be removed from the
UV data. The ability to do these calculations for fixed solar zenith angles is due to the
intelligent design and maintemee of the network.

This report focuses on the effects of gaseous pollutants. Additional studies using the
Brewer data focus more strongly on aerosols. A recent study by Barnard et al. show that
black carbon can reduce Diffey weighted UV by as muc3bés. This work was based

on relationships derived using the California Brewer data and satellite ozone amounts.
Quite importantly, the study did not show a statistically significant correlation of surface
UV and surface ozone concentrations.

Assessindpollution Effects

Additionally, model calculations were carried out to characterize the effects of different

pollutants on the spectral UV values. The model used in this task implements the
DiscreteOrdinateMethod Radiative Transfer model (DISORT) dexadd by Knut

Stamnes (Stamnes et al., 1988). DISORT is a ratrtfam radiative transfer model able

to quantify the transfer of radiation in a scattering and emitting fparedlel

at mosphere. An interface I mpraongswaag t he mode
adapted and improved further by Nataly Chubarova at Moscow State University in

Russia.

The model uses a reference Rayleigh profile to simulate the molecular atmosphere and

provides output in 80 vertical layers at a resolution of 1 km. The sthattansphere
profile is the 1976 reference atmosphere, and ozone absorption coefficients are those

17



developed by Molina and Molina (1986) for temperatures of 263 K and 298 K. Sulfur
dioxide (SQ) values are from McGee and Burris and nitrogen dioxide;Jbased on
Davidson. For our purposes, pollution is concentrated in the lowest 1 km at levels 50%
of ground concentration.

Model scenarios were considered to quantify the sensitivity of spectral UV values to
changes in different parameters. The defealues used in the study were as follows:

Latitude 40°N
Solar zenith angle 60°
Elevation sea level
Cloudiness 0%
Pollution varied*
Total Column Ozone 340 DU

Based on these model simulations, the assessment of the impacts of polértdrgs c
described as follows:

The effects of increasing amounts of surface ozone (that is, ozone in the lowest 1 km of
the atmosphere) are shown in Figure 6. At the shortest wavelengths, an increase in ozone
from 25 to 200 ppb can reduce the radiationmgagrthe surface by as much as 25% (see

red circles corresponding to 300 nm). Longer wavelengths (320 and 330 nm, shown by
the yellow squares and green circles) are much less strongly affected. The CIE dose,
shown by the blue squares, is reduced by opy@imately 5%. The range of pollution

levels represents extreme cases. U.S. pollution levels are rarely as high as those
calculated here. However, the calculations serve to show the maximum range of

influence these pollutants could have on daily UXels.
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Figure 6. The amount of UV radiation reaching the Ear
1 km of the atmosphere is increased. Changes in the CIE dose are shown by the blue squares; other

symbols represent otler wavelengths in the UV part of the spectrum. Overall, increasing surface

ozone to 200 ppb reduces the CIE dose by approximately 5%.
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Figure 7. The effects of varying surface ozone concentrations on spectral UV. Radiation at the
shortest UV wavelemths is most strongly affected as surface ozone levels increase.
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The simulations were repeated for varying levels of surfacgds€&xamine the effects of
SO, on spectral UV. The SZoncentrations in the lowest 1 km of the atmosphere were
varied from0 to 50 ppb. In reality, SOevels in the U.S. rarely reach 50 ppb; the overall
effects of SQon spectral UV are therefore generally very small.

o
©
0.75
i —m-CEE —®— Q300 A Q305
0 6'5 | + Q310 — Q320 —e— Q330
0.6 T T T T T
0 10 20 30 40 50 60

surface SO2 in ppb, 1km

Figure8. The amount of UV radiation reachjpimtigelowdstdk Eart hés
km of the atmosphere is increased. Changes in the CIE dose are shown by the blue squares; other

symbols represent other wavelengths in the UV part of the spectrum. The CIE doses changes by less

than 5% as SQ amounts increase to 50 ppb.
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Figure 9. The effectsof varying surface SQ concentrations on spectral UV. Radiation at the
shortest UV wavelengths is most strongly affected as surface gl@vels increase, however the UV
reductions due to high levels of S@are smaller than those due to high levs of surface ozone.

Based on these analyses and the range of pollutant levels at most of the EPA locations,
variations and trends in tropospheric pollutants are estimated to be considerably smaller
influences than total column ozone on surface UV.

Assessing Ozone and Cloud Effects

To determine the effects of total column ozone and clouds on the ultraviolet radiation
measured at the Brewer sites, the data were examined for each location. The Brewer
network was designed to measure at fixed solatlzangles as well as near solar noon.

We make use of the intelligent network design and derive trends at each wavelength. By
examining the trends at each wavelength, we can estimate the trends due to cloud
changes and the trends due to ozone changesmake use of the fact that shorter
wavelengths are attenuated more strongly than longer wavelengths in the UV. One factor
supporting the higher attenuation is that shorter wavelengths are attenuated more
efficiently through Rayleigh scattering off of atiolecules in the sky. This phenomenon

is assumed to be nearly constant over a ryekir time scale.

A more critical factor is that ozone molecules absorb preferentially in the short

wavelength region of the spectrum, particularly below 320 nm. éffést depends
strongly on the total column ozone levels in the atmosphere. Examining trends as a
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function of wavelength can allow separation of trends due to clouds and trends due to
ozone. Finally, we compare the amount of variation in the UV, onceffénet of clouds

is removed to determine whether total column ozone is the major factor in determining
monthto-month variations in UV levels.

Albuguerque 60 deg. sza (mwatts/m*m/nm)
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Figure 10. The monthlyaveraged UV levels for each wavelength are displayed using the color scale.
The low levels of radiation observed below 310 nm are expected due to the effectiveness of the
atmosphere to absorb and scatter radiation at those wavelengths. The effectiveness of ozone to
absorb radiation preferentially in specific wavelength regions can be seén the horizontal green
stripes at the higher wavelengths. Changes over time are due to combined effects of ozone, clouds
and pollutants.

Figure 11 on the following page shows four plots. The first plot shows the trend in the
monthly-averaged UV fronsixty degrees solar zenith angle as a function of wavelength.
The trends are near zero in the UVA region indicating that there has been little change in
cloud cover over the time period of monitoring. The trends in the lower wavelengths
show that ozoneds likely been increasing over this time period, resulting in a decrease

in UV at the shorter wavelengths.

To understand whether these data reflect the observed changes in ozone, ratios of
wavelengths are presented in the next three plots. Three paiasveiengths are shown:
theApair representing the ratio-pf UV at 313
representing the ratio of UV at 318 nm to UV at 340 nm; and thailCrepresenting the

ratio of UV at 331 to 340 nm. The principle in all of thes®sais the same: by

comparing UV at a wavelength where radiation levels is highly sensitive to ozone to UV

at a wavelength where radiation is less sensitive to ozone, we able to partially isolate the
changes in UV due to ozone amounts.
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The final plot slbws the time series for ozone from satellite records at that location. The
red squares indicate the months for which there are Brewer data available at 60 degrees
solar zenith angle.

Albuquerque
Trend in percent per year for 60 degrees sza
4
2
0
-2
-4
300 320 340 360
A-Pair
O
400 ® @ o o
380 @ OCQDOo OOO 0o %QP om
360 e® "o, @ OCQ fes Oo
340 ¥ o @ % o
1996 1998 2000 2002 2004
B=Pair
O
O
360 og O o
350 Lo 2%  om °0%
340 Cangdbo & © Ooo% o
330 o o %0
320 v % ¢ A S
1996 1998 2000 2002 2004
C-Pair
&
132 0 ° N Oo
130 OO%OCP ® o ©° %o oo
128 e & X%, %0 P
126
O
1996 1998 2000 2002 2004
Ozone from satelllite (Dobson Units)
[€23)
2:3 5o dDo ooq) ° 0 -. l-l .‘l '. hl
o O u
300 © Ooo e} Oo OO OO OO oOo OO ‘. : t l. .l - ‘. | .l
u |
2801 ° ¥ Oooo ®  * ..: '.‘; - 0"
1996 1998 2000 2002 2004

23



Figure 11. Trends in UV by wavelength as well as the time seriesratios of UV levels and the total
column ozone levels from satellite.
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4. Detailed Site Analyses For All 21 Brewer Locations

The following 21 pages of plots show the changes in spectral UV for each location.
Overall, the results for the individuabsibns are quite varied. Some stations show

notable changes in UV at short, tB/wavelengths, while others show changes only in

the UV-A part of the spectrum. Other stations yielded results suggesting distinct changes
over the entire UV spectrum, and sestations showed little change at all. This mix of
results is common for short time series, particularly for environmental data. The high
autocorrelation and natural variability in environmental data can confound detection of
trends; generally, at leas0 years of data are required to detect a clear signal outside the
noise (Weatherhead et al., 1998). It should be kept in mind that the results shown are not
entirely conclusive based on the shorter duration of the EPA Brewer datasets.
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Acadia National
Park

Latitude: 44.4N
Longitude: 68.3NV
Elevation: 137 m

Acadia 60 deg. sza (mwatts/m*m/nm)
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Acadia National Park serves over three million visitors per year. The busiest times
most national parks, occur during the summer monthg. nbhthern latitude location
results in a very large seasonal cycle with the average UV in the summer more tha
times the average UV in the winter. The figures on the next page show general inc
in UV at all but the shortest wavelengths. Tingetseries of Apair, B-pair, and Gpair
wavelengths agree well with the ozone time series from satellite.
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Albuguerque, NM

Latitude: 35.IN
Longitude: 106.8V
Elevation: 1615 m

Albuquerque 60 deg. sza (mwatts/m*m/nm)
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The metropolitan area @éfibuquerque is home to more than 650,000 people. The area
known for its dry, hot climate in the summer and generally mild winters. The southeri
location and high elevation of the site results in extremes of UV levels. The trends as
function of wavéength suggest an overall increase in UV at all but the very shortest
wavelengths. The time series based on tpai, B-pair, and Gpair wavelengths all agres
with the ozone time series from satellite.
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Atlanta, GA

Latitude: 33.8N
Longitude: 84.4£W
Elevation: 91 m

Atlanta 60 deg. sza (mwatts/m*m/nm)
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The twentycounty Atlanta metropolitan area is home to more than four million people.
The data from this southern site suggest increases in UV amounts for wavelengths gi
than 325 nmg¢hanges in UV at these wavelengths are most likely correlated with chan
in cloud cover. Increased UV amounts are also observed for wavelengths less than !
The discontinuity near 323 nm is likely due to some changes associated with the filte
switches in the Brewer near that wavelength.
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Big Bend National
Park

Latitude: 29.8N
Longitude: 103.2V
Elevation: 329 m

Bigbend 60 deg. sza (mwatts/m*m/nm)
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Big Bend National Park covers over 800,000 acres and hosts more than 300,009 visi
each year, most of them from areas farther north with typically lower UV levels. The
also hosts an array of ecological, paleontological, and archaelogical research. The s
seasonal cycle shows considerable variability from year to year, witkhig means often
varying by more than 40@oules/metétday. The trends on the following page suggest
increases in UV levels at the very shortest wavelengths (< 300 nm) and decreases at
wavelengths greater than 325 nm. Changes at longer UV wavelangtliiely associated
with changes in cloud cover. Ozone has the strongest effects at wavelengths less thi
nm. The discontinuity near 323 nm is likely due to a problem in the instrument with tf
switching of a filter and brings into question theided trend results.
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Boulder, CO

Latitude: 40.IN
Longitude: 1052V
Elevation: 1689 m

Boulder 60 deg. sza (mwatts/m*m/nm)
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Boul derds UV monitoring takes place wi
urban areas for monitorin@enver is a skcounty metro area with a population of over 2.
million people. At this high altitude site, the trends at 60 SZA have been mostly negat
suggesting an overall decrease in UV that may be associated with increasing cloud cc
the lorger wavelengths and increasing ozone at shorter wavelengths. Right around 3(
the UV measurements have shown little change or possibly a slight increase.
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Boulder
Trend in percent per year for 60 degrees sza
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Canyonlands
National Park

Latitude: 38.5N
Longitude: 109.8V
Elevation: 814 m

Canyonlands 60 deg. sza (mwatts/m*m/nm)
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Canyonlands was designated as a national park in 1964 by President Johnson. It |
over 350,000 visitors each year and is studied by numerous scientists because of i
unigue soil and a variety of algae, lichen and b&ctehich allow for a rich desert
ecosystem. The trends in UV as a function of wavelength are shown on the next p
and suggest very I|little change during
wavelengths, slight increases in surface UV levels aserobd. These increases beco
larger with increasing wavelength suggesting they may be associated with change:
cloud cover.
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Canyonlands
Trend in percent per year for 60 degrees sza
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Chicago, IL

Latitude: 41.8°N
Longitude: 87.8N
Elevation: 165 m

Chicago 60 deg. sza (mwatts/m*m/nm)
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The ninecounty metropolitan area of Chicageludes over eight million people. The
UV measurements represented here are taken on the University of Chicago campt
have been used extensively by John Frederick and several of his students. The tre
function of wavelength are shown in fidlowing figure and suggest decreases in UV
amounts at shorter wavelengths (less than 325 nm), which may correspond to incre
total column ozone. The largest decreases, ranging from al68at dre observed at
around 300 nm.

38



ANOND

480
440
400
360

380
360
340
320

132
131
130
129
128
127

380
340
300

Chicago
Trend in percent per year for 60 degrees sza

1996 1998 2000 2002 2004

1996 1998 2000 2002 2004

1996 1998 2000 2002 2004
Ozone from satelllite (Dobson Units)
[¢] [

00 ' [ |
o © ) [ n m "
5 0 i; 6ﬁ2b 5 o 3) il 'y i |=
o 9 o 6 0 0 o ° o ® 9 g F g ]
o) o 5 o O 5 | = mE m O
OQ)O [€3) 20 Q)O %O Q’ I‘. [T [ 5 .Oo
1996 1998 2000 2002 2004

39



Denali National .
Park

Latitude: 63.YN
Longitude: 149.9WV
Elevation: 661 m

Denali 60 deg. sza (mwatts/m*m/nm)
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Denali National Park is the farthest north site in the EPA Brewer network. The date
reflect a higher seasonality than those at any other sitetheithinter values being
generally quite low, often below the detection limit of the instrument. The time seri
above shows that for the six years of monitoring, the highest levels of UV were
monitored in 1999, followed by a general decrease in UV ineslent years. UV
changes as a function of wavelength are shown in the following figure and suggest
overall decrease over the operation period of the instrument, except at wavelength:
than 305 nm.
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Denali
Trend in percent per year for 60 degrees sza
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Everglades
National Park

Latitude: 25.4N
Longitude: 80.%W
Elevation: 18 m

Everglades 60 deg. sza (mwatts/m*m/nm)
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Everglades National Park encompasses more than 1.4 million acres and is host to
million visitors each year. The busiest tourist season occurs during the winter mon
As the data above show, the summer UV levels are higher than the winter levels by
a factor of 2. The southern location of the site contributes to this small ratio. The
spectral UV changes show no distinct pattern. In some cases, the radiatiortiatiape
wavelength experienced a strong increase; in others a strong decrease was obsen
changes at wavelengths less than 320 nm are likely driven by changes in ozone, w
changes at longer wavelengths are most likely driven by changesidiredss.
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Everglades
Trend in percent per year for 60 degrees sza
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Gaithersburg, MD

Latitude: 39.1°N
Longitude: 77.2N
Elevation: 43 m
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Gaithersburg, Maryland is located within 30 miles of both Baltimore, Maryland, and
Washington, DC, an combined metropolitansangth close to eight million people. Th
data show a large annual cycle and generally low variability, with the largest excep
being the unusual summer of 2002. The plots on the next page suggest that the sf
UV levels have tended to be consigtealthough some increases and decreases are r
At wavelengths less than 300 nm, UV radiation has experienced an increase, whicl
be driven by a decrease in total column 0zone amounts. An increase is also appar
wavelengths greater than®B6m. The values show very high correlation with the tote
column ozone data.
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Gaithersburg
Trend in percent per year for 60 degrees sza
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Glacier National
Park

Latitude: 48.7°N
Longitude: 113.4°W
Elevation: 424 m

Glacier 60 deg. sza (mwatts/m*m/nm)
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Glacier National Park encompasses over a mibiores of land and hosts almost a
million visitors per year. The large variation in the seasonal cycle of UV is due to b
the high latitude and the high elevation (424 meters) of the site at which the
measurements were taken. The spectral UV measuterie@lacier suggest a general
decrease in radiation at all wavelengths, on the orde28ét per year. This decrease
could be attributed to changes in cloudiness as well as changes in ozone.
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Great Smoky
Mountains
National Park

Latitude: 35.8N
Longitude: 83.8N
Elevation: 564 m

Great Smoky 60 deg
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Great Smoky National Park encompasses over a half million acres of land and hos
nine million visitors each year. The large seasonal cycle shows generally moderatt
to-year variability. The time series of deseasonalized monthly averaged spectral d:
suggest an overall downward trend, on the order of 1% per year, in UV at all
wavelengths. The #Aair, B-pair, and Gpair analysis all show high correlation with the
satellte ozone values.
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Hawail Volcanoes

National Park

Latitude: 19.42N
Longitude: 155.28W
Elevation: 1243 m

Hawaii 60 deg. sza (mwatts/m*m/nm)
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Hawaii Volcanoes National Park covers over 300,000 acres and hosts more than o
million visitorseach year. The UV data show a small seasonal cycle, however the
variability in monthlyaveraged UV is quite high. The spectral UV trends suggest ve
clear, large, positive changes in UV at wavelengths less than 320 nm. These chan
would most likelybe attributed to a decrease in ozone amounts, but the satellite 0zc
values suggest that ozone for this region has not decreased. The red points on the
plot are the dates for which Brewer data were available: this subsampling of the da
leads to geater variability and less confidence in the derived trends, and is an impo
reminder that the available dataset is not yet long enough for robust trends to be de
(Weatherhead et al., 1998).
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Olympic National
Park

Latitude: 48.IN
Longitude: 123.4W
Elevation: 32n

Olympic 60 deg. sza (mwatts/m*m/nm)
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Olympic National Park encompasses over 900,000 acres and is host to over three
visitors each year. It is one of the most northernly parks in the network and as suc
experiences atrong seasonal cycle with summer measurements that are over 12 tir
higher than winter measurements. The spectral UV values show very little change
at wavelengths less than 300 nm, where decreases of ~2% per year are observed.
changes atery short wavelengths are most likely associated with changes in total
column ozone amounts. The correlations between thai B-pair, and Gpair and the
satellite ozone values are quite high.
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Olympic
Trend in percent per year for 60 degrees sza
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Research Triangle
Park

Latitude: 35.9N
Longitude: B.9W
Elevation: 104 m

R.T.P 60 deg. sza (mwatts/m*m/nm)
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Research Triangle Park is one of the

Brewer instruments was installed near RTP and the data from this site have been ¢
by a number of researchers. The spectral asadygjgests that UV over nearly the full
range wavelengths has been largely unchanged, except for extreme increases (up
per year) at wavelengths less than 300 nm. These large increases could be assoc
with changes in ozone, but are more likelg tesult of subsampling a somewhat short
dataset. The correlations between thpalr, B-pair, and Gpair and the satellite ozone
values are less robust than at other sites, but overall agreement is still reasonable.
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R.T.P
Trend in percent per year for 60 degrees sza
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Riverside, CA

Latitude: 340°N
Longitude: 117.3V
Elevation: 84 m

1996 1998 2000 2002 2004 2006

The RiversideSan Bernardino area is home to over 3.5 million people and is near tt
population area of Los Angeles which includes over 9 million people. The location
known both for its air pollution anitk success in cleaning its air over the last decade.
The time series of deseasonalized UV levels show a general increase over the eig}
of monitoring. The spectral analysis indicates a decrease in UV at wavelengths les
305 nm, most likely ssociated with changes in ozone, along with a rddfeult-to-
explain increase in UV at wavelengths less than ~298 nm.
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Riverside
Trend in percent per year for 60 degrees sza
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Rocky Mountain
National Park

Latitude: 40.6N
Longitude: 105.9V
Elevation: 2896 m

Rocky Mountain 60 deg. sza (mwatts/m*m/nm)
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Rocky Mountain National Park sits on the east end of the Rocky Mountains and ho:
more than three million visitors each year. Its high elevation results in a very stron
seasonal cycle, while its midtitude location results in generally low variabilitythva
few unusual months interspersed. The spectral trends suggest distinct decreases
order of 6% per year) in UV radiation at wavelengths less than 315 nm. Radiation
these wavelengths is strongly affected by changes in ozone. Smalleresdq@athe
order of 2% per year) in UV at wavelengths greater than 320 nm are most likely
associated with changes in clouds.
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Rocky Mountain
Trend in percent per year for 60 degrees sza
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Sequoia National
Park

Latitude: 36.5N
Longitude: 118.8V
Elevation: 549 m

Sequoia and Kingbdés Canyon National Pa
million visitors each year. The spectral analysis results suggest an overall decreas
UV amounts at all wavelengths. These decreases are particularly large (on tlod orc
6%) at around 300 nm, and could be associated with changes in total column ozon
A-pair, B-pair, and Gpair correlations with satellite ozone are moderately high.
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