REFERENCES AND NOTES

a0 Ch Gerber E A
40, 5 (1932) G Brawg oo
kA Fes Dy 30, 355 (196¢ .

gar Mo Ceose £ St O
240 n14 (1962
S Schweisor 1)

S 344 ~ 2

4. See for <xampe H K Wickior ssinghe. £
volume 241 of the AIP Conferenc s Proceed ~ =
(American Institute of Physics, Nuw York, 19¢-

5 N.M Arer A Svumanich, D Ripp'e, Appt <12
Lett 49 *37 (1927,

6. P.H Cuer T E Feuchtwang, T 7. Tser ~
Nguyen A A Lucas, Phys Rev 8 35 "L
(1987)

7. R J Hamers and D G Cahill, Apoi Phys =

87 7031 ) Vae
(o)
& AR Freannn
Lt inpress
¥ Lo Amold, W kiieger, H Walther =7 51, 786

Sci Tern BY, B4

and 3 “opl Phys

Nunes

(198
0 G P ¥ochaneki, Phys Rev. Lot B2 2255 (198Q)
1 R Maotler ef al, . Vac Sci Term-2. BY, 508
graa),

120 G Simmons, J Appl. Fhys. 34 272 {1963)

3D Y Auston. Appl Phyve Lett. 26 711 (1975)

t4OA S Hou, FoHo DM Bloom, Flez2n Lett 28
2307 (1892)

15 S Weiss et /. Appl. Phys. Le!t 62

o We thank NOM. Amer. Sawor b
Germain, and R. M. Feenstra for oz-z
of the manuscript.

Z167 (1993)
«r. RS
readings

2 August 1993, acoepted 28 Sepr=—car 1993

Evidence for Large Upward Trends of Ultraviolet-B
Radiation Linked to Ozone Depletion

J. B. Kerr* and C. T. McElroy

Spectral measurements of ultraviolet-B radiation made at Toronto since 1989 irdicate that
the intensity of light at wavelengths near 300 nanometers has increased by 35 cercent per
year in winter and 7 percent per year in sumnmer. The wavelength dependerce of these
trends indicates that the increase is caused by the downward trend in total ozor = that was
measured at Toronto during the same period. The trend at wavelengths betwesn 320 and

325 nanometers is essentially zero.

In 1974 it was proposed (1) that the
continued use of chlorofluorocarbons
(CFCs) would lead to a decrease in the
amount of stratospheric ozone. This predic-
tion led to concerns about possible detri-
mental effects on human health and ot-er
biological systems that might tfollow from
the increased levels of ultraviolet-B (UV'-B)
radiation at the Earth’s surface because of
the decrease in the stratospheric ozone ¢l
umn. The first conclusive evidence for a
downward trend in ozone levels was report-
ed (2) in 1985 where springtime values of
ozone over the Antarctic were observed o
have declined by 40% between 1975 and
1984. More recently, negative trends in
ozone levels at other locations have been
reported (3-5) and their seasonal and geo-
graphical dependencies have been deter-
mined. Extensive field studies in the Ant-
arctic (6) and Arctic (7) have associazed
the loss of ozone with high levels of chin-
rine in the stratosphere.

Definitive measurements of a long-term
trend in U'V-B radiation as a result of e
decline in ozone levels at mid-latituces
have been difhcult to obtain. Measure-
ments have shown that short-term, Z:v
to-day tluctuations of UV-B radiation vzry
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as expected with changes in ccl-mn ozone
amount both in the Northem (8) and
Southern (9) hemispheres as wzil as under
the Antarctic ozone hole (10. [1). How-
ever, attempts to detect long-:2rm trends
in UV-B radiation from existi~.; data rec-
ords have been inconclusive :2d contro-
versial. For example, an analviis (12) of
data from a network of broai-zand Rob-
ertson-Berger meters in the Ur:zed States

showed a negative trend in UV-E -0 L
tion levels at a time when ozone iy
were known to be decreasing.

The detection of a long-term che
UV-B radiation is considerably more 2.5
than the measurement of the Jong-te
cline ot vzone levels. One reason is 1
intensity of UV-B raduition at the
surface depends on many factors othe
stratospheric ozone, including cloud:. ze
sols, haze, pollutants and ground :z::
Periodic or long-term changes of any -
variables will influence trend results &
from the analysis of UV-B measurem:z
is essential that instruments maki
measurements be well characterized ar.4 tha-
a good calibration of instrumental response
be mainrtained for a long period of time.
Because of the difficulty of the measurement,
UV-B data are sparser, available for 2 smorter
time interval, and are poorer in quali~ than
the ozone record, making trend zralys
uncertain.

In this paper we report spectroraz: met-
ric UN'-B measurements made at T:ronto |
(44°N, 79°W) between 1989 and 1993.
Our results are from Brewer instrimen:
number 14, one of the triad of ir.Zzpen-
dently calibrated instruments maintz:ined 2
Toronto as the Canadian total ozors: refer-
ence. The Brewer instrument measurss the
intensity of UV-B radiation fallinz on
horizontal diffusing surface. Measuremen::
are made at wavelength intervals of (.5 nm
between 290 and 325 nm with a res-luticn
of about 0.5 nm. Each spectral mzasurc-
ment consists of the average of a ‘:rward
and backward wavelength scan, whicn
takes about 8 min to complete. Mzasure-
ments are made between once an: rwice
each hour throughout the day from :unrise
to sunset.
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The spectral responsivity of the instru-
ment to UV-B radiation is routinely moni-
tored by measuring the spectral irradiance
from a set of lamps whose specific intensi-
ties are traceable to calibrations made at the
U.S. National Institute of Standards and
Technology (NIST). Analysis of the cali-
bration tecords is a useful means to deter-
mine relative uncertainties in the measure-
ment of UV-B as a function of time both in
the short-term (month-to-month) and the
long-term (several years). The calibration
records indicate that the instrument re-
sponsivity varied by =2.7% at 300 nm and
+2.5% at 325 nm berween 1989 and 1993.
These variations are representative of the
overall uncertainty of the calibration pro-
cess including instrument variability with
time and differences in calibration set-up
that may occur from one calibration to
another. Also, the trend of instrument
responsivity was measured as —0.3%
(20.6%) per year at 300 nm and +1.0%
(£0.5%) per year at 324 nm. This trend
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Fig. 3. Absorption scectrum (18) of czone at
226 K for wavelengtns between 298 and 32%
nm at 0.5-nm intervals smoothed to the 0.5-nm
resolution of the Brewer instrument.
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was seen using several lamps and is believed
to be mostly a result of instrument change
with time. The data have been adjusted to
account for both short-term and long-term
changes in instrument sensitivity.

Qur results are for winter months (De-
cember to March) and summer months
(May to August) as defined in previous
reports (3, 4). These seasons are of prime
interest because winter is the time of year
when maximum ozone depletion is ob-
served and summer is the time of maximum
intensity of UV-B incidence. The mini-
mum ozone depletion occurs during fail
{September to November) and the trends
in UV-B radiation at this time of year are
yet to be assessed.

The record of daily total ozone levels
measured over Toronto between 1989 and
1993 (Fig. 1) shows that ozone levels de-
creased 4.1% per year in winter and 1.8%
per vear in summer. These rates of decline
are significantly larger than those seen
throughout the 1980s (3) and are enhanced
by record low total ozone values in 1993
(13, 14). Based on ozonesonde data (13),
90% of the observed total ozone change
over the period likely occurred in the lower
stratosphere. The record includes data over
a period of five summer seasons and four
winters and is for direct sun measurements
only. The winter of 1991-92 is not includ-
ed because the instrument was cut of ser-
vice for a calibration trip to Mauna Loa
Observatory, Hawaii.

The UV-B radiation data are given as
integrated daily flux values taken routinely
under all types of weather and turbidity
conditions and only from days with com-
plete data sets (that is, measurements from
sunrise to sunset with no intervals exceed-
ing 2 hours). It is important to assess these
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daily measuremer-: because they represent
the total UV-F energy dose received by
biological systerr: st the Esrth's surface.

Records of -::al Jdaily radiation be-
tween 1989 ani (993 (Fig. 2) show that
the energy mea:_red as a function of time
at 324 nm was reiacively flat from vear-to-
year (winter tre.d of —0.4% per year and
summer trend ¢ —0.1% per vear), where-
as a distinct trer.d is seen at 300 nm. Light
at 324 nm has iitle dependence on the
amount of atmcscheric ozone because the
absorption coeft.cient at this wavelength is
small (Fig. 3). Variations in the light
intensity at thi: wavelength are a result
mainly of other :ntluences such as changes
in cloud cover, haze, aercsol, pollution,
and ground albs20. The large fluctuations
of the many vanables that affect radiation
received at the Earth's surface appear to
have been averized out and do not con-
tribute to a sigr.iicant trend over a 5-year
period. The lack of a trend at 324 nm is
consistent witk the hypothesis that the
responsivity of the measurement system
remained stable.

At 300 nm :Fig. 2B), where there is a
relatively large zmount of absorption due to
ozone (Fig. 3), -he data show increases in
radiation of 35% per year for winter and
6.7% per year :or summer. The difference
between trends scen at 30C nm (Fig. 2B)
and 324 nm (F:3. 2A) is because of the
wavelength dependence of the absorption
coefficient of v::ne.

To confirm -hat the observed trends at
300 nm are a -esult of changes in ozone
levels, we determined linear trends at all
wavelengths berveen 280 and 325 nm (Fig.
4). Comparison. of these trends with the
ozone absorpticr. spectrum shown in Fig. 3
shows that the cbserved, long-term trend in
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scture of the smone
2. 3) i seen in these

Some of the derailed
absorption spectrum f
data (Fig. 4).

The temporal increase of UV-B radia-
tion is also revealed by comparing the
average total Jdailv flux spectra measured at
Toronto in 1993 to those made in 1989
(Fig. 5). lt is apparent that recent measure-
ments are larger than those made earlier for
both summer and winrer and that the in-
creases are consistent with less absorption
attributed to ozone.

The observed U'\V'-B trends as a function
of wavelength (Fig. 4 are consistent with
those expected from the observed ¢:one
trends (Fig. 1). Dividing the winter and
summer trend values in Fig. 4 by 4.1 and
1.8, respectively, gives the wavelength de-
pendencies of the percentage increase of UV
radiation tor a 1% decrease in ozone. Rea-
sonable agreement is fcund when these val-
ues are compared with model calculations for
winter and summer clear sky, noontime
conditions at comparable latitudes (15).

We found that ervthemally (16) active
radiation levels increased by +5.3% per
year. in winter and ~1.9% per year in
summer after adjustment for effects not
caused by changes in c:zone levels by use of
trends at wavelengths between 323 and 325
nm. Comparison of these values to the
ozone trends shown ir: Fig. 1 give radiation
amplification tactors (RAFs) of 1.3 for win-
ter and 1.1 for summer. These values are
consistent with those seen when day-to-day
fluctuations in ervthemally active UV-B
radiation are compared to variations in
ozone levels (3, 9).

The winter and summer decreases in

60 j T T TTTTTTT Z
!
: win ]
3 v e Winter
50 3 —— Summer 3
5.3 - 3
2 40 ] -
g 3 3
‘§ 30 7 ‘:‘
9 ] 4
hd p
g 20 3 " 5
T ] T p
S 101 B = -
[ i "~ - -
# 3 »4‘?‘;'q’“ h“‘..*. ]
07 e
10 - T T |
295 3¢ 305 310 315 320 328

Wavelength (nm)

Fig. 4. The witer and summer linear tre~ds in
UV-B radiatic~ as a ‘.~ction of waveiength
There is strikirg simila- 7 between the s~apes
and some deta .ed feat. 2s of these curves with
those of the ozone abscrption spectrum shown
inFig. 3, estaby shing a ~k between the positive
trend in UV-B and the ~2gative trend in 2zone
both observec Jver the same period.
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cotal orone between 1989 and 1993 5,
are about <ix times those messmed =t
Latitudes duning the 1980s (3-5). Alshro,
there ts evidence that the rate of dedhine o
total ozone has increased in recers o
1), 1t is not Likely that the values ¢
Fig. 1 are sepresentative of time §erie
extending wto the future. Trend roe
rom a few vears of data are influcice !
natural cyclic variations with pened. 1 .
tew years such as the Quasi Biennial (vl
lation, El Nino, and the 11-year slzr cur-
spat cycle. Also, the voleanic eruption
Mount Pinatubo in 1991 is likely 1o hevs
temporarily reduced total ozone on a glotz!
scale (I14). The UV-B trends (Fig. 4) mav
not be representative of longer term change:
at mid-latitudes in the Northern Hemi-
sphere and, therefore, should not he extrar-
olated to predict future UV-B cor.ditions.
The observed trends from the ozie datz
(Fig. 1) and UV-B data (Fig. 4) may ke
applied to the ozone trends determined
trom the longer data records in order
determine longer term spectral changes 17y
UV-B radiation.

Qur data were measured at a site in
close proximity to a large urban center
where several local changes could infi:-
ence the measured UV-B radiation levels.
The use of a spectroradiometric instru-
ment is necessary in distinguishing be-
tween effects caused by changes in stratc-
spheric ozone and those of other armc-
spheric va:iables such as clouds, haze,
pollution, and volcanic aerosols. Modzl
results (15, 17) indicate that the wave-
length dependence of UV-B radiation ¢n
clouds and ac¢rosols is relatively small.

The observed, large increases in U\'-B
radiation near 300 nm in winter are larze
fractional increases in small values. For this
reason, it may not represent a significant
increase in terms of its biological impac:.
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Fig. 5. Spec:ra of the average daily tc:al U\ -3
energy flux for the 1993 and 1989 winter a~d
summer sezsons. The dependence of the ~-
crease of flux with wavelength is consistent w :n
the decrease in ozone.
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However, increases in UVAB i the . -

sring wiav have a disproportionately o -

sHedt on some species it they oce.-
cntival phases in their development.
Record fow ozone values have besr -
corded ar Toronto during 1993 (13).
sarements of UV-B radiation levels ir. -+
were higher on several days than any = ..
»rements made in the previous four -~ -:-:
wor the same time of year (Fig. 2B, -
.ikely that past UV-B values have -: -
reached the 1993 levels, at least sinc: -«
seginning of the Toronto ozone r::--¢
I960). It 15 also yuite reasonable to ex7:-
this conclusion based on the Toront: .-
wwhere record high UV.B readings = --:

ecorded in 1993) to other places bez:.

IPRERS!

ecord low ozone values are also -= -
reported elsewhere (13, 14).
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