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ABSTRACT. The variations of stratospheric ozone and UVB oleserat ground were compared with those of
solar indices. During sequences of 27-day osailfeti X-ray had very large amplitudes (exceeding WV near
30 nm had ~20%, Lyman alpha 121.6 nm ~10%, Mg 0 @& ~5%, and continua 180-210 nm ~2%, 210-240 hr5%,
240-300 nm ~1%, 300-350 nm ~0.5%. There were dispraks seen in all of these, with spacing of hbugbout 27
days. For effects on stratospheric ozone, the aetewavelengths are mostly in the continua. InZhelay sequences, the
Dobson ozone at Arosa (47° N, 10° E) showed lagetfations (~50%) with many peaks, but the pea#tsndt match
with the peaks of solar indices. During one suckl@y sequence, the TOMS ozone overpass over Kagasiapan
(32° N, 121° E) and the UVB (295-325 nm) observed&agoshima showed large day-to-day fluctuatior)% for
ozone, ~50% or UVB, but the peaks of ozone and WMBnot match with each other, nor with the peaksalar
indices, thus indicating altogether different methms as their causes. In long-term changes fosaAfobson ozone,
the largest fluctuations were the seasonal vanatigt0% range, peak to trough) and the next largese the QBO
(Quasi-biennial oscillation, ~7%, peak to trougbdlar cycle variation ranges of ozone (peak toghjwvere only ~2.6%
in cycle 19 (sunspot maximum number 210), ~3.5%ytle 20 (sunspot maximum number 111) and uncettaireafter,
because of the global depletion which started i8019%or 1991-1997, the monthly values of ozone fas§aloniki,
Greece (40° N, 23° E) were anti-correlated with 885 UVB (1% ozone decrease corresponded to ~2% lovigase),
but poorly correlated with 325 nm UVB, indicatinigat ozone-UVB relationship was highly wavelengtipetedent.
However, whereas solar indices had a maximum il 2@l a minimum in 1996, neither ozone nor anyefttvo UVB
305 nm and 325 nm showed resemblance with the salak variations. In particular, ozone level wéghhin 1991 but
decreased considerably within two years (by 1993fomparison with ozone at Arosa (47° N) and Syqé@° S)
showed that this drop is not related to solar cigcieis due to the global depletion of ozone.
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1. Introduction

The Sun emits a wide variety of radiations,
originating in different parts (photosphere, chrepiere,
transition region, corona) of the solar atmosph&aar
ultraviolet (UV) irradiance (115-420 nm) originates
mostly in the solar photosphere and chromosphefenV
absorbed in the Earth’s atmosphere, it plays a danti
role in the temperature distribution, photochemngisatnd
overall momentum balance in the
mesosphere, and lower thermosphere. The irradiabce
and below 300 nm is completely absorbed bhyafd Q in
the Earth’s atmosphere (15-120 km), affecting thiatce
of ozone
(McPeters and Chandra, 1994) and causing ionization
various altitudes. Thus, the variability of the asolUV
irradiance needs to be estimated accurately, t@pliec
the natural and anthropogenic effects.

The solar UV spectrum below 300 nm was first
obtained by a V-2 rocket in October 1946 (Baatal,
1946), followed by extensive observations usingkets,
balloons, aircraft, and short-lived (shuttle) anohd-
duration satellites as observational platforms €y
1963; Heath, 1980). The different observationsed#t by
more than 20% for wavelengths less than 200 nmlénd
20% for longer wavelengths, mostly due to inaccesaof
the photometric calibrations of the early instrutsen
Significant improvements were made in succeedirags/e
(Rottman, 2000).
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Dutsch et al, 1991; Zerefoset al, 1997). Satellite
measurements of global column ozoreg( TOMS)
covering 13 to 15 years also indicate an in-phadar s
cycle variation with amplitude of 1.5 to 2% (Chaadr
1991; Hood and McCormack, 1992; Chandra and
McPeters, 1994). Direct solar mechanisms for causin
ozone perturbations include changes in ultravigl$)
irradiance and in the flux of precipitating energet
particles. The latter is probably important only agh

stratosphere, latitudes and the effects at lower latitudes atatikely

small (Jackman, 1991). Solar UV at wavelengths tleas
242 nm directly modify the rate of photo dissodatiof
molecular oxygen and, hence of ozone productiothén

in the stratosphere and the mesospheraipper stratosphere (Hood, 1997). Estimates of awmng

from solar minimum to maximum for irradiances n2@®
nm are reported to be in the range 6 to 10% (Ddyinel
1991; Cebulaet al, 1992; DeLand and Cebula, 1993;
Rottman and Woods, 1995) and, during solar maximum
conditions, comparable amplitudes are estimatedhen
solar rotation (27-day) time scales (Donnelly, 1991
Londonet al, 1993). Observational evidence for solar UV
effects on stratospheric ozone at low and middieuties
for both solar cycle and solar rotation timescaiss
presented by many workers [Hood (1997) and refer®nc
therein]. Variations of ozone at different stratosypc
levels were studied from Umkehr data which showed t
most of the variation occurred near the concemmnati
maximum in the 20-30 km altitude range (Dutsthal,
1991). Satellite SBUV and SBUV/2 data (Hoet al,
1993; Chandra and McPeters, 1994) indicated sgigec
variations of 4 to 7% near 2 mbar (~45 km altityde)

On 12 September 1991, the Upper Atmospheredecreasing to negligibly small values by 6 mbars(ké

Research Satellite (UARS) was launched. Descriptimhn
the satellite, its mission, and the instruments aadhe
early results have been presented in the June i$3888s

altitude). Two-dimensional model calculations potel
only 1.5 to 2.5% between 3 and 6 mbar, decreasiiest
than 1.5% below 20 km altitude. (Brasseur, 1998rfihg

of Journal of Geophysical Research and Geophysicalet al, 1995; Haigh, 1994). Hood (1997) applied multiple

Research Letters. The solar UV data are measurégddy

regression methods to zonal mean and total ozote da

UARS instruments, namely Solar Ultraviolet Spectral and lower stratospheric temperature and geopotentia

Irradiance Monitor (SUSIM), and SOLar STellar

heights and found for the SBUV-SBUV/2 data that mos

Irradiance Comparison Experiment (SOLSTICE). The of the 1.5-2% solar cycle variation of global medatal
UARS-SOLSTICE measurements started on 3 October,column ozone occurred in the lower stratosphetéudés

1991 and provide data for ~119-420 nm. Details aiboa

below 28 km). There were geographical similarities

SOLSTICE instrument, operation, calibrations, and a between solar coefficients of total ozone and astteric
validation of the SUSIM and SOLSTICE measurements temperature and geopotential heights, suggestirg th
by comparing these with same-day measurements by tw changes in lower stratospheric dynamics from solar

solar instruments on the shuttle Atmospheric Latooya
for Applications and Science (ATLAS) missions areeg
in Rottman (2000).

minimum to maximum may play an important role in
driving the observed total ozone solar cycle varatin
recent model studies, Austet al (2000) and Labitzket
al. (2002) used the UK Met. Office coupled chemistry-

Stratospheric ozone has been studied by analysinglimate model having 64 levels from the ground 1010

ground-based (Dobson and Umkher) records for the la
several decades. An in-phase solar cycle variatbn
global mean total ozone with amplitude of sevemktpnt
from solar minimum to solar maximum has been regubrt
by several workers (Angell, 1989; Reinsl al, 1987;

mbar and resolution in three dimensions. For a &y-d
oscillation, the model is reported to have captured
correctly the observed tropical ozone sensitivityd a
downward phase propagation. Rozanet al (2001)
applied a 1-D radiative-convective model with iaigtive
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photochemistry to estimate the sensitivity of the values of X-rays ~0.1-1.0 nm, EUV 26-34 nm, Lyman
temperature and ozone to an increase of the extataal alpha 121.6 nm, Mg Il 280 nm, (plots 1-4) and four
solar flux. It was found that ozone and temperatanme continua: 180-210 nm; 210-240 nm; 240-300 nm; 380-3
most sensitive to the variations of solar flux addn in nm. (plots 5-8) (percentage deviations from their
the wavelength range 200 to 220 nm and the coiwalat respective means) for Interval II-ll (about 26tinuous
with ozone is positive, mainly due to the ozonddup in days). As can be seen, there are 9 distinct pezdisdays
the stratosphere due to the molecular oxygen photo25, 50, 78, 108, 134, 160, 180, 209, 240 (marked by
dissociation by the Herzberg continuum. However, vertical lines), with spacing of 20-31 days. Forowoe,
between 260-300 nm, the ozone-solar flux corratat®  only the continua are relevant. Whereas the anaa#uof
negative because of the enhanced ozone destruti®to other wavelengths are large, (trough to peak rabQ8%o
enhanced ozone photolysis in the Hartley ozone .bEnel for X-rays; 20 % for EUV 26-34 nm; 10% for Lyman
effects of these two wavelength bands are suchoas talpha, 5% for MG ll), those for continua are sma2%
cancel each other, but variability of solar fluxosigly for 180-210 nm; ~1% for 210-240 nm; ~0.6% for 24m-3
decreases with increasing wavelengths. Hence, thenm; ~0.3% for 300-350 nm. For 200-220 nm reported b
positive effect of the 200-220 nm range is morenpnent Rozanovet al (2001) as most appropriate for ozone, the
and is expected to prevail over the negative effédhe ranges would be ~1.5%. To examine the behaviour of
260-300 nm range. stratospheric ozone in this interval, daily Dobstata for
the middle latitude location Arosa (47° N, 10° Bea
In the SOLSTICE data, there are flux values forrfou plotted as plot 9, daily values (thin line) and@®ydnoving
continuum ranges: 180-210 nm; 210-240 nm; 240-300averages (superposed thick line). There are peakkei
nm; 300-350 nm. In this communication, the variagiof moving averages (marked by dots) but not all o¢hare
the day-to-day fluxes of these ranges are examfoed prominent, and most of these do not match withsiiar
intervals having strong 27-day oscillations and pared flux peaks (vertical lines). Since the expecteduseffects
with the day-to-day variations of stratospheric o  are only ~1-2%, these could have been suppresste:in

Long-term changes are also examined. large ordinate scale for ozone. Hence, the ozoalke seas
expanded and the plot is shown for days 1-90 orletfe

2. Plots of solar emission lines for a short interval side, just below the plot 9. As can be seen, oztavs
(132 days) prominent peaks at days 16, 33, 53, 66, 77, 88ci{ispa

11-20 days), only one of these matching the vdrtina
In another study (Kanet al, 2001), the daily values near day 78. Thus, in these 90 days, ozone hadticers
of solar UV fluxes for the 26-month interval Octobe as large as 5%, not matching with the solar coatinu
1997-July 1999 were divided into 6 intervals foioth peaks During the 260-day interval, ozone had an increase

term study as : from —20% in October 1997 to +30% in April 1998,
which is the well-known seasonal change at Arosa.
Interval I, 1 June — 10 October 1997, However, superposed on this seasonal change, wWesse

very large short-term variations (35-50%, lastingd few
Interval Il, 11 October 1997 — 19 February 1998(ha days) around days 125 and 180. Thus, the solacteftm
27-day oscillations), stratospheric ozone are negligibly small and thare
other much larger day-to-day variations, besideslange
Interval Ill, 20 February — 1 July 1998 (has 27-day seasonal variations.
oscillations),
Are these large variations very local? Plot 10n(thi
Interval IV, 2 July - 10 November 1998, line) shows the TOMS ozone values for an overpbesea
Arosa. The plot is very similar to plot 9. Howevéhnge
Interval V, 11 November 1998 — 22 March 1999 (has superposed thick line representing ozone in a broad
27-day oscillations), latitude range 45-60° N does not show the variatioh
plot 9. It seems, therefore, that the large vaeiabove
Interval VI, 23 March — 31 July 1999 (has 27-day Arosa are confined to a very small latitude beldl @me
oscillations). probably due to some very local circulation effedihe
bottom plot 11 in Fig. 1 shows the variations iT@MS
These intervals, in the rising part of the presetar overpass over the location Ahmedabad (23° N, 73° E)
cycle 23, were chosen, as there were uninterruptedThere are a few peaks but these do not match witbet
continuous data for both line emissions and radio of Arosa. Thus, large variations of 15% or moraifew
emissions. Among these, Interval Il, Ill, V and Yad days can occur differently at different latitudesid are
strong 27-day oscillations. Fig. 1 shows a plothaf daily obviously unrelated to solar effects.
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Fig. 1. Evolution of various solar lines emissions durthg 263-day interval 11 October, 1997 —
1 July, 1998. Plot 9 is for Dobson ozone at Ar&aitzerland, while plots 10 and 11 are for
TOMS ozone (overpass data) for Arosa and Ahmedabad

Fig. 2 shows a plot of daily values of ozone atlsv At the individual levels 1-10, the first peak ne2®
1 to 10 in the stratosphere (Umkehr observatioheya January is seen at all levels, but the second peak 2
Arosa) for January-February, 1998 (days 80 to 1810 o February is not seen at levels 9, 8, 7. Alsodittg from
Fig. 1), when large day-to-day changes occurre@. {tdp 22 to 27 January is very different at the varitwgls and
plot is for total ozone (sum of all levels) and slasot the top plot of total ozone resembles that of lexeand 4,
show a peak at the arrow which marks a peak inrsola which are at the ozone maximum near 25-30 km. Thus,
fluxes (day 108 of Fig. 1). Instead, two peaks seen, this particular feature of double peaks is unreldtesolar
one near 22 January and another near 2 Februa®@. 19 peaks and has a different profile at different Isyve
The drop from 22 to 27 January is ~24% for totzdree. indicating a local dynamical origin.
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5 101520 2530 5 10 152025 to 1 July, 1998. The bottom plots show averagedtfer
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JAN (1998)FEB global ozone, as given in the NASA website
Fig. 2. Ozone at different stratospheric levels (1-10pvab http://toms.gsfc.nasa.gov/eptoms/ep.html.  The  most

Arosa, for January-February, 1998. The open numbers
are percentage changes from 22-27 January, 1998. Th
top plot is for total ozone

Fig. 3 shows a similar plot of Umkehr observations
for March-April, 1998 (days 160 to 200 in Fig. In.the
total ozone (top plot), there are two major peaks near
22 March, 1998 and another larger one near 10 April
1998, with a separation of only 19 days (not ~2ysjla
The magnitudes of the changes from peak to trough a
trough to peak are large (30-50%). These are ginola
and seem to be contributed mainly by level 2, 8l 4nAt
other levels, the peaks are displaced and the matps
are different. None of these are related to th&atians of
the solar flux and, strong local dynamical processsem
to be involved.

Fig. 4 shows a plot of TOMS ozone in different
latitude bands of 15%idth, from south pole (90°S to

prominent variation seems to be the seasonal i@rjat
with minimum in October and maximum in April in the
northern hemisphere and an almost reverse pattern
(maximum in October and minimum in April) in the
southern hemisphere, both with ~15% change. In the
global average, the percentage change should besalm
zero, but a pattern similar to the northern hengsplis
seen, with a change of ~6%, probably because naise d
of the northern hemisphere were available for tloda
average. In the other plots, some small maximasaesn
(marked by dots) but these are often obscure andotio
match with the solar flux maxima (vertical line3us,
solar effects, if any, are very small (1 or 2%) and
ambiguous, while oscillations of ~5% unrelated tdas
activity and lasting a few days are seen mostltha
northern hemisphere. For wider latitude bands,
magnitudes are much smaller than those at an ohavi
location (Arosa, shown in Figs. 2 & 3), indicatitigat
such variations are of a much localized origin.

the
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Fig. 4. Plots of TOMS ozone in different latitude beltgidg the 263-day interval 11 October, 1997 —
1 July, 1998. The bottom plots are for northern YNsbuthern (SH) hemispheres and the
global ozone

3.  Comparison with UVB changes wavelength for producing skin erythema on typical
Caucasian skins is 297 nm (Koller, 1965). Though-RIV
Solar UV radiation (100-400 nm) is subdivided into has been measured on a long-term basis by somesgrou
three bands, UV-A (400-320 nm), UV-B (320-280 nm), (Scottoet al, 1988; Blumthaler and Ambach, 1988, 1990;
UV-C (280-100 nm). The UV-C is totally absorbedtie Correll et al, 1992), the measurements are not fully
terrestrial atmosphere and wavelengths shorter #2440 reliable and consistent with each other (Kane, 1991
nm are mainly responsible for producing the stiattesic 1998). For example, Corredit al. (1992) mentions that
ozone. UV-A is not absorbed efficiently by any from 1975 to 1985, the 305 nm UVB increased byctofa
atmospheric constituent, reaches the Earth’s sarfac of 4 (the primary solar intensity in 290-330 nm had
almost unaltered, and is only mildly harmful toréstrial increased only by 1-5%). If true, there should hbgen a
life. UV-B is very strongly absorbed by ozone, suéf  colossal increase (more than 500%) in skin cancer
large variations, and is harmful to plant and hurfifa incidence in some succeeding decade (1% increase in
(can cause skin cancer). The most effective biocklgi UVB is expected to cause ~2% increase in caircer
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Fig. 5. Evolution of various solar continua emission®{®[L-4) during the 263-day interval 11 October,

1997 - 1 July, 1998. Other plots are for TOMS ozowerpass above Kagoshima, Japan (32° N,
131° E) (plot 6) and UVB (295-325 nm) measured agéshima (plots 5, 7 and 8)

incidence). That has not happened. The relatiowdsat but the results are not consistent. To complicaidtars,
ozone changes and the corresponding UVB changes i§JV can be reduced by as much as 80% by clouds, and
largely latitude-dependent. For example, for a 1% changes due to columnar $€hanges have their own
decrease of ozone, Dahlbaek al (1989) reported an unique spectral dependence (Betisl, 1993).

increase of UV dose of ~1% at 60° N, while McKenzie

et al (1991) reported an increase of 126.20% at 45° S.

There have been several measurements of ozone\ABd U Fig. 5 shows a plot of solar continua (plots 1-4:
in the last few years [Kane (1998), and refereitioerein] 180-210 nm; 210-240 nm; 240-300 nm; 300-350 ron) f
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330 T~ . .
320 ozone T~ o9 of one matching with decreases of the other. Nchsuc
- © hing s seen, and th lati fficieztive
- matching is seen, and the correlation coeffici en
2001..‘. . - o-, oo - . .
: 1001-CX %, e Tf.\ PR K- N PN () the 5-day moving averages of UVB and ozone is +0a57
W oL ead O e B L @, [0 A - . '
Sl ozone AROSA 11-YEAR| RUNNING AVERAsES. meaningless correlation, as a negative value iscted. It
B";‘:g: - T \—\‘Sj (e) seems, therefore, that the large UVB variationsnaostly
2 e - unrelated to ozone or to solar continua fluxes hade
= ok O0ZONE NQRTH POLAR—[[3-YEAR RUNNING |AVERAGES] . . L
o Sr —ll-year] . ) their own, different origins. The UVB range 295-3&5
-2 T ; (-6%) wide and it is known that all wavelengths therem ribt
2 NORTH| TEMPERATE . . g n
0 = I have the same relation with ozone. To examine
= TROPICS -5 %) differences if any, the plots 8 show 5-day moving
== averages for individual lines 295, 300, 305, 311,320,
'E: - SOUTH TEMPERATE g 325 n?n. Except for the ranges of the percentgg‘gﬁms
G v =g (~200% for 295, 300, 305 nm, ~100% for 310, 319),32
s SOUTH  POLAR 325 nm), the variations are qualitatively alike thwhno
- N}\%il similarity with the plot 6 for ozone.
-or (VOLC’AgNgg )
B I Flore|  Tles N PMieer™ 4.  Long-term changes of ozone and UVB
8 g g
R R R
YEAR One of the longest series of Dobson ozone
. g .
measurements is that of Arosa. Fig. 6(a) showsotagdl
Figs 6(a-f). Plots of (a) Ar?]sa Dobson ozone, m?f;thk’ Valt(?y the monthly means. As can be seen, there is a large
Arosa 12-month moving averages, (c¢) Arosa 3-year s : 0
moving averages. (d) Sunspot numbers. (e) Arosa 11- seasonal \garlatlon_ (a_lmpl_|tu_de abai?0%, peal_< to trough
year moving averages and (f) Plots for ozone ifedsht range ~40%). If this is eliminated by calculatirgsrhonth

latitude belts moving averages, Fig. 6(b) shows a Quasi-biennial
oscillation (QBO), with an amplitude of ~7% (range
~15%). If the QBO is minimized by calculating 3-yea
January-April, 1998, and the UVB (Brewer) (plotZR5- moving averages, Fig. 6(c) shows oscillations rdyigh
325 nm) and TOMS ozone (plot 6), overpass abovephase with the sunspot cycle Fig. 6(d), but thenezo
Kagoshima, Japan (32° N, 131° E). In the contirplat$ ranges from sunspot maximum to sunspot minimum are
1-4), there are 4 peaks (marked by dots) near 2ay44, small, ~2.6% in cycle 19 and ~3.6% in cycle 20. iBgr
75, 102, with amplitudes of ~1-2%, lesser in larger cycle 21, near about 1980, the ozone intensitytestar
wavelengths. In daily values (thin lines), UVB (plb) showing a global depletion. Hence solar cycle ¢ffere
shows very large day-to-day changes (exceeding 50%uncertain. If it is assumed that the depletion \iasar
probably due to changes in cloudiness), while oz with time, the solar cycle effect could be approxiety
6) shows changes of ~20%. In moving averages over Sestimated by calculating the average of ozone at tw
days (superposed thick lines), these changes dieed successive solar minima, and subtracting this aeera
considerably and UVB shows no prominent peaks; lmost from the ozone value at the intermediate solar mam.
long-term changes (seasonal?) are seen. Howevencoz For cycles 21 and 22, the solar cycle effects wet%o,
shows two major peaks near days 42 and 97, with awith an uncertainty of ~0.5%. Incidentally, thesembers
separation of 55 days, which implies two 27-dayleyc  are not proportional to the sunspot number maxihie
and, with a small in-between peak near 77 daysSttiay  largest smoothed sunspot number was 210 for cygle 1
averages of ozone show 3 peaks almost coincidirtly wi and only 111 for cycle 20. The ozone changes wei% 2
the continua peaks near 44, 75, 102 days. The groid for cycle 19 and larger (3.6%) for cycle 20. Théeot
that the ozone amplitudes are ~10%, far more than t plots in Fig. 6 are for ozone levels in broad laté belts.
continua amplitudes of ~1-2 %. How can small camin The thin lines are 3-year moving averages. Thehnort
amplitudes result in large ozone amplitudes? No polar region ozone shows solar cycle ranges of 3%,
amplification mechanism has ever been suggestei. It other regions show much smaller solar cycle effethe
suspected that the matching could be coincidemiglthe predominant variation is the long-term ozoepldtion



KANE : SOALR UV, STRATOSPIREC OZONE AND UVB

rsnlL'_ssls‘zlsslsslwlsal
100l 6000 (%) X RAYS
so(a)
0
ver 60 (%)
::Z: (b) ; LYMAN-C
1:0
rosk (c) 6(%  CONTINUUM I80-210 nm
1-00
:04 |-
roal (d) 3-8(%) 210-240 nm
100
1oz - (e) 2608 240-300 nm
1-00
1005 (f) 06 (%)
1000 300-350 nm ~—~__—_
Sk (g) UVB 305 nm (THESS.)

INTENSITY
N

350
300

(h) OZONE (THESS.)
(Mﬁ)f/\

T T T T 15T TTT

325
NN i

5
_o
" 20(%)
LK) THESS. UVB
[¢]
T1o|
o

1 1 1 1 1 1 1 Il

() 10 %) OZONE THESS. DOBSON
(4IN)
B 305 nm

g(n )w }DOBSON

9l 92 93 94 95 96 97 98
YEAR
Figs. 7(a-n). Plots of various solar line emissions for 1991-97

(a-f), for ozone at Thessaloniki, Greece (40°N)Xh,
Arosa (47° N)(m), Syowa (69° S)(n), and for UVB

at Thessaloniki (305 nm, g, k; 325 nm, i, I)

that started near 1980 and reached large depleteds|
(~5% at Arosa, ~15% at the South Pole) in 1996 clvhi

seem to still continue in 2001.
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references therein]. Changes in any or all of thess
reduce, cancel or even reverse the UVB changeshwhi
are otherwise expected to be opposite of thosezohea
Zerefos et al (2000) have presented measurements of
spectral ultraviolet irradiance and total ozoneabrewer
ozone single spectrophotometer, for ThessalonikeeGe
(40° N, 23° E). Fig. 7 shows a plot for 1991-1968. X-
rays show a very large change (~6000%) from solar
maximum in 1991 to solar minimum in 1996. (b) Lyman
alpha shows ~60%. Continua (c) 180-210 nm show 6%,
(d) 210-240 nm show 3.8%, (e) 240-300 nm show 2.6%,
(f) 300-350 nm show a strange pattern with a vepat
maximum during 1994-1996 and a small drop of ~0.6%
thereafter. The plot (g) shows the UVB at 305 nrdam
low cloudiness (cloud cover 2/8 or less) and plo}f (
shows ozone, both measured at Thessaloniki, Grééee.
thin lines are monthly means and the plots of UV a
ozone are almost reverse to each other, with a high
negative correlation (-0.92). Pla} (s for UVB at 325 nm.
The plot is not very smooth and the correlatiorhwazone

is only —0.19, indicating that 325 nm is almostealated

to ozone. The thick lines are 12-month moving agesa
and show strange results, with no parallelism wita
solar cycle. Plots (j), (k) & (I) show the movingeaages

on expanded ordinate scales. As can be seen, thre oz
plot is not following the solar cycle at all. Trubgre is a
maximum in 1991 (solar maximum), but there is a
minimum only about one year later, in 1992-93. Ehisra
maximum in 1995-96 at solar minimum. Thus, the long
term solar cycle effect on ozone is ambiguous. Bm t
other hand, the 305 UVB values have a pattern afgptus
that of ozone throughout 1991-97. The magnitudes of
UVB changes are almost double of those of oz@n&%
decrease of ozone is accompanied by ~2% increa3@sof
nm UVB). The 325 nm UVB show an altogether différen
evolution pattern, somewhat parallel to that of rezo
instead of the anti-parallel of 305 UVB. The
most disconcerting aspect is that 325 UVB shows a
strong maximum in 1995-96 when solar activity was

Thus, as far as stratospheric ozone is concerhed, t Minimum.

largest variations at a mid-latitude location as@ the
seasonal (+20%), and (b) the day-to-day variations (peak
to trough as much as 50%). Next biggest is the QBO6
peak to trough). The solar effects are (c) at tlstm3%,
for long-term (solar cycle), and (d) 2 % or less $bort-

term (solar rotation).

The bottom plots (m) and (n) are for the 12-month
moving averages of Dobson ozone at Arosa (middiaéi
and Syowa (Antarctic). Both show a decrease fro®119
to 1992. Thus, the decrease of ozone from 199082-1
93 in plot (j) is not a solar cycle effect. It redts the
global depletion of ozone due to chemical destouchy

For UVB, earlier data are unreliable (Kane, 1991, chlorofluorocarbon compounds. During 1993 to 1996,

1998). In later data, contradicting evidences aensin

Syowa ozone (plot n) shows a substantial QBO

many UVB measurements, which are attributed to superposed on a decline of ~20% from 1991 to 1996.

overshadowing of the real UVB changes by increases
the absorbing tropospheric aerosols, ozone andgelsan
the meteorological conditions, in addition to effeof
clouds and haze level, tropospheric minor consiite
such as S@ and surface albedo [Zerefesal. (2000) and

Arosa ozone (plot m) shows a small QBO but theidecl
seems to have stopped in 1992-93 and remainedatt th
level thereafter. The Thessaloniki ozone (plothpws a
rise from 1992-93 onwards and the 1995-96 levehés
same as that of 1991. If the data are not erroneous
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different long-term patterns of ozone at differititudes (b) Long-term changes
are indicated, none of these matching with solarlecy
The only consistent fact is that 305 nm UVB shows (i) One of the longest data series is for Arosa Dnbso

variations opposite to those of ozone. ozone. The largest fluctuations were the seasaration
(~40% range peak to trough). If eliminated by chting
5. Conclusions and Discussion 12-month moving averages, the next big variatios tie

QBO (Quasi-biennial oscillation, ~7% peak to trough
The variations of stratospheric ozone and UVB solar cycles 19 and 20, the overall ozone level steady
observed at ground were compared with those ofr solaand the ozone variation ranges (peak to trough)ewer

indices. The following was noted: ~2.6% in cycle 19 (sunspot maximum number 210) and
~3.5% in cycle 20 (sunspot maximum number 111).sThu
(a) Short-term variations larger sunspot number did not imply larger ozongyea

During cycle 21, near about 1980, the ozone letseted
(i) During sequences when large ~27-day oscillationssuffering a depletion which reached to 5-6 % percen
occurred, X-ray fluxes near 1 nm had very large (more in the Antarctic) in a decade’s time. Theasalycle
amplitudes (exceeding 50%), EUV near 30 nm had ~20% variation in cycles 21 onwards is, therefore, utaier But
Lyman alpha 121.6 nm ~10%, Mg Il 280 nm ~5%, this variation is certainly less than ~2%.
continua 180-210 nm ~2%, 210-240 nm ~1.5%, 240-300
nm ~1%, 300-350 nm ~0.5%. There were distinct peaks(ii) UVB have been measured since the 1980s, but the
seen in all these (except in the 300-350 nm contmu earlier data are unreliable and inconsistent (Kdrg§1,
where some peaks were obscure), with spacing gfhtgu ~ 1998). In the 1990s, some (hopefully) accurate
(27+5) days. measurements are available. For 1991-97, the monthl
values of ozone at Thessaloniki, Greece (40° N, 2B°
(i) For effects on stratospheric ozone, the relevantwere well anti-correlated with 305 nm UVB (1% ozone
wavelengths are mostly in the continua mentionemvab  decrease corresponded to ~2% UVB increase), butypoo
In the 27-day sequences, the Dobson ozone at A#@Sa  correlated with 325 nm UVB, indicating that ozong#)
N, 10° E) showed large fluctuations with many pediut relationship was highly wavelength-dependent. Hawev
the peaks rarely matched with the peaks of solicas. whereas solar indices had a maximum in 1991 and a
Also, the ozone fluctuations were very large, ~58&hin minimum in 1996, neither ozone nor any of the twsBJ
a few days. Thus both qualitatively and quantitiivthe 305 nm and 325 nm showed resemblance with the solar
ozone variations were very different from those of index variations. In particular, ozone level waghhin
relevant solar indices (continua). It seems thirseffects 1991 but decreased considerably in two years (I98)19
of the order of 1-2% are almost non-existent angl th A comparison with ozone at Arosa (47° N) and Syowa
origin of these large fluctuations (~50%) in ozarwald (69° S) showed that this drop is not related tarsolcle
be in some dynamic circulations. These fluctuatimese but is due to the global depletion of ozone.
equally strong in TOMS ozone data, overpass above
Arosa, but were reduced considerably when TOMS data It seems therefore, that the short-term solar efiac
over a broad latitude range (a few degrees arounda)  ozone and the ground UVB is very small (1-2%) asd i
were examined. Thus, the dynamic circulations causi hardly detectable, particularly in the presencemufch
these fluctuations should be fairly localized. larger effects like the day-to-day fluctuations @&, and
the seasonal effects (~40%). The long-term solfacef
(i) When TOMS ozone data over broad latitude beltsare also small (~3%) and are distorted by the QBD4)
(15° width) were examined, some peaks were observedand by the global depletion in recent decadeshénlast
mostly in the northern hemisphere, but the pealisndi two decades, considerable effort has gone in stadtie
tally with the peaks of solar indices. Planetaryvesm  solar effects on ozone and temperatures, includffayts
[Salby, 1984] unrelated to solar variations mighe b in developing appropriate models. In the recergnayi
playing an important role in causing these fludourat. (Labitzke et al, 2002), two general circulation models
(GCMs) with coupled stratospheric chemistry areduse
(iv) During one such 27-day sequence, the TOMS ozonestimulate the impact of changes in solar output on
overpass over Kagoshima, Japan (32° N, 121° E)tlend  stratospheric ozone and temperature and geopdtentia
UVB (295-325 nm) observed at Kagoshima showed largeheights. These authors report, “Comparisons betvieen
day-to-day fluctuations, ~20% for ozone, ~50% orBJV  GCM results and observations shows that the diffezs
but the peaks of ozone and UVB did not match witbne  between solar maximum and minimum for temperature
other, nor with the peaks of solar indices, thudidating and ozone are generally smaller than observed (e
altogether different mechanisms as their causes. the observed values are small, only ~3%). Also, ehod
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predictions of the shape of the vertical profileled ozone

difference do not agree with observations and the

comparisons are hindered by large statistical daitgies
in both models and observations. Nonetheless, ébelts
are an improvement on 2-D model results in showéng
larger ozone signal in the lower stratosphere”. sl tayven
after the efforts of about two decades, major disancies
remain. One suspects that the modeling has reaithed
limits by ascertaining the regular part of the pdvaenon
of solar effects, and the irregular part is progaidyond
its reach. In practical terms, ozone values and WeBes
have so large day-to-day fluctuations that the iptess
contribution due to changes in solar output
comparatively very small. The effort in identifyinbese
seems like searching a needle in a haystack, wihere
characteristics of the needle are not fully-knov@ne
wonders whether the effort is of any practical ealihe
predictions of ozone levels based on modeling @r¢he
most, approximate average values. Ironically,

is

because these cause the largest damages (in eefery f
floods, droughts, hurricane activity, volcanic Wity
tsunamies, and many others). The day-to-day chaofes
UVB are so large that the very high intensities on
individual days can cause more physical damage tti@n
intensities for rest of the year. Models are nole aio
capture this eventuality.

Acknowledgements

This work was partially supported by FNDCT,
Brazil, under contract FINEP-537/CT.

References

Angell, J. K., 1989, “On the relation between atptemic ozone and
sunspot number. Clim, 2, 1404-1416.

Austin, J., Williams, V. and Haigh, J., 2000, “Mdidey the effects of
solar cycles and some comparisons with observdtidstract
S18-04,The First S-RAMP Conference ABSTRAQF&R)e 382,
Sapporo, Japan, 2-6 October, 2000.

Bais, A. F., Zerefos, C. S., Meleti, C., Ziomas(l. and Tourpali, K.,
1993, “Spectral measurements of solar UVB radiatiod its
relations to total ozone, $@nd clouds,). Geophys. Res98,
5199-5204.

Baum, W. A., Johnson, F. S., Oberley, J. J., Roddye&. C., Strain,
C. V. and Tousey, R., 1946, “Solar ultraviolet dpam to 88
kilometers”,Phys. Rey.70, 781-782.

Blumthaler, M. and Ambach, W., 1988, “Human soldtraviolet
radiation exposure in high mountain®&tmos. Environ. 22,
749-753.

large
extreme values remain unpredicted, which is a pity,

467

Blumthaler, M., and Ambach, W., 1990, “Indicatiaofsincreasing solar
ultraviolet-B radiation flux in Alpine region”Science 248,
206-208.

Brasseur, G., 1993, “The response of the middl@spimere to long-term
and short-term solar variability: A two-dimensionalodel”,
J. Geophys. Re®8, 23,079-23,090.

Cebula, R. P., Deland, M. T. and Schlesinger, B.14992, “Estimates of
solar variability using the Mg Il index from the M®-9
satellite”,J. Geophys. Re€97, 11,613-11,620.

Chandra, S., 1991, “The solar UV related changemti ozone from
a solar rotation to a solar cycleGeophys. Res. Lettl8, 837-
840.

Chandra, S. and McPeters, R. D., 1994, “The sofatecvariation of
ozone in the stratosphere inferred from Nimbusd& MOAA 11
satellites”,J. Geophys. Res99, 20, 665-20, 671.

Correll, D. L., Clark, C., Goldberg, B., Goodridh, R., Hayes Jr., D. R.,
Klein, W. H. and Schecher, W. D., 1992, “Spectiaiwiolet-B
radiation fluxes at the Earth’s surface : long-teraniations at
39° N, 77° W",J. Geophys. Re€97, 7579-7591.

Dahlback, A., Henriksen, T. S., Larsen, H. H. artdn®es, K., 1989,
“Biological UV-doses and the effect of an ozone elay
depletion”,Photochem. Photobigl9, 621-625.

Deland, M. and Cebula, R. P., 1993, “The compddigell solar activity
index for solar cycles 21 and 22, Geophys. Re€98, 12, 809-
12,823.

Donnelly, R. F., 1991, “Solar UV spectral irradianwariations”,
J. Geomag. Geoelectl3, 835-842.

Dutsch, H. U., Bader, J. and Staehelin, J., 19%kparation of solar
effects on ozone from anthropogenically produceshds”,
J. Geomag. Geoelectl3, 657-665.

Fleming, E. L., Chandra, S., Jackman, C. H., CanejdD. B. and
Douglass, A. R., 1995, “The middle atmospheric oesg to
shart and long term solar UV variations: Analysi$ o
observations and 2D model result§”,Atmos. Terr. Phys57,
333-365.

Haigh, J. D., 1994, “The role of stratospheric azém modulating the
solar radiative forcing of climateNature 370, 544-546.

Heath, D. F., 1980, “A review of observational ende for short and
long term ultraviolet flux variability of the Sun"Sun and
Climate edited by R. Kandel, 447-471, Cent. D’ Etud. Spat
Toulouse, France.

Hood, L. L., 1997, “The solar cycle variation ofg¢bozone: Dynamical
forcing in the lower stratosphere’, Geophys. Resl02, 1355-
1370.

Hood, L. L. and McCormack, J. P., 1992, “Componesftinterannual
ozone change based on Nimbus 7 TOMS da&bphys. Res.
Lett, 19, 2309-2312.



468

Hood, L. L., Jirikowic, J. and McCormack, J. P.939“Quasi-decadal
variability of the stratosphere: Influence of lomgm solar
ultraviolet variations”J. Atmos. Sci50, 3941-3958.

Jackman, C., 1991, “Effects of energetic particlesminor constituents
of the middle atmospherel, Geomag. Geoeled3, 637-646.

Kane, R. P., 1991, “Long-term variations of solaVBJ(290-330 nm)
observed at the Earth’'s surfacd®ure Appl. Geophys.136,
201-210.

Kane, R. P., 1998, “Ozone depletion, related UVBrges and increased
skin cancer incidencefnt. J. Climatol, 18, 457-472.

Kane R. P., Vats, Hari Om and Sawant, H S., 20hott-term
periodicities in the time series of solar radio ssions at
different solar altitudes'Solar Phys.201, 181-190.

Koller, L. R., 1965, “Ultraviolet Radiation” (WileyNew York).

Labitzke K., Austin, J., Butchart, N., Knight, JLakahashi, M.,
Nakamoto, M., Nagashima, T., Haigh, J. and Williarks,
2002, “The global signal of the 11-year solar cyaiethe
stratosphere: Observations and models”Atmos. Solar-Terr.
Phys, 64, 203-210.

London, J., Rottman, G. J., Woods, T. N. and Wuy, 1993, “Time
variations of solar UV irradiance as measured lgy Solstice
(UARS) instrument”Geophys. Res. LetR0, 1315-1318.

McKenzie, R. L., Matthews, W. A. and Johnson, P, 1991, “The
relationship between erythemal UV and ozone”, detifrom
spectral irradiance measurement&eophys. Res. Lettl8,
2269-2272.

McPeters, R. D. and Chandra, S., 1994, “Solar cyat@tion of ozone
in the stratosphere inferred from Nimbus 7 and NOAA
satellites”,J. Geophys. Re89, 20, 665-20, 671.

Reinsel, G. C., Tiao, G. C., Miller, A. J., Wueldl®. J., Connell, P. S.,
Mateer, C. L. and Deluisi, J. L., 1987, “Statistieaalysis of
total ozone and stratospheric Umkehr data for semtl solar
cycle relationship”J. Geophys. Re®92, 2201-2209.

MAUSAMS5, 3 (July 2004)

Rottman, G., 2000, “Variations of solar ultravioletadiance observed
by the UARS SOLSTICE — 1991 to 199%pace Sci. Re\94,
83-91.

Rottman, G. J. and Woods, T. N., 1995, “Solar uitiet irradiance:
Variation from maximum to minimum of solar cycle"’2RJGG
XXI Abstracts, p. B234, paper presented at Intéonal Union
of Geodesy and Geophysics, XXI General AssemblyyldBer,
Colo.

Rozanov, E., Frohlich, C. and Schmutz, W., 200Evdluation of the
ozone and temperature sensitivity to the variatbrspectral
solar flux”, Abstract 6.7.4, VIII/IX, InternationaBolar Cycle
Studies 2001-Solar Variability, Climate, and Spateather
Conference Abstracts, page 62, Longmont, Colordds16
June.

Salby, M. L., 1984, “Survey of planetary scale &lfimg waves : The
state of theory and observatiof®gv. Geophys. Space Phys
22, 209-236.

Scotto, J., Cotton, G., Urbach, F., Berger, D. &whrs, T., 1988,

“Biologically  effective ultraviolet radiation: suate
measurements in the United States 1974 to 19B&&nce239,
762-764.

Tousey, R., 1963, “The extreme ultraviolet spectafrthe Sun”,Space
Sci. Rev.2, 3-69.

Zerefos, C. S., Tourpalir, K. Bojkov, B., R., Bal3. S., Rognerund, B.
and Isaksen, I. S. A., 1997, “Solar-activity-totazone
relationships; observations and model studies
heterogeneous chemistryl,, Geophys. Redl02, 1561-1569.

Zerefos, C. S., Meleti, C., Balis, D. S., Bais,FAand Gillotay, D., 2000,
“On changes of spectral UV-B in the 90's in Eurgpatv.
Space Re6(12), 1971-1978.

with



