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Abstract

The UVR-PAR Argentinean Monitoring Network started its operation in September 1994 recording ultraviolet (UVR)
and Photosynthetic Available Radiation (PAR) at a frequency of once per minute. at four sites, throughout the entire year.
Four spectroradiometers (GUV-511, Biospherical Instruments, Inc.) were installed at rescarch centers separated by about
8—12 degrees of latitude. extending from the Subantarctic-Fueguian region to the Tropic of Capricorn. The instruments are
located in populated areas ranging from 30.000 to 11 million people and with extremely different climate regimes and
conditions of tropospheric pollution. Our ground-based data indicated that the irradiance increased steadily from south to
north. This increase was also observed in the calculated daily doses of UV-B (280-320 nm}. however, daily integrated
values tor UV-A (320-400 nm) and PAR (400-700 nm) were higher at mid-latitudes (Puerto Madryn, 42°47°S). A similar
south-to-north increase was evident in the ratio of the energy at 305 nm and 340 nm wavelengths (with low 305 /340 ratios
indicating high total ozone column concentration). with low values at Ushuaia (55°01'S) and high values at Jujuy (24 10°S).
However, the 305/340 ratios increased significantly over their normal spring values at two sites, Ushuaia and Puerto
Madryn. for variable time periods during October—December. Our data suggest that the ozone hole was over South America
extending to about 38°S for at least a week during October and about two weeks during November- December of the years
of 1994 and 1995. However, it should be noted that the erythemal irradiance. in the arca influenced by the ozone hole. was
at all times lower than that in Buenos Aires and well below the value at Jujuy (tropical station). This study also indicates that
when assessing the impact of solar UVR upon organisms, other variables such as cloud cover. solar zenith angle. day length,
latitude. and atmospheric pollution should be considered in addition to total ozone column concentration. . 1997 Elsevier
Science BV,
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1. Introduction
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McKenzie, 1992; Booth et al., 1994) caused much
concern in Argentina, particularly in Tierra del
Fuego, which is located in the Subantarctic region
about 1000 km to the north of the Antarctic conti-
nent. In addition to the statistically significant global
downward trend in ozone concentration (Prather and
Watson, 1990; Stolarski et al., 1992), it has been
shown (Atkinson et al., 1989) that air that has been
chemically altered during the hole season moves
north after the breakdown of the Antarctic polar
vortex and consequently large masses of ozone-de-
pleted air mix and dilute the ozone layer over the
Subantarctic and mid-latitudes areas of South Amer-
ica. These reports have given rise to questions such
as: (1) How far north does the Antarctic ‘ozone hole’
extend its influence over inhabited areas of South
America? (2) What are the consequences of the
enhanced ultraviolet radiation (UVR) resulting from
ozone depletion on plant and animal life at these
mid-latitudes?

In order to get some answers to the above ques-
tions and to obtain basic UVR data, four spectrora-
diometers were installed as part of the UVR-PAR
Argentinean Monitoring Network to measure ultravi-
olet radiation (UVR) and photosynthetically avail-
able radiation (PAR) reaching the surface of the
Earth at four sites with latitudes ranging from 55° to
23°S. The general objectives of the network are: (a)
to provide information regarding latitudinal distribu-
tion and temporal trends in UVR-PAR; (b) to obtain
long-term data, in order to establish a baseline for
UVR-PAR levels and trends, and to try to forecast
changes in UVR irradiance as a result of alterations
of atmospheric chemistry; (c) to obtain data that can
be used for research in photobiology and to develop
an understanding of the response of living systems to
present conditions of solar radiation. The results
presented in this paper are from data acquired at the
four sites in Argentina since September of 1994,
when the network started its operation, to December
1995.

2. Instruments and data set
The UVR-PAR Argentinean Network includes

four sites which were chosen in order to cover a
wide range of latitude (almost 32 degrees) and they

Table 1
Site locations of the spectroradiometers (GUV-511) of the UVR-
PAR Argentinean Monitoring Network

Site Latitude Longitude Population  Altitude
Ushuaia 55°0I'S  68°18'W 30,000  sealevel
Puerto Madryn 42°47'S  65°0I'W 80,000 sea level

Buenos Aires  34°35'S  58°29'W
Jujuy 24°10'S  65°01'W

10,800,000  seca level
180,000 1200 m

include inhabited areas with different climates (Table
1, Fig. 1). At each one of these sites a spectrora-
diometer (GUV-511, Biospherical Instruments Inc.)
is permanently installed and records data at four
narrow bandwidths of UVR (305, 320, 340, 380 nm)
as well as a broadband sensor for PAR (400-700
nm). These temperature-controlled radiometers are
set to acquire data from each channel at a frequency
of once per minute throughout the entire year, with
the data being stored on a hard disk and displayed in
real time. The instruments are intercalibrated once a
year and also compared with the scanning spectrora-
diometer (SUV-100, Biospherical Instrument, Inc.)
that the National Science Foundation (NSF) Network
has at Ushuaia (Frederick et al., 1993; Booth et al.,
1994 Diaz et al., 1994).

o
Ushuala

Fig. 1. Map showing South America and Antarctica. Jujuy, Buenos
Aires, Puerto Madryn and Ushuaia are the four places in Ar-
gentina where a GUV-511 unit is permanently located and collect-
ing data on spectral solar radiation.
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The daily solar radiation at each site was calcu-
lated by integrating the one-minute average data
from sunrise to sunset. Solar ultraviolet radiation B
(UV-B, 280-320 nm) and A (UV-A, 320-400 nm)
were estimated using a multiple linear regression fit
comparing the data obtained from the UVR channels
of the GUV-511 with the UV-B and UV-A data from
the scanning spectroradiometer (SUV-100). There
was a good correlation between the data sets from
the different instruments so we used the data from
the 305 and 320 nm channels to estimate UV-B as:

UV = B =59.5 X Eys + 4.1 X Esy
X (r?=0.997, n=320)

and the data from the 340 and 380 nm channels to
estimate UV-A as:

UV — A=87.4 X Eyq— 2.4 X Eyy
X (r?=0.998, n=320)

with Ejs, Esyg, Esyy and Esg, the energy measured
at the 305, 320, 340 and 380 nm channels, respec-
tively.

3. Results and discussion

Daily integrated values for PAR (Fig. 2) showed a
significant day-to-day variability due to cloud cover
at all places, with the amplitude of this variability
being generally greater at Jujuy (Fig. 2A) than at the
other sites, especially during fall and winter. Previ-
ous studies carried out at Ushuaia (Frederick et al.,
1993, 1994) showed that cloud cover was the major
source of variability in their measurements of solar
radiation. There were variations at all four sites with
low irradiance values during winter and high irradi-
ances during summer; however, the summer-to-
winter difference was smallest at Jujuy (stations
closest to the Tropic of Capricorn) and greatest at
Ushuaia (Subantarctic region). There was a south-
to-north (e.g., from Ushuaia to Jujuy) increase of
daily PAR during fall and winter; however, the
maximum daily integrated values during late
spring—early summer were at mid-latitudes (e.g.,
Puerto Madryn, Fig. 2C) due to a combination of
relatively high values of irradiance and longer day-
light period. Daily integrated UV-A radiation (Fig.
3) showed, in general, a similar trend throughout the

Buenos Aires

Einsteins mr2

Puerto Madryn

o I

Ushuaia
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Fig. 2. Integrated daily PAR (400-700 nm) in Einsteins m™~2 from January 1 to December 31, 1995 (1 Einstein = I mol of photons). Data
are for the four sites where the GUV:s are installed: (A) Jujuy, (B) Buenos Aires, (C) Puerto Madryn, and (D) Ushuaia.
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Fig. 3. Integrated daily UV-A (320-400 nm) in kJ m~? from January 1 to December 31, 1995 as estimated from the 340 nm and 380 nm
measurements (explanation in text). Data are for the four sites where the GUVs are installed: (A) Jujuy, (B) Buenos Aires, (C) Puerto
Madryn, and (D) Ushuaia.

year as the one observed for PAR (Fig. 2), with great (Fig. 4) were also observed close to or at the summer
variability at all sites and maximum values during solstice (December 21); however, relatively high val-
summer. The highest values of daily integrated UV-B ues were also observed at some days during October
100
80 Buenos Aires
60
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;g 20 B
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5 100
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Fig. 4. Integrated daily UV-B (280-320 nm) in kJ m~2 from January 1 to December 31, 1995 as estimated from the 305 nm and 320 nm
measurements (explanation in text). Data are for the four sites where the GUV's are installed: (A) Jujuy. (B) Buenos Aires. (C) Puerto
Madryn, and (D) Ushuaia.
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Table 2

Local noontime UVR irradiances (W m~?) for the clearest day at
each site: Ushuaia, December 21, 1995; Puerto Madryn, Decem-
ber 22, 1995; Buenos Aires, December 29, 1995; Jujuy, December
31, 1994

Site 305 nm 320 nm 340 nm 380 nm UV-B UV-A

Ushuaia 0.024 0.29 0.51 0.72 261 4285
Puerto Madryn 0.038 0.36 0.61 0.85 374 5127
Buenos Aires 0.041 0.38 0.63 0.86 399 5299
Jujuy 0.048 040 0.66 0.92 446 5547

Data at 305, 320, 340 and 380 nm from GUV’s instruments; data
for UV-B and UV-A were estimated as mentioned in the text.

and November. Jujuy was the site that showed the
minimum seasonal (summer—winter) variability in
the daily solar UV-B irradiance while Ushuaia (Fig.
4D) and Puerto Madryn (Fig. 4C) showed the maxi-
mum. With normal total ozone column concentration
and no cloud conditions, the noontime solar UV-B
irradiances were higher at Jujuy and the values tended
to decrease southward, with Ushuaia having the low-
est UV-B irradiance (Table 2). These data agree with
model outputs (Holm-Hansen and Lubin, 1993) that
show maximum daily integrated values at latitudes
of about 40° but noontime irradiance values decreas-

0.07

0.06 | Jujuy
0.05
0.04
o 0.03

305/340

$0.02
0.01
0

Ra

ing from the tropics to the poles. It is expected that
atmospheric pollution in Buenos Aires, together with
relatively high tropospheric ozone concentrations
(Fishman et al., 1990) could result in a reduction of
UVR at ground levels (Briithl and Crutzen. 1989;
Hough and Derwent, 1990; Oltmans and Levy. 1992),
with values smaller than predicted if based on lati-
tude alone.

The ratio of the irradiance at 305 nm versus 340
nm reflects the relative proportions of UV-B and
UV-A radiation, and was used to estimate column
ozone concentration (Stamnes ct al., 1991), with low
values of this ratio indicating high ozone column
concentration. These 305 /340 ratios (Fig. 5) were
higher at the tropical station in Jujuy (Fig. 5A), and
decreased towards the south. In tropical areas total
ozone column concentration (under normal condi-
tions) is smaller than in polar arcas (Madronich,
1993) and due to lower solar zenith angles there is
less absorption of shorter UV-B radiation resulting in
the observed trend. At all sites there was consider-
able daily variation in the 305 /340 values; however,
a significant increase in this ratio was observed at
Ushuaia (Fig. 5D) during mid-October and mid-
November, with the peak during mid-October sur-

Buenos
Aires

Ushuaia

Oct Nov Dec

Oct Nov Dec

Fig. 5. Mean daily ratio of energy at 305 nm divided by the energy at 340 nm from October 1 to December 31, of 1994 and 1995. Data are
for the four sites where the GUVs are installed: (A) Jujuy, (B) Buenos Aires, (C) Puerto Madryn, and (D) Ushuaia.
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Ozone (DU)

October

Fig. 6. Daily satellite ozone concentration data for October of
1981 (@) and 1994 (O), for Puerto Madryn. Data are from the
Total Ozone Mapping Spectrometer, made available by the Ozone
Processing Team, NASA Goddard Space Flight Center (see
http: / /jwocky.gsfc.nasa.gov/ on the World-Wide-Web).

passing the values observed at Jujuy (Fig. 5A) at that
time. Puerto Madryn and Buenos Aires showed an
increase in the 305/340 values as the spring pro-
gressed towards the summer solstice. An increase in
this ratio was also observed at Puerto Madryn (Fig.
5C) during mid-October.

Since an increase in the ratio 305/340 indicates
low ozone concentrations it is expected that the
variations observed at Ushuaia during October and
November are related to the geographical extent of
the ‘ozone hole’. The extent of low-ozone air masses
over Ushuaia and the tip of South America has been
well documented in other studies (Frederick et al.,
1993, 1994; Booth et al., 1994). The variations noted
at Puerto Madryn, although much smaller than the
ones at Ushuaia, are thought to be related to the
‘ozone hole’ as they occurred at the same time as the
ones observed at Ushuaia (Fig. 5D), and at Palmer
Station, Antarctica (64.7°S, 64.1°W) during the same
time period in 1994 (data from NSF-UVR Monitor-
ing Network). We used ozone satellite data to com-
pare with our ground measurements of UVR at
Puerto Madryn. The satellite ozone concentrations
for the months of October of 1981 and 1994 are
presented in Fig. 6. During the first and last weeks of
October, the ozone data of both years were quite
similar and comparable with the historical mean, for
this month, of 343 Dobson units (S.D. of 29.6 DU).
However, during the second and third weeks, signifi-
cantly low ozone concentrations were observed dur-
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Fig. 7. Irradiance at 305 nm (in W m~2) as a function of time of the day at Ushuaia for the day with the maximum value for the ratio of
irradiance at 305 nm to 340 nm (October 16, 1994; clear shading) and for the day at the summer solstice (December 21, 1994; dark

shading). Note that both days have approximately similar values of PAR.
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ing 1994 but not during 1981; these low ozone
values for 1994 agree with our measurements and
with the ratio 305 /340 at Puerto Madryn (Fig. 5C).
Low-ozone air masses for the month of October
were also determined as far as Southern Brazil (about
30°S) as a strip that leaked out the ozone hole
(Kirchhoff et al., 1996). We believe that the high
values of the 305,/340 ratio (Fig. 5) are related to
the extension of the ozone hole rather than to the
breakdown of the polar vortex (Atkinson et al.,
1989) as this phenomenon occurs later in the season
(e.g., December). Our data set showed no significant
differences in the 305/340 ratio in the late spring
and summer values that might indicate the appear-
ance of low-ozone air masses over the continent.
Data for irradiance at 305 nm at Ushuaia, in two
days with similar PAR values but with different
ratios 305/340, are presented in Fig. 7. During
October 16, 1994, the day with the maximum value
for the 305/340 ratio, the irradiance at 305 nm
reached a maximum of approximately 0.033 W m ™2,
a value that was higher than during the summer
solstice (0.022 W m~?). However, this maximum

value at 305 nm at Ushuaia did not exceed the
maximum value at the other three sites (Puerto
Madryn, Buenos Aires, and Jujuy). The relative in-
crease of irradiance at 305 nm as compared to 340
nm at Ushuaia was about 3-5 times higher during
low-ozone-episodes than during normal ozone condi-
tions in the month of October, but with the absolute
irradiance and daily dose at 305 nm been equal or
slightly higher than its value a Puerto Madryn (Fig.
8). Similar values of relative increase of erythemal
irradiances at Ushuaia were found in the study of
Bojkov et al. (1995) for the years of 1989-1993. Our
data show that even though there was a significant
increase of shorter wavelengths of UV-B radiation
(e.g., 305 nm) at Ushuaia, the absolute value of
irradiance was not significantly different from the
values recorded during the summer at the same site
and was lower than the maximum value measured at
the site located at about 12° of latitude to the north.
As mentioned before, cloud cover was the major
source of variance for irradiances at Ushuaia (our
data; Frederick et al., 1993). Similar results have
been found in other places where the influence of

| Buenos Aires

ananan 1995
— 1994

Daily dose at 305 nm (KJ m-2)
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Fig. 8. Daily doses at 305 nm (in kJ m™~2) from October 1 to December 31, in 1994 and 1995. Data are for the four sites where the GUVs
are installed: (A) Jujuy, (B) Buenos Aires, (C) Puerto Madryn, and (D) Ushuaia.
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Fig. 9. Mean daily ratio of energy at 305 nm divided by the
energy at 340 nm as a function of latitude. Data are the average
values for the three days showing the maximum 305,340 ratio
during 1994 (October 15-17, + and solid line) and during 1995
(October 12-14, O and broken line). The average values for the
three-day period ten days before and after the time of maximum
305 /340 ratio, are given for 1994 (v and broken line) and for
1995 (O and solid line). The standard deviation of each data point
is indicated by the + symbols.

varying cloudiness on global erythemal irradiances
was greater than the varying ozone (Blumthaler et
al., 1996).

In order to establish how far north low-ozone air
masses extend over South America, as inferred from
the ratio 305 /340, a plot of this ratio versus latitude
was used as shown in Fig. 9. With normal ozone
column concentration, the ratio 305/340 decreased
with latitude and was higher at Jujuy (about 0.045-
0.05) and smaller at Ushuaia (0.015), with intermedi-
ate values at Buenos Aires and Puerto Madryn.
However, during the time of the ozone hole in 1994
and 1995, the ratio 305 /340 increased significantly
( p <0.001) at the Ushuaia and Puerto Madryn sites,
but remained the same for Buenos Aires and Jujuy as
compared with the normal ozone conditions. The
relative increase in the shorter UV-B radiation at
Ushuaia during 1994 was significantly higher (p <
0.05) than at Jujuy, but during 1995, the ratio values
at the two sites were comparable (Fig. 9). The ratio
energy values were similar during 1994 and 1995 at
Puerto Madryn. Our data thus indicate that air masses
with low ozone concentrations were over South
America to at least 42°S but probably further north
(i.e., about 38°S). At this latitude (38°S) there were

significant differences between the 305 /340 ratio of
days when the ozone hole was over Ushuaia, and
days before and after that period when the ozone
concentration was normal (Fig. 9).

Our data indicate that although low-ozone air
masses are periodically found over the southern por-
tion of South America with resulting enhancement of
UVR, great care should be taken regarding the evalu-
ation of the impact that this increase of UVR could
have on organisms, as other variables such as cloud
cover, daylength, and latitude, must be taken into
account in addition to column ozone concentration.
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