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RESUMEN

Mediciones de radiacién solar en banda ancha y espectrales se llevaron a cabo discontinuadamente entre 1990 y
1994 en Abisko (68°21' N, 18°49' E) ubicada a 200 km al norte del Circulo Polar Artico en Suecia septentrional. El
aumento en la turbiedad atmosférica debido a las enormes cantidades de aerosoles volcanicos que fueron inyectados
dentro de la estratosfera por las erupciones del Monte Pinatubo, en junio de 1991, condujeron consiguientemente,
a una reduccién en la irradiancia directa que es considerable en la gama visible, variando de 18 a 30 % a las alturas
solares de 40° a 15°, respectivamente.

Aunque menor que la irradiacién directa, debido al aumento concomitante en la radiacién difusa, el cambio en
la radiacién total fue también significativa (alrededor de 1.4% y 8% a los dngulos de 40° y 15°, respectivamente).

Palabras clave: irradiancia solar, Monte Pinatubo, aerosol volcénico.

ABSTRACT

Spectral and broad-band solar radiation measurements were made non-continuously between 1990 and 1994 at
Abisko (68° 21' N, 18° 49’ E), which is about 200 km north of the Arctic Circle in northern Sweden. The increase
in the atmospheric turbidity due to the huge amounts of volcanic aerosols which were injected into the stratosphere
by the volcanic eruptions of Mount Pinatubo in June 1991 consequently led to a decrease in the direct irradiance
which is considerable especially in the visible region, varying between 18% and 30% at solar elevations of 40° and
15° respectively. Although less than the direct irradiance due to the concomitant increase in the diffuse radiation,
the change in the total radiation was also significant (about 1.4% and 8% at solar elevation angles of 40° and
15° respectively).

Keywords: solar irradiance, Mount Pinatubo, volcanic aerosol.
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1. Introduction

The eruptions of Mount Pinatubo (15.1°N, 120.4°E) in June, 1991 no doubt injected large
quantities of gas and aerosols into the stratosphere which are capable of altering the earth’s
radiation budget due particularly to volcanic aerosol forcing.

An obvious climatic impact of this eruption is the depletion of solar radiation arriving at
the ground level. Hansen et al. (1992) expected the aerosol layer to have a measurable impact
on surface insolation over the next few years. According to Blumthaler and Ambach (1994),
the Pinatubo eruption indeed, resulted in an increase in the diffuse radiation but a decrease
in both the direct and global irradiance in Switzerland. Yamauchi (1995) analyzed direct solar
radiation data observed over Japan since 1933 and showed that the 1991 Pinatubo volcanic
eruption had a significant effect on the observed direct irradiance and the atmospheric turbidity.
Asano et al. (1993) measured spectral aerosol optical thicknesses (AOT) of vertical air columns
by a ground-based multi-channel sunphotometer in Japan between January and April in 1991
and 1992. They also observed that average values of the AOTs for the post-Pinatubo season
were generally larger than those of the pre-Pinatubo period. Several other authors (e.g. Valero
and Pilewskie (1992); Trautmann et al., 1992; Thomason and Poole, 1993; Hansen et al.,1992;
Ohohori, 1992; Russel et al., 1993; and others), have also investigated divers potential climatic
impacts of the Mount Pinatubo volcanic eruption.

The impact of the reduction of solar irradiance at the ground level by aerosols of volcanic
origin would most probably have a greater effect at high latitudes. This is because a dust layer
of any given thickness will be most effective in reducing the solar radiation penetrating to the
surface over high latitudes as a result of the oblique path of the rays of the sun through the
layer.

We have made simultaneous spectroradiometric and pyrheliometric measurements of the di-
rect, diffuse and global solar radiation on some cloudless days between 1990 and 1994. The
experiment was carried out at Abisko (68°21'N, 18°49'E) in Northern Sweden. The site is situ-
ated in the middle of the Scandinavian mountain range about 200 km north of the Arctic Circle.
The results of the measurements made before and after the Pinatubo eruption are discussed. A
brief assessment of the solar radiation depletion arising from it is also presented.

2. Instrumental set-up

The instrumental set-up include a spectroradiometer and a pyrheliometer for the spectral and
broad-band measurements of the direct irradiance respectively. A Kipp & Zonen pyranometer
was used for the broad-band measurements of the global radiation. Records of air temperature,
pressure, and relative humidity were obtained from an automatic meteorological station.

A portable spectroradiometer with a trade name, LI-1800 was used for the experiment. The
instrument has a spectral range of 300-1100 nm, a resolution of 6 nm with a wavelength accuracy
of 2 nm. Other characteristics of the instrument have been discussed in Adeyefa et al. (1995).

In 1990, a screening tube with an aperture of 9.4° was used for the direct irradiance
measurements. Between 1991 and 1994 on the other hand, an aperture with a 5° field-of-
view was used to meet the recommendations of the World Meteorological Organization, WMO
(WCRP, 1986). Spectral direct irradiances measured with the two tubes were compared at a
prevailing atmospheric turbidity coefficient at A = 1um (8) = 0.06 and solar elevation of about
36°. The tube with 9° received less than 0.5% readings in the UVA region more than the one
with 5° field-of-view. No systematic differences were observed in the visible and infrared regions.
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A Linke-Feussner Actinometer Pyrheliometer (manufactured by Kipp & Zonen) was also used
to monitor the direct solar irradiance. In addition to the direct total, we employed two cut-
off filters — OG1 and RG2 (now known as OG530 and RG630 (WCRP, 1986)). The integrated
broad-band irradiances of LI-1800 were compared with simultaneous measurements of the Linke-
Feussner Actinometer for the ranges < 525 nm, < 630 nm and 525 - 630 nm. The comparisons
showed that the pyrheliometer registered more radiation than the spectroradiometer by about
3 %, 1.5% and 0 % respectively in the mean.

A third check of the LI-1800 output was done by extrapolating the measured spectral irra-
diances to air mass zero in spectral regions where there is no selective absorption using the
Langley method (Ahern et al., 1991). The extrapolated values were compared with the extrate-
rrestrial spectrum of WCRP (1986). The comparisons, made under a cloudless day with stable
atmospheric stratification, were consistent with the WCRP (1986) spectrum to within 0 - 4%
over most part of the spectrum.

8. Results and discussions
3.1 Spectral solar irradiance under different turbidity conditions

The direct-normal, global-horizontal and diffuse-horizontal spectra were measured on several
occasions with the LI-1800 spectroradiometer at Abisko, Sweden. The direct-normal, global-

horizontal and diffuse-horizontal spectra of 21st. August, 1992 are shown as a sample in Figure
1.
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Fig. 1. The solar spectra of the direct-normal, global-horizontal and diffuse-horizontal irradiance (W/m2nm_1)
measured with the LI-COR LI-1800 spectroradiometer at Abisko, Sweden on 21st. August, 1992. (Solar elevation:
29°).

Two typical direct irradiance curves taken on 15 July 1990 and 24 June 1992 are shown in
Figure 2. The measurements were taken at local noon but under different turbidity conditions.
The significant reduction in the direct spectrum of 24 June 1992 in comparison with that of 15
July, 1990, is due to the increased atmospheric turbidity in 1992 as a result of Mount Pinatubo
volcanic eruption in 1991. The significant increase in atmospheric turbidity due to the eruption
has been discussed by Adeyefa et al. (1998). The reduction in the case of the 24 June 1992

spectra is significant in spite of the fact that the elevation angle of the sun for this occasion was
higher than that of 15 July, 1990.
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Fig. 2. Direct spectral irradiance comparisons. Top curve: 15 July 1990 (10:55 AM (GMT); Elevation: 43.3°; 5
0.022). Bottom: 24 June 1992, Abisko (11:09 AM (GMT); Elevation: 45.0°; 8: 0.160).

3.2 Comparison of the diffuse component of solar irradiance before and after Pinatubo

To compare the scattering patterns of the atmospheric aerosol before and after Pinatubo, some
typical direct-normal spectral irradiances measured in the two periods were normalized to the
horizontal level. Figure 3 shows the diffuse-to-direct (horizontal) ratios of the solar irradiance
at Abisko, 1990 (September 27, October 2) and in 1992 (August, 21, and September 9).
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Fig. 3. Diffuse-to-direct (horizontal) ratios of the solar irradiance for some measured spectral irradiance at Abisko,
1990 (m, » 3.0) and 1992 (m, ~~ 2.2).

For measurements made at the same elevation and optical air mass (m, &~ 3.0 and m, = 2.2),
the (horizontal) diffuse-to-direct ratios show a gradual increase in the diffuse radiation with
wavelength in 1990 and 1992 at Abisko. Since the diffuse component generally increases with
relative air mass, the higher diffuse fraction for the measurements made in 1992 at lower air
mass (my ~ 2.2) compared to 1990 at a higher air mass (m, ~ 3.0) is notable. The considerable
difference between 1990 and 1992 is especially significant in the middle part of the spectrum and
decreases towards both longer and shorter wavelengths. The two days considered in 1990 (27-
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09-90 and 02-10-90) were days of low turbidities [r4(500) = 0.034 and 0.038 respectively] and
they exhibit the lowest diffuse fraction. High turbidity days (e.g. 21-08-92 with r4(500) = 0.226
and 09-09-92 with 74(500) = 0.149] on the other hand, manifested higher diffuse fraction.

Figure 4 shows a similar plot for the diffuse-to-global ratios of the solar irradiance for the
same days at Abisko, 1990 and 1992. Again, the higher component of the diffuse radiation in
1992 is apparent at all wavelengths especially above 400 nm. The arrival of the stratospheric
aerosols between 1990 and 1992 therefore led to a significant increase of the diffuse component
of the solar irradiance.
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Fig. 4. Diffuse-to-global ratios of the solar irradiance for some measured spectral irradiance at Abisko, 1990
(mr ~ 3.0) and 1992 (m, =~ 2.2).

3.8 Decrease in the ground-level solar irradiance at Abisko

As noted earlier, one of the major resultant effects of the presence of stratospheric aerosols, is
the measurable decrease of the irradiance reaching the surface. In this section, results of spectral
as well as broad-band analyses of the decrease in solar irradiance reaching the surface at Abisko
in 1992 (post-Pinatubo) relative to 1990 (pre-Pinatubo) are presented.

The spectral variation of the solar irradiance I(A) reaching the ground-level at a given location,
is governed by the Bouguer-Beer-Lambert law given by

) = [%’”]2 Lo (3¢~ (1)

where I,()) is the spectral irradiance of the solar radiation at the top of the Earth’s atmosphere;
R and Ry are the actual and mean sun-earth distances respectively and have been included for

the purpose of normalization. The parameter my is the relative air mass while the exponential
factor, 7(A), is the total optical depth.

Due to the diurnal and seasonal variations of solar irradiance, it is clear that surface fluxes
are strictly comparable only when measurements are made at the same location (latitude), same
day of the year and with due regard to the solar elevation or the relative air mass. The decrease
was therefore estimated from the normalized values of the surface fluxes to the same day in a
Julian year in terms of the sun-earth distance (Rm/R) given in equation (1) which varies from
day to day. It was also analysed as a function of solar elevation or the air mass.
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Table 1 Regression statistics for LI-1800 (spectroradiometer)
measurements of direct solar irradiance over Abisko (1990

&1992)
Range (nm)| Std Err |R Squared| Intercept |No.(Obs)
n(lo(4))]
1990 | 300-1100 | 0.05 0.77 6.77 57
300-525 0.07 0.89 5.65 57
525-630 0.05 0.79 5.14 57
630-1100 | 0.05 0.46 6.07 57
1992 300-1100 0.09 0.71 6.67 62
300-525 0.09 0.89 5.56 62
525-630 0.10 0.71 5.02 62
630-1100 | 0.09 0.52 5.98 62

Table 2 Regression statistics for Linke-Feussner (pyrheliometer)
measurements of direct solar irradiance over Abisko(1990

&1992)
Range (nm)} Std Err |R Squared| Intercept |No.(Obs)
fn(lo(A))]

1990 Total 0.06 0.56 6.92 60
<525 0.09 0.81 5.58 60

525-630 | 0.08 0.56 5.10 60

>630 0.06 0.27 6.39 60

1992 Total 0.08 0.74 6.91 61
<525 0.07 0.92 5.60 61

525-630 0.09 0.75 5.08 61

>630 0.08 0.60 6.38 61

3.3.1 Decrease in the direct solar irradiance

The comparison of direct solar irradiance at Abisko (1990 and 1992) as a function of air
mass as measured by the spectroradiometer for the wavelength range, 0.525 - 0.630 um are
shown in Figure 5. This limit corresponds to the cut-off wavelengths of the pyrheliometric filter
measurements. A similar comparison for the same wavelength range, is given in Figure 6 for
the pyrheliometer. For the purpose of modelling the decrease in solar irradiance resulting from
the stratospheric aerosol layer, similar analyses as those described above were also carried out
for the spectroradiometric measurements for the wavelength ranges: 0.300 - 0.525, 0.630 - 1.1,
and 0.3-1.1 um. These wavelength intervals were chosen to compare with the range spectrally
possible for the pyrheliometer. Note that the upper spectral limits are different. The curves
depicting the normalized comparative direct irradiance measurements by the spectroradiometer
for the intervals 0.630 - 1.1, and 0.3-1.1 um [not shown], are similar to that depicted in Figure
5. For the pyrheliometer, the computations were carried out within the wavelength ranges:
A £0.525, A > 630, and 0 - 3.0 um in addition to the 0.525 - 0.630 um range. The normalized
pyrheliometric measurements (also not shown) for the ranges A > 630, and 0.3 - 3.0 um and the
previously specified ranges are similar in pattern to that of Figure 6.
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Fig. 5. Comparison of direct solar irradiance at Abisko (1990 and 1992) as a function of air mass as measured by
the spectroradiometer for the wavelength range: 0.525 - 0.630 pm.

g

140 AT [1590]

- [ ]
120 O ] " Y

IRRADIANCE (W/M*~2}
8 8

(9,3
o

. .
, bl gy

]
0 43

" [ree2],,

+

Og

H
o

10 15 20 25 30 35 40 45
AIR MASS (Mr)

Fig. 6. Comparison of direct solar irradiance at Abisko (1990 and 1992) as a function of air mass as measured by
the pyrheliometer for the wavelength range: 0.525 - 0.630 um.

By taking the natural log of the Bouguer- Beer-Lambert law (equation 1), we obtain a linear
relationship:

) = —r(A)m
In [m] = In(Io(A)) — 7(A)ms (2)

or

In(1* (X)) = In(Io(X)) — r(X)m, (3)

where In(I*(A)) = In [(719)_)7]’ is the normalized values of the surface flux. Regressing

In(I*(()\)) against m, for the specified spectral ranges, regression lines were obtained from which
the decrease in the direct solar irradiance in 1992 relative to 1990 was evaluated. In tables 1
and 2, some regression statistics obtained respectively from the measurements of the spectro-
radiometer and pyrheliometer (in 1990 and 1992) are provided. It should be mentioned, that
uncertainties could result from the fact that the Bouguer-Beer-Lambert law applied here for the
ranges specified is defined only for monochromatic wavelengths.
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Fig. 7. Percentage decrease in direct irradiance at Abisko (1992) relative to 1990 as a function of solar elevation as
computed from spectroradiometric measurements.

Figure 7 provides the details of the percentage decrease at the surface as computed from
spectroradiometric measurements. Note the distinct decrease within the range 525-630 nm
especially at low solar elevation angles. At high elevation angles of about 40°, the decrease
within this range is about 20%. This is in line with the findings of Adeyefa et al. (1998)
indicating that the extinction due to the stratospheric aerosol is maximum around this region.
As registered by the spectroradiometer, the decrease between the ultraviolet and mid-visible
regions (typified in the present context, by the radiation between 300 and 525 nm), is about
17% at 40° but increases to about 26% at low solar elevation angles of about 15°. The decrease
within the bands 300-1100 and 630-1100 nm are about the same, ranging between 18 to 30% at

solar elevation angles of 40 and 15° respectively. The analyses have been restricted to elevation
angles not lower than 15° to minimize errors that could be introduced at lower solar angles.

Relative to the low turbidity days in 1990, the pyrheliometric observations (Fig. 8) indicate
that there was a significant reduction in the direct solar irradiance in the visible region. At a
solar elevation of 40°, the reduction is about 16% and about 32% at an elevation angle of 15°.
As in the case of the spectroradiometer, the decrease is lower within the region 300 - 525 nm
(10% at 40%, increasing to 26% at 15°). Also, within the ranges 300- 3000 nm and 630-3000 nm,
the decline of direct irradiance is essentially the same, increasing from 12 to 26% at elevation
angles of 40 to 15°respectively.
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Fig. 8. Percentage decrease in direct irradiance at Abisko (1992) relative to 1990 as a function of solar elevation as
estimated from pyrheliometric measurements.
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Fig. 9. Differences between the percentage decrease in the direct irradiance estimated from spectroradiometric
measurements and the decrease computed from pyrheliometric measurements at Abisko (1992) relative to 1990
as a function of solar elevation.

For the purpose of comparing the results obtained from the analyses, the percentage decrease
in the direct irradiance estimated from pyrheliometric data was subtracted from that computed
from the spectroradiometer as a function of solar elevation. This was done for the wavelength
intervals considered (Fig. 9). Below 525 and above 630 nm, the spectroradiometer has a narrow-
er range as previously specified although there is no significant solar irradiance at wavelengths
around 300 nm. As could be seen from Figure 9, differences in the two instruments are within
0 to 5% at low solar elevations. The discrepancies increase with solar elevation and the highest
difference is within the range A < 525 nm where the difference is about 7%. It is imperative
to observe that the smallest difference occurred within the interval 525-630 nm where the two
instruments have the same spectral range.

To compare the responses of the two instruments to the incident solar radiation in 1990
and 1992, the ratio of the regression lines derived from the pyrheliometric data to that of the
spectroradiometric data between July and October was taken as a function of solar elevation.
This was done for the different spectral regions under consideration and the results are shown
in Figures 10 and 11.
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Fig. 10. The ratio of pyrheliometric data to that of the spectroradiometer as a function of solar elevation (Abisko,
1990).
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Fig. 11. The ratio of pyrheliometric data to that of the spectroradiometer as a function of solar elevation (Abisko,
1992).

As can be seen from these figures, the differences generally decrease with increasing solar
elevation. In 1990 and 1992, there were practically no differences in the résponses of the ins-
truments for the range, 0.525 - 0.630 nm for solar altitudes of 46 - 30°. At lower angles, the
differences increase gradually to about 3-4%. For the different wavelength ranges, average values
taken over the whole elevation range for the 1990 data yield 1.28, 1.03, 1.01 and 1.44 for the
wavelength intervals 300-1100, 300-525, 525-630 and 630-1100 nm respectively. For 1992, the
ratio give 1.34, 1.07, 1.01, and 1.54 for the intervals 300-1100, 300-525, 525-630 and 630- 1100 nm
respectively. The largest differences were therefore in 1992 for all the spectral wavebands except
525 - 630 nm. The curves in Figure 12 represent the percentage differences in the response of the
two instruments in the two years. It resulted from subtracting the ratio of the two instruments
in 1990 as expressed in Figure 10 from a similar ratio for 1992 as shown in Figure 11.

Remembering that the field of view of the spectroradiometer for the direct-normal measure-
ments was changed from 9.4° in 1990 to 5.0° in 1991 while that of the pyrheliometer remained
the same (10.2°), the differences are most probably due to the fact that the pyrheliometer ac-
cepted more portion of the solar aureole in 1992 as a result of its wider aperture. The intensity
of the solar aureole fluctuates with the atmospheric turbidity so that comparisons between two
instruments may give different results on different occasions (WCRP, 1991).
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Except for regions where the spectroradiometer has narrower ranges (especially “total” and
A > 630 nm), the differences in the percentage decrease in the direct irradiance measured by the
two instruments as shown in Figure 9 is comparable to the differences in instrumental response
in the two years as shown in Figure 12. We can therefore conclude that the differences in the
decrease resulted from actual instrumental responses rather than large statistical errors or errors
due to non-simultaneous measurements by both the spectroradiometer and the pyrheliometer.

3.3.2 Decrease in the broad-band global irradiance

The broad-band global solar irradiance (10-minute averages) was monitored with a Kipp &

Zonen pyranometer at Abisko in 1990 and 1992. Figure 13 shows the comparison of global solar
irradiance for Abisko 1990 and 1992 as a function of elevation. Each data point in the figure
was carefully selected to correspond to near-simultaneous measurements of the direct irradiance
discussed in the previous section. Dahlgren (1988) has shown that Kipp & Zonen pyranometers
could deviate considerably from the cosine law at solar elevations below 10°. Therefore the
estimations of the decrease in global irradiance have been restricted to elevations above 15°.
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Fig. 13. Broad-band global solar irradiance comparison (10-minute averages) for Abisko (1990 and 1992) as a
function of elevation (measured by pyranometer).
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Figure 14 shows the loss in global irradiance (in W/m?) at Abisko (1992) relative to 1990 as
a function of elevation. The relative difference decreases with increasing solar altitude and is
about 6 W/m2 for a solar elevation of 45°. The percentage decrease in the global irradiance
is conspicuously lower than that of the direct irradiance. As shown in Figure 15, the decline
is as low as 1.4% at a solar altitude of about 40° but increases up to about 8% for a low
elevation angle of 15°. The lower percentage decrease in the global radiation compared to the
direct-normal, is due to the fact that the irradiance impinging on the pyranometer also includes
the scattered (diffuse) radiation which was earlier shown to have significantly increased in 1992.
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Fig. 15. Percentage decrease in global solar radiation at Abisko (1992) relative to 1990 as a function of elevation.

3.8.3 Results obtained by other workers

Using a linear perturbation approach, a recent paper by Trautmann et al. (1992) estimated
that volcanic ash aerosols can produce up to 40 Wm™2 decrease in the surface flux. The effect,
climatologically, would be equivalent to a 3% decline of surface irradiance. Their global estimate
for the Mount Pinatubo eruption is about 8 to 11 Wm ™2 reduction for the solar insolation on
a day-time basis. Expectedly, there are significant differences between our results for the direct
irradiance and the figures they obtained. It has to be noted however, that for their model, they
used a comparatively low band resolution (23 spectral intervals within 300 and 4000 nm). It
is also possible that the effects of background tropospheric and stratospheric aerosols, played
larger roles in the cumulative loss of surface flux than expected.

From pyrheliometric measurements made in Australia after the Mount Agung eruption of
March 1963, additional attenuation of the direct irradiance by the volcanic dust cloud reached
24% with a concomitant 100% increase in the scattered radiation (Kondratyev, 1988). In two
years, the values decreased to 10 and 30% respectively. The doubling of the diffuse skylight
led to only a small reduction of the total (global) radiation reaching the surface. These results,
though generally broad, are in accord with the present findings.

Measurements between May /June, 1991 and 1992 in Switzerland by Blumthaler and Ambach
(1994) showed that the Pinatubo eruption resulted in a significant increase of the diffuse radiation
but a decrease of about 10% in the direct total irradiance. The solar altitude of this extinction
was not stated. In the present study, the estimated decrease in the direct radiation is higher
than that quoted above. The differences in the attenuation of the direct irradiance could have
resulted from the fact that the stratospheric aerosols scattered more direct irradiance at lower
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elevation angles prevalent at Abisko. It is also possible that they averaged the decline over a
wide solar elevation angle. Their evaluation of the global radiation showed a decrease in the
order of 4% between 30° and 60° solar elevation. In the present case, the decrease taken over
30° to 43° is 4%. Also in good agreement with the observations of Adeyefa et al. (1998) for
the same location (Abisko), their estimated aerosol optical depth at 427 nm varied between 0.1
- 0.2

4. Conclusions

Results of spectral and broad-band solar radiation measurements at Abisko (68°21' N, 18°49' E,
about 200 km north of the Arctic Circle in northern Sweden) at selected periods between 1990
and 1994 have been presented.

The diffuse-to-direct (horizontal) ratios of the measured spectral irradiance, which have been

used to measure the degree of scattering of solar irradiance by atmospheric dust particles and
pollutants in the atmosphere, showed that for measurements made at the same elevation and
optical air mass, there was an increase in the diffuse radiation in 1992 compared to 1990 in Abisko.
The considerable difference between 1990 and 1992 is especially significant in the visible and
longer wavelengths. The increase in the atmospheric turbidity consequently led to measurable
loss in the direct and total (global) insolation at the surface. The reduction is particularly
pronounced in the visible regions for the direct irradiance where there was up to 18% at a solar
elevation of 40° and 30% at 15° relative to the low turbidity days in 1990. The increase in the
diffuse radiation partly compensated for the large decrease in direct irradiance and therefore,
the change in the total radiation was smaller, typically ranging from 1.4% at a solar altitude of
about 40° to 8% at a solar elevation of about 15°.
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