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Abstract

We report on the first spectral measurements of ultraviolet (UV) irradiance and the albedo at a Camp located in the southern
Ellsworth Mountains on the broad expanse of Union Glacier (700 m altitude, 79u 469 S; 82u 529W); about 1,000 km from the
South Pole. The measurements were carried out by using a double monochromator-based spectroradiometer during a
campaign (in December 2012) meant to weight up the effect of the local albedo on the UV irradiance. We found that the
albedo measured at noon was about 0.95 in the UV and the visible part of the spectrum. This high surface reflectivity led to
enhancements in the UV index under cloudless conditions of about 50% in comparison with snow free surfaces. Spectral
measurements carried out elsewhere as well as estimates retrieved from the Ozone Monitoring Instrument (OMI) were used
for further comparisons.
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Introduction

In general, surface UV climate is determined by the total ozone

column, cloudiness, ground reflectivity (i.e. the albedo), and local

aerosols. Although the latter may significantly modulate the

surface UV, in Antarctica the load of aerosols is extremely low [1].

Moreover, while heavily overcast conditions can reduce surface

UV irradiance up to 90% in the Antarctic Peninsula [2,3], the role

of clouds is less important on the Antarctic plateau. Therefore,

surface UV in Antarctica is driven by ozone and by albedo. The

UV climatology at several Antarctic sites has been already studied

[2–6].

On the Antarctic plateau, large seasonal ozone losses (which

occur every year in the late August to early October period [7])

lead to a significant increase in surface UV radiation. Ground-

based measurements have shown that the average spring

erythemal irradiance for 1990–2006 is up to 85% greater than

the modeled irradiance for 1963–1980 [8].

The high albedo of a snow-covered surface has a large effect on

the global UV radiation, due to multiple reflections between the

ground and the scattering atmosphere [9]. Model calculations of

UV irradiance for cloudless sky show enhancements in irradiance

levels of nearly 50% at 320 nm for a snow-covered surface, in

comparison with snow-free surfaces [10]. Snow albedo depends on

snow characteristics (grain size, age of snow, snow height, and soot

on the snow) and on other factors such as the solar zenith angle

(SZA), atmospheric parameters, geometric pattern of the snow

surface, and morphology of the area surrounding the measure-

ment site [11].

So far, the ozone depletion in Antarctica has been the dominant

factor in the alterations observed in the UV irradiance. However,

as a consequence of climate change, the albedo (that is the other

major parameter determining the surface UV) is likely to change

in its absolute amount, in its qualitative structure or in its temporal

pattern.

The consequences of changes in the Antarctic albedo are

beyond local variations in the UV. The surface energy budget of

the Antarctic continent is significantly dependent on the surface

albedo. Therefore a change in prevailing climatic conditions

(triggered for example by a change in temperature) can enhance

feedback mechanisms. The so-called albedo feedback is a

mechanism that enhances climate change, particularly in regions

with snow and ice cover [12]. As the Earth warms, the surface

reflects less shortwave radiation to space due to changes in the

coverage and reflectivity of the surface ice cover, which leads to

additional warming [13]. If temperature increases in Polar

Regions we can expect both a decrease of the surface albedo in

some areas (due to ice melting) and an enhancement in other areas

(due to the freshly fallen snow caused by increased precipitations)

[14]. More snow and ice melting, more water vapor and in turn

more clouds may lead to changes in the Earth’s albedo and

alterations in the global energy budget. Indeed, general circulation

models (GCMs) [15–17] have shown a high sensitivity to changes

in the Earth’s albedo [16].
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Since albedo significantly affects the UV climatology in Polar

Regions (and also plays an important role in the Earth’s climate

warming pattern), its characterization is required. However,

quality-controlled measurements of the albedo in Polar Regions

are sparse and few spectral measurements have been reported

[9,18–23].

Prior measurements at Amundsen-Scott (South Pole) Station

and at Vostok Station found that the albedo was nearly

independent of snow grain size and ranged from 0.96 to 0.98 in

the UV and the visible part of the spectrum [18]; it has been also

observed that the albedo slightly increased with the SZA (which

agrees with prior results [24]).

Measurements in Sodankylä (67u229N, 26u399E, 179 m alti-

tude) [21], and at Neumayer station (70u399S, 8u159W) [9],

detected that the albedo decreased (up to 10%) as the SZA

decreased through the day. The reductions range from 0.77 to

0.67 in the Arctic, and from 0.96 to 0.86 in the Antarctica [25].

The changes in the Antarctic albedo essentially agree with

measurements carried out by using broadband instruments at

Hells Gate Station (74u519S, 163u489E, 20 m altitude), at

Neumayer Station, and at Dome Concordia Station (75u099S,
123u069E, 3232 m altitude) [11]. Snow metamorphism, sublima-

tion during the day, and refreezing and/or crystal formation/

precipitation during the night can explain the observed trends

[11]. The spectral albedo of melting snow has been also measured

near Barrow (Alaska) [19], near Davis Station (68u349S, 77u589E)
[20] and in Sodankylä [22].

In this paper, we report on the first quality-controlled spectral

measurements of the UV irradiance and the albedo at Union

Glacier Camp, located in the southern Ellsworth Mountains on

the broad expanse of Union Glacier; 3,030 km from the southern

tip of Chile and about 1,140 km from the South Pole (700 m

altitude, 79u 469 S; 82u 529W). The mean ice thickness of Union

Glacier is 1450 m (with a deep subglacial topography; about

900 m below sea level [23]). The measurements were carried out

by using the so-called USACH spectroradiometer from the

Universidad de Santiago de Chile (USACH, Chile) during a

campaign (in December 2012) meant to weight up the effect of the

local albedo on the UV irradiance.

Materials and Methods

1. Ground-based Measurements
Quality-controlled measurements of the surface UV require

double monochromator-based spectroradiometers. Instruments

developed according to the specifications defined by the World

Meteorological Organization (WMO) [26] and the Network for

the Detection of Atmospheric Composition Change (NDACC)

[27] can produce a radiometric stability better than 1% [28].

The accuracy of NDACC-certified instruments has been tested

by intercomparison Campaigns [29,30,31]. The differences

between NDACC-certified instruments are normally within the

bounds defined by the involved uncertainties; up to 4% for UVA

wavelengths and up to 10% for UVB wavelengths [32]. By

comparison, for broadband instruments (calibrated by using

spectroradiometers) uncertainties in the range 7%–16% have

been reported [33,34]).

The UV Index (UVI) can be retrieved from spectral measure-

ments by integrating the UV spectra (weighted by the Erythema

action spectrum [35]). The uncertainty of UVI values computed

from measurements by NDACC-certified instruments has been

estimated to be about 5% [36]. Uncertainties of erythemal daily

doses (computed also from spectral measurements) are expected to

be similar.

Quality-controlled UV time series are limited. In Antarctica, the

spectral UV irradiance has been monitored for almost two decades

by the U.S. National Science Foundation [8]. Based on those time

series, the UV climatology at several Antarctic locations (Palmer

Station, McMurdo station and at South Pole station) has been

reported [2,4,5].

Spectral measurements reported below were carried out by

using the USACH spectroradiometer, which is based on a double

monochromator Bentham DMc150F-U, 150 mm focal length,

and 1800 lines/mm gratings, fitted with a photomultiplier (PMT)

as detector. The Full With at Half Maximum (FWHM) of the

USACH spectroradiometer is 2 nm. The system is operated within

a temperature-controlled weatherproof box. An input optics for

global irradiance fitted with a flat diffuser was used. Although it is

not a NDACC-certified instrument, our spectroradiometer com-

plies with NDACC specifications [27] and the WMO recommen-

dations [26]. The USACH spectroradiometer sampled the

irradiance every 1 nm (in the range 280–400 nm); scans were

carried at a 30 min interval. The absolute calibration of the system

was achieved by using a field calibrator fitted with a baffled 100 W

quartz halogen lamp. In addition to in situ calibration, quality

assurance included corrections for dark signal and for cosine error

of the diffuser (see [26] for details). Based on the certificate of the

lamp and the transfer of calibrations, we estimated the uncertainty

involved in the absolute calibration to be up to 4% for UVA

wavelengths and up to 10% for UVB wavelengths (see [32] for

details).

2. Satellite Estimates
Satellite-derived estimates of the total ozone column (TOC)

data have been compared with ground-based measurements

[37,38]. However, under specific conditions (e.g., high satellite

SZA, high surface albedo) and/or for Polar Regions (e.g., at high

latitudes), a poorer agreement has been reported [39].

Satellite-derived estimates of the surface UV are normally

derived from other products (e.g., ozone, albedo, aerosols and

cloud cover) by using radiative models and then uncertainties tend

to be somewhat higher especially for partly cloudy and overcast

conditions [40,41], and over snow-covered surfaces [42,43].

Over polluted areas, validations of OMI-derived data have

generally reported that the UV estimates are biased high [44–52].

Among the factors that explain the overestimation have been

pointed out the limited spatial resolution [46,51], the lack of

sensitivity of OMI to the boundary layer [39,41,44,45,48,52], and

the effect of high SZA on the nadir-viewing instruments [39].

However, over snow-covered surfaces the OMI-derived dose is

generally lower than the ground-based measurement because the

OMI algorithm uses climatological surface albedo that may then

be lower than the actual effective surface albedo [42,43]. Part of

the problem is that a portion of the observed reflectivity may be

incorrectly interpreted as cloud cover, which reduces the estimated

irradiance [3].

As shown below, in this study our ground-based measurements

were compared with OMI data. The UV estimates were retrieved

from OMUVB products (version 1.3). We selected overpass OMI

data minimizing the distance between the ground station and the

center of the satellite pixel and, due to the presence of the

mountains, discarding pixels at altitudes greater than 1000 m asl.

The ozone estimates shown below over the period 2004–2012

were retrieved from OMTO3 products.

3. Radiative Transfer Models
Surface UV can also be computed by using radiative transfer

models from a set of parameters that include the albedo, the total

Irradiance and Albedo in Antarctica: A Case Study
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ozone column, the SZA, as well as the characteristics of aerosols

and clouds. Under cloudless conditions and for UVB wavelengths

the uncertainties of model products can be and up to 20% for sites

with very large aerosol load up, and up to 9% for unpolluted sites

[53,54].

The reflectivity of the areas with spatial variation in the albedo

[55,56] is often characterized by using the ‘‘effective’’ albedo (the

albedo that when used as input into a model reproduces the

measured spectrum) [57,58].

Comparisons with ground-based measurements have validated

model products [59,60] under cloudless conditions. Although the

characterization of the cloud effect is still difficult, models are

useful for checking the consistency of surface measurements [2]. In

this work, as radiative transfer model we used UVSPEC [61]. The

selected radiative transfer solver was the DISORT solver [62]; the

extraterrestrial spectrum was quoted from Gueymard [63].

4. Meteorology at Union Glacier Camp
In general, the meteorology at the Union Glacier Camp is

defined by the high pressure centered in the interior of the

continent, the orography of the region, and the fact that it is

located a distance of ,750 km from the edge of Ronne Ice Shelf

and the coast line of Ellsworth Land. An automatic Weather

Station (AWS) deployed by the Antarctic Logistic & Expeditions

(ALE) Company, nearby the Union Glacier runway (79u46 S,

83u16 W) in early February 2010, provides meteorological data to

characterize the area. According with the almost 3 years of data,

the near-surface air temperature shows a ‘‘winter coreless’’

behavior reaching around 226 to 228uC from April to

September and around 26uC in January. The average relative

humidity after temperature correction for freezing environment

[64] is ,77%; while, the prevailing wind direction year-round is

from the South-South west (190–200u magnetic direction) with an

average wind speed of ,20 ms21, revealing the katabatic origin of

the wind field [65] affecting the area. On the other hand, the

annual cloud cover fraction, according with recent results of the

joint CloudSat-CALIPSO satellite data [66] over the southern

Ellsworth Mountains region, can range between 30–40% in

summer and 60–70% in winter.

Results and Discussion

1. Irradiance Measurements
Despite the fact that no specific permissions are required for the

locations/activities reported in our paper, the Chilean Antarctic

Institute (INACH, www.inach.cl) issued a permission after our

request for measurements that we carried out at an installation in

Antarctica (at Union Glacier Camp) under their supervision.

Moreover, we confirm that the field studies did not involve

endangered or protected species.

Figure 1a shows the spectral measurements carried out on

04.12.2012 (day.month.year) under cloudless conditions. Figure 1b

depicts the spectra measured on 11.12.2012, also under cloudless

conditions at noon (SZA=57u) and at midnight (SZA=77u).
Figure 1c shows the UVI computed from our spectral measure-

ments for 4-13.12.2012. The predominant cloudless conditions led

to the smooth curves shown in figure 1c.

Figures 1b and 1c also show some satellite estimates. Crosses in

figure 1b stand for OMI readings at 305 nm, at 310 nm, at

324 nm and 380 nm. OMI-derived estimates of UVI are also

depicted by crosses in figure 1c. OMI measures the solar reflected

and backscattered radiation in the wavelength range from 270 nm

to 500 nm, that are used to retrieve the TOC, aerosol and cloud

cover characteristics, surface UV irradiance and gas traces. The

ground pixel size at nadir position is 13624 km (along 6 across

track) for total ozone column.

Despite the different spectral resolution (OMI resolution is

0.55 nm in the ultraviolet and 0.63 nm in the visible while the

FWHM of our instrument was 2 nm), figure 1b shows a

reasonable good agreement between our measurements and the

OMI readings at 305 nm, at 310 nm, at 324 nm and 380 nm.

Without correcting the effect of the resolution, the differences were

within the range 610% at 305 nm, at 324 nm and 380 nm;

differences up to 30% were found at 310 nm.

In figure 1c, it can be observed that the UVI peaked at 3.8 on

13.12.2012; this value is about 10% lower than the corresponding

UVI estimate retrieved from OMI. Also on 13.12.2012, the

difference between the Erythemal Daily Dose (EDD) computed

from our ground-based measurements (4113 J/m2), and the

corresponding OMI-derived estimate (4448 J/m2), was about

8%. The OMI estimates of the EDD during the Campaign ranged

from 4000 J/m2 on 11.12.2012 to 4448 J/m2 on 13.12.2012.

When comparing ground-based estimates and satellite-derived

data, we found during the campaign differences that ranged from

2% to 10% (in the case of the UVI) and from 0.1% to 8% (in the

case of the EDD). These differences were anyway always within

the expanded uncertainty bounds of our measurements [36].

Figure 2a shows the time series of the OMI-derived estimates of

UVI at noon at Union Glacier Camp. Due to the high SZA, OMI

readings are not available for the period May–August. As shown in

figure 2a, annually in spring, the noon-time UVI is typically lower

than 6 (although UVI estimates higher than 8 have been retrieved

due to the seasonal ozone depletion). As shown in figure 2a, the

average of UVI estimates computed for November 2008 was

about 20% greater than the average for the same month over the 4

preceding years.

Figure 2b shows the ozone estimates over the period 2004–2012

retrieved from OMTO3 products. Large seasonal ozone losses are

apparent in figure 2b and values close to 100 DU have been

recorded every year in October [67]. By comparing figures 2a and

2b, becomes clear that the seasonal ozone depletion leads to

significant increments in the UVI and in its variability. In this

work, the monthly average and the corresponding variability were

taken as average and the standard deviation, respectively, of the

daily estimates. Table 1 shows the monthly average and the

corresponding variability of OMI products. The average of the

daily ozone estimates for September (158 DU) is typically about

40% lower than for January (275 DU). The variability of ozone

data ranges between 5% in January and 26% in November (see

Table 1). In the case of UV products, the variability of the ‘‘clear-

sky UVI’’ computed for October (34%) is roughly 3 times greater

than for January (11%).

We compared the ozone estimates retrieved from OMI, with

the ozone computed from our measurements of the UV spectra

carried out in December 2012. The ozone was retrieved from our

measurements of the global irradiance by applying a method that

implied comparing the ratio (between irradiances measured at

different wavelengths) with a synthetic chart of this ratio computed

for a variety of ozone values [68]. Figure 3 shows the total ozone

column progression for 4-13.12.2012 computed from our ground-

based measurements. As shown in the figure, our daily measure-

ments agree with OMI-derived estimates of ozone (see crosses in

Figure 3). Although the detected differences were slight (ranging

from 0.1% to 3% (i.e. up to about 10 DU)). due to the high

sensitivity of the UVI to the ozone, they can explain most of the

differences in the UVI estimates shown in figure 1c. Estimations of

the total ozone column retrieved from spectral measurements at

Irradiance and Albedo in Antarctica: A Case Study
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other Antarctic locations have been also found to agree with

TOMS data [2,5,69].

We further exploited our ground-based measurements studying

the possibility of an unlikely aerosol modulation. The sky in the

Antarctic interior is breathtakingly clear: there is no source of dust

or other particulate matter but no measurements of the properties

of aerosol loading at Union glacier Camp have been reported. We

carried a limited number of spectral measurements of both the

global and the diffuse irradiance (by using a shadow ring) at Union

Glacier Camp around noon on 09.12.2012. Both, the AOD and

the single scattering albedo (SSA) were retrieved from these

quality-controlled spectral measurements by applying methods

based on the comparison of the measured spectral irradiance with

UV spectra computed by using a radiative transfer model [70–72].

According to these methods, the retrieved values of the AOD and

SSA are those leading to the best match between the measured

Figure 1. UV Irradiance at Union Glacier Camp. a) Ground-based measurements of the UV irradiance on 04.12.2012 (cloudless conditions). b)
Spectra measured at noon on 11.12.2012 (cloudless conditions, SZA= 57u, red line) and at midnight on 12.12.2012 (cloudless conditions, SZA=77u,
blue line). Crosses stand for OMI readings at 305 nm, at 310 nm, at 324 nm and at 380 nm. c) Lines stand for UVI computed from ground-based
spectral measurements on 04.12.2012 (green line), on 05.12.2012 (black line), on 06.12.2012 (blue line), on 11.12.2012 (orange line), on 12.12.12
(yellow line), on 13.12.2012 (red line). Crosses stand for OMI estimates of UVI.
doi:10.1371/journal.pone.0090705.g001

Figure 2. Time series of OMI-derived data at Union Glacier Camp. The number ‘‘9’’ in the abscise tick labels means ‘‘September’’. The blue
crosses stand for the daily estimates; the red crosses stand for the monthly averages of the OMI-derived data. (a) Noontime UV index (UVI). (b) Total
ozone column.
doi:10.1371/journal.pone.0090705.g002
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and the computed spectra [70–72]. By using the methods

described above, we estimated that the AOD and the SSA at

Union Glacier Camp are about 0.02 and 0.99, respectively. These

values stand for an extremely low aerosol loading. Actually, due to

the uncertainty associated with our aerosol estimates, assuming the

total lack of aerosols in the area is also reasonable [9]. At

Neumayer, extremely low aerosol loading has been recently

measured [1].

Since our measurements were carried our under cloudless

conditions, they did not allow us to weigh up the effect of local

clouds on the UV irradiance. However, the effect of the high

albedo of the surrounding snow-covered surface was assessed (see

sections 4 and 5).

2. Albedo Measurements
The albedo is normally taken as being equal to the ratio

between the up- and downwelling global radiation. Although

measurements of the broadband albedo are normally carried out

by using two radiometers [26], our spectral measurements were

carried out (at 300–800 nm wavelength range) by using a single

spectroradiometer and a rotating input optics that was set up at

about 2.5 m above the snow surface. This means that the albedo

assessments required measuring sequentially the up- and down-

welling global radiation. Due to the time needed to accomplish a

scan, the up- and downwelling spectra were separated in time

about 5 min. Pairs of scans were carried out at 30 min intervals. A

similar method based on the rotation of the input optics has been

previously used in Antarctica [9]. Since the measurements of the

up- and downwelling radiation were not carried out at the same

time (i.e. at the same SZA), the spectra measured at 30 min

intervals were linearly interpolated. Then, we estimated the up-

and downwelling radiation for certain common SZAs.

Figure 4 shows the spectral albedo measured around noon. No

significant differences were observed between measurements

carried out on different days around noon under cloudless

conditions. As shown in figure 4, the spectral albedo around noon

was nearly constant in the UV and visible range but decreased at

wavelengths longer than 600 nm; the lowest albedo (about 0.86)

was measured at 800 nm. The diminishment of the albedo with
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Crosses stand for ozone estimates retrieved from OMI. Color indicates
the dates: 04.12.2012 (Green); 05.12.2012 (black); 06.12.2012 (blue);
11.12.2012 (orange), 12.12.2012 (yellow), 13.12.2012 (red).
doi:10.1371/journal.pone.0090705.g003
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the wavelength in the near infrared was expected since it has been

reported by all prior spectral measurements of the albedo over

snow-covered surfaces [9,18–23].

Note that the albedo measurements shown in figure 4 are

slightly lower than the values measured at Neumeyer station [9].

The difference maybe linked with characteristic of the snow, which

is ultimately determined by the local meteorology. While at

Neumeyer station the albedo of fresh snow was often measured,

our measurements were carried out over a glacier covered by 2 m

of old snow with grain radio of about 1 mm; old coarse-grained

has lower albedo than fresh snow [20].

Measurements through the day have detected that the albedo

decreased (up to 10%) as the SZA decreased through the day

[9,21]. These diminishments range from 0.77 to 0.67 in the Arctic,

and from 0.96 to 0.86 in the Antarctica [25]. The change in the

albedo through the day has been attributed to changes in the snow

characteristics [11]. Moreover, snow melting during daytime and

refreezing during night may lead to albedo asymmetries (i.e.

differences in the albedo measured at the same SZA, at different

times of day) [25]. However, we did not detect significant chances

in the albedo through the day at Union Glacier Camp. We

attributed the apparent albedo stability to the relatively small

variations through the day (from 212uC to 29uC) in the air

temperature logged by the ALE’s AWS during our albedo

measurements.

Note that our measurements were carried out about 3 km away

from the closest peak (1450 m altitude). Therefore, the slopes of

the surrounding mountains were in the field of view of the input

optics. However, the complex topography surrounding Union

Glacier Camp did not lead to any measurable effect on our

ground-based measurements. Indeed, we checked the possibility of

asymmetries (i.e. differences between spectral measurements

carried out at the same SZA, at different times of day). We found

that the differences were always within the uncertainty bounds of

our measurements [32].

The surrounding topography did affect satellite data. Figure 5a

depicts the surface reflectance map of Antarctica from OMI

Lambertian equivalent reflectivity (LER) at 354 nm. LER is the

required reflectance of an isotropic surface needed to match the

observed top of the atmosphere (TOA) reflectance in a pure

Rayleigh scattering atmosphere [73]. Therefore, it can be used to

roughly estimate the actual surface albedo. Figure 5b shows the

average of the surface reflectance data at 354 nm computed for

December by using the data over the period 2005–2009 [73]. This

is the albedo used by OMI algorithm to compute the UV surface

irradiance (see Table 1). As expected the general pattern shows a

very high surface albedo over almost all the Antarctic continent

(with values roughly equal to or greater than 0.95). Lower

reflectivities can be observed over the Transantarctic Mountains

(close to the Ross Ice Shelf) and over the Ellsworth Mountains.

Due to the katabatic winds the Antarctic mountain slopes are often

snow-free and showing their underlying dark bedrock. Consider-

ing the relatively large OMI pixel (maps in figures 5a and 5b have

a 0.560.5 degree resolution), the difference between ground-based

measurement of albedo (about 0.95 in the UV and visible) and the

lower reflectivity recorded by satellite (about 0.9 at 354 nm, see

Table 1) may be partly explained by these small dark areas inside

satellite bright pixels and by the Lambertian approximation.

Figure 5b shows the annual average of the reflectance data at

354 nm of snow-covered scenes (with relaxed cloud-screening

criteria [74]). In contrast to figure 5a, clear-sky OMI scenes have

been selected by using cloud and aerosol data from the MODIS/

Aqua satellite instrument that flies 12 min ahead of OMI. The

result is a reflectivity dataset that does not rely on statistical

methods to eliminate cloud effect [74]. Despite some minor

differences in absolute values (likely related to of the different

periods of time considered in the datasets), the patterns are nearly

the same.

3. Albedo Effect on UV
In order to weight up the effect of the albedo, we computed the

UVI by using the UVSPEC model under the conditions observed

at Union Glacier Camp at 11:40 LT on 06.12.2012, 2012

(SZA=60u, AOD=0.02; SSA=0.99; altitude = 700 m; cloudless

conditions) but assuming different ozone values as well as different

albedo levels. As pointed out above, as radiative transfer solver was

used the DISORT solver [69]; the extraterrestrial spectrum was

quoted from Gueymard [68]. Figure 6 shows that despite of the

ozone, a surface reflectivity greater than 0.9 in the UV (as that

measured at Union Glacier Camp) led to enhancements in the

UVI under cloudless conditions of about 50% in comparison with

snow free surfaces (albedo= 0.1).

The effect of the albedo can be also weighted up by comparing

our ground-based measurements at Union Glacier Camp with

other spectra measured at snow free locations (albedo= 0.1). We

used some of our measurements carried out in the austral summer

at Paranal Observatory (2,635 m altitude, 24u379S, 70u249W) and

in Santiago de Chile (500 m altitude, 33u279 S, 70u419 W).

Figure 7a shows the UV index computed from spectral

measurements carried out at Union Glacier Camp on

05.12.2012, at Paranal Observatory on 09.01.2013, and in

Santiago de Chile on 10.12.2011. Mostly due to the latitude

(and in turn to the SZA), peak UVI values at Union Glacier Camp

are significantly lower than those in Santiago and at Paranal

Observatory. The figure changes when further comparisons are

carried at common SZA.

Figure 7b shows the ratio between UV spectra at SZA=60u
measured at Union Glacier Camp (on 05.12.2012) and at Paranal

Observatory (on 09.01.2013). Figure 7c shows the ratio between

Figure 4. Spectral albedo measured under cloudless conditions
around noon at Union Glacier Camp. Color indicates the dates:
06.12.2012 (Red); 12.12.2012 (Blue); 13.12.2012 (Green). Note that the
narrow spectral variations in figure 4a have no physical meaning and
are due to insignificant misalignments in the grating of our scanning
double monochromator when measuring sequentially the up- and
downwelling global radiation.
doi:10.1371/journal.pone.0090705.g004

Irradiance and Albedo in Antarctica: A Case Study

PLOS ONE | www.plosone.org 6 March 2014 | Volume 9 | Issue 3 | e90705



UV spectra at SZA=60u measured at Union Glacier Camp (on

05.12.2012) and at USACH station in Santiago de Chile (on

10.12.2011). In figures 7b and 7c we also show the ratio between

modeled UV spectra computed by using the UVSPEC model

under the conditions observed at the moment of the ground-based

measurements (see details in the captions).

It can be seen in figures 7b that the UVA irradiance at Union

Glacier Camp is significantly greater than at Paranal Observatory

(the difference is 60% at 330 nm). Most of this difference is due to

the albedo, and it would be even greater but the altitude of the

observatory attenuates the difference. In figures 7c, it can be

observed that the UVA irradiance at Union Glacier Camp is also

significantly greater than in Santiago (the difference is 100% at

330 nm). Although again most of the difference is due to the

albedo, the aerosol load in the case of Santiago boosts the

difference. As shown in figures 7b and 7c, the differences in the

UVB range are counterbalanced by the ozone (about 30% lower

in Santiago and at Paranal than at Union Glacier Camp, see

captions for details). However, despite the relatively high ozone,

the UVI at Union Glacier Camp on 05.12.2012 at SZA=60u
(330 DU), was greater than in Santiago on 10.12.2011 at

SZA=60u (265 DU) and than at Paranal observatory on

09.01.2013 at SZA=60u (260 DU).

Summary and Conclusions

We report on the first quality-controlled spectral measurements

of the albedo and the UV irradiance at Union Glacier Camp,

located in the southern Ellsworth Mountains on the broad expanse

of Union Glacier. The measurements were carried out in

December 2012 by using a double monochromator-based spectro-

radiometer during a campaign meant to weight up the effect of

local albedo on the UV irradiance.

The UVI, the TOC, the AOD and the SSA, were computed

from our spectra. We found that our surface measurements

roughly agreed with OMI estimates of UVI and TOC; the

detected differences ranged from 0.1% to 3% (i.e. up to about 10

DU) in the case of the TOC, and from 2% to 10% in the case of

the UVI. Moreover, the AOD and the SSA retrieved from our

surface measurements allowed us to conclude that the aerosol

loading at Union Glacier Camp is extremely low (i.e. the aerosol

influence in the area is negligible).

We also found that the spectral albedo measured at noon was

about 0.95 in the UV and the visible part of the spectrum. We did

not detect significant asymmetries (i.e. differences in the albedo

measured at the same SZA, at different times of day). The

differences between albedo values sampled at different times of day

were always within the uncertainty bounds of our measurements.

In order to weight up the effect of the albedo, we compared our

ground-based measurements at Union Glacier Camp with other

spectra measured at snow-free locations. We used some of our

measurements carried out in the austral summer at Paranal

Figure 5. Satellite Albedo. a) Climatology albedo from OMI surface reflectance data (LER) at 354 nm for December. Arrow indicates the location of
the Union Glacier Camp. b) Climatology albedo from OMI reflectance data (LER) at 354 nm for snow-covered scenes. Arrow indicates the location of
the Union Glacier Camp. See the text for details.
doi:10.1371/journal.pone.0090705.g005

Figure 6. Change in the UVI with the albedo. The UVI was
computed by using the UVSPEC model under the conditions observed
at Union Glacier Camp at 11:40 LT on 06.12.2012 (SZA= 60u, AOD= 0.02;
SSA= 0.99; altitude= 700 m) but assuming different ozone column
values as well as different albedo levels (Red line: 0.9; Blue line: 0.5;
Green line: 0.1).
doi:10.1371/journal.pone.0090705.g006
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Observatory (2,635 m altitude, 24u379S–70u249W) and in San-

tiago de Chile (500 m altitude, 33u279 S–70u419 W). Further

modeling allowed us to confirm that the surface reflectivity similar

to that at Union Glacier Camp around noon (albedo= 0.95) led to

enhancements in the UVI under cloudless conditions of about

50% in comparison with snow free surfaces (albedo= 0.1).
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