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Surface Solar Extremes in the Most Irradiated
Region on Earth, Altiplano

Raul R. Cordero®, Sarah Feron, Alessandro Damiani, Edgardo Sepulveda,
Jose Jorquera, Alberto Redondas, Gunther Seckmeyer, Jorge Carrasco,
Penny Rowe, and Zutao Ouyang

ABSTRACT: Satellites have consistently pointed to the Altiplano of the Atacama Desert as the
place on Earth where the world's highest surface irradiance occurs. This region, near the Tropic
of Capricorn, is characterized by its high elevation, prevalent cloudless conditions, and relatively
low concentrations of ozone, aerosols, and precipitable water. Aimed at studying the variability of
the surface solar irradiance and detecting atmospheric composition changes in the Altiplano, an
atmospheric observatory was set up in 2016 at the northwestern border of the Chajnantor Plateau
(5,148 m MSL, 22.95°S, 67.78°W, Chile). Here, we report on the first 5 years of measurements
at this observatory that establish the Altiplano as the region that receives the highest-known
irradiation on Earth and illuminate the unique features of surface solar extremes at high-altitude
locations. We found that the global horizontal shortwave (SW) irradiance on the plateau is
on average 308 W m~2 (equivalent to an annual irradiation of 2.7 MWh m~2 yr', the highest
worldwide). We also found that forward scattering by broken clouds often leads to intense bursts
of SW irradiance; a record of 2,177 W m~2 was measured, equivalent to the extraterrestrial SW
irradiance expected at approximately 0.79 astronomical units (AU) from the Sun. These cloud-driven
surface solar extremes occur on the Chajnantor Plateau at a frequency, intensity, and duration not
previously seen anywhere in the world, making the site an ideal location for studying the response
of photovoltaic (PV) power plants to periods of enhanced SW variability.
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olar radiation is the ultimate energy source for the Earth’s biosphere, and the driving

force for atmospheric and oceanic circulation. The spectrally integrated energy input to

the top of the Earth’s atmosphere at one astronomical unit (AU) is referred to as the total
solar irradiance (TSI), once known as the “solar constant” (Dudok de Wit et al. 2017). Most
of the surface irradiance, which corresponds to the fraction of the TSI that passes through
the atmosphere to the Earth’s surface, is within the shortwave (SW) range (0.29-3 um)
(Loeb et al. 2016).

Continuous observations of the surface SW irradiance enable the detection of climate re-
sponses on different time scales as well as atmospheric composition changes; the fingerprint
left on the spectral SW irradiance by atmospheric absorption and scattering processes allows
retrieving information about the atmospheric constituents (such as gaseous concentrations,
aerosols, and clouds) (Kratz et al. 2020). Quality-controlled ground-based measurements
are of primary importance for the validation of radiative transfer calculations and satellite
estimates (Kratz et al. 2020; Rutan et al. 2015).

Observations of the surface SW irradiance are also a key tool for assessing the solar energy
potential. Carbon-free solar electricity generation is expected to play a major role in reduc-
ing global emissions and mitigating climate change. Long-term records of the SW irradiance
incident on a horizontal plane [often referred to as global horizonal irradiance (GHI)] provide
a direct and harmonized assessment of the available solar resources (Pravalie et al. 2019).
These records have shown that around 20% of the global population lives in 70 countries
with excellent conditions for solar energy projects (ESMAP 2020).

Due to its high elevation and proximity to the equator, the Atacama Desert stands out
among other major solar hotspots. The global horizontal SW irradiance, which is on average
about 240 W m~ on the Tibetan Plateau (Gelsor et al. 2018), climbs to about 275 W m in the
Atacama Desert, and peaks at values close to 300 W m~ in the Altiplano (Pravalie et al. 2019;
Yang and Bright 2020). With an average elevation of about 3,750 m MSL, the Altiplano is the
widest part of the Andes Mountain range, consisting of several connected basins in northern
Chile, western Bolivia, southern Peru, and northwest Argentina. The thin atmosphere and
low concentrations of absorbers and scatterers favor extremely high clear-sky SW irradiance
in the Altiplano region (Cordero et al. 2016; Rondanelli et al. 2015) (Fig. S1 in the online
supplemental material).

According to NASA’s CERES Energy Balanced and Filled (EBAF) data (NASA/LARC/SD/ASDC
2019) (see appendix A), the world’s highest surface SW irradiance occurs in the Altiplano of
the Atacama Desert, very close to the Chajnantor Plateau (Fig. 1a). This vast flat expanse of
about 50 km? has been used since immemorial times for worshipping the Sun; in Kunza,
the ancestral language of the people living in the region, Chajnantor means “lift-off place”
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Fig. 1. The world’s highest surface solar irradiance occurs on the Chajnantor Plateau. (a) Chajnantor Plateau (5,100 m MSL, 23.00°S,
67.75°W) in the Atacama Desert. The vast flat expanse of about 50 km? hosts major astronomical projects including the Atacama
Large Millimeter/Submillimeter Array (ALMA). Picture by the authors. (b) Annual mean surface SW irradiance computed over the
period 2011-20 from NASA's CERES Energy Balanced and Filled (EBAF) data (NASA/LARC/SD/ASDC 2019). The satellite-derived
CERES-EBAF data are used for climate model evaluation and for estimating the Earth’s global mean energy budget. According to
the 1°-resolution CERES-EBAF dataset, the grid point (23.5°S, 67.5°W) that includes the Chajnantor Plateau experiences the high-
est annual mean surface SW irradiance globally (302 W m-2). (c) Daily mean surface SW irradiance measured at Chajnantor using
a SMP-21 Kipp and Zonen pyranometer. The gray shading indicates the highest and lowest values measured for each day of year
(DOY) over the period 2016-22 while the red line indicates the mean over the same period. According to our measurements, the
annual mean of the surface SW irradiance at Chajnantor is 308 W m-2, which roughly agrees with CERES-EBAF estimate (302 W m-2).
(d) Daily maximum surface SW irradiance measured at Chajnantor. The gray shading indicates the highest and lowest values mea-
sured for each day of year (DOY) over the period 2016-22. Our 1-min measurements at Chajnantor show that the daily maximum
surface SW irradiance often exceed the expected clear-sky SW ceiling (computed using a radiative transfer model) and sometimes
also the Total Solar Irradiance (approximately 1,362 W m-2) (Dudok de Wit et al. 2017). Unless otherwise indicated, plots in this
paper were generated using Python’s Matplotlib library (Hunter 2007).

(ESO 2007). The mean temperature on the Plateau, usually around 0°C in summer, drops
considerably up to around -6°C in winter when gusty winds over 15 m s are more frequent
(Fig. S2). Chajnantor hosts major astronomical projects including the Atacama Large
Millimeter/Submillimeter Array (ALMA) (ESO 2007).

Aimed at studying the variability of the surface solar irradiance and detecting atmospheric
composition changes in the Altiplano region, an atmospheric observatory was set up in
2016 at the northwestern border of the Chajnantor Plateau (5,148 m MSL, 22.95°S, 67.78°W,
Chile, Fig. S3). The Chajnantor Observatory, the Nepal Climate Observatory-Pyramid (NCO-P,
at 5,079 m MSL, 27.96°N, 86.81°E, in the Khumbu Valley near Mt. Everest) (Marcq et al.
2010), and the Chacaltaya Observatory (CHC, at 5,240 m MSL, 16.35°S, 68.13°W, near the
Chacaltaya summit in the Bolivian Altiplano) (Aliaga et al. 2021) are the only atmospheric
research facilities above 5,000 m MSL in the world. Collaud Coen et al. (2018) provide a
comprehensive list of high-altitude research stations around the globe.

Here, we report on 5 years of measurements of the SW irradiance at the Chajnantor
Observatory (see appendix B). Broadband measurements were made with a Class A
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pyranometer (SMP-21, Kipp and Zonen), while quality-controlled spectral measurements in
the ultraviolet (UV), visible, and part of the infrared range were conducted using a spectro-
radiometer system that fulfills specifications of the Network for the Detection of Atmospheric
Composition Change (NDACC) (Wuttke et al. 2006) and the World Meteorological Organi-
zation (WMO) (Seckmeyer et al. 2001). Additional ground-based spectral measurements
involved photometers affiliated with the Aerosol Robotic Network (AERONET) (Holben 1998)
and SKYNET (Nakajima et al. 2020). Estimates of the total ozone column (TOC), the total
precipitable water (TPW), and the aerosol optical depth (AOD) were retrieved from our spectral
measurements. For complementary radiative transfer calculations, we used the libRadtran
software package (Mayer and Kylling 2005).

Results

Our measurements have validated satellite estimates that pointed to the Altiplano of the
Atacama Desert as the most irradiated region on Earth. The Chajnantor Plateau lies within the
grid point where, according to the NASA’s CERES-EBAF data (NASA/LARC/SD/ASDC 2019),
the world’s highest surface irradiance occurs (Fig. 1b). According to our ground-based mea-
surements, the annual mean of the surface SW irradiance at the Chajnantor Observatory is
308 W m~ (Fig. 1c), which roughly agrees with the CERES-EBAF estimate (302 W m™2).

Due to its proximity to the equator, the annual irradiation is considerably higher on
the Altiplano of the Atacama Desert than in other high-altitude regions, for example, the
Tibetan Plateau. The annual mean of the surface SW irradiance at Chajnantor (308 W m™) is
equivalent to an annual irradiation of 2.7 MWh m~2 yr!, which is well above (about 28%) the
annual irradiation measured at Lhasa (3,683 m MSL, Tibet) (Gelsor et al. 2018). The eleva-
tion of Chajnantor (about 1,400 m higher than Lhasa) accounts for a relatively small fraction
(about one-fifth) of the differences in annual irradiation; most of the differences in annual
irradiation are attributable to the lower latitude of Chajnantor with respect to Lhasa (23.0°S
versus 29.6°N).

The differences between Chajnantor and high-altitude locations on the southern Tibetan
Plateau are smaller when comparing annual maximum SW irradiances (i.e., measured when
the Sun reaches its annual maximum elevation). On the Chajnantor Plateau, the solar zenith
angle (SZA) is almost 0° on the summer solstice, while on the southern Tibetan Plateau (28°N)
it reaches a minimum of about 5° close to the summer solstice. At high-altitude sites, where
the aerosol load is generally low, small differences in the SZA (0° versus 5°) lead to small
differences in the SW irradiances (about 2% higher on the Chajnantor Plateau than on the
Tibetan Plateau). These relatively small differences are considerably amplified by the fact that
the austral summer occurs when the Earth’s orbit is closer to the Sun (i.e., perihelion occurs
in early January), which makes the summer clear-sky SW irradiances up to 7% higher in the
Southern Hemisphere than in the Northern Hemisphere. Although the elevation of the peaks
on the Tibetan Plateau (3,000 m higher than Chajnantor) may offset most of the differences
(Fig. S4), the noontime SW irradiance has nonetheless been found to be slightly higher at
Chajnantor than at the world’s highest sites. While the summer daily maximum SW irradi-
ance measured under cloudless conditions at Chajnantor is close to 1,280 W m~ (Fig. 1d), the
noontime SW irradiance measured at South Col (close to the summit of Mount Everest, 28°N,
7,945 m MSL) is around 1,250 W m? (Matthews et al. 2020).

Although elevation and proximity to the equator play a major role, the thin atmosphere
and low concentrations of absorbers and scatterers also favor the clear-sky SW extremes on
Chajnantor Plateau (Fig. 2). The TOC, AOD, and TPW are considerably lower over the Atacama
Desert than over other regions of high solar potential (Cordero et al. 2016). For example, AOD
values in the Atacama Desert are on average about half of those observed in northwestern
Africa (Wei et al. 2019). According to our ground-based measurements, the annual means on
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Fig. 2. The thin atmosphere favors the extremely high surface radiation on the Chajnantor Plateau. (a),(d) Total ozone column
(TOCQ); (b),(e) aerosol optical depth (AOD); and (c),(f) total precipitable water (TPW). (top) Annual mean of satellite-derived
estimates over the period 2011-20. TOC data are from the Ozone Monitoring Instrument (OMI) Differential Optical Absorption
Spectroscopy (OMI-DOAS) on board the Aura satellite (Veefkind 2012) while AOD and PW data are from the level-3 Moderate
Resolution Imaging Spectroradiometer (MODIS) on board the Aqua satellite (Platnick et al. 2015). According to satellite esti-
mates, the annual means on the Chajnantor Plateau of TOC, AOD, and TPW are 256 DU, 0.06, and 2.7 mm, respectively. (bottom)
Ground-based measurements at the Chajnantor Observatory over the period 2016-22. For each day of year (DOY), we used a
29-day rolling window to form datasets of the available measurements. The mean and standard deviation (¢) of these datasets
are shown in plots (d)-(f). According to our measurements, the annual means at the Chajnantor Observatory of TOC, AOD, and
TPW are 255 DU, 0.05, and 2.4 mm, respectively.

the Chajnantor Plateau of TOC, AOD, and PW are 255 Dobson units (DU), 0.05, and 2.4 mm,
respectively. In contrast to TOC (Fig. 2d) and AOD values (Fig. 2e), TPW values at Chajnantor
exhibit a considerable seasonality (Fig. 2f). The atmosphere above the Chajnantor Plateau
is the second driest in the world (after Antarctica). However, the South American monsoon
(Carvalho et al. 2012) enhances moisture transport from the Amazon basin leading to seasonal
changes in the TPW on the Chajnantor Plateau. Although the summer TPW rise shown in
Fig. 2f can reduce the clear-sky SW irradiance by up to 3%, monsoon-boosted moisture can
lead to much larger changes in SW irradiance if it condenses forming clouds.

The unique features of the Chajnantor Plateau include the so-called cloud enhancement
events (i.e., intense bursts of SW irradiance far exceeding expected clear-sky values and often
extraterrestrial levels). While clouds generally attenuate the surface radiation by preventing
it from reaching the surface, forward scattering by clouds of suitable type and optical thick-
ness can enhance the global horizonal irradiance (Damiani et al. 2018; Gueymard 2017;
Piedehierro et al. 2014; Yordanov et al. 2015). Strong forward scattering can boost the global
horizonal irradiance well above the clear-sky ceiling (Piedehierro et al. 2014; Yordanov et al.
2015). Although an upper limit is still uncertain, simulations of the radiative transfer through
a cloudy atmosphere suggests that cloud enhancement by a factor of about 1.8 (with respect
to the expected clear-sky SW irradiance) is possible (Yordanov et al. 2015). Yordanov et al.
(2015) estimated that extremes higher than 2,000 W m2 are likely at latitudes within
+30° around the equator. As discussed below, our measurements confirm this estimation.
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Table 1. Top-10 SW extremes observed at Chajnantor since 2016 (shaded) compared with prior top-10 records registered
elsewhere by using pyranometers. Additionally, SW Irradiances of up to 1.6 KW m-2 have been measured by using other
sensors in Sao Paulo (southern Brazil) (Almeida et al. 2014) and in Grimstad (southern Norway) (Yordanov et al. 2015). Note
that the all-time record of 2,177 W m-2 is equivalent to the extraterrestrial SW irradiance expected at approximately 0.79 AU
from the Sun (as a reference, Venus is 0.73 AU at its farthest distance from the Sun).

SW irradiance

(W m-?) Location Elevation (m)  Resolution (s) Instrument Date or reference

2,177 Chajnantor, Chile 5,148 60 SMP21 pyranometer 24 Jan 2017

1,952 Chajnantor, Chile 5,148 60 SMP21 pyranometer 6 Jan 2021

1,891 Colorado, United States 1,829 1 LICOR LI-200 Gueymard (2017)

1,872 Chajnantor, Chile 5,148 60 SMP21 pyranometer 6 Jan 2020

1,845 Caucaia, Brazil 32 1 SPN1 pyranometer do Nascimento et al. (2019)

1,832 Andean Mountains, Ecuador 3,400 300 CM3 pyranometer Emck and Richter (2008)

1,805 Chajnantor, Chile 5,148 60 SMP21 pyranometer 31 Jan 2017

1,796 Chajnantor, Chile 5,148 60 SMP21 pyranometer 21 Dec 2021

1,795 Chajnantor, Chile 5,148 60 SMP21 pyranometer 31 Jan 2017

1,782 Chajnantor, Chile 5,148 60 SMP21 pyranometer 23 Jan 2017

1,780 Chajnantor, Chile 5,148 60 SMP21 pyranometer 22 Jan 2020

1,780 Chajnantor, Chile 5,148 60 SMP21 pyranometer 5 Jan 2021

1,779 Chajnantor, Chile 5,148 60 SMP21 pyranometer 6 Jan 2021

1,691 Carrera Pinto, Atacama Desert 1,920 60 LICOR LI-200 Castillejo-Cuberos and Escobar (2020)

1,543 Lima, Peru 54 1-3 EKO MS-80 Jara et al. (2021)

1,533 Cyprus 360 60 MS-802 pyranometer Tapakis and Charalambides (2014)

1,528 Puna of Atacama, Argentina 3,900 5 PSP Eppley pyranometer Piacentini et al. (2003)

1,477 Recife, Brazil 4 60 CM11 pyranometer Piacentini et al. (2011)

1,466 San Diego, United States 18 2 LICOR LI-200 Lappalainen and Kleissl (2020)

1,450 Lauder, New Zealand 370 60 BSRN-certified Pfister et al. (2003)
pyranometer

Powered by cloud enhancements, 7 of the highest 10 SW extremes on record around the
world have occurred on the Chajnantor Plateau (Table 1) (see appendix C). Our ground-based
measurements show that the daily maximum SW irradiance at Chajnantor frequently exceeds
both the clear-sky ceiling and the TSI (Fig. 1d). Although values of the SW irradiance higher
than the TSI have also been also measured elsewhere, SW extremes detected at Chajnantor
stand out from the rest (Table 1). On 24 January 2017, we measured the highest globa 1 horizo-
nal SWirradiance ever registered: 2,177 W m2, a value considerably higher than prior records
from the United States (Gueymard 2017), Brazil (do Nascimento et al. 2019), and Ecuador
(Emck and Richter 2008), which all fell below 1,900 W m (Table 1). Satellite imagery from
GOES-16 (band 4, 1.37 um, Near-IR, “Cirrus Band,” Fig. S5) suggest the presence of cumuliform
(Sc/Cu) and cirrus clouds over the Chajnantor (Ch) Plateau on 24 January 2017. Prior efforts
(e.g., Cede et al. 2002; Castillejo-Cuberos and Escobar 2020) have shown that cloud enhance-
ment occurs frequently with cumulus-type clouds (cumulus, stratocumulus, altocumulus, and
cirrocumulus), as well as with cirrus or cirrostratus clouds. The synoptic-scale circulation
shows that easterly winds prevailed over the Altiplano that day, which are conditions typi-
cally associated with the South American monsoon (Carvalho et al. 2012).

Although cloudless conditions prevail most of the time in the Atacama Desert (Fig. S6),
the South American monsoon (Carvalho et al. 2012) makes clouds more frequent on the
Chajnantor Plateau during mid- and late summer (January and February). The effect of clouds
on the surface solar radiation is often characterized by the cloud modification factor (CMF),
generally defined as the ratio between the measured all-sky surface radiation and the
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corresponding clear-sky surface radiation computed using a radiative transfer model (Staiger
et al. 2008). According to our measurements (Fig. 3a), the annual mean of the daily CMF
values at Chajnantor is higher than 0.9 (i.e., clouds attenuate the daily SW irradiation by
less than 10%). However, attributable to the thicker and frequent clouds, daily CMF values
are considerably lower than 0.9 in mid- and late summer.

Summertime cloud conditions on the Chajnantor Plateau not only favor short-lived SW
extremes but also often lead to persistent cloud enhancement events. Prior efforts elsewhere
have shown that cloud enhancement events can last from seconds and minutes (Tapakis
and Charalambides 2014) to, occasionally, hours (Cede et al. 2002). At Chajnantor, we have
registered cloud enhancement events lasting up to 4 h. The all-time SW record (2,177 W m2)
on 24 January 2017 was in fact preceded by a cloud enhancement event that lasted about 3 h,
from midmorning to about noon (Fig. 3b). The surface SW irradiance repeatedly exceeded
clear-sky levels during the afternoon when 1-min-resolution CMF values (computed dividing
our all-sky 1-min SW measurements by the corresponding clear-sky SW estimates) ranged
from 0.2 close to the sunset to 1.7 close to noon (Fig. 3¢). If considered sequentially, cloud
enhancement lasted 226 min on 24 January 2017.

According to our measurements, cloud enhancement events occur on the Chajnantor
Plateau at a frequency, intensity, and duration not previously measured anywhere in
the world:

e Cloud enhancement events at Chajnantor are so frequent that the daily probability
of detecting such an event using 1-min-resolution measurements is on average close to
0.5 (gray line in Fig. 3d). Attributable to the thicker and frequent clouds, enhancement
events are slightly more frequent in mid- and late summer.

e The probability of the daily maximum SW irradiance at Chajnantor surpassing extrater-
restrial levels is higher than 0.5 in January (blue line in Fig. 3d). Due to the concurrence
of frequent broken cloud conditions and high solar elevations (occurring just a few weeks
after the summer solstice), the daily maximum SW irradiance at Chajnantor is on average
higher than the TSI during January (Fig. 1d).

¢ The daily maximum cloud enhancement at Chajnantor is on average about 1.3 (Fig. 3e)
but enhancements close to the 1.8 [the upper limit suggested by models (Yordanov et al.
2015)] have been registered. The all-time record of surface SW irradiance (2,177 W m2)
resulted from an enhancement of about 1.7 (corresponding to more than 850 W m,
Figs. 3b,c).

¢ Cloud enhancement events at Chajnantor last on average 12 min in total per day (Fig. 3f),
although we have registered events that lasted for hours (Fig. 3c). Attributable to the thicker
and more frequent clouds, enhancement durations nearly triple in mid- and late summer
with respect to the rest of the year (Fig. 3f). If considered sequentially, cloud enhancement
events at Chajnantor last more than 6 days yr?, which is nearly twice the total duration
observed elsewhere (Inman et al. 2016).

The Chajnantor Plateau is also where the world’s highest surface UV irradiance occurs.
Satellite estimates have consistently indicated that the UV index (i.e., a proxy of the erythe-
mally active UV irradiance) on the Altiplano is the highest worldwide (Fig. 4a), with a peak
of almost 20. In agreement with satellite estimates, our ground-based measurements show
that the summer daily maximum UV index at Chajnantor is also on average slightly lower
than 20 (Fig. 4b). Some of the factors that favor SW records (elevation and proximity to the
equator) also contribute to the extreme UV levels observed at Chajnantor. However, in
the case of the UV irradiance, the low 0zone column over the Atacama Desert plays a major role
(Fig. 2a). TOC values are on average about 10% lower over the Atacama Desert than over
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Fig. 3. Broken cloud conditions on the plateau often lead to bursts of surface solar irradiance far exceeding clear-sky levels.
(a) 1-day cloud modification factor (CMF): ratio between the daily all-sky SW irradiation measured at Chajnantor and the cor-
responding daily clear-sky SW irradiation computed using a radiative transfer model. The gray shading indicates the highest and
lowest 1-day CMF values over the period 2016-22 while the blue line indicates the mean over the same period. The annual mean
of the CMF at Chajnantor is higher than 0.9 (although lower values are frequent in mid- and late summer). (b) 1-min all-sky SW
irradiance measured at Chajnantor on 24 Jan 2017 (solid blue line) and the corresponding clear-sky SW irradiance computed
using a radiative transfer model (dashed gray line). Although clouds generally attenuate the surface irradiance (i.e., CMF values are
generally lower than 1), our measurements at Chajnantor show that forward scattering by broken clouds on 24 Jan 2017 led to
all-sky SW values far exceeding clear-sky levels (i.e., CMF values higher than 1). (c) 1-min CMF computed using the data shown
in (b). We calculated the 1-min-resolution CMF values dividing our all-sky SW irradiance measurements at Chajnantor by the cor-
responding clear-sky SW irradiance computed using a radiative transfer model. CMF values lower than 1 were observed in early
morning and late afternoon. However, cloud conditions prevalent from about 10 h to about 13 h led to CMF values higher than 1
(i.e., cloud enhancement) for several hours. Although rare elsewhere, cloud enhancement occurs on the Chajnantor Plateau
at a frequency, intensity, and duration not seen anywhere in the world. (d) Probability of the daily maximum SW irradiance at
Chajnantor being higher than the TSI (blue line) for at least 1 min, and probability of cloud enhancement being higher than 1.1 for at
least 1 min (gray line). The latter is equivalent to the all-sky SW irradiance at Chajnantor being at least 10% higher than clear-sky
levels for at least 1 min. (e) Daily maximum CMF observed on the Chajnantor Plateau: median (blue line) and mean (gray line).
CMF values higher than one indicate cloud enhancement. Although we have registered cloud enhancements close to 1.8, the
daily maximum cloud enhancement at Chajnantor is on average about 1.3. (f) Cloud enhancement duration: median (blue line)
and mean (gray line) of the number of minutes a day that the all-sky SW irradiance is at least 10% higher than clear-sky levels
(i.e., the daily total time in minutes that the CMF is higher than 1.1). Cloud enhancement events at Chajnantor last on average
by 12 min in total per day.

northern Africa (Cordero et al. 2018a). These relatively low TOC values alone account for up
to 20% of the differences between the erythemally active UV irradiances measured in the
Atacama Desert and in northern Africa.

The highest UV irradiances measured at Chajnantor are associated with cloud enhance-
ment events. Attributable to broken cloud conditions, the daily maximum UV index at
Chajnantor frequently exceeds the clear-sky ceiling. For example, on 22 January 2020 we
measured the highest surface UV index ever registered under quality-controlled conditions
(Fig. 4c). In the case of the UV spectrum, quality-controlled measurements require a double
monochromator-based spectroradiometer; we used a Bentham DMC300, which required
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Fig. 4. Cloud enhancement also leads to extremes in the UV irradiance. (a) Annual maximum UV index averaged over the period
2011-20. The data were obtained from the global gridded Aura-OMI Spectral Surface UVB Irradiance and Erythemal Dose product
(OMUVBd). According to satellite estimates the annual maximum UV index at Chajnantor is slightly lower than 20. (b) Daily maxi-
mum UV index measured at Chajnantor using a double monochromator-based Bentham DMC300 spectroradiometer. The gray
shading indicates the highest and lowest values measured for each day of year (DOY) over the period 2016-22 while the red line
indicates the mean over the same period. Likely due to cloud enhancement events, our measurements at Chajnantor show that
the daily maximum UV index often exceeds 20. (c) Ground-based measurements at Chajnantor on 22 Jan 2020: 1-min all-sky SW
irradiance (solid blue line), clear-sky SW irradiance computed using a radiative transfer model (dashed blue line), and 1-h all-sky
UV index (red crosses). Our measurements at Chajnantor show that scattering by broken clouds around noon led to all-sky irradi-
ances (both SW and UV) far exceeding clear-sky levels. On 22 Jan 2020, the UV index peaked at 25.8, which is the world’s highest
value ever registered by using a double-monochromator-based spectroradiometer.

more than 1 min to scan the UV spectrum. Due to the scanning time and the limited tem-
poral resolution of our spectral measurements (1-h resolution), we may have missed some
UV records associated with short-lived cloud enhancement events. In other words, the
UV record in Fig. 4c is hardly the maximum possible UV index on the Chajnantor Plateau.
Additional examples of cloud-driven UV extremes are shown in Fig. S7. For comparison, at
the Izafia Observatory (2,367 m MSL, 28°18'N, 16°30'W, Tenerife Island), the annual
maximum UV index peaks at about 14 (Cordero et al. 2013). The World Health Organization
considers that values of the UV index greater than 11 indicate extreme risk of harm from
unprotected sun exposure (Zaratti et al. 2014).

Discussion and conclusions

The Altiplano of the Atacama Desert is the most irradiated place on Earth. Due to its prox-
imity to the equator, the annual irradiation (i.e., the annual dose) is far higher (more than
20%) on the Chajnantor Plateau than in other high-altitude regions like the Tibetan Plateau.
Despite the higher elevation of the peaks on the Tibetan Plateau, our measurements suggest
that annual maximum SW irradiances are on average also slightly higher at Chajnantor than
at South Col, close to the summit of Mount Everest.

Surface SW extremes registered on the Chajnantor Plateau are unparalleled worldwide. The
unique features of the Chajnantor Plateau include the strong forward scattering by broken
clouds that often makes SW irradiance far exceed the clear-sky ceiling. Our measurements
show that these transient cloud enhancement events occur on the Chajnantor Plateau at a
frequency, intensity, and duration not previously seen anywhere in the world. Attributable to
cloud enhancements, 7 of the highest 10 SW extremes on record around the world were reg-
istered on the Chajnantor Plateau (Table 1). SW extremes associated with cloud enhancement
events are so recurrent at Chajnantor that the daily maximum SW irradiance exceeds on average
extraterrestrial levels during much of the summer (Fig. 1d). While enhancement events (exceed-
ing, for example, 1,100 W m) lasted up to 420 s elsewhere (Lappalainen and Kleissl 2020), we
have registered at Chajnantor events of similar intensity that lasted several hours (Fig. 3b).
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Surface SW extremes on the Chajnantor Plateau are driven by clouds. Occasional albedo
enhancements triggered by snowfalls are several times lower than cloud enhancements.
Although the Atacama Desert is one of the driest regions on Earth, the South American
monsoon (Carvalho et al. 2012) brings convective precipitation (in the form of snow) to
the Chajnantor Plateau during the austral summer (Cordero et al. 2019). The rest of the
year, clouds are associated with passing frontal systems (and cutoff lows) (Garreaud and
Aceituno 2007). Snowfall occasionally boosts the already high albedo of the Atacama
Desert (Cordero et al. 2021), especially in winter. Due to lower temperatures, snow persis-
tence on the Chajnantor Plateau peaks in early July (Fig. S8). However, snow on Chajnantor
is generally thin and patchy (Cordero et al. 2019) such that albedo enhancements (up to 1.05)
generally play a limited role in the surface SW extremes. Cloud enhancements close to
the 1.8 [the upper limit suggested by models (Yordanov et al. 2015)] have been registered
at Chajnantor.

Cloud enhancement at Chajnantor does not increase the solar energy potential. Despite
the intense, long, and frequent cloud enhancement events, they are unable to push daily
irradiation beyond the clear-sky ceiling and daily CMF values at Chajnantor always remain
below 1 (Fig. 3a). The fact that daily CMF values remain below 1 underlines the transient
nature of cloud enhancement events. According to our measurements, cloud attenuation
prevails over cloud enhancement when it comes to solar energy potential.

Cloud enhancement does boost the surface SW variability and in turn exacerbate the in-
termittency of photovoltaic (PV) power plants (Lappalainen and Kleissl 2020; Jarveld et al.
2020). The limitations of inverters to respond to periods of enhanced variability could result
in reliability concerns including frequency violations. The rapid passage from cloud attenua-
tion to cloud enhancement may result in large power ramp rates (Tapakis and Charalambides
2014; Inman et al. 2016). Large ramp rates can cause voltage flickers that in turn trigger tap
chargers on distribution feeders increasing operations cost and the need of grid stabilization
services (Tapakis and Charalambides 2014; Inman et al. 2016). The frequent and intense cloud
enhancement events make the Chajnantor Plateau an ideal place for testing safety, durability,
and design of future variability-proof PV power plants.
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datasets/M2TMNXCSP_5.12.4/summary. OMUVBd products of the global erythemally weighted daily
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Chajnantor Plateau created or used during this study are openly available at http://antarctica.cl/wp/
wp-content/uploads/2022/10/Chajnantor-ground-based-measurements.zip.

AMERICAN METEOROLOGICAL SOCIETY BAMS Unauthenticated |Jl6gwngé)&1%d E&;335/23 11:20 AM UTC


https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_Edition4.1
https://disc.gsfc.nasa.gov/datasets/OMDOAO3e_003/summary
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD08_M3#overview
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD08_M3#overview
https://disc.gsfc.nasa.gov/datasets/M2TMNXCSP_5.12.4/summary
https://disc.gsfc.nasa.gov/datasets/M2TMNXCSP_5.12.4/summary
https://disc.gsfc.nasa.gov/datasets/OMUVBd_003/summary
http://satelite.cptec.inpe.br
http://antarctica.cl/wp/wp-content/uploads/2022/10/Chajnantor-ground-based-measurements.zip
http://antarctica.cl/wp/wp-content/uploads/2022/10/Chajnantor-ground-based-measurements.zip

Appendix A: Satellite data

Estimates of the 1° surface SW irradiance for 2011-20 (Fig. 1b) are from the NASA’s CERES
Energy Balanced and Filled (EBAF) data (NASA/LARC/SD/ASDC 2019); datasets are avail-
able at https://asdc.larc.nasa.gov/project/CERES/CERES _EBAF_Edition4.1. The satellite-derived
CERES-EBAF data are used for climate model evaluation and for estimating the Earth’s
global mean energy budget. The CERES project has launched seven instruments includ-
ing flight models 1 and 2 (FM1 and FM2) on Terra in December 1999, FM3 and FM4 on
Aqua in May 2002, FM5 on the Suomi National Polar-Orbiting Partnership (Suomi NPP)
in October 2011, and FM6 on the Joint Polar Satellite System-1 (JPSS-1)/NOAA-20 in
November 2017 (Kratz et al. 2020). Estimates from Terra and Aqua instruments constitute
the longest data record and have undergone the most extensive characterization and
calibration (Loeb et al. 2016). Comparison between surface-measured and CERES-derived
clear-sky SW fluxes shows differences of about 2.4% from all surface types combined
(Kratz et al. 2020).

Ozone data (Fig. 2a) are from the Ozone Monitoring Instrument (OMI) Differential Optical
Absorption Spectroscopy (OMI-DOAS) on board the Aura satellite (Veefkind 2012), available
at https://disc.gsfc.nasa.gov/datasets/lOMDOAO3e_003/summary. Validation efforts of these products
have been primarily based on comparisons with a network of Dobson and Brewer ground
stations. OMI-DOAS estimates are on average only about 1.1% higher than measurements
conducted at 76 ground-based stations (McPeters et al. 2008).

Estimates of aerosols (Fig. 2b) and precipitable water (Fig. 2c) are from the level-3
Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Aqua satellite.
Specifically, we used the 1° resolution MYD08_M3-MODIS/Aqua Aerosol Cloud Water Vapor
Ozone Monthly L3 Global dataset (Platnick et al. 2015) available at https:/ladsweb.modaps.
eosdis.nasa.gov/missions-and-measurements/products/MYD08_M3#overview. All level-3 MODIS
atmosphere monthly global parameters are derived from the scientific parameters of MODIS
Atmosphere Daily Global Joint Product (MYDO08_D3).

Cloud fraction data (Fig. S6) are from Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA-2), produced by the Goddard Earth Observing System Data
Assimilation System (GEOS DAS) using the Goddard Earth Observing System Model (GEOS)
version 5.12.4 (GMAO 2015). Specifically, we used the M2TMNXCSP (or tavgM_2d_csp_Nx),
which is a time-averaged two-dimensional monthly mean data collection including
the MODIS cloud fraction total mean. Datasets are available at https:/disc.gsfc.nasa.gov/datasets/
M2TMNXCSP_5.12.4/summary.

Monthly mean of satellite-derived estimates of the snow persistence are from MODIS/Terra
Snow Cover Daily L3 Global 500m SIN Grid, version 6 (Hall and Riggs 2016). Datasets are
available at https://nsidc.org/data/MOD10A1/versions/6.

For satellite-retrieved estimates (under cloudless conditions) of the UV index (Fig.
4a), we used the level-3 daily global gridded Aura-OMI Spectral Surface UVB Irradiance
and Erythemal Dose product (OMUVBd) (Hovila et al. 2013). The OMUVBd product con-
tains global erythemally weighted daily dose and erythemal dose rate at local solar noon
at 1.0° x 1.0° grids. Data are available at https://disc.gsfc.nasa.gov/datasets/OMUVBd_003/
summary.

Appendix B: Ground-based measurements

Ground-based measurements have been conducted since 2016 at the Chajnantor atmo-
spheric observatory (5,148 m MSL, 22.95°S, 67.78°W, Chile) located at the northwestern
border of the Chajnantor Plateau (Fig. S3). Measurements at Chajnantor are made to deter-
mine baseline levels, trends, and causes of variability of the surface solar irradiance and
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several atmospheric gases (including ozone and the water vapor). The Chajnantor observa-
tory contributes to international networks such as the following:

e AERONET (Aerosol Robotic Network), which provides globally distributed observations of
spectral AOD, inversion products, and TPW (Holben 1998). The measurements for AERONET
are carried out using a Cimel photometer model CE318-TS9 that allows estimating the TPW
column as well as the AOD at the following wavelengths: 340, 380, 440, 500, 675, 870,
1,020, and 1,640 nm.

e EUBREWNET (European Brewer network), which coordinates Brewer spectrophotometer
measurements of ozone, spectral UV, and the AOD in the UV part of the spectrum (AOD-UV)
in Europe and beyond (Rimmer et al. 2018).

e SKYNET, a network focused on the aerosol-cloud-solar radiation interaction (Nakajima
etal. 2020). The measurements for SKYNET are carried out using a Prede photometer model
POM-01 that allows estimating the AOD at the following wavelengths: 400, 440, 500, 675,
870, and 1,020 nm.

Measurements of the SW irradiance at Chajnantor (Figs. 1c,d) at 1-min resolution were
conducted using a SMP21 Kipp and Zonen pyranometer, which is an ISO 9060 spectrally
flat Class A pyranometer (the highest-possible ISO pyranometer performance category). The
instrument combines a thermopile-based sensor with a RS-485 Modbus interface, which
amplifies analog output and improves the response time (less than 2 s). The SMP21 unit is
protected against overvoltage, reversed polarity, and short circuiting (www.kippzonen.com/
Product/359/SMP21-Pyranometer#.YpDDUi-B3T0). The pyranometer is fitted with a CVF4 ventila-
tion unit aimed at reducing dome soiling by dust and dirt and reducing thermal offsets by
stabilizing the temperature (www.kippzonen.com/Product/262/CVFA4-Ventilation-Unit#.YpDE3i-B3T0).
Separated studies (e.g., Cordero et al. 2018b) have estimated soiling-related annual energy
losses of 3% or less at high-altitude sites in Atacama Desert. Monthly or weekly losses are ac-
cordingly much lower. Despite the relatively low local soiling, cleaning of the dome has been
conducted every 2—4 weeks. In accordance with prior efforts specifically aimed at evaluating
the uncertainty of pyranometers (e.g., Myers et al. 2004), the uncertainties associated with our
broadband measurements are estimated to be lower than 3%, also in the case of the extremely
high irradiances resulting from cloud enhancement events. Calibrations of the instrument
have been conducted every 2 years following the ISO 9846 norm (www.iso.org/standard/17724.
html), recommended for the calibration of pyranometers used as reference instruments. As
calibration standard, we use an absolute cavity radiometer traceable to the World Radiation
Center (WRC, Davos).

Measurements of the surface solar spectrum (290-1,800 nm) at 1-h resolution on the
Chajnantor Plateau were carried out using a spectroradiometer system that fulfills specifica-
tions of the Network for the Detection of Atmospheric Composition Change (NDACC) (Wuttke
et al. 2006) and the World Meteorological Organization (WMO) (Seckmeyer et al. 2001). The
system is based on a double monochromator Bentham DMC300 (300 mm focal length) fitted
with a photomultiplier detector (especially important in the UV range), a Silicon photodiode
detector, and an InGaAs detector for measurements at wavelength longer that 1,100 nm.
The Full Width at Half Maximum (FWHM) of the spectroradiometer is 1 nm over the range
290-650 nm and 5 nm over the range 650-1,800 nm. An integrating sphere fitted with a
quartz dome is used as input optics; cleaning of the dome is conducted every 2—-4 weeks.
Although sampling the UV spectrum (290-400 nm) may take only a couple of minutes, the
scan over the range 290-1,800 nm takes about 9 min. The spectroradiometer renders
spectral measurements with uncertainties of up to 10% in the case of UV-B wavelengths
(290-315 nm) and up to 4% in the case of longer wavelengths (Cordero et al. 2008).
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Calibrations of the instrument have been conducted every 4-6 weeks following the
WMO-GAW 125 recommendations (Seckmeyer et al. 2001). As a calibration standard, halo-
gen lamps traceable to the Physikalisch-Technische Bundesanstalt (PTB, Germany) are used.

The UV-A and UV-B irradiance as well as the photosynthetically active radiation (PAR)
were computed from the measurements of the global solar spectrum by calculating the in-
tegral within the ranges 315-400, 290-315, and 400-700 nm, respectively. The results are
shown in Fig. S9. The erythemal irradiance was computed by calculating the integral of the
spectral UV irradiance in the range 250-400 nm, weighted by the so-called McKinlay-Diffey
erythema action spectrum (McKinlay and Diffey 1987). The dimensionless values of the UV
index (shown in Figs. 4b,c) were obtained by scaling the erythemal irradiance using the
factor 40 m*> W,

Additional comparisons involved estimates by the libRadtran software package for
radiative transfer calculations (Mayer and Kylling 2005). This radiative transfer model uses
the Discrete Ordinates Radiative Transfer (DISORT) solver (Dahlback and Stamnes 1991)
and the extraterrestrial spectrum by Gueymard (2004). When the atmospheric composi-
tion (TOC, TPW, and AOD) is available, this model can estimate the cloud-free spectral
irradiance with relatively high accuracy (Fig. S10). In the UV spectral range, the model
has been validated by systematic comparisons with ground-based measurements under
cloudless conditions (Badosa et al. 2007; Satheesh et al. 2006). Under cloudless conditions,
the libRadtran model renders spectral measurements with uncertainties of up to 15% in
the case of UV-B wavelengths (290-315 nm) (Cordero et al. 2007), and up to 6% in the
case of longer wavelengths (Belluardo et al. 2016). Systematic comparisons with model
outputs allowed retrieval of estimates of TOC and TPW from our ground-based spectral
measurements.

Appendix C: Analysis of extremes
In the case of the results shown in Figs. 3d—f, we applied a methodology widely used for
computing the probability of extreme events (e.g., Feron et al. 2021, and references therein).

First, we analyzed the extremes in the SW irradiances. For each day of year (DOY), we
used 29-day rolling windows to form datasets of daily maximum surface SW irradiance mea-
sured at Chajnantor over the period 2016-22. This means that, over a 5-yr period, we formed
datasets of up to 145 (29 x 5 = 145) measurements for each DOY. As an example, histograms
of the datasets corresponding to the DOY = 1 (1 January) and to the DOY = 305 (1 November)
are shown in Fig. S11a. Similar histograms (or the corresponding probability density func-
tions) for each DOY allowed us to compute the probability of the daily maximum surface SW
irradiance at Chajnantor being higher than the TSI (Fig. 3d).

Second, we analyzed the statistics of the cloud enhancement events (i.e., when the all-sky
SW irradiance exceeds clear-sky levels by at least 10%). We calculated the 1-min-resolution
cloud modification factor (CMF) dividing our all-sky SW measurements at Chajnantor over the
period 2016-22 by the corresponding clear-sky SW irradiance computed using the libRadtran
software package for radiative transfer calculations (Mayer and Kylling 2005). Then, for each
DOY, we used 29-day rolling windows to form datasets of the daily maximum CMF. This
means that, over a 5-yr period, we formed datasets of up to 145 (29 x 5 = 145) CMF values
for each DOY. As an example, the histograms of the datasets corresponding to the DOY = 1
(1 January) and to the DOY = 305 (1 November) are shown in Fig. S11b. Similar histograms
(or the corresponding probability density functions) for each DOY allowed us to compute the
probability of the daily maximum CMF at Chajnantor being higher than 1.1 (Fig. 3d), which is
equivalent to the probability of the all-sky SW values being at least 10% higher than clear-sky
levels for at least 1 min. The mean and the median of the datasets corresponding to each DOY
are shown in Fig. 3e.
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Finally, we analyzed the statistics of the cloud enhancement duration. We calculated the
number of minutes per day that our all-sky SW measurements over the period 2016-22 were
at least 10% higher than clear-sky level (i.e., the daily total time in minutes that the CMF
was higher than 1.1). Then, for each DOY, we used 29-day rolling windows to form datasets
of the daily cloud enhancement duration. This means that, over a 5-yr period, we formed
datasets of up to 145 (29 x 5 = 145) values for each DOY. As an example, the histograms of
the datasets corresponding to the DOY = 1 (1 January) and to the DOY = 305 (1 November) are
shown in Fig. S11c. Similar histograms (or the corresponding probability density functions)
for each DOY allowed us to compute the mean and the median of the cloud enhancement
duration (Fig. 3f).
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