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ABSTRACT ARTICLE HISTORY
A seasonal climatology for the Lambertian equivalent reflectivity Received 17 February 2017
(LER) in ultraviolet (UV) for southern South America is introduced. ~ Accepted 1 October 2017
The study region was limited by 10° and 60°S and by 100° and 30°

W; the data set spanned the period 1978-2015. Features of the

seasonal means and of the quarterly (Q) and the interannual (IA)

variabilities for each season were ascribed to atmospheric and

oceanic processes of local, regional, or global origin which lead

to the formation or maintenance of clouds. Shifts in the Q and IA

time series were detected, most notably in the early 1990s. Linear

trends were also estimated. The largest positive and negative

trends in the Q time series were found along the Peruvian Andes

(PA) (3.20 reflectivity units [RU] decade™) and east of the Chapada

Diamantina (CD) and the Serra do Espinhac¢o (SE) in Brazil

(—1.40 RU decade™), respectively. The largest positive and nega-

tive trends in the IA time series were found in PA (6 RU decade ™,

summer) and east of CD and SE (-2.50 RU decade™’, spring),

respectively. The linkages between UV LER and regional or global

circulation indices were also studied. The largest relationships

were found with the Dipole Mode Index on a Q basis and with

the Southern Oscillation Index on an IA basis in winter.

1. Introduction

The Earth’s climate system is a consequence of complex interplays between its subcompo-
nents (Levitus et al. 2001; Rial et al. 2004; Seinfeld et al. 2004). Its state is mainly driven by the
balance between the heating created by the incoming solar radiation, mainly consisting of
near ultraviolet (UV), visible, and near-infrared wavelengths, and the cooling by the infrared
(or terrestrial) outgoing longwave radiation (OLR) (Ramanathan 1988; Charlson et al. 2007;
Herman et al. 2013). Changes in this energy balance induce climate perturbations having
the most notable impact in temperature (Kaufman and Fraser 1997; Seinfeld and Pandis
2016). The Intergovernmental Panel on Climate Change’s (IPCC’s) Fifth Assessment Report
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stressed that ‘each of the last three decades has been successively warmer at the Earth’s
surface than any preceding decade since 1850 (IPCC 2013). This warming may at least partly
rely upon the contribution of aerosols and clouds to the Earth'’s radiation budget (Charlson
et al. 1992; Hess, Koepke, and Schult 1998); yet, there exist large uncertainties over both
specific role of aerosols and clouds in climate change processes and interactions between
these constituents of the atmosphere (Boucher et al. 2013).

Atmospheric aerosols are a complex chemical mixture of airborne solid and/or liquid
particles. Local variations in the properties of both natural and anthropogenic aerosols
are considered a ‘climate forcing’ that modulates the Earth’s radiation balance (Charlson
et al. 1992; Hansen et al. 1997). This climate forcing relies upon the particles’ size,
chemical composition, shape, and concentration, among other parameters (Charlson
et al. 1992; Ghan et al. 2012). The effects aerosols have in the Earth’s radiation budget
can be classified in direct, indirect, and semi-direct. The direct effect involves scattering
and absorption of solar radiation, and scattering, absorption, and emission of terrestrial
radiation, disregarding in all cases the effects on clouds (Charlson et al. 1992; Lohmann
and Feichter 2005; Ghan et al. 2012). As to the indirect effect, they act as cloud
condensation nuclei and ice nuclei and ultimately affect the emissivity and the reflec-
tivity of clouds (Ghan et al. 2012). The semi-direct effect is a mixture of both previous
effects: absorption heats the air and may lead to evaporation, therefore changing the
clouds’ properties (Lohmann and Feichter 2005). Both direct and indirect effects tend to
reduce the amount of solar radiation that reaches the Earth’s surface, whereas there is a
heating in the atmospheric column due to the semi-direct effect. In addition to the
impacts on temperature, aerosols also interfere with precipitation (Ramanathan et al.
2001). They could also influence the hydrological cycle through a reduction in evapora-
tion to the extent that it can spin down the water cycle (Liepert et al. 2004).

On the other hand, the study of clouds is crucial for the understanding of the energy
balance and for a proper assessment of climate change. The Earth’s cloud cover consists
of a palette of different cloud types, ranging from low-level boundary layer clouds (fog)
to high-level deep convective clouds (anvils) spanning most of the troposphere. Nearly
70% of the Earth’s surface is covered with clouds (IPCC 2013). They play an important
role as regulators of the Earth’s radiation budget. Simply stated, clouds reflect a large
fraction of the incoming solar radiation back to space and absorb terrestrial radiation
and reemit it at the temperature of their tops (Ramanathan et al. 1989). The effects on
solar radiation depend upon the cloud optical thickness and the size and phase of the
cloud constituents; for longwave radiation, cloud-top temperatures have dependence
with height, and for thin clouds, the reliance is upon emissivity, which in turn depends
on the optical thickness (Arking 1991). Clouds have a strong impact on climate not only
on the longer timescales but also on short-term scales, as they may have an influence in
the development of disturbances through differential heating between cloudy and
cloud free regions and a destabilizing effect by strong cloud-top cooling (Stowe et al.
1989 and references therein). Yet, another motivation to study clouds is that changes in
cloud cover caused by natural low frequency fluctuations in circulation patterns of the
atmosphere and oceans (e.g. El Nifio/Southern Oscillation [ENSQO]; Philander 1990), the
North Atlantic Oscillation (Lamb and Peppler 1987), or the Pacific Decadal Oscillation
(PDO, Newman et al. 2016) have to be considered. They may modulate the climate
system’s radiative balance and consequently lead to inaccurate conclusions regarding
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global warming (Spencer and Braswell 2008, 2011). In spite of this complex panorama,
changes in the radiation budget can at least partly be linked to variations in the cloud
cover (Herman et al. 2013).

The Lambertian equivalent reflectivity (LER) of the Earth’s surface and atmosphere in
UV provides valuable information on reflectivity from the oceans and land, as well as
that from clouds and atmospheric aerosols, at these particular wavelengths. LER is a
guantitative measure of the amount of UV energy reflected by the Earth back to space in
sunlight. It represents the average reflectivity of a combination scene that includes the
contribution from the Earth’s surface, clouds, and airborne aerosols, neglecting multiple
Rayleigh scattering effects, and under the assumption that all the reflecting surfaces act
as an ideal Lambertian reflector (Labow et al. 2011). LER values range from 0 to 1 but
they are usually expressed in reflectivity units (RUs), ranging from 0 to 100. LER is useful
as a cloudiness proxy (Herman and Celarier 1997; Labow et al. 2011) and also for snow
cover assessments (Tanskanen and Manninen 2007). LER cannot provide disaggregated
information of cloud types or amount of aerosol contributions, but it is suitable for
detecting changes in regional and global cloud reflectivity amounts considering that in
the absence of snow and ice, the lowest UV surface reflectivity is nearly constant in time
both over land and water (Herman and Celarier 1997). The accuracy of continuous long-
term series of remotely sensed UV-derived products can be considered comparable to
time series from ground-based instruments (Herman et al. 1999; Buchard et al. 2008;
Damiani et al. 2014; Vaz Peres et al. 2017), therefore warranting the use of such satellite
information in the assessment of climate fluctuations.

Recently, Yuchechen, Lakkis, and Canziani (2017), hereafter referred to as YLC, ana-
lysed several aspects of LER in the Southern Hemisphere (SH) band comprising all
latitudes between the Equator and 60°S within the period 1978-2005. Researches
devoted to study LER in SH in general, and in southern South America in particular,
are scant, as they either include these regions as part of a global analysis (i.e. the
linkages with local processes are missing) or tend to analyse the variable in limited
areas (Damiani et al. 2015) or even at specific sites (Damiani et al. 2014). In order to fill
this gap, this article uses a comprehensive data set that expands the one used in YLC to
derive a seasonal LER climatology in the southern South American sector limited by 10°
and 60°S latitudinally and by 100° and 30°W longitudinally for the period 1978-2015.
The primary goals of this work are (1) to assess on LER linear and non-linear trends for
different seasons in the study region, (2) to establish whether there exist inhomogene-
ities in the time series of the study variable across the specified period, and (3) to link
the LER interseasonal (or quarterly [Q]) and interannual (IA) variability in southern South
America to those of major tropical and extra-tropical atmospheric and oceanic processes
(ENSO, PDO, among others) in order to improve our understanding on the way the
region is connected to them. Following the third point, the article paves the way for LER
to be used as a predictor of global change in both linear and non-linear analyses.

2. Data and methodology

The data set used in this research spans the period November 1978-December 2015. It
consists of two different databases. One of them corresponds to LER values that were
calculated from Total Ozone Mapping Spectrometer (TOMS) instruments retrievals
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aboard three different satellite missions, namely Nimbus-7 (N7), Meteor-3 (M3), and
Earth Probe (EP). Version 8 daily gridded LER values, mapped to a worldwide coverage
grid of 180 pixels in latitude (with a resolution of 1°) and 288 pixels in longitude (1.25° of
resolution), were obtained for the three missions from the Atmospheric Composition
Data & Information Service Center (ACDISC), Goddard Earth Sciences Data and
Information  Services Center (GES DISC), National Aeronautics and Space
Administration (available at ftp://acdisc.gsfc.nasa.gov/data/s4pa/). The period spanned
by each mission is November 1978-May 1993 (N7), August 1991-November 1994 (M3),
and July 1996-December 2005 (EP). LER values are determined from the measurements
at the 380 nm reference wavelength both for N7 and M3 (McPeters et al. 1996; Herman
et al. 1996) and at 360 nm for EP (McPeters et al. 1998).

The second data set corresponds to the Ozone Monitoring Instrument (OMI) on board
the Aura spacecraft, launched in July 2004 (OMI Team 2012). The supplementary LER
database corresponds to the OMI/Aura Ozone Total Column Daily L2 Global Gridded
0.25°%0.25° Version 3 (OMTO3G.003) products. Given that the algorithms implemented
for calculating total ozone and the related ancillary parameters from OMI-collected data
Version 3 follow the TOMS Version 8 algorithms, the resulting OMI data sets can be
considered a continuation of the corresponding TOMS ones (Dobber et al. 2006; OMI
Team 2012). OMTO3G.003 data were obtained through the GES DISC Mirador search
engine at http://mirador.gsfc.nasa.gov. The period spanned by this data set is October
2004-December 2015. LER values at 331 and 360 nm are provided in each daily archive.
The longer of these two wavelengths was selected in order to homogenize the whole
database. The data-processing algorithm assigns different quality flag values for distinct
possible situations, whose values are provided with each record in the daily archives.
Only those records flagged with a ‘0, i.e. good quality data, were used.

Monthly LER values at each pixel within the 1978-2015 timespan are the study variables.
Given that the spatial resolution for the OMI products does not coincide with the TOMS
ones, the first step was to re-grid the daily OMI database by averaging all the values
included in each rectangle with dimensions 1°x1.25° (latitude x longitude) centred at each
TOMS pixel. This resulted in a re-gridded OMI database that had 180 x 288 values. In order
to obtain the study variables along the entire period of analysis, the final step was to
amalgamate the TOMS and the re-gridded OMI data sets by calculating a seasonal mean at
each pixel for each year. They were analysed on a Q basis across the entire period, as well as
for the four different seasons, i.e. southern summer (December, January, and February
[DJF]), southern autumn (March, April, and May [MAM)]), southern winter (June, July, and
August [JJA]), and southern spring (September, October, and November [SON]). January
and February values at any given year were combined with the previous year's December
values to conform the corresponding DJF mean.

3. Results
3.1. Seasonal means and variabilities and shift analysis

Climatological Q and seasonal means and standard deviations (SDs) as a measure of
variability are shown in Figure 1. Higher LER means in the lower half of the study region
mostly occur over the oceans, both on a Q (Figure 1(a)) and on a seasonal basis (Figures
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1(c), (e), (g), and (i)). These regions have a very low variability as well as shown in Figures
1(b), (d), (f), (h), and (j). Over the Pacific, the northernmost (southernmost) location of the
zone separating the two regions with contrasting LER means occurs in JJA (DJF), situated
approximately at 40°S (30°S). In the case of the Atlantic, the northernmost location of the
boundary that separate distinct LER means seems not to be substantially altered
throughout the year, as it shows a more gradual transition from higher to lower values
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Figure 1. Mean values and standard deviations (SDs) for (a,b) Q, (c,d) DJF, (e,f) MAM, (g,h) JJA, and (i,j)
SON. Values expressed in reflectivity units (RU).
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Figure 1. Continued.

in all seasons excepting JJA. Both oceans reflect the equatorward advance of baroclini-
city in South America during winter (Karoly, Vincent, and Schrage 1998).

In general, relative lower LER means are found over continental Argentina and their
adjacent waters regardless of the season, with variability for these regions being low too.
Storm track activity at these latitudes occurs throughout the year. The contours of
relative vorticity and the associated track density in the lower troposphere follow the
coastline, and in the upper troposphere/lower stratosphere, the track density reduces
inland (Hoskins and Hodges 2005). These features suggest that the continental relative
LER mean minima can be linked to the orography-forced asymmetry of the storm tracks
(Inatsu and Hoskins 2004). LER means over 70 RU in the southern Andes are present all
year long in a region with strong mountain wave activity (Eckermann and Preusse 1999;
Pulido et al. 2013). Variability shows moderate values over this latter region, the highest
of them taking place in JJA (Figure 1(h)). The Andes are much higher north of this
region, approximately at 35°S, with the Aconcagua summit ranking among the highest
points on Earth (6960 m, Pacino et al. 2014), only exceeded by several peaks in Asia
(Lazio et al. 2010). Suitable environmental conditions for snow accumulation in JJA are
hence warranted. LER means do account for this at least partially, as the highest (lowest)
values in this region occur in JJA (DJF), with the caveat that they can also be related to
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the presence of cloudiness associated to enhanced gravity wave activity in both seasons
(Yan 2010). The spring LER means being also high may respond either to wave activity
(De La Torre et al. 2006) or to the snowmelt IA variability (Araneo and Compagnucci
2008), in particular through variability in the latter process. The prominent higher SDs
over the region that are present throughout the year (Figure 1(b)) but has the highest
values in DJF (Figure 1(d)) and in JJA (Figure 1(h)) can be explained by the aforemen-
tioned processes too.

LER mean maxima along the Brazilian coast are present across all seasons, likely tied
to the forced ascent of the air caused by both Serra da Mantiqueira (SM) and Serra do
Mar that run parallel to the coast (Almeida and Carneiro 1998). Persistent LER mean
maxima also take place off the coasts of northern Chile and southern Peru, as seen from
the annual climatology, and can be associated to high albedo stratocumuli (Eck et al.
1987; Kuang and Yung 2000; Serpetzoglou et al. 2008; references therein). A closer
analysis reveals seasonality. The highest DJF LER means over the Peruvian Andes (PA)
are in agreement with the establishment of a monsoonal circulation that lead to higher
and colder cloud tops there (Vera et al. 2006). The high SD values represent the
alternation between overcast and clear sky conditions over both continent and ocean,
and these relative variability maxima extend along the coast down to 25°S. JJA has a
variability pattern that is similar to the DJF one, but with high LER means shifted from
the continent to the ocean. The MAM (Figures 1(e) and (f)) and SON (Figures 1(i) and (j))
pictures are similar in that they exhibit low means along the coastline with higher values
to their east and west, whereas SDs are the highest over the ocean just south of 10°S.

Dubbed ‘the driest place on Earth’ (Fritz 2015), several factors conspire to make the
Atacama Desert one of the most arid regions worldwide (Houston and Hartley 2003;
Houston 2006). The Chilean portion of this desert has the lowermost LER values across all
seasons. Furthermore, LER there virtually shows no deviations from its corresponding mean,
making the skies in this area the clearest ones in the study region from a UV perspective.
Lowermost LER values in the Atacama Desert and in northwestern Argentina (spanning the
west of the provinces of Mendoza, Catamarca, La Rioja, Salta, and Jujuy) are simultaneous in
SON. On the other hand, there exists a large area over tropical Brazil in JJA that has the
season’s lowermost values, but they contrast with their higher DJF figures, a behaviour that
is in agreement with a monsoon regime (Wang 1994). This region’s lower JJA climatological
values (around 6 RU) are slightly over their recorded 2-3 RU albedoes (Kleipool et al. 2008),
whereas they experience a fivefold increase in DJF. Variability in the region experienced a
remarkable increase towards the equator in JJA. Hence, unusual overcast conditions, the
sporadic presence of atmospheric aerosols, or both factors, make up the standing differ-
ences with the recorded albedoes.

Two different kinds of loops of standardized seasonal anomalies were built in order to
present the way LER values evolved within the study period. One of them is based on
the Q grand-time means and variabilities (Figure S1). The other ones correspond to each
season individually (Figures S2, S3, S4, and S5). In each case, the means and SDs used are
the ones shown in Figure 1. Figure 2 shows a seasonal average over the maps of
Figure S1. Overall, the DJF mean anomaly field (Figure 2(a)) is in agreement with
Figure 1(c). Figure 2(b) shows a sign reversion in the JJA anomalies with respect to
the DJF ones, and of the SON deviations (Figure 2(d)) with respect to the MAM ones
(Figure 2(c)). Regarding DJF, the remarkable features are the highest anomalies over an
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Figure 2. Seasonal mean values of standardized anomalies, calculated over the panels of Figure S1,
for (a) DJF, (b) MAM, (c) JJA, and (d) SON.

area encompassing southern Peru, Bolivia, southern Brazil, and the associated northerly
intrusion in northwestern Argentina. This intrusion is related to an enhancement of
convective cloudiness due to the advection of moisture from the tropics (Nogués-Paegle
and Mo 1997; Gan, Kousky, and Ropelewski 2004). Its main support is given by lee
cyclogenesis (Wang and Fu 2004) and by a regional lower tropospheric low pressure
system further south (Lichtenstein 1980). The extreme positive anomalies in DJF that
extend along the east of the Andes in northwestern Argentina can be related to an
enhancement of dynamic instability created by the concurrence of the subtropical jet
(STJ), whose mean position locates over southern Bolivia/northern Argentina (Gan,
Kousky, and Ropelewski 2004), and a latitudinal low level jet (LLJ) in the area (Wang
and Fu 2004); the outstanding tongue-shaped anomalies are likely due to the latitudinal
meanderings of the STJ. There is also a noticeable spot of positive anomalies around the
Sierras de Cérdoba (30°S, 65°W) whose presence has been proved to play a role in
focusing convection (Rasmussen and Houze 2016). The spot of positive anomalies on the
subtropical Pacific coast (30°S, 75°W) has a rather different origin. The similarity with the
east of the Andes is that the region is under the influence of a southerly LLJ which is
more frequent in late SON and in DJF (Garreaud and Mufoz 2005). The subtropical
southeastern Pacific is dominated by large-scale subsidence within a semi-permanent



36 (&) A E. YUCHECHEN ET AL.

anticyclone that sinks the air to create a subsidence inversion. However, the mean
vertical velocity is upwards at the LLJ's exit region. Figure 2 shows that increased
positive anomalies there are in line with this. Their relative smaller anomalies when
compared to the ones east of the Andes can be tied to less moisture availability given
that the southerly LLJ flows over the cool surface waters of the Humboldt Current. DJF
negative anomalies occur in the central portion of the study region, whereas positive
anomalies dominate south of approximately 40°S in connection with the southernmost
position of the storm tracks. Overall, Figure 2(a) resembles the DJF mean contours of
OLR (Satyamurty, Nobre, and Silva Dias 1998, see their Figure 3C.3). In particular, the
season’s tropical maxima anomalies can be attributed to deep convection in view of the
associated cloudiness being related to OLR minima (Waliser, Graham, and Gautier 1993).

In general, both lower anomalies and less contrasting values occur in the entire
domain during MAM. An important exception is represented by an arch of maxima
anomalies over northern Argentina (30°S, 60°W) that extends latitudinally and is shifted
slightly to the east of its DJF counterpart. As in DJF, it can also be related to the dynamic
instability created by the concurrence of the STJ and the LLJ, which is present through-
out the year (Marengo et al. 2004; Wang and Fu 2004). Despite this, SON anomalies at
the same region are less prominent than in MAM, possibly because of a lesser availability
of moisture. Expectedly, the MAM and SON anomalies fields are generally the least
distorted ones.

Anomalies in Figure S1 ranged from —4.13 to 5.25 across the study period. The lower-
most values took place in SON 1978 over the Pacific Ocean (30°S, 75°W), in the centre of an
area with low significant anomalies where the Pacific LLJ's exit region locates, whereas the
uppermost values occurred in southern Patagonia in JJA 1994. Apart from these two
extreme cases, deviations from the long-term Q mean, such as the extreme positive
anomalies in the southeastern Pacific in DJF 1994, the signal of a wave train between
50°and 60°S in JJA 2003, or the extreme positive deviations along the Central Andes in DJF
2012, are worth noting. Figure 3 shows the evolution of the percentages of positive and
negative and of significant and not significant anomalies for each of the maps in Figure S1.
Figure 3(a) shows an apparent increase in positive values since 1991. In order to evaluate
the presence of any break in these time series, a shift-detecting algorithm based in
Rodionov (2004) was carried out using mobile windows ranging between 2 and 6 years,
i.e. eight and 24 consecutive seasons, respectively. The algorithm was set to skip the
analysis for any mobile window if there was at least one missing value in the timescale
involved. Results indicate that the positive anomalies indeed experienced an upward shift
in JJA 1991 for the 3.25 and 3.50 years timescales. The long timescale had a shift slightly
stronger than the short one; the mean upward shift was at around 32%. Unfortunately,
longer timescales for this shift could not be evaluated owing to the algorithm's skipping
condition for missing data. Nevertheless, the 1991 shift was detectable enough to add to
others found in the early 1990s in different variables (Barrucand, Rusticucci, and Vargas
2008; and references therein; Yu et al. 2015). By contrast, the time series of significant
values (Figure 3(b)) shows no shifts at all.

The deviations shown in Figures $2-S5 are |A and season specific. DJF anomalies
(Figure S2) lay within the —2.40-4.85 range. The minimum values were recorded in 2012
over the southeastern Pacific (22.5°S, 77°W) and the maximum deviations took place in
1994 in an area slightly shifted southeastwards from the same region. The MAM



@

9661-NOS
966 1-v(C
966 T-WYIW
9661-4(Q
S661-NOS
S661-v(C
S66T-WYIW
S661-4Q
P66 1-NOS
P66 T-v((
P66 T-WYIN
P66 1-4(Q
£661-NOS
£661-v(C
€66T-WYIW
£661-4(Q
Z661-NOS
2661-v(C
266 T-WvIW
2661-4(Q
1661-NOS
166 1-v(C
166 T-WY I
1661-4(Q
0661-NOS
066 1-v(C
066 T-WYIW
0661-4Q
6861-NOS
686 1-v(C
686T-WYIW
6861-4(Q
8861-NOS
886 1-v((
886 T-WYIW
8861-4(d
£861-NOS
£861-v(C
LB6T-WYIW
£861-4(Q
9861-NOS
986 1-v(C
986 T-WvIW
9861-4(Q
S861-NOS
S861-v(C
S86T-WYIW
S861-4(Q
P86 1-NOS
86 1-V((
P86 T-WYIN
2861-4(Q
£€861-NOS
£861-v(C
£86T-WYIW
£861-4(Q
Z861-NOS
286 1-v(C
Z86T-WYIW
2861-4(Q
1861-NOS
186 1-v(C
186 T-WYW
1861-4(Q
0861-NOS
086 1-v(C
086 T-WvIW
0861-4(Q
6461-NOS
6461-v(C
6L6T-WYW
6461-4(Q
8L61-NOS
8L61-v(C
8L6T-WYIW
8.461-4(Q

L, T O L LA S0 L A UL G2 IS LA O 0L, L S L L2 IS

(%) abejusdiad

Season

ST0Z-NOS
ST10Z-v(C
STOZ-WYIW
S10Z-4a
£102-NOS
P 102-v(C
P10Z-WYIN
10Z-3(a
€10Z-NOS
£10Z-v(C
€10Z-WYIW
£10Z-4Q
Z10Z-NOS
210Z-v(C
Z10Z-WYI
2102-4ca
110Z-NOS
1102-v(C
T10Z-WY I
1102-4cQ
0T10Z-NOS
0T10Z-v(C
0T0Z-WYIW
010Z-4ca
600Z-NOS
600Z-v(C
600Z-WYIN
600Z-4ca
800Z-NOS
800Z-v(C
800Z-WvI
800Z-4ca
£00Z-NOS
£00Z-v(C
£00Z-WYI
£00Z-4ca
900Z-NOS
900Z-v(C
900Z-WYI
900Z-4cQ
S00Z-NOS
S00Z-v(C
S00Z-WYI
S00Z-4ca
P00Z-NOS
P00Z-v(C
£00Z-WYIN
$00Z-4(a
€00Z-NOS
€00Z-v(C
€00Z-WYI
£00Z-4ca
200Z-NOS
200Z-v(C
200Z-WyI
200Z-4ca
T00Z-NOS
100Z-v(C
T00Z-Wv I
100Z-4cQ
000Z-NOS
000Z-v(C
000Z-WvI
000Z-4ca
6661-NOS
6661-v(C
666 T-WvYIN
6661-4Q
8661-NOS
8661-v(C
866 T-WVIN

AR E R RSN RRERRRNNRRNANRARNNARRNRNNNNRNRNRNNRERNRRENRRNNRRNRNNRNNNRNNNNNRRRRRE

L s et o e S S S s s s et e e et s s e e e

558
OO
SR
SaZWw
<R0Q
=0

£661-40Q

1 T
Q00000
© O TN

(%) abejusdiad

Season

mPositive mNegative

INTERNATIONAL JOURNAL OF REMOTE SENSING .

(b)

9661-NOS
966 1-v(C
966 T-WYIN
9661-4(Q
S661-NOS
S661-v(C
S66T-WYIN
S661-4Q
P66 T-NOS
P66 T-7(C
Y6 T-WYIN
P661-4(Q
€661-NOS
£661-v(C
£66T-WYIN
€661-4(Q
Z661-NOS
Z2661-v(C
Z66T-WYIN
2661-40Q
1661-NOS
166 1-v((
T66T-WY I
1661-40Q
0661-NOS
066 1-v(C

| o I e e L LB OIS L L

686 T-WvIN
6861-4(Q

L L L S L S L L L . AL LN L LI

LI D L L L L L, L IR LN L

8.61-4(Q

———
QQO00O0
©OITN

(%) abejusdiad

Season

ST0Z-NOS
ST0Z-v(C
STOZ-WYIW
S10Z-40Q
P102-NOS
H10Z-v(C
P10Z-WYIN
P10Z-4(a
£10Z-NOS
£10Z-v(C
£T0Z-WY W
€10Z-4a
Z10Z-NOS
Z210Z-v(C
Z10Z-WYIW
210Z-4ca
T10Z-NOS
110Z-v(C
TT0Z-WY W
1102-40Q
0T0Z-NOS
0T0Z-v(C
0TOZ-WYIW
010Z-4ca
600Z-NOS
600Z-v(C
600Z-WYIN
600Z-4Ca
800Z-NOS
800Z-v(C
800Z-WvIW
800Z-4ca
£00Z-NOS
£00Z-v(C
£00Z-WY W
£00Z-4ca
900Z-NOS
900Z-v(C
900Z-WYIW
900Z-4ca
S00Z-NOS
S00Z-v(C
S00Z-WYIW
S00Z-4ca
P00Z-NOS
$00Z-v(C
P00Z-WYIN
$00Z-4(a
£00Z-NOS
€00Z-v(C
£00Z-WYIW
€00Z-4ca
200Z-NOS
200Z-v(C
200Z-WYIW
200Z-4ca
T00Z-NOS
100Z-v(C
T00Z-Wv I
1002-4(Q
000Z-NOS
000Z-v(C
000Z-WvIW
000Z-4ca
6661-NOS
666 1-v(C
666 T-WYIW
6661-40a
8661-NOS
866 1-v((
866 T-WVIN
8661-4(Q
L661-NOS
L661-v(C
L66T-WYIW
£661-40Q

nnnnnnnnnnnnnnnnnnninnnnnnnAnnnnnnnnnnnnnnnnnnnnnNnnnNnAnnnnNnnnAnnnnnNnNAnNnAnRnRNnNARNNN

=S
Q00000
© O TN

100

(%) abejusdiad

Season

mNot significant

WSignificant
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anomalies (Figure S3) ranged between —3.13 and 3.44. The minimum values occurred in
central Paraguay in 2003; the maximum values took place off the coasts of the Brazilian
state of Bahia (BA) in 2009. The JJA anomalies (Figure S4) ranged between —3.31 and
5.19. The lowermost value took place in 1996 within a large area with negative anoma-
lies covering northern Argentina, whereas the higher deviations were recorded in 1994
over the eastern portion of the Santa Cruz province, in the Argentine Patagonia. The
SON anomalies (Figure S5) ranged between —3.81 and 3.50; they reached the lowermost
values in 2015 in northeastern BA and the maximum anomalies were recorded in 1978
over the southwestern Atlantic, within a spot of significant values, located approximately
at (50°S, 45°W) and enclosed by a greater area of non-significant positive deviations. It is
hard to assess on the particular causes of the aforementioned seasonal extreme values
due to the possible combination of several effects. Nonetheless, the DJF minima can be
partly attributed to the PDO, as it coincides with the longest and strongest PDO negative
phase of the last decades and the region shows a positive correlation with this index
(see Section 3.3). Similarly, the strong 1997/98 El Nifio can be recalled for the presence of
positive anomalies in northeastern Argentina in DJF 1998 in agreement with the El Nifo-
related precipitation patterns in the region (Ropelewski and Halpert 1987).

A shift analysis on the time series of the total number of positive anomalies for the
maps in Figures S2-S5 was carried out (not shown). The analysed timescales ranged
from 3 to 10 years. At least one shift was recorded in all seasons. The shift analysis results
are as follows.

(@) There was a downward shift for the DJF series in 1984, with an average value of
approximately —27% for two timescales involved (3 and 4 years).

(b) There was an upward shift for the rest of the time series in 1991. The timescales
involved for MAM, JJA, and SON led to average shifts of approximately 28% (3
and 4 years), 40% (4 years), and approximately 47% (3 and 4 years), respectively.
Longer timescales could not be evaluated due to the restrictions imposed on the
algorithm regarding missing data. As mentioned above, a shift in the early 1990s
is in agreement with the existing literature.

(c) There were two further upward shifts for JJA in 2004 and 2005. The former
case comprises the 6-8 years timescales with an average shift of 23%. The
latter case comprises a single timescale of 9 years, with a shift of approximately
21%.

(d) MAM had two further upward shifts in 2005 and 2006. The timescales involved
in the first case ranged from 3 to 8 years, with an average shift of around 21%.
A single timescale (9 years) led to a shift of approximately 18% for the 2006
case.

The time series of significant values was analysed in a similar fashion. A single shift was
recorded for them: it occurred in DJF 1984 for the shorter analysed timescale only, and it
led to a shift of around 18%. This being the only detected shift in the time series of
significant values and it taking place within a period with no sensor or satellite changes
(i.e. it corresponds to the TOMS in the N7 campaign) is a result that strengthens its
factuality. All in all, the contribution of the different sensors or satellites to all the
aforementioned inhomogeneities cannot be completely ruled out.
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3.2. Trends

A trend analysis was carried out on the LER mean seasonal values at each pixel in two
different ways. Linear trends were estimated, and it was also checked whether there
was a trend of any kind (i.e. not necessarily linear) using the Mann-Kendall test (see
e.g. Motiee and McBean 2009). All these trends were statistically tested to a 95% of
significance. Figure 4 shows the linear trend for both Q and IA cases. Q trends
(Figure 4(a)) range between —-0.04 and 0.10 RU season”' (i.e. between —1.60 and
4 RU decade™, respectively) if individual pixels are considered. There are 1906 pixels
(out of 2800, or 68% of the domain) with a significant trend. Collectively, the pixels
with the strongest significant negative and positive trends are located inland. The
largest positive ones are found along the PA (approximately 3.20 RU decade™),
whereas the largest negative (around -1.40 RU decade™) occur in southeastern
Brazil in a region located between Serra do Espinhaco (SE) and the Chapada
Diamantina (CD) and the coastline, spanning the easternmost portions of the states
of Minas Gerais (MG) and BA. Another interesting feature is that most of the pixels
over the oceans have a significant positive trend.

DJF (Figure 4(b)) has 918 pixels with a significant trend (33% of the total). The
location of the largest significant trends replicates the Q ones along the PA and in the
easternmost parts of MG and BA, positive in the former case (approximately
6 RU decade™) and negative in the latter one (around —1.70 RU decade™). Significant
positive trends during the season are more numerous over the oceans and they are
generally confined to latitudes beyond 45°S. A remarkable exception occurs in a north-
west-by-southeast axis radiating from southern Brazil that is in juxtaposition with a band
of moisture flux convergence (BMFC) due to the combination of several factors that lead
to intense precipitation over the La Plata Basin (Silva and Berbery 2006). Positive trends
here are in the order of 1.50 RU decade™'. Even though trends were estimated in
Herman et al. (2013), they did not calculate them on seasonal time series. However,
the outcome of this work is qualitatively in agreement with theirs as most of the positive
and negative trends are located over the oceans and land, respectively. One of the most
remarkable differences is that we found no significant trends over the Pacific Ocean off
the coasts of Chile and Peru, whereas Herman et al. (2013) did. By contrast, YLC found a
positive trend at the same region; yet, they analysed a shorter period. These disparities
highlight the sensitivity of trends to the different spacing and to the length of the input
time series.

In MAM (Figure 4(c)), the number of pixels with a significant trend increases with
respect to DJF to 1462 (52% of the domain), and there are a large number of oceanic
pixels with a positive trend as well. The significant positive trends in the PA that extend
south along the Andes to northwestern Argentina in DJF are also present in MAM; yet,
they are weaker (approximately 3.5 RU decade™ at its maximum). Another region with
positive trends is the Brazilian Highlands in southern Brazil, just over the area where
there is a marked contrast between DJF and JJA due to the monsoon. Trends for this
region, in the order of 1.50 — 2 RU decade™, can be interpreted as an indicator that the
monsoon there is exceeding its canonical summer time frame and extends into the
autumn in the last years. These results are in concordance with earlier findings (Marengo
et al. 2009).
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Figure 4. Trends in LER mean seasonal values within the study period for (a) Q, (b) DJF, (c) MAM, (d)
JJA, and (e) SON. Values expressed in RU decade™. Significant values to a 95% confidence level are
cross-hatched.

The point count with a significant trend in JJA (Figure 4(d)) is even higher than in
MAM with 1737 pixels (62% of the domain). The majority of them are located over the
oceans where their trend is positive, and the trend strength increases southwards.
Generally, trends over the Pacific are stronger than over the Atlantic, particularly
between 50° and 60°S. The Bolivian Andes and their surroundings also have a positive
trend (in the order of 2 RU decade™"). Although JJA seems to have the most number of
negative trends, it also has the least concentration of significant ones.
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The number of pixels with a significant trend in SON (Figure 4(e)) is 1354 (48% of the
domain). As in DJF, significant negative anomalies (in the order of —2.5 RU decade™) are
mostly concentrated east of MG and BA. Quite the rest of the significant trends occur in
oceanic pixels and are positive. Two situations in the Atlantic basin are worth noting.
The first one corresponds to the location of the BMFC in DJF. Pixels there, with a
significant trend of 2 RU decade™' on average, span a larger area than in DJF. Given
that the South Atlantic Convergence Zone (SACZ) develops in early summer
(Satyamurty, Nobre, and Silva Dias 1998) and that the summer seesaw pattern in
precipitation goes along with it (Silva and Berbery 2006), one possible explanation for
the SON significant trends at the BMFC region relies upon an earlier advance of the
processes that lead to the SACZ, particularly the southward migration of the sub-tropical
high (Satyamurty, Nobre, and Silva Dias 1998), in line with a widening of the tropical belt
(Eastman and Warren 2009; Birner 2010; and references therein). The second situation
corresponds to the south of the province of Buenos Aires in Argentina, the only season
exhibiting significance in the region.

By contrast to Figure 4, Figure S6 shows the pixels at which a trend of any kind was
detected. The reciprocity between the corresponding maps in Figure 4 and Sé6 is striking,
and such resemblance may imply an acceleration or deceleration in non-linear trends
over the last years. Nevertheless, the study of non-linear trends is beyond the scope of
the present work.

3.3. Correlations with circulation indices

In order to evaluate the possible linkages of the study variable with different global
atmospheric processes, the Spearman’s correlation coefficient r between the standar-
dized anomalies of seasonal LER values and of 14 global circulation indices were
calculated. This coefficient establishes a relationship between the correlated variables
through a monotonic function. A greater value of the absolute value of r links significant
conditions of a given index to identifiable LER anomalies, so it is one way to address on
the regional features of LER which are associated to particular states of the global
atmosphere and its variability. The indices included in the analysis are the Dipole
Mode Index (DMI, Saji et al. 1999; monthly values retrieved from http://www.jamstec.
go.jp/frcgc/research/d1/iod/DATA/dmi.monthly.txt), the PDO (Mantua et al. 1997;
monthly values retrieved from http://www.esrl.noaa.gov/psd/data/correlation/pdo.
data), the Quasi-biennial Oscillation (QBO, Baldwin et al. 2001; monthly values retrieved
from https://www.esrl.noaa.gov/psd/data/correlation/gbo.data), the Southern Oscillation
Index (SOI, Ropelewski and Jones 1987; monthly values retrieved from http://www.cpc.
ncep.noaa.gov/data/indices/soi), and the Madden-Julian Oscillation (MJO, Zhang 2005)
at 10 different longitudes (data in pentads retrieved from http://www.cpc.ncep.noaa.
gov/products/precip/CWIlink/daily_mjo_index/proj_norm_order.ascii and  seasonal
means calculated thereof).

Figure 5 shows the values of r for the Q case. The correlation between the DMI and
LER (Figure 5(a)) has significant r values at 1480 pixels (Table 1), or 53% of the
domain. r is positive and located over the oceans with the exception of few negative
values over MG and BA. The uppermost (lowermost) value of r in this case is 0.38
(—0.18). Regarding the PDO (Figure 5(b)), significant positive values of r occur over the
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Figure 5. Spearman’s correlation coefficients between the Q standardized anomalies of LER and of
(a) the DM, (b) the PDO, (c) the QBO, (d) the SOI, (e) the MJO at 80°E, and (f) the MJO at 120°W.
Significant values to a 95% confidence level are cross-hatched.

continent in northern Argentina, whereas significant negative values take place over
the oceans, with the largest concentration of such pixels in the Pacific, southwest of
the landmass, and in the Atlantic, east of BA, where the lowermost values of r for this
map are found. The number of pixels with significant values of r is less numerous in
this case (15% of the domain) than in the DMI case; yet, the significant negative
values are stronger (the uppermost and lowermost values in the PDO case are 0.29
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Table 1. Number of pixels with a significant value of the Spearman’s correlation coefficient between
LER and the specified indices.

Index Q DJF MAM JIA SON

DMI 1480 261 743 447 862
PDO 424 184 237 268 132
QBO 87 43 104 60 121
NoJ 761 471 275 708 559
MJO 20°E 109 45 80 190 73
70°E 446 173 259 298 350

80°E 533 286 324 314 468

100°E 499 369 303 270 446

120°E 263 292 148 55 437

140°E 29 160 101 168 130

160°E 375 72 127 305 268

120°W 494 286 363 310 404

40°W 456 353 289 225 432

10°W 112 203 7 100 302

The total number of pixels in the study region is 2800.

and —-0.32, respectively). Significant correlations with the QBO (Figure 5(c)) account
for just 3% of the pixels, so the QBO does not seem to affect the region’s troposphere
in the considered timescale.

As to the SOI (Figure 5(d)), there are 761 points (27% of the domain) with significant
correlations, most of them negative, whose lowest values occur over central Argentina.
In this map, the uppermost and lowermost values of r are 0.25 and —0.39, respectively.
The correlation pattern over the continent is in agreement with an increase of precipita-
tion in the area during the negative phases of the index (El Nifio) and a reduction of
precipitation during the positive phase (La Nifa) (Ropelewski and Halpert 1987;
Ropelewski and Halpert 1989). The subtropical-to-mid-latitude Atlantic can be consid-
ered part of the same area. Furthermore, the correlation map shows other regions that
are significantly linked to the SOI, most notably the exit region of the southerly LLJ off
the Chilean coast and the region with strong mountain wave activity across the year
further south, both with a direct relationship, and the subtropical Pacific west of 80°W,
between 30° and 40°S, with negative correlations.

Even though the MJO is given at 10 different longitudes (20°E, 70°E, 80°E, 100°E, 120°E, 140°
E, 160°E, 120°W, 40°W, and 10°W), it is not necessary to discuss the correlations with all these
indices in view of the resemblance between some of them, which rely upon the different
phases of the MJO across the Tropics (Zhang 2005). A map worth discussing is the one for the
MJO at 80°E (Figure 5(e)), which can be interpreted as a teleconnection with convection
whose core locates in eastern India. The map has the largest number of significant positive
correlations (totalling 533 pixels, or 19% of the grid) and with no significant negative values for
r. The uppermost value of r is 0.31. The map also noticeably resembles the SOI counterpart, in
accordance with a direct relationship between the MJO and the SOI (Zhang 2005). Following
this, the area covered by significant correlations is roughly the same as that for the SOI, with
the exception of the eastern portion of the province of Buenos Aires, Uruguay, and adjacent
waters. The exit region of the southerly LLJ off the coast of Chile is also excluded. The 80°E and
120°W (Figure 5(f)) correlation maps are spatially in resemblance but with an inverted polarity,
in agreement with the MJO’s longitudinal phasing. By contrast to these two maps, the one for
the MJO at 140°E (not shown) has the least number of significant correlations (Table 1).
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The correlation maps for DJF, MAM, JJA, and SON are shown for the DMI, the SOI, and
the MJO at 80°E (Figures 6-8, respectively). All these maps share two distinct character-
istics with respect to the corresponding Q ones: extreme correlations are stronger and,
in general, their significant values are circumscribed to certain areas. Concerning the
DMI in DJF (Figure 6(a)), LER is significantly linked to it in 261 points (approximately 9%
of the domain), mostly of them with a positive value of r and located mainly over the
Drake Passage (DP) and surrounding waters. The number of significant pixels for the
correlations in MAM (Figure 6(b)) increases to 743 (27% of the domain), with concentra-
tions of positive values of r along the DP, the subtropical Pacific, the mid-latitude
Atlantic, the subtropical Andes, over the eastern portions of MG and BA, and along
and off the coasts of the Brazilian states of Espirito Santo (ES) and BA. In JJA (Figure 6(c)),
the count of significant correlations is 447 (around 16% of the grid), most of them
positive and with spots across the Pacific and even stronger values in the Atlantic
between 30° and 40°S. The Andes also have a significant positive signal between
these two latitudes, and a dipole locates over the coasts of BA and ES. SON (Figure 6
(d)) has the most number of points with a significant correlation (862, or 31% of the
domain). Most of them locate in the Atlantic south of 30°S and in the Argentine
Patagonia south of 40°S. The Andes also have a significant signal between 10° and 40°
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Figure 6. Spearman’s correlation coefficients between the standardized anomalies of LER and of the
DMI for (a) DJF, (b) MAM, (c) JJA, and (d) SON. Significant values to a 95% confidence level are cross-
hatched.
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S, along with a northwest-by-southeast diagonal in the Pacific between 30° and 40°S. On
the other hand, significant negative correlations occur in the Pacific, approximately at
25°S, slightly north of the Chilean LLJ's exit region, and over SM in Brazil. Excluding the
negative values, the MAM and SON correlation patterns have a strong resemblance with
the Q counterpart.

The SOI in DJF (Figure 7(a)) has 471 pixels with significant correlation (17% of the
domain), the majority of which are negative. There are two regions with the most
number of contiguous points in such condition, namely the Pacific between 30° and
40°S and central-eastern Argentina, whose significant negative correlations extend
southeast to also include the Atlantic along 40°S. These two regions were also present
in the Q case; yet, the former (latter) one spans a larger (smaller) area in the summer-
time. On the other hand, the largest number of positive correlations occurs in the
Peruvian and the Bolivian Andes (PBA). There is a resemblance between the SOl and
the correlation map associated to the MJO at 80°E with an inverted polarity (Figure 8(a)).
Regarding MAM (Figure 7(b)), there are 275 pixels (or roughly 10% of the total) with
significant r values. The main concentration of significant positive correlations occur
over the PBA and off the Chilean coast between 20° and 30°S, approximately in the LLJ's
exit region. The largest number of contiguous significant negative correlations extend
from northern Chile to the northeastern Patagonia in Argentina, approximately along
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Figure 7. As in Figure 6 but for the standardized anomalies of LER and of the SOI.
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Figure 8. As in Figure 6 but for the standardized anomalies of LER and of the MJO at 80°E.

the so-called dry diagonal (Houston and Hartley 2003; Garreaud 2009) between 20° and
40°S, extending eastwards approximately along the latter latitude, from 70° to 60°W. As
in DJF, the correlation map with the SOI has a resemblance with the one for the MJO at
80°E (Figure 8(b)) but with an indirect polarity. However, the number of pixels that have
a significant correlation with the MJO at 80°E exceeds the one for the SOI since it
includes additional spots in the Atlantic Ocean.

The most striking SOI/LER relationship takes place in JJA (Figure 7(c)) when the
number of points with significant values rises to 708 (or a quarter of the domain).
During this season, significant negative correlations cover the continent, south of 25°S,
almost entirely, with the exception of southern Brazil and Uruguay. Also included as part
of the same area are the adjacent waters of the Atlantic and the Pacific along 30°S. Since
negative (positive) values of the SOI are associated to ENSO warm (cold) events, a
negative (positive) correlation implies a direct (indirect) relationship between ENSO
warm (cold) events and cloudiness or snow. The STJ, which constitutes a known source
for cyclogenesis processes especially at their polar flank (Hoskins and Hodges 2005),
reaches its southernmost position during this season (see e.g. Garreaud 2009). Needless
to say, even though the ENSO plays an important role in South America’s |A variability
(Satyamurty, Nobre, and Silva Dias 1998), it is not the only forcing. Hence, the results just
partly tie the ENSO forcings to cyclogenesis processes in the region, in view of the close
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connection between cyclogenesis and cloudiness. There is another region of significant
adjoining points between 10° and 20°S that span the Bolivian lowlands, southwestern
Brazil, and northern Paraguay. As a matter of fact, precipitation in the Bolivian portion of
this area has a maximum in summer; yet, winter amounts are less important but still
sizeable owing to the advection of cold air along the Andes (Ronchail et al. 2002).
Results for this region regarding ENSO cold events during JJA are quite in agreement
with the existing literature as drier conditions (i.e. less cloudiness) are expected. As for
ENSO warm events, the signal in precipitation is not as strong and seems to rely upon a
number of regional factors. The similarity between the correlation maps of the SOI and
the MJO at 80°E is just partial in this season as significant correlations over the continent
south of 20°S vanishes (Figure 8(c)).

The number of points with a significant correlation with the SOI reduces to 559 (or
20% of the domain) for SON (Figure 7(d)). Expectedly, the correlation map for this season
resembles its JJA counterpart due to the thermal inertia in both oceans (e.g. Hoskins and
Hodges 2005), and in the ENSO as a global process as well. Nonetheless, significance
spans a reduced area but there are a greater number of spots with adjoining significant
pixels. Three are the major regions with contiguous significant negative values of r. The
most noticeable one lies between 30° and 40°S. It extends between 100° and 50°W
forming a ‘U’ shape, with a disruption in significance over the Andes. Considering that
ENSO plays an important role in South America’s IA variability and that all these maps
show the relationships between the SOI and cloudiness, this disruption may be related
to reinforcements in both decay of the systems upstream of the Andes and their
regeneration downstream of the topography during ENSO warms events. This hypoth-
esis is supported by below average geopotential heights in the lower atmosphere
during ENSO warm events (Aceituno 1989). The other two regions with adjoining
significant negative correlations are northern Argentina and southern Paraguay
(NASP), which again can be related to more intense cyclogenesis during ENSO warm
events due to a strengthened STJ (Kousky, Kagano, and Cavalcanti 1984; Aceituno 1989),
and northern Chile and the southern Peru coastline. By contrast, there exists just one
area with significant positive correlations that is located east of SM, centred over the
Brazilian state of Rio de Janeiro (RJ). This region and NASP define a dipole in correlations
that is quite in agreement with Kousky and Cavalcanti’'s (1988) OLR spatial ‘seesaw’
pattern of their fourth rotated empirical orthogonal function, with the associated time
series being mostly positive during ENSO warm events, most notably during the 1982/83
warm episode. Again, there is a resemblance between the correlation maps of the SOI
and the MJO at 80°E (Figure 8(d)) in that they share the same regions but with opposite
polarity; yet, the number of pixels with significant correlations (468 for the MJO at 80°E,
cf. Table 1) is smaller than the SOI one.

As to the PDO, in DJF (Figure S7(a)), the number of significant correlations decreases
to 184 (approximately 7% of the domain) when compared with the Q case. Even though
there are scattered spots of positive and negative r values, the region with the largest
concentration of positive correlations lies in the subtropical Pacific, in the stratocumulus
region off the Chilean and the Peruvian coasts. On the other hand, the largest number of
negative correlations concentrates off the coasts of BA and ES in a region that presents
correlations of the same kind in the Q case but with stronger values during the
summertime. MAM (Figure S7(b)) has 237 pixels (around 8% of the domain) with
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significant correlations, whose values are predominantly negative and mostly concen-
trated in two regions: approximately over the Chilean LLJ's region of influence and to
the south-westernmost tip of the landmass. These two areas match the ones for the DMI
but with an opposite polarity in correlations. The number of pixels with significant
values of r in JJA (Figure S7(c)) is slightly over the one in MAM, but they are much
more scattered. Negative values dominate with the largest concentration of them
located over the Pacific, approximately at 95°W between 40° and 50°S. SON (Figure S7
(d)) has the least number of significant correlations. The most remarkable feature for this
season is the thin line of significant positive values of r in the Peruvian coast that extend
into the south along the subtropical Andes between 20° and 40°S.

The index used here to represent the QBO is the zonal mean of the 30 hPa wind at
the Equator. Strong easterlies at the Equator define a negative anomaly or the east
phase, whereas weak easterlies or westerlies lead to the west phase. The QBO has a
relatively small number of significant r values across all seasons (Table 1). The most
number of adjoining points with significant correlations occur in SON (Figure S8(d)) off
the Chilean and the Peruvian coasts, in a stratocumulus-prone region (Klein and
Hartmann 1993; Corbo and Weller 2007) and in MAM (Figure S8(b)) over the DP and
east of it. The prominent signal at the two aforementioned seasons in the regions
specified is worth noting. In particular, in the SON case, the stratocumulus region
overlaps with the equatorial eastern Pacific upwelling zone, whose variability is strongly
tied to the ENSO. This could be related to the known ENSO/QBO entanglement (Baldwin
et al. 2001, and references therein), but the LER/SOI correlations at the same region are
not significant. Hence, the SON signal is strictly related to the QBO. The correlations in
both MAM and SON are negative, i.e. more (less) cloudiness in these regions is expected
for the QBO east (west) phase. Since the QBO is the only used index that includes
information from the stratosphere, these results show an apparent teleconnection
between the tropical stratosphere and the troposphere. Research efforts linking the
equatorial stratospheric QBO with the extratropical troposphere are scarce in the
Northern Hemisphere (see e.g. Coughlin and Tung 2001; Ruzmaikin et al. 2005) and it
is a vacant topic in the SH to the best of our knowledge.

4. Summary and concluding remarks

A UV LER climatology for southern South America was introduced. The study region
comprised the area limited by 10° and 60°S and 30° and 100°W. The period of analysis
was 1978-2015 including data collected from TOMS instruments aboard three different
satellites and the OMI on board the Aura spacecraft. Across the study period, seasonal
means at each pixel were calculated for DJF, MAM, JJA, and SON. Long-term means and
variabilities were derived thereupon on Q and IA bases. In view of the usefulness of LER
as a proxy for cloudiness, most of the features of the mean and the variability fields
could be attributed to atmospheric and oceanic processes of local, regional, or global
origin which lead to the formation or to the presence of clouds of any kind.

An algorithm for the detection of breaks was applied to the Q and the IA time series
of both positive and significant standardized anomalies. As to the Q time series, a 32%
strong upward shift in positive values was detected in winter 1991. By contrast, the time
series of significant values showed no breaks at all. As to the |A time series, the single
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downward shift took place in summer 1984 with strength of 27%. The rest of the
detected breaks in positive anomalies had an upward shift. They occurred in all the
seasons with the exception of DJF. In particular, the 1991 break affected MAM, JJA, and
SON. In addition, there were shifts in the mid-2000s that generally spanned timescales
closer to the decade, which had an influence in the MAM and JJA values. Separately, a
single shift was detected for the DJF significant values in 1984.

A linear trend analysis on the mean seasonal values revealed that, on a Q basis, most
of the pixels exhibiting a significant trend were located over the oceans and had an
upward trend. However, the strongest trends were located over mountainous terrain,
along the PA for the positive values (approximately 3.20 RU decade™) and in south-
eastern Brazil, in the portion of land located between the SE and the CD and the
coastline for the negative ones (around —1.40 RU decade™). In the IA case, summer
replicates the location of the regions with extreme values of the trends but with
stronger figures (6 and —1.70 RU decade™). A remarkable feature is the presence of
significant positive trends (in the order of 1.50 RU decade™) in a BMFC along a north-
west-by-southeast axis over the subtropical Atlantic. As to MAM, the significant positive
trends in the Brazilian Highlands (1.50-2 RU decade™), over a region that has monsoo-
nal characteristics, are worth noting. The result was ascribed to an extension of the
monsoonal conditions into autumn. Significant positive trends along the PA were also
present during the season, with weaker values though (3.50 RU decade™' at most).
Oceanic pixels aside, the most noticeable feature of JJA is the vanishing of significance
over the central PA, whereas positive trends over the Andes in southern Peru and Bolivia
are still significant but they have a weaker intensity than in MAM (2 RU decade™ at
most). In SON, the significant negative trends east of SE and CD (with maximum values
in the order of —2.50 RU decade™') and the positive trends along the BMFC region,
covering a larger area than in DJF with a trend of 2 RU decade™" on average, are the two
remarkable features of the season.

Linkages between LER and general circulation indices were addressed by means of
the Spearman’s correlation coefficient between the standardized anomalies of both
variables. The indices included in the analysis were the DMI, the PDO, the QBO, the
SOI, and the MJO. The Q correlations are generally smaller than the IA ones. On a Q
basis, the DMI seems to have a direct influence (i.e. positive values of the DMI are
associated to more cloudiness) on both oceans and in central Argentina. The correlation
pattern for the SOl is in agreement with an increase (decrease) in precipitation during El
Nifio (La Nifa) events over an area covering central Argentina and the subtropical-to-
mid-latitude Atlantic. The SOI also has a signal in the subtropical Pacific and in the exit
region of the southerly LLJ off the subtropical Chilean coast. The correlation pattern for
the MJO at some latitudes is similar to that of the SOI but with a direct or inverted
polarity. This responds both to known relationships between the MJO and the SOI and
to the longitudinal phasing of the MJO. On the other hand, the QBO does not seem to
have a notable effect in the troposphere given the small number of pixels with a
significant correlation.

Interannually, the aestival relationship between LER and the DMI is positive and it
occurs in a major area located over the DP and its surroundings. Significance includes
the DP also in MAM, along with the subtropical Pacific, the mid-latitude Atlantic, the
subtropical Andes, and southeastern Brazil, with positive correlations in all these cases.
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The strongest positive correlations during JJA occur in the subtropical Atlantic. Spots of
positive correlations are present in the subtropical Pacific and in the Andes between 30°
and 40°S, and there is a dipole of correlations over the southeastern Brazilian coast, with
negative values situated inland. The most number of significant positive correlations
occur in SON, most of them located in the Atlantic beyond 30°S and over continental
Argentina south of 40°S, whereas significant negative correlations are found north of the
southerly LLJ's exit region in the Pacific and over SM in Brazil.

Regarding the PDO, the regions with the summertime most concentration of con-
tiguous significant positive and negative values are the stratocumulus region in the
Pacific and the coasts of the Brazilian states of ES and BA, respectively. The Pacific
presents the most number of autumntime significant negative correlations, with two loci
of maxima correlations situated in the area of influence of the Chilean LLJ and further
south, in the south-westernmost tip of the continent. These two regions also have a
signal with the DMI but with opposite polarity. Negative values dominate the JJA
correlations field, with the most concentration of significant values centred at 45°S
and 95°W. SON has the least number of significant correlations, with the most notable
feature being the thin line of positive values extending from 20° to 40°S along the
Andes. In the Q case, the QBO has a relatively small number of pixels with a significant
correlation and something similar occurs for each season on an IA basis. However, the
large areas covered by significant negative correlations over the DP and east of it in
MAM, and in the Pacific stratocumulus region in SON, are worth noting.

Unlike other indices, the SOI has an important signal in the study region on both Q
and IA bases. In the first case, most of the significant correlations are negative. There is a
major region, encompassing central Chile, central-eastern Argentina, and the subtropi-
cal-to-mid-latitude Atlantic, whose significant negative correlations are in agreement
with known precipitation patterns associated to El Nifio. A more reduced area of
contiguous significant negative correlations spans the Pacific west of 80°W, between
30° and 40°S. On the other hand, significant positive correlations occur in the Pacific
LLJ's exit region and in the south-westernmost portion of the continent where there is
strong wave activity all year round. In DJF, the most number of contiguous significant
positive correlations occur in the PBA, whereas the Pacific west of 80°W and central
Argentina also present significant negative correlations, but with a larger (smaller)
extension that in the Q case for the former (latter) region. The PBA also present
significant positive correlations in MAM, whereas the largest concentration of significant
negative anomalies during the season extends from northern Chile down to the
Argentine Patagonia along the dry diagonal. The overall largest concentration of sig-
nificant negative correlations occurs in JJA, with the continent south of 25°S being
almost entirely covered by them, a result partly tied to cyclogenesis processes. There
is another region with such negative correlations spanning eastern Bolivia, southwestern
Brazil, and northern Paraguay. The correlation maps for JJA and SON are quite in
resemblance given the thermal inertia in both oceans, as well as in the ENSO-related
processes. Three are the major spots with adjoining significant negative correlations in
springtime: a subtropical band spanning the Pacific and central Argentina with a
disruption over the Andes, NASP, and northern Chile and the Peruvian coastline. A
single area of significant positive correlations occurs over the Brazilian state of RJ. This
region and NASP define a dipole in significant correlations that is in concordance with a



INTERNATIONAL JOURNAL OF REMOTE SENSING . 51

seesaw pattern in the OLR. As in the Q case, the correlation maps for the MJO defined at
some longitudes are similar to the SOI counterparts.

The present study was carried out by complementing the LER database that was used
in YLC up to 2015. The study area was reduced to southern South America and adjacent
waters in order to assess the behaviour of the variable regionally and to link it to known
atmospheric and oceanic processes that have an impact in the region. In spite of
including the contribution of aerosols and snow, the presented climatology has gen-
erally been linked to processes that lead to the formation or maintenance of clouds. The
potential for LER as both a diagnostic and a forecast variable can be further exploited by
analysing shorter timescales (e.g. monthly or daily), by studying cloud types discretion-
ally, or by combining the variable with others of relevance. All these topics are a matter
of future investigation.
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