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Abstract

Traditionally temperate and hyper-humid, western Patagonia experienced its most severe
drought during the summer and fall of 2016. Along with precipitation deficits larger than
50% there was a similar reduction in river discharge into coastal waters, a decline in
vegetation productivity, excessive solar radiation at the surface and frequent upwelling-
favorable wind events offshore. The combination of these regional-scale anomalies seems
to have set the stage for environmental disturbances that, although not new in western
Patagonia, occurred with unprecedented magnitude, including severe urban air pollution
episodes, large forest fires, and the worst ever recorded harmful algae bloom (HAB). The
local climate anomalies were in turn related to the concomitant strong El Nifio (through
atmospheric teleconnections) and, to a lesser extent, anthropogenic climate change,
mediated by the positive polarity of the Southern Annular Mode (SAM) and internal
variability, as both modes weakened the westerlies. Dryer than present conditions are
consistently projected for northern Patagonia during the 21st century as a consequence of
anthropogenic increases in radiative forcing; superposition of El Nifio events in this altered
climate may result in a higher frequency of extreme droughts and environmental

disruptions like those observed in 2016.
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1 Introduction

Western Patagonia -the narrow strip of land between the Pacific and the Austral
Andes, Fig. 1a- features a temperate, hyper-humid climate, thus hosting massive fresh
water reserves in its glaciers and ice fields, an intricate network of rivers and fjords, and a
high degree of endemic biodiversity [e.g., Martinez-Harm and Gajardo 2008]. Copious
precipitation (> 3000 mm/year) in that region is delivered year-round by the frequent
arrival of midlatitudes storms [e.g., Garreaud et al. 2009], embedded in the SH westerly
wind belt, further enhanced by orographic uplift over the western side of the Andes [Smith
and Evans 2007; Viale and Garreaud 2015]. Given its nature, precipitation variability over
western Patagonia is tightly coupled with changes in the intensity of the low-level westerly
winds impinging the austral Andes [Garreaud 2007; Montecinos et al. 2011; Garreaud et al.
2013] that raises to ~1500 m AMSL in these latitudes. The flow is in turn coupled with the
mass field (e.g., SLP anomalies) over the southeast Pacific and modulated by large-scale
modes of atmospheric circulation, namely the El Nifio Southern Oscillation (ENSO) and the
Southern Annular mode (SAM) [e.g., Schneider and Gies 2004; Garreaud et al. 2009; Gillet
et al. 2006; Silvestri and Vera 2009]. Nonetheless, the ENSO/SAM combined effect has not

been documented in southern South America, nor their tangible environmental impacts.

Local records and tree-ring based reconstructions [Garreaud et al. 2013; Mufioz et
al. 2016] reveal a decrease in precipitation and streamflow in western Patagonia during the
last 3-4 decades, particularly marked in summer and fall, associated with changes in the SH
extratropical circulation [Garreaud et al. 2013]. The latter has been linked to stratospheric

ozone (03) depletion and the increase in the greenhouse gases (GHG) atmospheric
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concentration [Gillet and Thompson 2003; Arblaster and Meehl 2006], implying the
maintenance of the drying during the rest of the 21st century with potentially detrimental

effects on the environment.

Contributing to the drying trend, western Patagonia experienced its most severe
drought on record during the first half of 2016, when rainfall and streamflow were half (or
less) of their seasonal averages (Figs. 1a,b and 2d). In section 3 of this work we document
the evolution, spatial extent and return period of this drought, largely driven by
precipitation deficit. Subsequently (section 4) we describe the large-scale climate
anomalies that affected western Patagonia during 2016 causing the drought and interpret
them as the superposition of climate modes in their extreme phases. The dry conditions
had detrimental impacts on vegetation and, as qualitatively discussed in section 5, set the
stage for multiple environmental disruptions. In late summer and fall (January to April,
2016) a bloom of Pseudochattonella sp. and Alexandrium catenella caused the worst fish
(including 10% of the Chilean salmon production) and shelf-fish mass mortality ever
recorded in the inner waters of Patagonia [Hernandez et al. 2016] and the so-called red-
tide extended abnormally along the Pacific coast from the Aysen region (ca 45°S) to 39°S
[Buschmann et al. 2016] generating a considerable social, economical and sanitary
problem in Patagonia [Clément et al. 2016]. Likewise, aggravated by the use of firewood for
heat, the concentration of particulate matter was so high that the World Health
Organization named Coyhaique, the capital of Aysen, the most polluted city in the Americas
during May 2016. The number of forest fires in Northern Patagonia in 2016 was also larger
than the average fire season. Given the extraordinary character of the 2016 precipitation

deficit in Patagonia, the potential repetition of such conditions in the near future and the
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seemingly related environmental disruptions, the aim of this work is exploring local- and

large-scale aspects of this drought, including its causes and selected impacts.

In addition to the climate forcing, local scale impacts driven by human activities
(population growth, aquaculture development and native forest substitution by exotic
species) likely played a role in the 2016 environmental crisis in Patagonia by increasing the
vulnerability of the affected sectors to climate extremes|e.g., Miserendino et al. 2011].
Disentangling the role of natural (e.g., ENSO) and anthropogenic (either local or remote)
factors on environmental changes is fundamental if one wishes to make informed
projections of the regional future (section 6). While such task is beyond the scope of this
work, addressing the climate forcing of extreme dryness (and possibly environmental
extremes) in Patagonia is an important first step and can offer insights relevant to other

west-coast, extratropical settings.

2. Data

We use monthly means of sea level pressure (SLP), downward flux of short wave
radiation at the surface and wind components at selected pressure levels from the National
Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research
(NCAR) reanalysis [NNR, Kalnay et al. 1996] available from 1948 onwards on a 2.5°x2.5°
lat-lon grid. It has been found that NNR have problems representing the SH circulation
before the satellite era (i.e., before 1979; e.g., Tennant 2004) so the long term means were
calculated using the period 1980-2010. For selected fields, we further verified the
hemispheric anomalies using the ECMWF Reanalysis (ERA Interim [Dee et al. 2011]).

Global precipitation was obtained from the CPC Merged Analysis of Precipitation
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(CMAP)[Xie and Arkin 1997] from 1979 onwards on a 2.5°x2.5° lat-lon grid. Sea surface
temperature (SST) was obtained from NOAA High-resolution blended SST [Reynolds et al.
2007] from 1981 onwards on a 0.25°x0.25° lat-lon grid. Local-scale conditions were
characterized using daily records from 65 rain gauges and 12 river-flow stations in
southern Chile (38-56°S) operated by the Chilean Weather Service and Chilean Water
Agency (obtained from the Chilean Climate Explorer, http://explorador.cr2.cl/), and daily
mean concentration of PM10 (airborne particulate matter of less than 10 um) in Coyaique
from the National Air Quality Information Service (SINCA-Chile). We also employed high-
resolution, MODIS-derived fields of Enhanced Vegetation Index [Jiang et al. 2008] and

Chlorophyll-a [O'Reilly et al. 2000].

In addition to the observed dataset, we used a 30-member ensemble with the Max
Plank Institute for Meteorology Model (ECHAM5.4) [Roeckner et al. 2003]. ECHAM5.4 was
integrated from January 1959 to April 2016 at 0.75°x0.75° lat-lon resolution, forced by
observed SST and Sea Ice Concentration (SIC) [Hurrel et al. 2008] and time varying
greenhouse gases (GHG) and ozone (03). This simulation is referred to as AMIP-ORF
(observed radiative forcing), from the NOAA Facility for Climate Assessments

(https://www.esrl.noaa.gov/psd/repository/alias/facts/).

3. The 2016 severe drought

Station-based seasonal rainfall anomalies for summer 2016 are shown in Fig. 1a and
for other seasons in Fig. S2. A moderately wet winter 2015 (JJAS) was followed by a
substantially dry spring and early summer, with rainfall deficits over 50% between 40°-
47°S. The metrological drought intensified (rainfall deficits up to 90%) and expanded north

6
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and south during summer, and continued strong into fall and winter. Recall here that
western Patagonia receives, on average, between 3000 and 9000 mm of precipitation more
or less uniformly distributed throughout the year, so that a 50% deficit during summer-fall
represents an actual shortage of several hundred millimeters, accounted by many days
with little or no precipitation over an otherwise hyper humid region. On the other hand,
potential evapotranspiration is low over western Patagonia (owing to its temperate,
maritime climate), so that precipitation deficit is the main driver of drought in this region.
Indeed, both the Standardized Precipitation - Evaporation Index (SPEI; refs) and reanalysis
surface soil moisture anomalies indicate drought conditions in summer-fall 2016 across
northwestern Patagonia (not shown). Furthermore, the deficit of precipitation since spring
2015 seems to have a detrimental impact on vegetation as revealed by the anomaly of the
MODIS-derived enhanced vegetation index (EVI) during summer 2016. There is a
widespread drying over western Patagonia, most notable along the western slope of the
Andes and over inland valleys north of 42°S (Fig. 1c). Yet, there are areas that have
experienced greening (positive EVI anomalies) farther south, rendering a complex

vegetation response to precipitation deficit [e.g., Vicente-Serrano et al. 2013].

Given the relatively small size of the basins draining western Patagonia, the rainfall
deficit leads to a concomitant decline in river discharge, and we found stream flow
anomalies ranging from -30% to -60% relative to their long-term means (Fig. 1b). As an
example, Fig. 3a shows the daily discharge of the Aysen river. After the wet winter of 2015,
the discharge dropped well below the historical lower quartile in October 2015 and,

notably, reached record lows with the exception of a few modest floods.
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Considering the rain gauge and river discharge records, SPEI data, reanalysis soil
moisture and vegetation response, it is clear that the meteorological drought in early 2016
over western Patagonia rapidly transitioned into a hydrological and agriculture drought.
To place the 2016 drought in context, Fig. 2d shows the time series of summer-fall
precipitation in five stations across western Patagonia with relatively long records.
Consistent with previous studies, there is a discernible drying trend since ca. 1960, that has
been partially attributed to anthropogenic forcing (GHG, 0O3) mediated by changes in the SH
extratropical circulation [Gillet and Thompson 2003; Arblaster and Meehl 2006]. The 2016
value stands out as the lowest rainfall accumulation in the last 67 years; fitting a
Generalized Extreme Value probability distribution (GEV pdf) to the 1950-2005 data (thus
excluding the last 10 years) in individual stations results in a return period of 100+20 years

for the 2016 drought.

The inferred lack of midlatitude storms crossing the region had other
meteorological manifestations that will be important when considering the environmental
disruptions during early 2016. The time series of solar radiation reaching the surface over
Patagonia (Fig. 3b) reveals almost uninterrupted positive anomalies from October 2015 to
April 2016, summing nearly 20% increase in insolation. On the other hand, we also found a
prevalence of cold conditions, particularly notable in the minimum (nighttime)

temperatures, across western Patagonia from April to June 2016 (not shown).

4. Large scale anomalies

As seen in global precipitation products, the drought in Patagonia was connected

with a region drier than average extending over much of the south Pacific (Fig. 4a). During
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the summer of 2016 (JFM) the SLP anomaly field exhibited a dipole over the SE Pacific, with
negative values at low latitudes and positive values farther south (Fig. 4d,e). Large negative
SLP anomalies (>4 hPa) are found over the Antarctic. Off the continent at 50°S, the positive
anomalies were among the largest on record (Fig. 2b) and greatly intensified the southern
edge of the subtropical Pacific anticyclone, thus blocking the storm track and weakening
the low- and mid-level westerly winds (Fig. 5 and S1). Since wind variability accounts for
about 70% of the variance of rainfall at interannual time scales [Garreaud 2007; Garreaud

et al. 2013], the wind anomalies largely explain the Patagonia drought in summer-fall 2016.

The intense anticyclone straddling austral Chile also created a steep pressure
gradient force pointing northward along the coast of southern Chile, fostering
equatorward, upwelling favorable surface winds (Fig. S1) [Mufioz and Garreaud 2006].
Indeed, we found upwelling-favorable wind events from October 2015 to March 2016 (Figs.
S1 and S3) off Chiloe island (ca. 42.5°S) where the climatological meridional wind is slightly
negative (that is, mostly northerly, down welling favorable winds). We now relate these

large-scale climate anomalies to the leading modes of atmospheric variability in the SH.

a. ENSO forcing

From 2011 through 2013 cold conditions prevailed in the tropical Pacific until a
rapid warming began in late 2014 leading to a strong El Nifio event by mid-2015 [Bell et al.
2017]. The Nifio 3.4 index (the most influential for central-southern Chile climate
[Montecinos and Aceituno 2003]) reached +3°C in December 2015 and the average value
for austral summer 2016 was +2°C (Fig. 2a), the second largest on record since 1948.

Indeed, the seasonal anomaly maps of SST, SLP and precipitation (Figs. 4c,d,e) do show
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features typical of an El Nifio event, somewhat closer to the Central Pacific events [e.g.,
Capotondi et al. 2015]. The warming across the tropical Pacific excited quasi-stationary
Rossby waves that contributed to the ridging off southern South America [Karoly 1989;
Renwick 1998] and the weakening of the zonal flow impinging Patagonia. In the summer of
2016, the Rossby wave was evident in the 200 hPa geopotential height anomalies (Sup. Fig.
S4), with persistent centers of positive anomalies off the equator in the central Pacific,
negative anomalies in the subtropics and a third center of positive anomalies at higher
latitudes to the west of the southern tip of the continent. The latter is right above the
positive SLP anomalies in Fig. 4d, indicative of the barotropic character of these
perturbations. This observed arrangement is in qualitative agreement with results from

simple numerical modeling forced by tropical heating [Bladé and Hartmann 1995]

During summer, Nifio 3.4 accounts for about one third of the interannual variance of
the zonal wind at 850 hPa over western Patagonia (U850). The power of the fit was tested
using the general linear F-statistics (from the regression analysis of variance) whose p-
value resulted less than 0.05. We used a linear fit to calculate the ENSO-congruent U850
anomaly for 2016 obtaining 7.7 ms-1, about 60% of the observed anomaly (Fig. 5). The
uncertainty in the regression coefficients was employed to estimate the uncertainty in the
ENSO-congruent U850, emphasizing the partial role of ENSO in weakening the flow over
Patagonia (Fig. 5) . Similar results are found when using SLP as the predicted variable,
lending statistical support to the prominent role of El Nifio in forcing the observed large-

scale anomalies in southern South America.

10



204 Further evidence for the role of ENSO is provided by results from the ECHAM5.4

205  AMIP simulations. Since the ensemble members are forced by identical boundary

206  conditions and only differ in slightly different initial conditions, the ensemble mean isolates
207  the SST-forced response of the atmospheric circulation under current levels of radiative
208  forcing. Figure 4f shows the ensemble mean SLP anomalies during JFM 2016, which are in
209  close correspondence with their observed counterpart (Figs. 4d,e) over much of the Pacific
210  (spatial correlation coefficient r = 0.69 in the region 10°N-50°S, 180°-60°W). Of particular
211  relevance, the simulated anticyclonic ensemble mean anomalies off southern South

212 America are located in the same place as the observed anomalies with an intensity slightly
213  weaker than observed. The simulated zonal wind at 850 hPa and precipitation anomalies
214  over Patagonia are also in good agreement with the observations (Fig. 4b for precipitation;
215  for the wind field the spatial correlation coefficient between the observed and simulated
216  fields reach 0.57 in the region 10°N-50°S, 180°-60°W). Nonetheless, dispersion among

217  ensemble member is large, with 20% of the members producing a wet summer in

218  Patagonia, indicative of the important role of internal variability in shaping the seasonal
219  anomalies. Within the modeling framework, internal variability represents the aggregated
220  effect of transient, synoptic-scale events, not forced by the underlying SST but dependent

221  on the initial conditions.

222 El Nifio was capable of warming most of the SE Pacific but coastal conditions differ
223 from the broader behavior as illustrated by the time series of SST in a grid box about 30 km
224  off Chiloe Island (Figs. 3c and S3). Slightly cold anomalies appeared by September 2015 and

225 increased gradually during late spring and early summer. Local SST then experienced a
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marked cooling in March and April 2016 (2.5°C colder than average) followed by a rapid

recovery by the end of May.

b. SAM forcing and combined effects

During summer 2016 the nearly circumpolar dipole in the mass field between
mostly positive anomalies in mid-latitudes and very negative anomalies at high latitudes
(Figs. 4d,e) strongly resemble the SAM pattern, and the positive SAM index [Marshall 2003]
was the highest on record (Fig. 2c). To assess the role of SAM on the climate anomalies of
Patagonia we also perform a linear regression between SAM index and U850. During
austral summer SAM explains ~25% of the interannual variance of U850 (still significant,
with an F-statistics p-value<0.1), and the SAM-congruent value for 2016 is 8.2 ms! (Fig. 5),

a low value in the historical context but not as low as observed (6.6 ms1).

What caused the extreme high SAM during the summer of 2016? The ensemble
mean of the ECHAMS5.4 AMIP simulations have a very weak signal over Antarctic (Fig. 4f),
suggesting that the surface ocean played little role (if any) in forcing the pressure
anomalies at high latitudes (and hence the overall SAM signal). On the other hand, the
positive SAM value during JFM 2016 (as well as the values in the last five summers) fits
well with the trend toward a positive polarity since the mid 1970's. Note, however, that the
extremely high SAM index in 2016 stands out well above the value predicted by the trend
(dashed line in Fig. 2c) suggesting again an important role of internal variability (i.e.,
synoptic-scale transients not related to external or boundary-conditions forcing
[Limpasuvan and Hartmann 1999]).The recent SAM trend is very robust [e.g.,, Thompson

and Wallace 2000; Marshall 2003; Jones et al. 2016] and stands out when compared against

12



248  tree-ring multi-centennial reconstructions [Lara et al. 2008; Villalba et al. 2012]. Likewise,
249 the summer SAM positive trend simulated by CMIP-5 fully-coupled historical climate

250  simulations exceeds the 95% level of control variability [Jones et al. 2016] consistent with
251  the expected effects of stratospheric Oz depletion and, to a lesser extent, increased GHG

252 concentrations [Gillet and Thompson 2003; Arblaster and Meehl 2006; Gillet et al. 2013].

253 Recent studies [L'Heureux and Thompson 2006; Ding et al. 2012, Wang and Cai

254  2013] have found that ENSO and SAM are not independent. The connection arises, at least
255  partially, because warm SST anomalies in the tropical Pacific during El Nifio years are

256  capable of forcing Rossby wave trains, with one of its anticyclone nodes over the

257  Amundsen-Bellingshausen Sea in the Antarctic periphery [Mo and Higgins 1998; Renwick
258  1998] favoring a negative polarity of SAM (i.e., positive pressure anomalies at higher

259  latitudes). Thus, a negative association has been found between Nino3.4 and SAM indices,
260  although the strength of their correlation varies at seasonal and decadal time scales [Yu et
261  al. 2015]. During austral summer, the correlation is rather weak (r[SAM index; Nifio3.4] = -
262  0.12; F-statistics p-value ~0.2) as evident in the scatter plot of both indices in Fig. 6.

263  Consistently, the amount of variance of U850 accounted for a multiple linear regression
264  using both indices raises to nearly 50% (F-statistics p-value~0.01) and the predicted

265  seasonal anomaly for the summer of 2016 is 7.2 ms1, much closer to the observed anomaly

266  than using individual regressions (Fig. 5).

267 The fact that both ENSO and SAM were in their positive phases during the summer
268  of 2016 is rather puzzling, considering their overall negative correlation (Fig. 6). In this

269  case, however, the ridging induced by the ocean forcing maximized at 60°S (to the north of
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the Amundsen-Bellingshausen Sea) and extended well into midlatitudes (Fig. 4f) where the
SAM-related belt of anticyclonic anomalies is typically located. We thus posit that SAM
provided an important circulation background (positive SLP anomalies at midlatitudes)
upon which the strong ENSO-related anomalies were superimposed as to produce the

marked ridging off austral Chile and hence the extreme dry conditions over Patagonia.

¢. Seasonal variations

We have focused our analysis on the summer of 2016 because the large-scale
anomalies reached extreme values and the unprecedented drought /HAB took place in that
season. Anomalous climate conditions, however, began before and persisted after summer
(e.g, Fig. 5) as shown by the seasonal mean of zonal wind at 850 hPa over western
Patagonia (U850). Stronger than average westerlies prevailed during the winter of 2015
(MJJA) but transitioned to weaker flow in spring. The seasonal mean U850 reached a
minimum in summer 2016 and low values persisted into fall. Consistently, the observed
SLP anomalies in that season show a very intense blocking anticyclone centered over the

southern tip of the continent (Sup. Fig. S5).

As shown in Fig. 3a, ENSO-congruent values of U850 were also low in spring 2015
and summer 2016, but near average in winter 2015 (because of a weak correlation
between U850 and Nifio3.4) and fall 2016 (because of the weakening of El Nifio). Moreover,
the ensemble mean of the ECHAMS5.4 AMIP simulations for this season fails to capture the
position and intensity of the anticyclonic anomalies over Patagonia (Sup. Fig. S5). Likewise,
the SAM-congruent U850 anomalies were only significant in summer 2016. This suggest

that the superposition of the ENSO and SAM forcing on Patagonia climate anomalies was
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important in summer 2016 and, to a lesser extent, in the previous season. Conversely,
internal variability played a more prominent role in maintaining the climate anomalies

over Patagonia during fall and winter 2016.

5. Discussion and outlook

Marked anticyclonic anomalies off southern South America and weak westerly flow
impinging the austral Andes persisted from late spring 2015 to fall 2016, reaching record-
breaking values at the height of the summer (JFM). These large scale conditions resulted in
the most intense drought on record (>50% precipitation deficits) in western Patagonia as
well as excessive (>30%) solar radiation reaching the surface, and frequent southerly,
upwelling-favorable winds along the coast where northerly winds generally prevail.
Although specific diagnostic studies are required, these regional anomalies were, very
likely, important ingredients for the severe air pollution episodes, major forest fires, and
the worst recorded HAB in Patagonia. Here we speculate on the connection between the
aforementioned meteorological anomalies and the environmental disturbances in western

Patagonia during the first half of 2016.

o Augmented forest fire activity. Both the number of forest fires and the area burned
during the fire season 2015-2016 (July-June) in the Chilean Lake district and Aysen
region (coincident with northwestern Patagonia) were about 15% larger than their
historical counterparts (CONAF 2017), including some major fires (over 200 ha) in
late summer of 2016. Most forest fires in central Chile are human-ignited but their
propagation (and final burned area) are largely dictated by atmospheric variables

(Holtz and Veblen 2012). In particular, the burned area in southern Chile is well

15
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correlated with summer rainfall and temperature, so the extreme meteorological
drought in early 2016 (and the concomitant drying of the vegetation; Fig. 1) seems

an important driver of the augmented fire activity in that season.

Acute urban air pollution. Between April and June 2016, the daily values of PM10
measured in Coyhaique (ca 50.000 inhabitants) persisted well above the long-term
mean, reaching values as high as 500 umg/m3 and exceeding the Chilean norm
(PM10 < 150 umg/m3) more than half of the time (Fig. 3e). As in other urban centers
in Chile, variations in air quality in Coyhaique are largely controlled by changes in
atmospheric ventilation rather than by changes in emissions [Rutllant and Garreaud
1995; UNTEC 2015]. Although we do not have local wind data, the lack of rainfall
during fall signals reduced low-level flow and more stagnant atmospheric
conditions, that coupled with colder than normal nights, resulted in poor ventilation
and the acute, protracted urban air pollution reported in Coyhaique. The air
pollutants were mainly emitted by firewood used for heating during winter [UNTEC
2015]; the previously reported forest fires occurred earlier (summer months) and

farther away from urban areas.

The worse ever recorded HAB. A long-lasting (January-April 2016, Fig. 3d) and
spatially extended (45-39°S) harmful algal bloom (Pseudochattonella sp. and
Alexandrium catenella) afflicted the inner and offshore waters of northern
Patagonia [I[FOP 2016] causing a massive mass mortality of fish and shelfish, with
major social and economical impacts [Hernandez et al. 2016]. The biophysical

causes of this HAB are complex and currently under scrutiny [Buschmann et al.
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2016; Hernandez et al. 2016]. Normally, large freshwater inputs (direct rainfall and
river discharge) lead to stratification of the coastal water column [Leon-Mufioz et al.
2013; Iriarte et al. 2016] limiting nutrient exchanges between the surface layer
(mainly fresh and brackish water) and deep layers (mainly from oceanic origin).
Consequently, inorganic nutrients and radiation are considered limiting factors for
high primary productivity in these systems [Gonzalez et al. 2013]. The drought in
western Patagonia reduced substantially the freshwater input and weakened the
vertical stratification in the inner waters of Patagonia, thus increasing the upward
intrusion of saline, nutrient rich waters into the surface layer [Leon-Mufioz et al.
2017]. Unusual southerly winds offshore also contributed to more frequent
upwelling of nutrient rich, oceanic water masses. Under these altered hydro-
biological setting, the heightened solar radiation reaching the surface provided

optimal conditions for the algal bloom [Leon-Mufioz et al. 2017].

The large-scale climate anomalies were, in turn, mostly forced by the strong El Nifio-
related atmospheric teleconnections superimposed on the positive phase of the SAM. The
ENSO forcing points to an opportunity for seasonal prediction of environmental
disturbances in Patagonia, although limited by the role internal (non-deterministic)
variability. The SAM forcing, on the other hand, allow us to put this year's drought in
context and to assess their recurrence in the future. Since during the positive phase of SAM
the westerlies weaken around 40°S, precipitation decreases and temperature increases
over western Patagonia [e.g., Gillet et al. 2006; Garreaud et al. 2009]. Thus, the summertime
drying trend in western Patagonia over the last four decades [Aravena and Luckman 2009;
Quintana and Aceituno 2012] has been attributed to the SAM positive trend, which in turn
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380

is forced by stratospheric O3 depletion and increased GHG concentrations [Gillet and
Thompson 2003; Arblaster and Meehl 2006]. The connection among O3 depletion, GHG

increase and Patagonia drying has been explicitly shown by Gonzalez et al. [2014].

The role of climate change in drying Patagonia can be directly assessed by
considering the results from a pool of 104 CMIP-5 fully coupled simulations generated by
26 models in support of IPCC-ARS5 [Collins et al. 2013]. The number of members per model
ranges from 1 to 10. Simulated rainfall anomalies during summer (November to March)
over western Patagonia for the period 2010-2020 under the RCP8.5 scenario range from -
3% to -16% (with respect to 1970-2000), with a multi-model, multi-ensemble mean (i.e.,
the anthropogenic forced response) of -7% . Thus, global climate change has already
reduced precipitation in Patagonia, although the extreme drought in summer 2016 (50-
60% rainfall deficit) was further sustained by a strong ENSO forcing and internal ("weather

noise") variability.

Dryer than present conditions are also consistently projected for northwestern
Patagonia towards the end of the century under high GHG emission scenarios [Collins et al.
2013], as the increase in GHG concentration will continue to shift the SH storm track
poleward [Yin 2005; Chang et al. 2012] and SAM toward its positive polarity [Arblaster et
al. 2011; Zheng et al. 2013; Morgenstern et al. 2014]. Superposition of El Nifio events in this
altered climate may result in a higher frequency of extreme dry summers and perhaps
environmental disruptions as observed in 2016. The coming decades may experience an
ease in the drying trend because the stratospheric Oz recovery will transitorily weaken the

SAM tendency towards its positive polarity[e.g., Barnes et al. 2014]. At the same time,
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381  however, local human activities (e.g., aquaculture, timber, tourism) are rapidly increasing

382  across Patagonia altering the environmental functioning in this region.
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Figure 1. (a) Topographic map of Patagonia (color scale at the bottom of panel b),
delimitation of its north-western sector (black box), key places and Chile-Argentina border.
Coloured circles indicate the accumulated rainfall anomaly (percentage relative to1980-
2010) during January-February-March 2016. (b) As in (a) but for the stream flow
anomalies. (c) MODIS-derived Enhanced Vegetation Index anomalies during JFM 2016.

29



621

622
623
624
625
626
627

628

629

(a) Nifio3.4 (°C) 1983 199

YT IR

1017 [ (b) SLP 50°5-20°W (hPa)

1015 |

1013

1011

1009

25 (d) Northern Patagonia
normalized precipitation

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year (Jan-Feb-Mar)

Figure 2. The extreme summer of 2016 as shown by time series of selected variables (JFM
averaged). (a) Nifio3.4 index from the Hadley Centre SST data set HadISST1. (b) SLP at 50°S
90°W. (c) Southern Annular Mode index as in Marshall (2003). (d) Blue line: CMAP
precipitation over NW Patagonia (see Fig. 1). Grey lines: Three individual stations in
Patagonia (Puerto Montt, Aysen and Coyhaique). The precipitation series were divided by

their long term mean.
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631  Figure 3. Local environmental conditions over Patagonia during 2015-2016. (a) Daily

632 mean discharge of the Aysen River (45.4° S 72.6 ° W 23 m ASL). Grey shading bounded by
633  the historical (1995-2014) lower and upper quartiles. Red dots indicate when last year

634  values were the historical low. (b) 7-day running mean of daily surface solar radiation

635 anomalies over NP. (c) 7-day running mean of daily SST about 30 km off Chiloe (42.5°S,

636  74.3°W). (d) MODIS 0OC-3 8-day chlorophyll concentration in a coastal (42.5°S, 74.3°W) and
637  offshore box (42.5°S, 75.3°W). (e) Daily mean concentration of PM10 in Coyaique. Orange
638  area highlights PM10 values exceeding the Chilean norm. Grey circles are historical daily
639  values (2003-2014).
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Figure 4. Large scale context during austral summer (JFM) 2016. (a) Observed (CMAP)
Precipitation anomalies. (b) Ensemble mean precipitation anomalies from a 30 member
ensemble ECHAMS5.4 AMIP simulation (see text for details). (c) Sea Surface temperature
anomalies. (d) Observed (NCEP-NCAR Reanalysis) sea level pressure (SLP) anomalies. (e)
Observed (ERA-Interim) SLP anomalies. (f) Ensemble mean SLP anomalies from a 30
member ensemble ECHAMS5.4 AMIP simulation. Black rectangles indicate the location of

northwest Patagonia.
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664  Figure 5. Historical distribution of the seasonal mean 850-hPa zonal wind over western
665  Patagonia (45°S, 75°W) from NCEP-NCAR reanalysis (1948-2014). The distribution is

666  shown by the whiskers with extreme at 25% and 75% percentile and the grey circle (50%
667  percentile). Also shown are the values observed in 2015-2016 (red circles) as well the

668  ENSO-congruent (orange circles) and SAM-congruent (blue squares). For the summer 2016
669  the black star is the value of U850 predicted by multiple regression using Nifio3.4 and SAM
670  indices. The errors bars in the X-congruent values are a measure of the regression uncertainty; see

671  text for the definition of the X-congruent values.
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Figure 6. Austral summer (JFM) values of the Nifio3.4 and SAM indices (as in Marshall
2003). Data from 1957 to 2016. The 2016 values are highlighted in red.
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Figure S1. The extreme summer of 2016 as shown by time series of selected variables from the NCEP-
NCAR reanalysis (JFM averaged). (a) 850 hPa zonal wind over Patagonia (45°S, 72.5°W). (b) Surface
meridional wind off Chiloe Island (42.5°S, 75°W). Red circles indicate summer 2016 values.
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744 Figure S2. Topographic map of Patagonia. Coloured circles indicate the accumulated rainfall anomaly
745 (percentage relative to climatology, scale at bottom) during (a) winter 2015, (b) spring 2015, (c)
746 summer 2016 and (d) fall 2016. Rainfall data from the National Weather Service (DMC-Chile) and
747 General Water Directorate (DGA-Chile).
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Figure S3. Meteorological and oceanographic conditions around Chiloe during 2015-2016. The dashed
red box indicates Harmful Algae Bloom (HAB) period in this area. The gridded datasets were
interpolated to a coastal point (42.5°S, 74.3°W) and an offshore point (42.5°S, 75.3°W), about 30 and
150 km from the coastline, respectively (see small map). The black lines are 7-day running means of
daily values. The thick brown line are long-term mean. (a) Coastal surface meridional wind,
approximately parallel to the coast with southerly winds (v>0) promoting upwelling. (b) Coastal SST.
(c) SST difference between offshore and coastal points. Source: Wind NCEP-NCAR Reanalysis. SST:
NOAA High-resolution blended analysis of SST.
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809  Figure S4. Anomalies of 200 hPa height (contoured every 30 m; positive in red, negative in
810  blue; the zero line is omitted) and outgoing longwave radiation (colors) for January and

811  February 2016.
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Figure S5. Large scale context during austral fall (AM]) 2016. (a) Observed (NCEP-NCAR
Reanalysis) sea level pressure (SLP) anomalies. (b) Observed (ERA-Interim) SLP anomalies.
(c) Ensemble mean SLP anomalies from a 30 member ensemble ECHAM5.4 AMIP

simulation.
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	Acknowledgments and Data
	References
	Figure 2. The extreme summer of 2016 as shown by time series of selected variables (JFM averaged). (a) Niño3.4 index from the Hadley Centre SST data set HadISST1. (b) SLP at 50 S 90 W. (c) Southern Annular Mode index as in Marshall (2003). (d) Blue li...
	Figure 3. Local environmental conditions over Patagonia during 2015-2016. (a) Daily mean discharge of the Aysen River (45.4  S 72.6   W 23 m ASL). Grey shading bounded by the historical (1995-2014) lower and upper quartiles. Red dots indicate when las...
	Figure 4. Large scale context during austral summer (JFM) 2016. (a) Observed (CMAP) Precipitation anomalies. (b) Ensemble mean precipitation anomalies from a 30 member ensemble ECHAM5.4 AMIP simulation (see text for details). (c) Sea Surface temperatu...
	Figure 5. Historical distribution of the seasonal mean 850-hPa zonal wind over western Patagonia (45 S, 75 W) from NCEP-NCAR reanalysis (1948-2014). The distribution is shown by the whiskers with extreme at 25% and 75% percentile and the grey circle (...
	Figure 6. Austral summer (JFM) values of the Niño3.4 and SAM indices (as in Marshall 2003). Data from 1957 to 2016. The 2016 values are highlighted in red.
	Figure S4. Anomalies of 200 hPa height (contoured every 30 m; positive in red, negative in blue; the zero line is omitted) and outgoing longwave radiation (colors) for January and February 2016.
	Figure S5. Large scale context during austral fall (AMJ) 2016. (a) Observed (NCEP-NCAR Reanalysis) sea level pressure (SLP) anomalies. (b) Observed (ERA-Interim) SLP anomalies. (c) Ensemble mean SLP anomalies from a 30 member ensemble ECHAM5.4 AMIP si...

