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Proyección climática de la 
Región de Coquimbo 

Efectos esperados a nivel terrestre 
y marino



TENDENCIAS 
GLOBALES



Los niveles de CO2 en la atmósfera son los mayores 
registrados en los últimos 650.000 años



La temperatura global del planeta ha aumentado más 
de un 1°C desde 1880



Cada diez años, disminuye el hielo en el polo norte un 
13%



La Antártica pierde 127 gigatoneladas de hielo 
cada año



El nivel del mar ha aumentado en casi 200 milímetros en 
los últimos 100 años



La temperatura del océano, al igual que las 
atmosféricas, sigue la misma tendencia de aumento



Los océanos han disminuido su pH en 0.2 unidades 



Y los datos más recientes siguen mostrando la misma 
tendencia negativa



Los océanos pierden oxígeno como consecuencia del 
calentamiento global, y otros procesos como la 

contaminación por nutrientes



Breitburg, Denise, L.A. Levin, A. Oschlies, M. Grégoire, F.P. Chavez, D.J. Conley, V. Garçon, et al. “Declining 
Oxygen in the Global Ocean and Coastal Waters.” Science 359, no. 6371 (2018): 
hUps://doi.org/10.1126/science.aam7240.

El número de zonas con baja concentración de 
oxígeno (dead zones) han aumentado alrededor del 

planeta



Impactos
globales



Fuente: The Independent

Las olas de calor son cada vez más frecuentes, 
mientras que las olas polares han disminuido



En septiembre del 2017 se registraron más de 13 en 
eventos e importantes anomalías climáticas



Huracán Irma, Categoría 5 (Sep6embre 2017)









Los cambios proyectados para los océanos para 
finales de siglo son aún mayores que los observados
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Figura 2.6 | Riesgos del cambio climático para la pesca. a) Redistribución global proyectada del potencial de capturas máximas de ~1 000 especies de peces e invertebrados 
explotadas, comparando los promedios decenales en 2001-2010 y 2051-2060, utilizando condiciones oceánicas basadas en un único modelo climático con arreglo a un escenario 
de calentamiento entre moderado y alto (calentamiento de 2°C respecto de las temperaturas preindustriales), sin analizar los posibles impactos de la sobreexplotación pesquera o 
la acidificación del océano. b) Pesca de moluscos y crustáceos marinos (tasas de capturas anuales actuales estimadas ≥0,005 toneladas/km2) y ubicaciones conocidas de corales de 
aguas frías y cálidas, representadas en un mapa mundial que muestra la distribución proyectada de la acidificación de la superficie del océano para 2010 en el caso del escenario 
RCP8,5. El gráfico inferior compara la sensibilidad a la acidificación del océano en los moluscos, crustáceos y corales, filos animales vulnerables con interés socioeconómico (por 
ejemplo, para la protección costera y la pesca). El número de especies analizadas en los estudios figura en la parte superior de las barras para cada categoría de CO2 elevado. Para 
2100, los escenarios RCP en cada categoría de pCO2 son los siguientes: RCP4,5 para 500-650 μatm; RCP6,0 para 651-850 μatm; y RCP8,5 para 851-1 370 μatm. Para 2150, 
RCP8,5 se enmarca en la categoría de 1 371-2 900 μatm. La categoría de control corresponde a 380 μatm (la unidad μatm es aproximadamente equivalente a ppm en la atmósfera). 
{GTI figura RRP.8, recuadro RRP.1, GTII RRP B-2, figura RRP.6, 6.1, 6.3, 30.5, figura 6-10, figura 6-14}

En los océanos, el aumento de la temperatura y los 
cambios en las corrientes impactan sobre una 
multitud de sistemas físicos y biológicos para 

finalmente afectar los sistemas humanos 
(pesquerías y seguridad alimentaria a nivel mundial)



A nivel
regional



Elementos	claves	del	clima	regional	

	
Los	modelos	clima<cos	globales	no	son	adecuados	para	resolver	la	escala	espacial		
de	los	fenomenos	y	procesos	claves!	

			II.	Cambio	climá-co	regional	

El clima para la región de Coquimbo está principalmente 
modulado por la posición del anticiclón del Pacífico Sur



	
Los	modelos	clima<cos	globales	no	son	adecuados	para	resolver	la	escala	espacial		
de	los	fenomenos	y	procesos	claves!	

			II.	Cambio	climá-co	regional	

Una	consequencia	del	calientamiento	global	(observada	y	proyectada)	:	
	
Desplazamiento	hacia	el	polo	del	an<ciclón	del	Pacífico	Sur	(por	ej.	Garreaud	&	Falvey,	2009)	
	

à Un	factor	importante	para	explicar	
los	cambios	en	precipitaciones,	
viento,	surgencia,	temperatura,		

					al	menos	qualita<vamente	

Los datos observados y los modelos numéricos 
indican que el anticiclón migraría hacía el sur con 

importantes impactos sobre la temperatura y 
precipitación de la Región



Figure 2. Time series of surface atmospheric temperature anomalies (DT) in central Chile (27.5!–
37.5!S). Anomalies are calculated with respect to the period 1979–2006. Stations are divided into five
geographic zones, which are (from bottom to top): (e) ocean, (d) coast, (c) central valley, (b) western
Andes, and (a) eastern Andes. Data from a station at Valparaiso are included in the central plot, although
due to the large amount of missing data trends they are not calculated for Valparaiso elsewhere. The
dashed lines show the linear fit to the data in each group for the period 1979–2006, calculated from the
annual mean DT from all stations in each group. The associated trends, along with the 90% confidence
interval, are also provided. Gray shading identifies years prior to 1979.
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La temperatura muestra un tendencia de aumento 
para el norte-centro de Chile

Figure 2. Time series of surface atmospheric temperature anomalies (DT) in central Chile (27.5!–
37.5!S). Anomalies are calculated with respect to the period 1979–2006. Stations are divided into five
geographic zones, which are (from bottom to top): (e) ocean, (d) coast, (c) central valley, (b) western
Andes, and (a) eastern Andes. Data from a station at Valparaiso are included in the central plot, although
due to the large amount of missing data trends they are not calculated for Valparaiso elsewhere. The
dashed lines show the linear fit to the data in each group for the period 1979–2006, calculated from the
annual mean DT from all stations in each group. The associated trends, along with the 90% confidence
interval, are also provided. Gray shading identifies years prior to 1979.
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temperatures (Croitoru et al., 2016). Heat waves can be identified with
a wide range of definitions based on different intensity and duration
thresholds. Some definitions use only the maximum (TX) or minimum
temperature (TN) exceeding either a fixed threshold (i.e. 25 °C, 30 °C,
32 °C, 33 °C, 35 °C, 37 °C) or a relative percentile-based intensity
threshold (i.e. 85th, 90th, 95th, 98th, 99th percentile), while others
refer to a combination of extreme temperatures exceeding a specific
threshold. In terms of duration, an HW is in progress when the TX or/
and TN exceed the established intensity threshold for at least two to six
or even more consecutive days. Some definitions allow for a period of a
day or two with non-HW conditions, while others break it in two or
more events (Piticar et al., 2017). Other definitions are very specific
when trying to identify an HW event. For example, the Netherlands
Meteorological Institute uses the following definition: at least 5 days
with TX above 25 °C, at least 3 days of which having a TX of> 30 °C.
Yet, some current studies have showed that extreme heat events must
attain certain thresholds of intensity and duration so as to significantly
impact various systems (Montero et al., 2012; Nairn and Fawcett, 2015;
Hatvani-Kovacs et al., 2016; Guo et al., 2017).

Many studies revealed that HWs have become more frequent, longer
and more intense in different parts of the world in the last decades
(Donat et al., 2013; Perkins and Alexander, 2013; Peterson et al., 2013;
Keellings and Waylen, 2014; Shevchenko et al., 2014; Keggenhoff et al.,
2015; Rusticucci et al., 2016; Croitoru et al., 2016; Rohini et al., 2016;
Piticar et al., 2017). Recently, Mora et al. (2017) highlighted on the
increased threat on human life caused by the climate conditions that
exceed human thermoregulatory capacity, while additional factors,
such as ageing population and increasing urbanization, could extend
the consequences of exposure up to potentially deadly extreme climatic
conditions (Mora et al., 2017). The analysis for future periods indicated
that the changes in the HW aspects (frequency, duration, intensity) will
persist at even higher rates (Ballester et al., 2010; Nakano et al., 2013;
Amengual et al., 2014; Marengo et al., 2014; Russo et al., 2014; Murari
et al., 2015; Schoetter et al., 2015; Zittis et al., 2016). Therefore, the
negative impact of HWs is expected to increase in the future.

Agriculture in Chile is highly vulnerable to climate change espe-
cially in terms of extreme events and therefore increasing trends in the
HW variables could diminish agricultural production (Marengo et al.,
2014). The glaciers in the Andes of Chile seem to be shrinking and
possibly losing mass (Pellicciotti et al., 2014). Increasing trends in the
HW aspects could accelerate these processes and activate a set of ne-
gative effects. The scientific information on HWs occurring in Chile is
quite limited. Few studies considering larger areas showed significant
increasing trends in some HW indices for Chile (Donat et al., 2013;
Skansi et al., 2013; Ceccherini et al., 2016).

The main aim of this study is to provide a multidimensional insight
on changes recorded in HWs over the Chilean territory during the ex-
tended summer period (November–March) from 1961 to 2016 and
briefly describe the climate regime of these events. No similar studies
have been carried out in Chile until now.

2. Data and methods

2.1. Study area

The studied area is located in southwestern South America (17°30′S
to 56°30′S latitude and 66°30′W to 75°30′W longitude) (Fig. 1). Its
unique shape, geographical position and local morphology contribute
to a wide variety of climate conditions (Valdés-Pineda et al., 2016). In
Chile, the mean annual precipitation generally increases from North to
South, while the mean annual temperature decreases in the same di-
rection. Northern Chile (17°30′-30°00′S) is one of the driest areas on the
planet (Schulz et al., 2012). The region situated between 17°30′S and
26°00′S latitude in the Atacama Desert is under hyperarid conditions
with annual mean precipitation of< 1.7 mm (Barrett et al., 2016).
Between 26°00′S and 31°00′S, the amount of precipitation increases and

Atacama slowly transits from hyperarid to semiarid climate conditions,
due to more frequent winter cold frontal passages (Barrett et al., 2016).
The dry conditions of the Atacama Desert result from the significant
temperature inversion at the top of the marine boundary layer origi-
nated by an intense subsidence of dry air aloft in the domain of the
quasi-permanent southeast Pacific anticyclone (SEPA), which drasti-
cally inhibits the development of convection and precipitation (Schulz
et al., 2012). The relatively cold surface water associated with the
Humboldt Current and the intense coastal upwelling forced by the
southerly wind along the coast further contribute to the high stability of
the atmosphere (Schulz et al., 2012). Finally, the barrier effect of the
massive mountain range of the Andes prevents the advection of moist
air from the Amazon basin, while the intensified subsidence in the
troposphere associated with the sea-land contrast (Rutllant and
Ulriksen, 1979; Rutllant et al., 1998, 2003) decisively contributes to the
preservation of a hyper-arid environment in the close vicinity of the
ocean (Schulz et al., 2012). The central regions of Chile (30°00′-
38°00′S) where most of the population and economic activities are
concentrated, benefit from semi-arid and Mediterranean climate, with
annual precipitation ranging from 300 to 500mm to up to 1500mm in
the south and at the foothills of the Andes (Bozkurt et al., 2017). At high
altitudes in the Andes the mean annual precipitation can reach
3000mm (Demaria et al., 2013). The central-southern regions of Chile
(38°00′-56°30′S) are dominated by temperate humid-oceanic climate,
while the south and extreme south areas record mainly cool oceanic
and tundra climate.

Fig. 1. Study area and locations of the weather stations.
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Existe un aumento significativo en el 
número de eventos de olas de calor para gran parte 

de Chile desde 1961 al 2016

HWM and HWA aspects calculated using TX were recorded at Santiago
weather station (station 5) indicating that the most intense daytime
events occurred in the most populated area of Chile.

On the whole, the results suggest that the Atacama Desert along
with Santiago metropolitan area are the most extreme regions of Chile
in terms of HW aspects. The urban heat island of Santiago, which can
reach an intensity of 5 °C in summer, and the city location in an inland
closed basin surrounded by the Coastal and Andes mountains can be at
least partly responsible for the results shown at this weather station
(Peña, 2008; Sarricolea and Martín-Vide, 2014). Moreover, the mar-
itime influence of the Pacific weakens inland could also substantially
alter the results obtained at Santiago weather station (station 5) (Burger
et al., 2018).

3.2. Changes in HW indices

Changes in HWs in Chile are first presented as a whole and then in
sub-sections related to each aspect, describing their characteristics:

HWN, HWF, HWD, HWM and HWA.
In order to investigate the changes in HWs, three definitions and

five aspects for each definition were used. Thus, a total of 15 indices
resulted creating a comprehensive image on the changes occurred in
these events. For each index the direction of trends (upward or down-
ward), their statistical significance (p < .05), magnitude (slope) and
spatial distribution were analyzed. Results indicated an important in-
crease in HW indices in Chile (Fig. 3). Thus, the frequency of trend
types analysis of all HW indices time series showed an increasing trend
of 79%. Out of all time series, about 24% increased statistically sig-
nificant. Decreasing trends were found in 20% of time series, whilst
statistically significant downward trends were< 1% frequent. Sta-
tionary trends were detected in only 2% of the series.

3.2.1. Heat wave number (HWN)
The results of changes in HWN are given in Figs. 4a, b and Table 3.

The analysis of HWN data revealed that almost all of the time series had
an upward trend (77% for TX, and 92% for TN and EHF). Out of all

Fig. 4. Frequency (a) and spatial distribution (b) of trends in HWN indices from 1961 to 2016.
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Dias duración del evento Número de eventos

Duración evento Intensidad del evento

Los modelos a nivel mundial indican un aumento en la cantidad de días 
con olas de calor (4-34 días) con regiones que superarán con más de 

120 eventos extras de olas de calor

Perkins-Kirkpatrick & Gibson, 2017

https://www.nature.com/articles/s41598-017-12520-2
https://www.nature.com/articles/s41598-017-12520-2


Sin embargo, las aguas costeras y oceánicas de 
algunas partes del mundo, como Chile, muestran una 

tendencia opuesta, un enfriamiento

Figure 2. Time series of surface atmospheric temperature anomalies (DT) in central Chile (27.5!–
37.5!S). Anomalies are calculated with respect to the period 1979–2006. Stations are divided into five
geographic zones, which are (from bottom to top): (e) ocean, (d) coast, (c) central valley, (b) western
Andes, and (a) eastern Andes. Data from a station at Valparaiso are included in the central plot, although
due to the large amount of missing data trends they are not calculated for Valparaiso elsewhere. The
dashed lines show the linear fit to the data in each group for the period 1979–2006, calculated from the
annual mean DT from all stations in each group. The associated trends, along with the 90% confidence
interval, are also provided. Gray shading identifies years prior to 1979.
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geographic zones, which are (from bottom to top): (e) ocean, (d) coast, (c) central valley, (b) western
Andes, and (a) eastern Andes. Data from a station at Valparaiso are included in the central plot, although
due to the large amount of missing data trends they are not calculated for Valparaiso elsewhere. The
dashed lines show the linear fit to the data in each group for the period 1979–2006, calculated from the
annual mean DT from all stations in each group. The associated trends, along with the 90% confidence
interval, are also provided. Gray shading identifies years prior to 1979.
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El enfriamiento de la costa de Chile está debido 
principalmente por la intensificación en los eventos 

que producen el afloramiento de aguas profundas 
hacia la superficie del océano



La costa de la Región de Coquimbo está influenciada 
por uno de los focos de surgencia más intensos e 

importantes de la corriente de Humboldt 



Gracias a este proceso natural, Chile y Perú sustenta 
las mayores pesquerías a nivel mundial



ARTICLERESEARCH

centres—from the present-day to the future climate, the change is 
statistically insignificant and without an inter-model consensus. On 
the other hand, the change in mean climate is robust and can explain  
the increased EP-ENSO variance. For example, under greenhouse 
warming, the change in mean state includes faster warming in the east-
ern equatorial Pacific than in the surrounding regions20 (Extended Data 
Fig. 9a). Although its direct effect on SST variability is already removed 
through the quadratic de-trending process, there is a statistically sig-
nificant relationship between the intensity of the warming pattern and 
eastern Pacific variability (Extended Data Fig. 9b). The surface warm-
ing pattern, with stronger warming in the eastern equatorial Pacific 
than in the surrounding regions, contributes to the increased EP-El 
Niño variability by facilitating more frequent atmospheric convection 
in the region.

However, a greater contribution to this variability comes from 
increased vertical stratification of the upper equatorial Pacific 
Ocean (Fig. 3a, b). The increased vertical stratification is another  
robust feature of the change in mean state that is supported by  
a strong inter-model consensus17,18. To assess the effect of  
the increased stratification, we conduct a vertical mode decompo-
sition of the mean Brunt Väisälä frequency profiles (see Methods  
section ‘Wind projection coefficient’) and determine the projection 
of the wind-stress forcing momentum onto the dominant ocean  
baroclinic modes34,35 (the wind-projection coefficient), which  
measures the dynamical coupling between the atmosphere and  
the ocean at the wind anomaly centre36–38. The centre, determined  
by a bi-linear regression of quadratically de-trended monthly  
zonal wind anomalies onto the C-index and E-index, is located  
west of the SST anomaly centre (Extended Data Table 1). Because 
ENSO instability increases with wind–ocean coupling, stochastic 
forcing is more likely to trigger positive feedbacks for an El Niño 
event38–42. In all selected models, the coupling increases in the future 
climate (Fig. 3c). There is a strong inter-model consensus, and  
models with greater strengthening in vertical stratification at the  
wind anomaly centre systematically produce a greater increase in  
the coupling (Fig. 3d). Thus, the increased stratification enhances the 
EP-El Niño by increasing the dynamical coupling between the ocean 
and the atmosphere.

Additional analysis reveals that the dynamical coupling at the wind 
centre of the C-index increases from the present-day to the future  
climate by a similar amount, suggesting that the same mechanism  
operates for the CP-ENSO. This is indeed the case (see Methods section 
‘Response of central Pacific ENSO’). In particular, 11 of the 17 selected 
models (65%) generate an increased frequency of CP-El Niño, defined 
as when the magnitude of the C-index is greater than 1 s.d. The inter-
model consensus is not as strong as for the EP-El Niño, perhaps in 
part because there is no faster warming in the central Pacific region to 
facilitate atmospheric convection and thus enhance SST variability, as 
there is for the EP-El Niño.

Summary
Our finding of a greenhouse-warming-induced increase in EP-El Niño 
SST variance is in contrast to previous findings of no consensus using 
the Niño3 SST index. Previous studies assumed that all models produce 
an anomaly pattern and centre that can be represented by the Niño3 
index, as generally seen in observations. We show that the EP-ENSO 
pattern and its anomaly centre differ greatly from one model to another, 
and therefore cannot be represented by the spatially fixed Niño3 SST 
index. Further, the EP-El Niño SST anomaly centre is determined by 
the positive-skewness centre, which is governed by the associated 
nonlinear processes. Focusing on the different EP-El Niño anomaly 
centres for each model, there is an increase in EP-El Niño SST variance 
under greenhouse warming, with a strong inter-model consensus. The 
robust result arises from the use of process-based metrics representing 
the nonlinear Bjerknes feedback that underlies ENSO diversity. The 
increased SST variance stems from enhanced stratification of the upper 
equatorial Pacific Ocean under greenhouse warming, which enhances 
the wind–ocean coupling that is conducive to an increase in SST anom-
alies. With this projected increase, we should expect more extreme 
weather events associated with the EP-El Niño, with important implica-
tions for twenty-first-century climate, extreme weather and ecosystems.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0776-9.
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Fig. 2 | Projected increase in EP-ENSO variance. a, Comparison of the 
standard deviation of the E-index over the present-day (1900–1999) and 
future (2000–2099) 100-year periods in the 17 selected models. 15 of the 
17 selected models (88%) simulate a greater variance in the E-index in the 
future period (red bars) than in the present-day period (blue bars); the two 
models that simulate a reduction in variance are greyed out. b, Number 
of strong EP-El Niño events (E-index > 1.5 s.d.) that occurred in the two 
100-year periods. The multi-model mean is also shown in a and b; error 

bars in the multi-model mean correspond to the 95% confidence interval. 
The differences between the present-day and future multi-model-mean 
E-index  (s.d.)  and between the present-day and future multi-model-
mean number of strong events are statistically significant at more than the 
95% confidence level. The increase in EP-ENSO SST variance (E-index 
variance) generally translates to more EP-El Niño events for a given 
E-index intensity.
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El Niño ha incrementado su frecuencia con 
importantes consecuencias para la pesca, 

acuicultura y las costas del Pacífico Sur 



during this period. Losses from populations re-
sponding negatively to warming outweighed
gains from those responding positively because
negatively responding populations constituted
a larger biomass (Fig. 3, B and C). The greatest
losses in productivity occurred in the Sea of
Japan, North Sea, Iberian Coastal, Kuroshio
Current, andCeltic-Biscay Shelf ecoregions,where-
as the greatest gains occurred in the Labrador-
Newfoundland, Baltic Sea, Indian Ocean, and
NortheastU.S. Shelf ecoregions (Fig. 4 and table S4).
The East Asian ecoregions experienced some of the
largest warming-driven declines inMSY (8 to 34%)
and support some of the largest and fastest-
growing human populations in the world (41).
Our results present a new map of “winning”

and “losing” ecosystems under ocean warming
(Fig. 4). Studies that project fisheries productivity
under future emissions scenarios often predict
increases in productivity at the poles and de-
creases at the equator (10, 11, 42). We see no evi-
dence for this prediction over the observed time
period (Fig. 4 and figs. S16, S18, and S26), sug-
gesting that contemporary range shifts have yet
to drive productivity to the poles or that this pre-
diction is driven by populations not evaluated in
this work. Our estimates of ecoregion-scale trends
in productivitywere also uncorrelatedwith trends

in recruitment potential (fig. S27) (14), suggest-
ing that climate effects on the other components
of productivity—somatic growth and natural
mortality—may be strong enough to offset effects
on recruitment. However, declines in North Sea
fisheries productivity are consistent with studies
showing declines in forage fish (24) and ground-
fish (25) productivity induced by oceanwarming.
Declines in East Asian fisheries productivity are
consistent with single-species studies document-
ing negative climate impacts in the region (43),
though community-scale studies suggest that de-
clining predator productivitymay be balanced by
corresponding increases in prey productivity (44).
Our study is limited in three ways. First, we

evaluated only the influence of temperature on
productivity, though other factors such as chang-
ing primary production, dissolved oxygen, pH,
and habitat availability may also be influential
(45). Progress in the development of global his-
torical datasets for environmental variables other
than temperature would enable more compre-
hensive investigations in the future. Second,
the fisheries database used in this study presents
a nonrandom selection of global fish populations
(19). By identifying traits that can explain vul-
nerability to warming, however, our analysis
provides an approach for extrapolating to un-

evaluated populations. For example, we found
that 162 fish populations (10.6%) in the much
more complete Food and Agriculture Organiza-
tion (FAO) landings database (1) exhibit the char-
acteristics associated with a negative effect of
warming on productivity—that is, they are over-
fished, have experienced warming, and are at the
warm ends of their thermal niches (figs. S28 to
S30). This proportion is comparable to the pro-
portion of data-rich populations that have ex-
perienced a negative influence of historical
warming (8%) (Fig. 1A). Region-specific studies
are necessary to better understand the impacts
of warming on important but poorly described
fisheries, especially those of tropical developing
nations. Lastly, the use of population model out-
put as data has been criticized because of dif-
ficulties in accounting for model assumptions,
uncertainty, and bias in post hoc analyses (46).
We addressed these concerns by following best
practices for stock assessment meta-analysis (47)
and by explicitly confirming that the results were
not influenced by the methods of the source pop-
ulation models (supplementary text).
A number of analytical constraints imply that

the impacts of ocean warming on fisheries pro-
ductivity may be more negative than we could
detect. Data limitations required us to estimate a

Free et al., Science 363, 979–983 (2019) 1 March 2019 3 of 5

Fig. 3. Hindcast of temperature-dependent MSY. MSY hindcasts are shown (A) for all populations and for populations with (B) significant
positive, (C) significant negative, and (D) nonsignificant influences of temperature on productivity. Solid lines indicate the median MSYestimates,
shading indicates the 95% confidence intervals, and dashed lines show MSY at average temperature. mt, metric tons. (E) The mean global
sea surface temperature (SST) anomaly from 1850 to 2015.
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monotonic influence of warming on production
(i.e., warming could only increase or decrease
productivity for a given population). However,
the aerobic performance of individual fish is dome
shaped [it increases as temperatureswarm toward
some thermal optimum but decreases once tem-
peratures exceed this optimum (30)] and is likely
to remain dome shaped at the population scale
through cumulative impacts on growth,mortality,
and recruitment (48). Populations identified as
responding positively to warming are thus un-
likely to maintain productivity gains as continued
warming (13, 49) drives these populations past
their thermal optima (see Atlantic cod and herr-
ing in Fig. 2C).
As the world’s human population and demand

for seafood have grown (1), ocean warming has
driven declines in marine fisheries productivity
and the potential for sustainable fisheries catches.
Simultaneously, overfishing has compromised the
resilience of many marine fish and invertebrate
populations to climate change. However, prompt
improvements in fisheries management could
maintain fisheries yields and profits into the
future (32). Thus, preventing overfishing and de-
veloping management strategies that are robust
to temperature-driven changes in productivity
are essential if society is to maintain and re-
build the capacity for global wild-capture fisheries
to supply food and support livelihoods in a warm-
ing ocean.
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Fig. 4. Percent change in mean MSY between the period from 1930
to 1939 and the period from 2001 to 2010 by ecoregion. Points
are scaled to the MSY at average temperature, and the number

of populations in each ecoregion is shown inside the point. Dashed
lines indicate FAO major fishing areas. Aust., Australian; NZ,
New Zealand; mt, metric tons.
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Como consecuencia del cambio climático, las pesquerías y la 
biomasa global de los océanos se ha visto reducida en más de un 

4% entre los años 1930 al 2010



Leon-Muñoz et al. 2018

Las condiciones hidroclimáticas (El Niño + condiciones más secas 
+ radiación solar + nutrientes) predichas para la región podrían 

incrementar las floraciones de algas nocivas



Tendencias de precipitación observadas en Chile Central  (1979-2014) 

			II.	Cambio	climá-co	regional:	precipitacion	

Promedio de 363 estaciones:  -65 mm/dec 

Boisier	et	al	(2016);	CR2	

De acuerdo a lo observado para todo Chile Central



degree of spatial homogeneity in central Chile (Montecinos
et al., 2000). Following Garreaud et al. (2017), these com-
mon variations were tracked by considering annual rainfall
accumulations in six stations between 32! and 37!S with
nearly complete records from 1915 onwards (highlighted in
Figure 1). For each station, the annual series of observed
accumulation was divided by its climatological value
(1980–2010). The regional precipitation index (RPI,
Figure 2a) was then calculated every year as the median of
the seven station values. RPI has a high correlation (r ~ 0.7)
with individual precipitation time series almost everywhere
in central Chile.

Given our focus on regional dry spells in central Chile,
drought events are identified as those years in which
RPI ≤ 80% (≥20% deficit in rainfall), a threshold often used
for hydrological and agricultural applications. This simple
identification agrees well with those based on more sophisti-
cated indices (e.g., SPI or the Palmer Drought Severity
Index; see Garreaud et al., 2017 for details). Between 1915
and 2009, 24 years were classified as regional droughts
(about a fourth of the time) mostly composed by one to
3-year long events (Figure 2a).

The Central Chile MD stands out in the RPI time series
as the uninterrupted sequence of dry years since 2010, with
RPI ranging between 55 and 80% (Figure 2a). This 9-year
drought is substantially longer than any other event in the
20th century, although it does not include extremely dry
(RPI < 50%) years like 1924, 1968 or 1998. The histogram
of mean RPI considering 9-year blocks further illustrates the
extraordinary character of the MD in the observational
period (Figure 2b). In a longer-term context, tree-ring-based
precipitation reconstruction for central Chile reveals only

two analogues of the ongoing MD during the last millen-
nium (Garreaud et al., 2017). Precipitation deficits over 25%
were observed in more than three-quarters of the stations
along central Chile in every year conforming the MD,
although the rainfall anomalies have some spatial variability
as illustrated by the station-based maps for individual years
(Figure 3). These data support the findings in Garreaud et al.
(2017) regarding the more persistent and extraordinary char-
acter of the MD in the southern half of central Chile.

4 | OBSERVED LARGE-SCALE
ANOMALIES

In this section, we use reanalysis and observed data to
describe the large-scale circulation and attending SST pat-
tern during the MD. Most analyses are performed using aus-
tral winter (MJJAS) mean anomaly fields from 2010 to
2018, calculated as departures from the 1980–2010 climatol-
ogy. We also consider dry years occurring before 2010 (see
Figure 2a) to provide a historical background. For both the
MD and past droughts, the precipitation anomaly maps
(Figures 4a,d) reveals that dry conditions in central Chile are
the easternmost expression of a broad band of rainfall deficit
across much of the subtropical southeast Pacific. Dry condi-
tions extend across the subtropical Andes into central Argen-
tina but with weaker amplitude. To the south of 45!S, there
is a tendency for wet anomalies from the central Pacific to
the south Atlantic. A narrow dry band over the equatorial
Pacific—all the way from the maritime continent to the coast
of South America—is very prominent in the historical
drought composite but mostly absent in the MD mean. As

FIGURE 2 (a) Annual series of Central Chile regional precipitation index (RPI). Droughts, defined as years with RPI < 80%, are identified by
the red circles. (b) Histogram of 9-year average of RPI for the period 1915–2009. The light blue bars show the observed frequency, considering a
9-year sliding window throughout the 1915–2009 record. The blue thick line is the distribution obtained from 5,000 randomly selected 9 years from
the historical period. The orange arrow indicates the RPI averaged during the MD (2010–2018) [Colour figure can be viewed at
wileyonlinelibrary.com]
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Los datos de precipitaciones (índice) indica que la 
zona central de Chile está sumida en una 

MEGA-SEQUÍA desde el año 2010

FIGURE 2. (a) Annual series of Central Chile regional precipita=on index (RPI). 
Droughts, defined as years with RPI < 80%, are iden=fied by the red circles. 
Garreaud et al 2019



Las proyecciones de temperatura y precipitaciones 
son diferentes a lo largo de Chile



El cambio del uso del suelo, junto a las importantes 
tendencias en la disminución de las precipitaciones y 
el aumento de la temperaturas aceleran los procesos 

de desertificación a nivel mundial



Las proyecciones indican que una gran cantidad de 
zonas semiáridas se convertirán en áridas para 

finales de siglo, especialmente para zona 
norte-centro de Chile



La desertificación tiene importantes y 
múltiples impactos 

Sistemas Naturales
• Erosión del suelo
• Pérdida de plantas y animales
• Ríos secos
• Expansión de los desiertos
• Incremento en las tormentas de arenas
• Inundaciones e deslizamientos
• Suelos agrietados

Sistemas Humanos
• Pérdida y muerte de cul?vos y ganado
• Hambruna
• Migraciones
• Problemas sociales
• Asentamientos informales
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MENOS
nutrientes
al MAR

Déficit en caudales de ríos 
en Coquimbo y Valparaíso

La disminución de descarga de nutrien-
tes desde los ríos al mar afecta negati-

vamente al crecimiento de fitoplancton 
del cual se alimentan peces como la 

anchoveta y la sardina, de gran 
importancia económica para Chile.

70%
25%Desde un

Hasta un

 

Porque es un déficit de precipi-
taciones sin precedentes en el 
último milenio en Chile, debido 
a su gran extensión temporal y 
territorial. 

¿Por qué hablamos
de megasequía? 2010    2017

Región de
COQUIMBO

Región de la
ARAUCANÍA

DURACIÓN

EXTENSIÓN

Un cuarto de la megasequía es atribuible 
al cambio climático antrópico (influen-
ciado por la acción humana), una condi-
ción que se mantendrá en el futuro.

Proyecciones climáticas 

Precipitación anual

25%

A medida que avanza el siglo XXI la 
definición de sequía, como una condi-
ción transitoria pierde sentido ya que 
existirá una disminución sustancial y 
permanente de la precipitación anual. 
Así, la condición media en el futuro 
podría ser similar a la observada 
durante la actual megasequía. 

Escenario RCP8.5
Considera aumento en el 
tiempo de las emisiones de 
gases de efecto invernade-
ro en el planeta sin tomar 
medidas de mitigación al 
respecto. 

RCP8.5
2050-2100

RCP8.5
2010-2050

Histórica
1950-2000

CONICYT

Impactos de la megasequía en Chile

FUENTES:
Informe a la Nación: La megasequía 2010-2015. Una lección para el futuro. 
http://www.cr2.cl/megasequia/ 
Explorador Climático (CR)2 http://explorador.cr2.cl 
Dirección General de Aguas (DGA) http://www.dga.cl/ 
Oficina Nacional de Emergencia (ONEMI) http://www.onemi.cl/  
Escenarios RCP http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpa-
ge&page=about

René Garreaud
rgarreau@dgf.uchile.cl
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Promedio anual de precipitaciones en Santiago
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Promedio temporada de incendios

Influye importante ola de calor 
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Aumento de la superficie 
quemada por incendios 
forestales

+10
veces 

el promedio 
histórico.

Decretos de 
escasez hídrica
a nivel nacional 

-70%
caudal

promedio

La mega-sequía en Chile impacta sobre el gasto 
nacional anual, aumenta la superficie quemada por 

incendios y genera déficit de agua en los ríos con 
impactos importantes sobre las pesquerías 



Mensajes Claves

Ø Los datos actuales indican que la Región de Coquimbo ya está siendo impactado por el 
cambio climático 

Ø Los pronósticos alertan de un continua disminución en las precipitaciones y un aumento 
de las temperaturas promedios, máximas y mínimas

Ø Las pesquerías y actividades de producción como la agricultura y acuicultura serán 
impactadas por los efectos del cambio climático

Ø La región de Coquimbo es altamente vulnerable al cambio climático, lo que indica que es 
necesario y urgente empezar a aplicar estrategias que reduzcan los impactos y la 
vulnerabilidad de la Región y su población (estrategias de adaptación y mitigación)



gracias


