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Figure 5. Station based anomalies during the Megadrought: (a) rainfall, (b) riverflow, (c) maximum temperature, (d) 10 

minimum temperature. In all cases we first calculate the annual mean (accumulation for rainfall), then average the 2010-

2015 period and finally subtracts the respective long-term-mean (LTM; 1980-2010).  Rainfall and riverflow MD anomalies 

expressed as a percentage of the LTM. Temperature anomalies are absolute values in °C. 
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Figure 3. (a) Time series of the annual regional precipitation index (RPI, black line; red circles indicate drought years) and 

number of stations (bars, scale at right) in drought (SPI12-D<-1.1). The total number of stations in the core of Central Chile 

(32.5°-36.5°S) is 153. The orange area indicates the MD period. (b) Histograms of the historical RPI values (light blue bars; 

1915-2009). The red circle indicates the worst year during the MD, the smaller purple circles indicate the values in 10 

contemporaneous droughts. (c) and (d) As (b) but for 3-years and 6-years average, respectively. The blue thick line is the 

distribution obtained from 5000 three-year periods formed by randomly selecting three/six years in the historical period. 
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Figure 13. (a) Land cover (LC) classes for 2014 over Central Chile. (b) EVI changes during the MD period (2010-2015) 

with respect to the previous decade (2001-2009) stratified according to the LC and the rainfall deficit during the MD. There 

are many 5×5 km2 pixels for each LC and rainfall deficit categories: the circles indicate the median change, the errorbars are 10 

±1 standard deviation. 
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Figure 9. Selected hydrological impacts of the MD (highlighted by the yellow area). Yellow curve: Monthly mean water 

volume in the La Paloma reservoir (32°S). Orange curve: Monthly mean water depth in the Alfalfares observation well 

(32.5°S). Grey curve: January 10th (early summer) height of the snowline between 33-34S (note that the scale has been 

reversed). Blue curve: Monthly mean Maipo river flow as measures in station El Manzano (850 m ASL, 33.5°S). 
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Recursos hídricos

En este informe hemos abordado causas, consecuen-

cias y respuestas frente a la extensa, prolongada y cáli-

da sequía que hemos experimentado en gran parte de 

Chile desde el año 2010. A la luz de estos antecedentes, 
nuestras principales conclusiones son las siguientes:

• La sequía experimentada por la zona más habitada 

de Chile es un fenómeno extraordinario por su duración 

y extensión, sin parangón en registros instrumentales 

históricos ni paleoclimáticos de los últimos 1000 años. 

• Más de la mitad del déficit pluviométrico durante la 
megasequía es producto de alteraciones climáticas de 

origen natural y que varían en el tiempo. Sin embargo, el 
cambio climático antrópico es responsable de al menos 

un cuarto del déficit observado, una fracción que, se 
prevé, aumentará en el futuro.

• Se constatan impactos sustanciales sobre los cauda-

les de las aguas subterráneas, las zonas costeras, la 

propagación de incendios y la cobertura vegetal. Estos 
impactos no constituyen una lista exhaustiva sino que 

ejemplos que denotan la diversidad y concatenación de 

los mismos a nivel de cuencas y socioecosistemas.

• Las respuestas emanadas del  Estado, el sector pri-
vado y la sociedad civil organizada suponen un evento 

transitorio en analogía a eventos experimentados en el 

pasado. Por otro lado, la multiplicidad de agencias esta-

tales con competencia sobre los recursos hídricos resul-

ta en escasa coordinación y, posiblemente, en medidas 

subóptimas desde un punto de vista social y económico.

Un futuro más seco y cálido sin análogo en el último 

milenio, conjugado con una sociedad cada vez más 

compleja y demandante, nos obliga a buscar medidas 

y soluciones innovadoras que trasciendan las fronteras 

administrativas, el interés de uno u otro sector y que 

contemplen múltiples actores y disciplinas del conoci-

miento. Las grandes obras de ingeniería que una vez 
fueron el factor facilitador del desarrollo agrícola, hoy 

deben diseñarse de modo diferente, con la finalidad de 
considerar escenarios climáticos y sociales cambiantes 

en un país altamente urbanizado.

No existen soluciones “mágicas” que hagan aparecer 

–sin repercusiones económicas, ambientales y socia-

les– nuevos recursos hídricos que podamos seguir con-

sumiendo en la tasa y modo con que lo hemos hecho 

hasta ahora. Las medidas emergentes y estructurales, 
deben ser evaluadas en forma regular y participativa, 

especialmente a nivel local, permitiendo identificar ba-

rreras y deficiencias, recoger conocimiento tradicional 
y promover el aprendizaje social. De igual forma, la 
adaptación ante un clima cambiante requiere evaluar la 

vulnerabilidad de modo integral, contemplando la expo-

sición, la susceptibilidad y la capacidad adaptativa del 

socioecosistema. Esto requerirá a su vez, de más cono-

cimiento y del fortalecimiento de redes sociales.

Resulta importante agilizar la instauración de un orga-

nismo de coordinación interinstitucional responsable 

de la gestión de recursos hídricos a nivel nacional y de 

cuencas y que sea capaz de fomentar la capacidad 

adaptativa de nuestro país, acentuando la consciencia 

respecto de la finitud de los recursos hídricos. De la 
misma forma, una reforma al código de aguas, además 

de hacer concreta la consagración del derecho huma-

no al agua como primera condición, también debiera 

incorporar la preservación del medio ambiente, ambas 

imprescindibles para un desarrollo sustentable.

El conocimiento de nuestros principales reservorios de 
agua dulce –glaciares y aguas subterráneas– si bien ha 

ido mejorando paulatinamente debe ser ampliamente 

fortalecido, focalizándose en recopilación y elaboración 

de información cuantitativa, oportuna, fidedigna y repre-

sentativa sobre la cual fundar decisiones. Estos reser-
vorios son parte de cuencas hidrográficas complejas 
y sujetas a cambios, perturbaciones  y demandas que 

deben ser adecuadamente cuantificados. El seguimien-

to de las condiciones climáticas locales y globales debe 

realizarse también en forma sistemática y regular, junto 

a un periódico análisis de las proyecciones climáticas 

de mediano y largo plazo.  

www.cr2.cl/megasequia 22
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Figure 8. Scatter plot between winter (MJJAS) average of Niño3.4 and Central Chile precipitation index (RPI). Data from 10 

1915 onwards; the years forming the MD are highlighted in red. The Niño3.4 index is the area average SST anomaly in the 

region 5°S-5°N and 170°-120°W.   
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• Las fases de ENSO (El Niño y La 
Niña) son siempre los primeros 
sospechosos. 

• Faltan ingredientes

Causas?
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Causas?

Cambios de largo plazo?
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La PDO no es todo…

• La fase negativa en la PDO 
podrían explicar parte de la 
anomalías recientes, pero no 
es suficiente. 

• Tendencias por cambio 
climático antrópico?
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from black carbon absorption of solar radiation. There is high confidence that  aerosols and their interactions with clouds 
have offset a substantial portion of global mean forcing from well-mixed greenhouse gases. They continue to contribute 
the largest uncertainty to the total RF estimate. {7.5, 8.3, 8.5}

• The forcing from stratospheric volcanic aerosols can have a large impact on the climate for some years after volcanic 
eruptions. Several small eruptions have caused an RF of –0.11 [–0.15 to –0.08] W m–2 for the years 2008 to 2011, which 
is approximately twice as strong as during the years 1999 to 2002. {8.4}

• The RF due to changes in solar irradiance is estimated as 0.05 [0.00 to 0.10] W m−2 (see Figure SPM.5). Satellite obser-
vations of total solar irradiance changes from 1978 to 2011 indicate that the last solar minimum was lower than the 
previous two. This results in an RF of –0.04 [–0.08 to 0.00] W m–2 between the most recent minimum in 2008 and the 
1986 minimum. {8.4}

• The total natural RF from solar irradiance changes and stratospheric volcanic aerosols made only a small contribution to 
the net radiative forcing throughout the last century, except for brief periods after large volcanic eruptions. {8.5}

Figure SPM.5 |  Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are 
global average radiative forcing (RF14), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right 
of the figure, together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Albedo forcing due to 
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail induced cirrus), 
and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic 
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided 
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes, 
see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures TS.6 and TS.7}
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Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Figure SPM.3 |  Multiple observed indicators of a changing global climate: (a) Extent of Northern Hemisphere March-April (spring) average snow cover; (b) 
extent of Arctic July-August-September (summer) average sea ice; (c) change in global mean upper ocean (0–700 m) heat content aligned to 2006−2010, 
and relative to the mean of all datasets for 1970; (d) global mean sea level relative to the 1900–1905 mean of the longest running dataset, and with all 
datasets aligned to have the same value in 1993, the first year of satellite altimetry data. All time-series (coloured lines indicating different data sets) show 
annual values, and where assessed, uncertainties are indicated by coloured shading. See Technical Summary Supplementary Material for a listing of the 
datasets. {Figures 3.2, 3.13, 4.19, and 4.3; FAQ 2.1, Figure 2; Figure TS.1}
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Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Cambio climático y efectos en la precipitación en Chile

Hoy en día, los modelos de 
clima son indispensables para 
entender, atribuir y proyectar 
cambios.

Los modelos numéricos acoplados 
integran el grueso de la física, dinámica y 
otros procesos (e.g, bioquímicos) que 
rigen el sistema climático.

Modelos de clima



• En respuesta al forzamiento climático de origen antrópico (ACF), la precipitación en 
la zona centro y sur de Chile podría disminuir en ~30% hacia fines de siglo. 

• En un contexto de cambio global, esta es una señal particularmente intensa y 
sistemática entre modelos de clima contemporáneos.

Cambio climático y efectos en la precipitación en Chile
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Observaciones: Entre las actividades del CR2, información hidro-meteorológica ha sido 
recopilada de distintas fuentes y homogeneizada en un único centro de datos.  

→  Accesible a través del Explorador Climático (explorador.cr2.cl)

Atribución de cambio recientes (1979-2014) en Chile central
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Observations 

• Local: quality-controlled and gap-filled rain-gauge records from more than 350 
stations within 30ºS and 40ºS (DMC & DGA) 

• Large scale: Reanalyses, HadSLP, GPCP 

GCM simulations with historical forcing 

We analyzed more than 250 runs from 31 GCMs including: 

• Fully-coupled runs (CMIP5 historical): To assess the ACF-driven trends & 
uncertainties (climate sensitivity + natural variability) 

• Atmospheric-only (AMIP): Including both the ACF and obs. variability induced by 
SST (ENSO, PDO, etc)

HIST(RCP8.5)-CMIP5
(1979-2014)

AMIP-CMIP5
(1979-2008)

AMIP-FACTS
(1979-2014)

# models 26 26 5
# runs 85 72 120

Día mundial de la lucha contra la desertificación y la sequía - FCFM -  Junio 2017
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• Tendencia negativa de gran magnitud (7% dec-1), 
pero en un régimen de alta variabilidad. 

• Signo y distribución geográfica consistente con 
simulaciones climáticas.

Geophysical Research Letters 10.1002/2015GL067265

Figure 1. (a) Trends of annual precipitation observed in rain gauge stations in Chile between 1979 and 2014. Time series of annual mean precipitation in central
Chile based on (b) rain gauge observations and (c) SST-forced GCM simulations. Dashed lines indicate the corresponding linear precipitation trend from 1979 to
2014. Box in Figure 1a shows domain used for regional average.

The influence of the ACF and sea surface temperature (SST)-driven natural variability on the large-scale circu-
lation and the associated contribution to the drying trend in the Southeast Pacific is the focus of the present
study. We specifically quantify the relative role that the PDO and the ACF have played on the precipitation
trend in this region since the late 1970s, by analyzing an updated data set of local rain gauge observations in
central Chile and a large ensemble of GCM simulations.

2. Data and Methods

We use four types of data in this study: rain gauge observations, gridded observation-based products, reanal-
yses, and GCM outputs. The rain gauge data gather updated records in Chile from two national agencies:
the directorate of water resources (Dirección General de Aguas, DGA) and the weather service (Dirección
Meteorológica de Chile, DMC). Monthly precipitation totals between 1979 and 2014 from 406 stations are
retained and analyzed after a quality control and gap-filling procedures (supporting information). A smaller
group of 267 stations is also used for long-term precipitation assessments.

Stations between 30∘S and 40∘S (∼90% of the total) are used to compute average precipitation trends in
central Chile (Figure 1). To reduce biases induced by the irregular distribution of stations, rainfall averages are
first computed on four subregions (the whole region assessed was divided latitudinally) and then combined.
Random resampling of the annual mean precipitation time series in central Chile was performed to evaluate
the statistical significance of the trends in this region (section 4).

Historical changes in large-scale circulation are evaluated with gridded sea level pressure (SLP) data. The data
sets analyzed include the Hadley Centre Sea Level Pressure reconstruction (HadSLP2) [Allan and Ansell, 2006]
and four reanalysis: the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE)
Reanalysis II [Kanamitsu et al., 2002], the NOAA-Cooperative Institute for Research in Environmental Sciences
(CIRES) Twentieth Century Reanalysis [Compo et al., 2011], the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim Reanalysis [Dee et al., 2011], and the ECMWF ERA-20C Reanalysis
[Poli et al., 2013].
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Figure 1. (a) Trends of annual precipitation observed in rain gauge stations in Chile between 1979 and 2014. Time series of annual mean precipitation in central
Chile based on (b) rain gauge observations and (c) SST-forced GCM simulations. Dashed lines indicate the corresponding linear precipitation trend from 1979 to
2014. Box in Figure 1a shows domain used for regional average.

The influence of the ACF and sea surface temperature (SST)-driven natural variability on the large-scale circu-
lation and the associated contribution to the drying trend in the Southeast Pacific is the focus of the present
study. We specifically quantify the relative role that the PDO and the ACF have played on the precipitation
trend in this region since the late 1970s, by analyzing an updated data set of local rain gauge observations in
central Chile and a large ensemble of GCM simulations.

2. Data and Methods

We use four types of data in this study: rain gauge observations, gridded observation-based products, reanal-
yses, and GCM outputs. The rain gauge data gather updated records in Chile from two national agencies:
the directorate of water resources (Dirección General de Aguas, DGA) and the weather service (Dirección
Meteorológica de Chile, DMC). Monthly precipitation totals between 1979 and 2014 from 406 stations are
retained and analyzed after a quality control and gap-filling procedures (supporting information). A smaller
group of 267 stations is also used for long-term precipitation assessments.

Stations between 30∘S and 40∘S (∼90% of the total) are used to compute average precipitation trends in
central Chile (Figure 1). To reduce biases induced by the irregular distribution of stations, rainfall averages are
first computed on four subregions (the whole region assessed was divided latitudinally) and then combined.
Random resampling of the annual mean precipitation time series in central Chile was performed to evaluate
the statistical significance of the trends in this region (section 4).

Historical changes in large-scale circulation are evaluated with gridded sea level pressure (SLP) data. The data
sets analyzed include the Hadley Centre Sea Level Pressure reconstruction (HadSLP2) [Allan and Ansell, 2006]
and four reanalysis: the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE)
Reanalysis II [Kanamitsu et al., 2002], the NOAA-Cooperative Institute for Research in Environmental Sciences
(CIRES) Twentieth Century Reanalysis [Compo et al., 2011], the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim Reanalysis [Dee et al., 2011], and the ECMWF ERA-20C Reanalysis
[Poli et al., 2013].
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Cambios en la circulación de gran escala
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Tendencias tipo “La Niña” en la Oscilación Decadal del Pacífico explican el 
grueso de cambios en la presión a nivel del mar en la cuenca del Pacífico

Cambios en la circulación de gran escala
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Atribución de cambio recientes (1979-2014) en Chile central



Los cambios simulados ‘forzados’ (AMIP) son coherentes con los observados.

Cambios en la circulación de gran escala
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Contribución significativa de la forzante antrópica (patrón circumpolar en el H. Sur) 

Este patrón está presente en las simulaciones y en las observaciones

Cambios en la circulación de gran escala
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Factores naturales (PDO) y antrópicos ‘conspiran’ en Pacífico sur oriental, 
aumentando del gradiente meridional de presión

Cambios en la circulación de gran escala
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Cambios en la precipitación en el Pacífico sur
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Cambios en la precipitación en el Pacífico sur

Los resultados de modelos sugieren una 
contribución ~ 50/50 de la PDO (natural) 
y la forzante antrópica a la amplitud de 

las tendencias 
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PDO (~1/3 to 1/2) +  

ACF (~1/3) +  

?

Boisier et al. (2016)
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PDO (~1/3 to 1/2) +  

ACF (~1/3) +  

?

Alta incertidumbre debido a 
variabilidad interna atmosférica
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Boisier et al. (2016)



ENSO (~1/2) + ACF (~1/4) + ?

PDO (~1/4)
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Boisier et al. (2016)
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Atribución de cambio recientes (1979-2014) en Chile central

Non explained fraction may be due to: 

(1) a systematic bias in models sensitivity 
to ACF in this region, or 

(2) Bad luck (a purely atmospheric & nat. 
phenomena)

Boisier et al. (2016)



Tendencias y proyecciones de largo plazo (1960-2016 >> 2100)

Atribución a cambios en la concentración de  (1) Gases de efecto invernadero (GHG) 
            (2) Ozono estratosférico (03)

Tendencias de presión y precipitation (anual; promedio multi-GCM)
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6 GCMs: CCSM4, CSIRO-Mk3-6-0, FGOALS-g2, GISS-E2-H, IPSL-CM5A-LR & MIROC-ESM-CHEM 
~ 3 ensemble members per model (depend on the GCM & simulation type) 
Sources: CMIP5 (Misc runs) + others
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Cambios observados por estación (1960-2015)
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Boisier et al. (in prep)

Día mundial de la lucha contra la desertificación y la sequía - FCFM -  Junio 2017

Tendencias y proyecciones de largo plazo (1960-2016 >> 2100)
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Precipitación en Chile Central 

El desafío de la próxima década

Causas de la Megasequía 
(*) Antropico 
(**) Natural (ENSO, PDO, 
Internal)

*

**

Poco probable

Muy poco probable

Poco probable

Probable

Tendencias y proyecciones de largo plazo (1960-2016 >> 2100)
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El desafío de la próxima década 
by Rene G.



Conclusiones

• Ciclos naturales, como ENSO y la PDO, han tenido una influencia mayor, pero no 
exclusiva en la variabilidad de precipitación del centro y sur de Chile durante las 
últimas 3 a 4 décadas, y en la amplitud de la reciente mega-sequía. 

• Hay una evidencia cada vez más clara de una componente antrópica en la reducción 
de la precipitación en esta región. 

- Explicaría un 20 a 50% de la amplitud de la tendencias observada desde 1980. 

- Probablemente, el factor principal en cambios en periodos largos (50+ años). 

- El adelgazamiento de la capa de O3 ha jugado un rol clave en las tendencias 
secas de verano en el sur de Chile. 

- Esta señal de verano debería menguar en los próximos decenios. 

• A pesar de la coherencia geográfica y estacional de los cambios en la precipitación 
respecto de simulaciones climáticas, las observaciones muestran cambios de mayor 
amplitud que los esperados. 

- ¿Están los modelos subestimando de los efectos del cambio climático en el 
régimen de precipitación de Pacífico sur oriental?
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