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Abstract
Although there is a reasonably large body of work focusing on South American climate, few studies focus on just 

Chile and even fewer consider climate processes operating over longer timescales, such as those at which climate 
change becomes apparent.

This paper provides an overview of Chilean present-day and future climate, needed to plan for potential impacts 
of climate change. Firstly, present-day climate conditions are assessed using a number of observational rainfall and 
temperature datasets. All available GCMs are then examined, to firstly assess their ability to simulate climate during the 
end of the 20th century and secondly to examine their projections during the 21st century.

The results of the present day analysis show a showing general agreement in spatial and temporal patterns of 
rainfall and temperature, between the datasets. When assessing the models’ ability to simulate observed rainfall 
and temperature, the results suggest that although the majority captures the spatial and temporal patterns, there are 
significant differences between models. When assessing future projections, the results suggest that over the next ~30 
years, most GCMs show either no change in rainfall or a small reduction; however there is a lack of agreement regarding 
the sign of change, suggesting high uncertainty. For temperature, most models agree on a warming trend. This is also 
true for the longer-term, with most GCMs suggesting a small rainfall decrease by 2100 but a large temperature increase. 
Lastly, it is suggested that this temperature increase is due to an increase in minimum temperatures, which may have 
implications for certain frost-sensitive crops.

Keywords: Rainfall and temperature variability; Climate modeling;
Climate change; Chile

Introduction
To date, although numerous studies exist on synoptic scale weather 

and climate variability over South America as a whole, relatively few 
focus on just Chile and even fewer consider longer (e.g. climate change) 
timescales. A comprehensive review of the current state-of-the-art for 
observational, satellite-derived and climate model data across Chile 
is currently lacking, and is a knowledge gap which this paper aims to 
fill. Climatologically speaking, Chile is a vast and diverse country with 
climate zones ranging from an extremely dry North to an extremely wet 
South. Meridionally, Chile spans over 38° of latitude or approximately 
4,300 km, whilst at the same time being no more than 350 km in the 
East-West direction at its widest point. Chile’s relatively small zonal 
extent means its width is often much less than a standard global 
climate model (GCM) grid box, and the steep topography within this 
zonal extent (going from sea level to over 6000 m) is often not well 
represented in models [1].

Given the focus of this study on climate change timescales, as well 
as the spatial resolution of current state-of-the-art models, synoptic 
scale processes are not discussed here. On monthly or seasonal 
timescales, Chilean rainfall is controlled by the interaction of the ITCZ 
(and associated rain-belt) with larger-scale processes e.g. the South 
Pacific High. For central Chile, the majority of rainfall (on average 350 
mm year-1) occurs during the winter months of April to September 
(and specifically during June-August), when the South Pacific High 
is at its most northerly latitude, allowing the passing of extra-tropical 
fronts and bringing rainfall [2,3]. There is also a strong seasonal cycle 
in temperature over central Chile, again linked to the annual cycle of 
incoming solar radiation [4]. A full review of the various climatological 
mean fields across South America as a whole is given by Garreaud [5] 
where, for example, they show that in January the winds are westerly at 

the southern tip of Chile before becoming southerly and flowing up the 
entire Chilean coast, whereas in July the southerly flow is weakened [5].

On inter-annual timescales, rainfall in central Chile varies greatly 
and ranges from between 100-700 mm year-1 in Santiago; this variability 
is strongly linked to ENSO [1,2]. Broadly speaking, during warm ENSO 
(El Niño) events Chile (and particularly the central region) experiences 
conditions that are wetter than normal during winter months, attributed 
to a higher than normal frequency of atmospheric blocking episodes in 
the southeast Pacific at mid-latitudes [3,6-8]. This is because during El 
Niño events the South Pacific High is weaker and located further north 
than its usual position, due to an SST-induced change to the larger 
scale Walker cell circulation [9]. The main impact of these wetter than 
normal conditions is flooding, often worst during subsequent spring 
and summer months because of increased river discharge as a result of 
the increase in wintertime rainfall (and therefore snow accumulation) 
over the Andes [3]. For southern Chile, interannual rainfall variability 
is mainly linked to the Antarctic Oscillation (AAO), which is 
characterized by pressure anomalies of one sign over the Antarctic and 
the opposite sign at around 40-50°S [10,11]. On even longer (decadal 
and interdecadal) timescales, rainfall variability over Chile (and South 
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America as a whole) is thought to be linked to the Pacific Decadal 
Oscillation (PDO), which is a long-lived pattern of SST variability in 
the North Pacific [5,12,13].

Concerning climate change, the 20th century has seen a small 
but long-term decrease in rainfall over northern Chile, as well as a 
reduction in total cloud cover; both of these are likely to be linked to 
an observed decline in coastal vegetation during recent decades [14]. 
Temperature changes during the late 20th century are characterised 
by coastal cooling and inland warming, and this has been interpreted 
as being due to differences in altitude; temperature changes at high 
altitudes of the country are different from those nearer sea level [1]. The 
previous generation of climate models (from Phase 3 of the Climate 
Model Intercomparison Project, CMIP3) show a marked contrast 
in central and northern Chile from 1979-2006, between a cooling of 
-0.2°C decade-1 over coastal regions and a warming of +0.25°C decade-1 
over the Andes [1]. A study of annual temperature records from 1960-
1992 found a significant warming of between +0.14 to +0.38°C decade-1, 
primarily over northern Chile and due to an increase in daily minimum 
temperatures [15-17]. Future impacts of climate change are also likely 
to be highly regionally variable across Chile. In central regions, it is 
expected that climate change will be characterised by a decrease in 
rainfall and a greater proportion of precipitation falling as rain [18]. In 
contrast, for northern Chile, the majority of CMIP3 models predict that 
the dry conditions currently experienced will not change significantly 
during the 21st century [19].

Following this introduction, Section 2 describes the data and 
methods used here, then Section 3 presents the results. This is divided 
into 3 subsections: i) global observational or satellite-derived datasets 
are discussed; ii) current GCMs are compared, focusing on their ability 
to reproduce present-day Chilean climate and validated against the 
observational/satellite data; iii) the models’ projections of future climate 
change over Chile are discussed. Section 4 discusses a case study of 
particular relevance to Chilean agriculture, before summarizing and 
concluding. 

Data and Methods
Data

Observational data: Two key variables are focused upon here when 
discussing present-day and future climate, namely rainfall and surface 
air temperature, although rainfall receives preferential treatment due to 
its importance in socio-economic activities. It is generally agreed that 
to properly understand the variability and potential change in these 
variables, data need to be publicly available, accurate, reliable, long-
term and spatially distributed [20]. However, this is often not the case. 
An alternative, therefore, is to use satellite-based datasets of rainfall 
estimates, or reanalysis data.

The first rainfall product used here is from the Global Precipitation 
Climatology Project (GPCP), which merges satellite-based (from both 
microwave and infra-red measurements) rainfall estimates with rain 
gauge data. The dataset provides monthly rainfall values on a 2.5° global 
grid, beginning in January 1979 and extending to the present day; here, 
January 1979 to December 2008 is used to roughly correspond to the 
other selected datasets. For full details on GPCP Version 2 Satellite-
Gauge refer [21]. Rainfall data are also obtained from the CPC Merged 
Analysis of Precipitation (CMAP) and the Tropical Rainfall Measuring 
Mission (TRMM). CMAP comprises monthly rainfall values on a 2.5° 
global grid, covering the period from January 1979 to July 2014; here, 
due to data availability, the period from January 1984 to December 

2010 is used. For full details on CMAP [22,23]. TRMM contains rainfall 
estimates at high spatial and temporal resolution, with 3 hourly rainfall 
values on a 0.25° grid going from 50°N-50°S. Here, the data are averaged 
into monthly values and the period from January 1998 to December 
2009 is used [24]. Finally, rainfall data are taken from ERA-Interim, 
one of the more recent global reanalysis products from the European 
Centre for Medium-Range Weather Forecasts (ECMWF). Precipitation 
is dependent on the model convection scheme, but this has been 
improved since previous versions to give a more realistic representation 
of rainfall [25]. Here, monthly rainfall values on a global 1.5° grid are 
used, covering the period from January 1979 to December 2010.

For temperature, the first product used here is a gridded monthly 
climatology and time-series of air temperature from the University 
of Delaware, USA (UDEL). The dataset comprises monthly mean air 
temperature values on a 0.5° global grid, covering land points only and 
extending from 1900-2010; here, to maintain approximate consistency 
with the other products, January 1979 to December 2010 is used. For 
full details, refer to [26] for the climatology and [27] for the global time-
series. The second observational temperature dataset used here is from 
CRUTEM4, a collaborative project between the UK Meteorological 
Office (UKMO) Hadley Centre and the Climatic Research Unit (CRU). 
The dataset contains gridded near surface air temperature anomalies on 
a 5° global grid, covering land points only and extending from 1850 to 
the present-day; the values are based on monthly mean temperatures 
from over 5500 weather stations around the world, converted into 
anomalies with respect to the 1961-1990 mean for each grid box 
[28]. Here, the period from January 1979 to December 2010 is used. 
Refer to [29] and [30] for full updated details on CRUTEM4. Finally, 
temperature data are also considered from two reanalysis products. 
Firstly, ERA-Interim is again used, still on a 1.5° global grid but, due to 
data availability, covering a slightly shorter period from January 1980 
to December 2005. Secondly, temperature data are obtained from the 
National Centers for Environmental Prediction/National Center for 
Atmospheric Research (NCEP/NCAR) reanalysis project [31]. The 
full surface air temperature dataset is available on a 2.5° global grid, 
covering the period 1948-2014; here, again to maintain consistency, the 
period from January 1979 to December 2010 is used.

GCM data: The most current GCMs are included in Phase 5 of the 
Coupled Model Inter-comparison Project (CMIP5), used to inform 
the most recent Assessment Report of the Intergovernmental Panel on 
Climate Change (IPCC AR5). Here, for its representation of present-
day (e.g. 20th-century) climate, the CMIP5 Historical run is used, which 
is a model simulation from 1850-2005 in which realistic changing 
conditions based on observations (e.g. atmospheric composition, 
solar forcing, land use) are imposed [32]. To maintain approximate 
consistency with the above observational datasets, only the last 35 years 
(1970-2004) of this experiment are used. Due to data availability, only 
27 models are included here (Table 1); the models have varying spatial 
resolutions, ranging from the lowest resolution of 3.75° longitude by 
2.5° latitude (HadCM3) to the highest resolution of 0.56° longitude by 
0.55° latitude (MIROC4h).

For their representation of future (e.g. 21st - century) climate, the 
IPCC AR5 considers four Representative Concentration Pathway 
(RCP) scenarios. These are GHG concentration trajectories, describing 
four possible climate futures dependent on the level of GHG emissions 
[33]. The scenarios are RCP2.6, RCP4.5, RCP6 and RCP8.5, which 
correspond to a stabilisation of radiative forcing by the year 2100 
(relative to pre-industrial values) of 2.6W m-2, 4.5W m-2, 6W m-2 and 
8.5W m-2, respectively [32,33]. Here, only RCP4.5 and 8.5 are assessed, 



Citation: Williams CJR (2017) Climate Change in Chile: An Analysis of State-of-the-Art Observations, Satellite-Derived Estimates and Climate Model 
Simulations. J Earth Sci Clim Change 8: 400. doi: 10.4172/2157-7617.1000400

Page 3 of 11

Volume 8 • Issue 5 • 1000400J Earth Sci Clim Change, an open access journal
ISSN: 2157-7617

as RCP2.6 represents a level of mitigation that is unlikely to be achieved 
under the current political climate and RCP6 represents mitigation 
lying in between RCP4.5 and 8.5. Due to data availability, only 19 
models are included here (Table 1) selected to match those used when 
considering present-day climate. However, when considering longer-
term changes (i.e., 2006-2100), only 17 models are assessed; this is 
because the simulations from 2 models (GISS-E2-H and GISS-E2-H-
CC) do not extend beyond 2055.

Methodology

Here, the data (observational, satellite-derived or climate model) are 
assessed by simple metrics such as area averages, temporal means and 
seasonal cycles, as these are again of most importance to agricultural 
activities. For the area averages and seasonal cycles, the country is 
divided into 4 regions as shown in Figure 1, the Northern region (68-
70°W, 18-28°S), the central region (70-72°W, 28-36°S), the Southern 
region (72-74°W, 36-44°S) and the southernmost tip (73-75°W, 44-
54°S). For much of the analysis, the central region is focused upon due 
to this being the centre in terms of population and agricultural activity. 
For the temporal means, shown in the form of spatial maps for the 
whole of Chile, each dataset is considered at its own spatial resolution, 
to maintain the high resolution of some of the products. For reasons 

Institution and Modelling Centre Websites Link Model

Commonwealth Scientific and Industrial Research Organisation and
Bureau of Meteorology, Australia (CSIRO-BOM)

http://www.csiro.au/
http://www.bom.gov.au/ ACCESS1-0

Canadian Centre for Climate Modelling and Analysis, Canada
(CCCma) http://www.ec.gc.ca/ccmac-cccma/ CanCM4

NCAR / UCAR Community Earth System Model (CESM) http://www.cesm.ucar.edu/models/ccsm4.0/ CCSM4.0

Centre National de Recherches Meteorologiques / Centre
Europeen de Recherche et Formation Avancees en Calcul

Scientifique, France (CNRM-CERFACS)

http://www.cnrm.meteo.fr
http://www.cerfacs.fr/

CNRM-CM5

CNRM-CM5-2

Commonwealth Scientific and Industrial Research Organisation and
Queensland Climate Change Centre of Excellence, Australia

(CSIRO-QCCCE)

http://www.csiro.au/
https://www.ehp.qld.gov.au/ CSIRO-MK3

Geophysical Fluid Dynamics Laboratory, USA (NOAA GFDL) http://www.gfdl.noaa.gov/
GFDL-CM3

GFDL-ESM2M

NASA Goddard Institute for Space Studies, USA (NASA GISS) http://www.giss.nasa.gov/

GISS-E2-H
GISS-E2-H-CC

GISS-E2-R
GISS-E2-R-CC

Met Office Hadley Centre, UK (MOHC) http://www.metoffice.gov.uk
HadCM3

HadGEM2-CC
HadGEM2-ES

Institute for Numerical Mathematics, Russia (INM) http://www.inm.ras.ru inmcm4

Institut Pierre-Simon Laplace, France (IPSL) https://www.ipsl.fr
IPSL-CM5A-LR
IPSL-CM5A-MR

Atmosphere and Ocean Research Institute (University of Tokyo),
National Institute for Environmental Studies and Japan Agency

for Marine-Earth Science and Technology, Japan (MIROC)

http://www.aori.u-tokyo.ac.jp
http://www.nies.go.jp/gaiyo
http://www.jamstec.go.jp/

MIROC4h
MIROC5

MIROC-ESM
MIROC-ESM-CHEM

Max Planck Institute for Meteorology, Germany (MPI-M) http://www.mpimet.mpg.de
MPI-ESM-LR
MPI-ESM-P

Meteorological Research Institute, Japan (MRI) http://www.mri-jma.go.jp MRI-CGCM3

Norwegian Climate Centre, Norway (NCC) http://folk.uib.no/ngfhd/EarthClim
NorESM1-M

NorESM1-ME

Table 1: Institutions and modelling centres, along with their corresponding models selected from CMIP5.

Figure 1: Map of Chile. Red boxes indicate regions used for spatial averaging: 
Northern region = 68-70°W, 18-28°S; central region = 70-72°W, 28-36°S; 
Southern region = 72-74°W, 36-44°S; Southern tip region = 73-75°W, 44-54°S.

https://wiki.csiro.au/confluence/display/ACCESS/Home
http://www.cnrm.meteo.fr/cmip5/
https://wiki.csiro.au/confluence/display/CSIROMk360/Home
http://data1.gfdl.noaa.gov/
http://data.giss.nasa.gov/modelE/ar5/
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of brevity, only the two main seasons are focused upon, namely winter 
(June-August, JJA) and summer (December-February, DJF).

For future climate change, the following results are presented in 2 
sections: i) the ‘near future’ which covers 35 years from 2006-2040; and 
ii) the ‘far future’ which covers the whole 21st century up to the year 

2100. Whilst it is accepted that, for policy-making purposes, the next 
30 years is of more relevance than the end of the century, in order to see 
the sensitivity of climate to emissions scenario the longer term needs to 
be considered. This is because the mitigation scenarios represented by 
RCP4.5 and 8.5 are approximately the same until 2040 (i.e., increasing 
emissions), therefore no difference between scenario would be expected 
in the near future and so only results from RCP4.5 are shown here for 
this time period. However, climate sensitivity to emissions scenario 
should be more apparent beyond 2040, and in particular near the end 
of the century, and therefore the two scenarios can be compared.

Results
Current climate from observations

Mean rainfall, averaged over the 4 regions, from the 4 datasets for 
both summer and winter seasons was analysed. The meridional spatial 
variation of rainfall across Chile is obvious, with higher JJA rainfall in 
the central and southern regions compared to the drier southern tip 
and extremely arid conditions of the Northern region (not shown). The 
4 datasets agree reasonably well through time; during JJA in the central 
region, for example, all datasets pick-up rainfall maxima in years such 
as 1987 and 1997, both of which experienced strong El Niño events. 
The seasonal cycle of rainfall for each region is more clearly shown 
in Figure 2. Moving from North to South, all datasets approximately 
agree on rainfall maxima occurring during DJF in the dry northern 
region (Figure 2a) and during JJA in the wetter central region (Figure 
2b). In the wettest Southern region, the datasets again show a clear 
seasonal cycle and agree on peak rainfall occurring in JJA. There is 
more disagreement here, however, particularly over the exact timing 
of peak rainfall, with GPCP putting it as occurring during May or June 
but CMAP putting it later in the year (Figure 2c). Spatially, there is also 
reasonably good agreement between the datasets, with all products 
agreeing that maximum rainfall (of between 5-10 mm day-1) occurs 
south of Santiago during JJA (not shown).

   

Figure 2: Seasonal cycle of mean rainfall, averaged over the 4 regions shown in Figure 1, from 4 state-of-the-art products. a) Northern region; b) central region; c) 
Southern region; d) Southern tip region. Rainfall in mm day-1.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Seasonal cycle of mean surface temperature, averaged over 2 of the 
regions shown in Figure 1, from 3 state-of-the-art products. a) Northern region, 
JJA; b) central region. Temperature in °C.
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Concerning surface air temperature, the seasonal cycle averaged 
over the two regions is shown in Figure 3a. The central region (Figure 
3b) shows warmer temperatures than further north, but this is due 
to the fact that the Northern region (Figure 1) includes a large area 
of highland which is artificially reducing the mean temperature. There 
is again a general agreement between the datasets, although NCEP/
NCAR is consistently showing a warm bias throughout the year. The 
only product containing actual temperature observations, UDEL, lies 
between the two reanalysis datasets. Spatially, there is again a general 
agreement across the datasets. During JJA, all products agree on cooler 
temperatures across Chile, with the coldest regions being along the 
Andes and in southern Chile (not shown). Conversely, during DJF, the 
majority of the country is warmer, particularly across central regions 
and further inland into South America.

Figure 4: Rainfall climatology (1970-2004), averaged over 2 of the regions 
shown in Figure 1, from GPCP and all available GCMs from CMIP5 (Historical 
run). Rainfall in mm day-1.

Figure 5: Mean JJA rainfall differences relative to GPCP, averaged over 1970-2004, from all available GCMs from CMIP5 (Historical run), regridded to lowest common 
spatial resolution (GCM minus GPCP). Rainfall in mm day-1.
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Current climate from GCMs

Figure 4 shows the rainfall climatology for the wet seasons over the 
two regions (i.e., JJA for the central region and DJF for the northern 
region), from the available GCMs from CMIP5 as well as from GPCP. 
The multi-model mean (MMM) is also shown.

Immediately obvious is the difference in rainfall between the 
models, such as for the central region during JJA where mean rainfall 
ranges from over 8 mm day-1 in some models to less than 2 mm day-1 in 
others. Compared to GPCP, the majority of models overestimate rainfall 
during both seasons, and although the MMM is closer to GPCP, it is 
still overestimating rainfall. In the simulated seasonal cycles of rainfall 
from each GCM, although all models agree on the approximate rainfall 
cycle, there is a considerable spread between models concerning both 
the magnitude and timing of peak rainfall (not shown). In the northern 
region, all models agree reasonably well on the timing of peak rainfall 
(occurring in February), but some models make rainfall maxima as 
over 9 mm day-1 whereas others show less than 1 mm day-1. In the 
central region, the majority of models get the timing of peak rainfall 
roughly correct, although they simulate the wet season as being longer 
than in observations. Approximately half of the models agree that peak 
rainfall is between 1-4 mm day-1 and occurs during June or July (more 
similar to the observations), but some models put the magnitude of 
peak rainfall much higher. The spatial extent of this overestimation is 
shown in Figure 5, where JJA mean rainfall over central Chile is higher 
than GPCP in the majority of models.

At least half of the models overestimate rainfall over Santiago 
and central Chile by ~5 mm day-1 or more. In this region, the rest of 
the models either show little difference to GPCP or, in some cases, 
underestimate rainfall over central Chile, again by up to 5 mm day-

1. Over northern Chile, the majority of the models underestimate 
JJA rainfall, relative to GPCP. It is worth noting, however, that dry 
conditions prevail over this region during JJA, with little or no rainfall 
observed over the highland areas. The same is true during DJF, when 
the majority, if not all, of the models overestimate rainfall north of 20°S 
(not shown).

It is unsurprising that there is more agreement between models, as 
well as with observations, when considering the 1970-2004 surface air 
temperature climatology and seasonal cycle (Figure 6).

All models (including the MMM), however, overestimate 
temperatures during both seasons, relative to UDEL. During DJF, 
the majority of models agree on temperatures between 15°C to 20°C, 
although mean values range from just over 10°C to above 25°C (Figure 
6a). The same general agreement is true during JJA, with all models 
agreeing on lower mean temperatures. Concerning the seasonal cycle 
of temperature, there is a general agreement across models in both 
the timing and magnitude of minimum and maximum temperatures 
(Figure 6b). However, in comparison to observations, all models 
greatly overestimate mean temperatures during summer months and 
in particular during January-February, with temperatures peaking at 
26°C in the models compared to 15°C in UDEL. Spatially, the majority 
of models underestimate mean JJA temperatures across most of Chile 
relative to UDEL, with the exceptions being the NASA GISS family of 
models which all overestimate mean temperatures (not shown).

Concerning potential changes during this 35 year period, (Figure 
7) shows the trends in mean JJA rainfall. Trends are generally small and 
do not exceed +/- 0.1 mm year-1; at least half of the models, however, 
suggest a drying trend over much of Chile, consistent with other studies 
e.g. [14]. This is also true during DJF, although the majority of models 

   

Figure 6: Mean surface temperature, averaged over the central region shown in Figure 1, from all available GCMs from CMIP5 (Historical run). a) Temperature 
climatology (1970-2004); b) Seasonal cycle of mean surface temperature, averaged over central region only. Temperature in °C.



Citation: Williams CJR (2017) Climate Change in Chile: An Analysis of State-of-the-Art Observations, Satellite-Derived Estimates and Climate Model 
Simulations. J Earth Sci Clim Change 8: 400. doi: 10.4172/2157-7617.1000400

Page 7 of 11

Volume 8 • Issue 5 • 1000400J Earth Sci Clim Change, an open access journal
ISSN: 2157-7617

suggest even smaller trends than JJA, as expected (not shown). For JJA 
surface temperature, trends are generally positive (over 0.1°C year-1 
in some models), and the majority of models agree on warming over 
northern and central Chile and cooling further south (not shown), 
consistent with other studies (e.g. [15]).

Future climate change

Near future (2006-2040): Mean JJA rainfall and surface air 
temperature trends from the 19 available GCMs (RCP4.5) is shown in 
Figure 8.

Qualitatively, for rainfall, although some models show a reduction 
in rainfall over the period, the majority of models (and the MMM) 
suggest little or no change (Figure 8a), consistent with the earlier results 
for the present day. A quantitative assessment of rainfall change during 
the period also suggests this, with the majority of models showing a 
reduction in rainfall but rarely more than a 0.5 mm day-1 difference 
between the beginning and end of the 35 year period. For temperature, 
however, almost all of the models suggest a warming trend, as does the 

MMM, again consistent with the end of the 20th century; only 2 models 
suggest a cooling trend, and this is small (Figure 8b). Quantitatively, 
some models show an increase of up to 1.4°C between the beginning 
and end of the 35 year period, although most (and the MMM) are 
more conservative and suggest a difference of around 0.7°C. Spatially, 
for rainfall, many models suggest little or no change (less than +/- 0.1 
mm year-1) over most of the country (not shown). However, there is a 
clear lack of coherence among the models regarding the sign of change, 
with some models projecting wetter conditions, some projecting drier 
conditions and others no change. For example, some models suggest 
that the drying trend over central Chile seen during the end of the 20th 
century will continue, with approximately half the models suggesting 
a decrease in rainfall in this region of up to 0.1 mm year-1 during the 
near future. For temperature, there is more agreement across models, 
with the majority showing a warming trend (greater than 0.1°C year-1 
in some models) over most of the country and particularly in northern 
regions (not shown).

Far future (2006-2100): Figure 9 shows the mean JJA rainfall 

Figure 7: Mean JJA rainfall trends, 1970-2004, from all available GCMs from CMIP5 (Historical run), at individual spatial resolutions. Rainfall change in mm yr-1.
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Figure 8: Mean JJA trends for the near future (2006-2040), averaged over the central region shown in Figure 1, from all available GCMs from CMIP5 (RCP4.5 run), 
at individual spatial resolutions. Dashed line shows MMM. a) Rainfall (in mm day-1); b) Temperature in °C.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Mean JJA rainfall changes for the far future (2006-2100), averaged over the central region shown in Figure 1, from all available GCMs from CMIP5 (RCP4.5 
and RCP8.5 runs). a) Overall projected change from each model (in mm year-1) ; b) Rainfall trends (in mm day-1), where pale colours show each model and darker 
lines show MMM.
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trends from the 19 available GCMs, according to the RCP4.5 and 
8.5 scenarios. Irrespective of scenario, the majority of models show a 
decrease in rainfall over the century (Figure 9a). For approximately 
half the models, the decrease is larger in RCP8.5 than RCP4.5. Similar 
to the shorter-term near future rainfall trends, the majority of models 
show either a decreasing rainfall trend or little trend during the century, 
as does the MMM (Figure 9b). For mean JJA surface air temperature 
changes, however, the models are all more consistent and all project a 
warming trend (not shown).

The lack of long-term change in mean rainfall and increase in mean 
surface air temperatures is shown more clearly in Figure 10, where the 
seasonal cycle of rainfall and temperature is shown for 3 separate 35 
year time-slices, according to model simulation.

During the latter time-slice, the differences between the two RCP 
scenarios should be most evident. For rainfall, as suggested previously, 
the MMM shows little or no change between the ends of the 20th and 
21st centuries (Figure 10a). For temperature, however, all models (and 
all simulations) agree on the timing (if not magnitude) of maximum 
and minimum temperatures, and there is clearly an increase in mean 
surface air temperature, during all months, at the end of the 21st century 
relative to the end of the 20th century (Figure 10b).

Spatially, there are again differences between mean JJA rainfall from 
the end of the 20th century (as simulated by the Historical run) and mean 
JJA rainfall from the end of the 21st century (as simulated by the two RCP 
scenarios). Under RCP4.5, the majority of models suggest a reduction 
in rainfall over central and northern regions in the future relative to the 
present-day (not shown). Under RCP8.5, these same patterns are again 

present, but are stronger in magnitude, as expected. For temperature, 
under RCP4.5 all models project that the end of the 21st century will 
be significantly warmer than the end of the 20th century, particularly 
over northern Chile and inland regions (not shown). Although there 
is some variability across models in the magnitude of warming, many 
suggest temperature increases of up to 5°C. Under RPC8.5, the same 
patterns are again present but, under this scenario, the magnitudes of 
warming are even larger, exceeding 5°C in northern regions in some 
models. The cooling trends seen over southern Chile during the end of 
the 20th century and suggested by other studies (e.g. [15]), are no longer 
suggested by either scenario at the end of the 21st century.

Discussion
Case study example of direct relevance for Chilean agriculture

Although a clear increase in temperatures has been suggested 
during the 21st century, these are mean temperatures and as such do not 
provide any information on other measures of temperature. Minimum 
and maximum temperatures are two such examples, the former of 
which has particular relevance for avocado growing in Chile. This crop 
is highly sensitive to freezing temperatures, meaning that an entire 
harvest can be lost if an unexpected frost occurs during the growing 
season [34,35]. A study of minimum temperatures therefore, and how 
they might change in the future, is of direct relevance to this activity.

To this end, Figure 11 shows minimum temperatures averaged over 
the central region, from 1970 to 2100, as represented by the historical 
and RCP runs from one example GCM (CCSM4.0).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Seasonal cycle of mean rainfall and temperature, averaged over the central region shown in Figure 1, from all available GCMs from CMIP5 for both 
present-day (Historical run, 1970-2004) and far future (RCPs runs, 2006-2100). Pale colours show each model and darker lines show MMM. a) Rainfall (in mm day-1); 
b) Temperature in °C.
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Figure 11a shows a clear increase in minimum temperatures over 
the century, particularly so in the strongest GHG emission scenario 
(RCP8.5). No year shows JJA temperatures that are below 0°C; however 
this figure is somewhat misleading and demonstrates the problem of 
spatial resolution. In this model, the central region box is only 2 grid 
points wide; one which runs along the warmer coast, and the other 
in the much colder mountains. When averaged over both of these, 
the minimum temperatures even out and gave a misleading image. 
Figure 12 resolves this problem by dividing the region longitudinally 
in two, plotting the average of all coastal and mountainous grid boxes 
separately. Whilst the coastal zone minimum temperatures never fall 
below freezing, in the mountains they are consistently well below 
freezing during the end of the 20th century but above freezing at the end 
of the 21st century (particularly so for RCP8.5). When amalgamated 
(i.e., coastal and mountain grid points considered together), there is 
nevertheless a decrease over time in the total number of grid points 
where minimum temperatures were below 0°C, as shown in Figure 11b. 
Here, the end of the 20th century (as represented by the Historical run) 
shows significantly more grid points below freezing than the end of the 
21st century.

This clearly has implications for avocado growing. The results 

suggest a reduction in the number of days below freezing in a warming 
climate, particularly in mountainous regions of central Chile where 
many avocado fields are found. This would suggest a reduced risk 
of harvest damage from freezing temperatures, and potentially a 
positive impact of climate change. This work clearly warrants further 
investigation, but is consistent with previous studies which have 
suggested that the warming trend seen over northern Chile is primarily 
due to an increase in minimum temperatures rather than a change in 
the mean [15-17].

Summary and Conclusion
Four rainfall and surface air temperature products from publicly-

available observational and satellite-derived datasets were compared. 
Most of these products are either observational, satellite-derived 
or a combination of the two. The other two products, ERA-Interim 
and NCEP/NCAR, are global reanalysis datasets and are therefore 
comprised of model output that has assimilated observational data 
into its simulations. In general, the datasets agree in both temporal 
and spatial patterns of rainfall and temperature. Despite this general 
agreement, however, there are small differences between some of the 
datasets, particularly when considering rainfall and the approximate 
timing of the wet season.

Figure 11:  Minimum JJA temperatures from 1970-2100. a) Temperature averaged over the central region shown in Figure 1, from one example GCM (black line: 
Historical run; pink and red lines: RCP4.5 and 8.5 runs, respectively); b) Total number of grid points where minimum temperatures < 0°C, for each of the 3 runs. 
Temperature in °C.

Figure 12: Minimum JJA temperature from 1970-2100, averaged over the central region shown in Figure 1, from one example GCM. Dashed lines: coastal grid points; 
solid lines: mountain grid points. Black lines: Historical run; pink and red lines: RCP4.5 and 8.5 runs, respectively. Temperature in °C.
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Nevertheless, despite these discrepancies between the datasets, they 
nevertheless provide a platform for validating present-day simulations 
from GCMs. Here, 26 state-of-the-art climate models from CMIP5 were 
compared, focusing on their simulations of the end of the 20th century 
(1970-2004). In general, although most models reproduce the large-
scale spatial and temporal patterns of mean rainfall and temperature, 
there is significant variability between models and particularly when 
considering long-term change. Some models are consistent with 
observations in terms of increasing or decreasing trends, whereas 
others disagree on both sign and magnitude of change. This highlights 
some of the uncertainties when considering GCM simulations, with 
all models utilising different setups, parameterisation schemes, spatial 
resolution, etc.

When considering future climate change, either in the near future 
(next ~30 years) or at the end of the 21st century, the same climate models 
from CMIP5 was again compared. As a basis for their projections, two 
emissions scenarios were assessed. In the near future, most models 
suggest either a small decrease in rainfall or no change over Chile; 
however the lack of agreement between models regarding the sign of 
change suggests that rainfall trends in this region are highly uncertain. 
For temperature, there is more consistency, with a clear warming trend 
over northern and inland regions, consistent with previous studies. 
These trends are also seen on the longer term and are found irrespective 
of scenario, with most models agreeing on a small reduction in rainfall 
and a larger increase in temperatures by the end of the 21st century.
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