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Abstract

The Koppen-Trewartha (K-T) classification is used to investigate the biomes change in the
future climate over South America (SA). For the middle (2035-2060) and end (2075-2100)
of the 21st century mean ensemble of Regional Climate Model version 4 simulations for
the Representative Concentration Pathway 8.5 scenario are presented. The global-coupled
models of Coupled Model Intercomparison Project Phase 5 drive the members for the period
1970-2100 using different physics configurations. The delta change approach is applied to
filter out the bias of the model simulation. Notable changes of the K-T climates are found in
SA, mainly in Brazil. Replacement of tropical wet-dry (Aw) by dry semiarid (Bs) occurs over
Northeast Brazil (NEB). Reduction of tropical humid (Ar) and an increase of Aw is projected
in the North Brazil and Amazon. Retreat of subtropical humid (Cr) replaced by Aw is found
in the Southeast Brazil. An increase of subtropical winter-dry (Cw) and decrease Cr is noted
in Argentina and in Paraguay Cr is replaced by Ar. In the south of SA, a retreat of subarctic
oceanic (Eo) and an increase of temperate oceanic (Do) and dry arid (Bw) occur. In general,
the projected changes of K-T climate types in the 21st century over SA show a tendency for a
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drier climate.
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I. Introduction

Koppen—Trewartha (K-T) climate classification
(Trewartha and Horn, 1980) has been applied to out-
puts of Regional Climate Models (RCMs) to study the
impact of climate change on the biomes distribution
in many regions of the Northern Hemisphere (Castro
etal., 2007; Gao and Giorgi, 2008; Gallardo et al.,
2013; Chan et al., 2016). For the South America (SA)
region a few studies haven made. SA presents in the
north—south extension features of tropical, subtropical
and extratropical climates. Due to the presence of two
large oceans (the Pacific and the Atlantic), the Andes
Cordillera and different biomes, such as the Ama-
zon forest, desert and arid regions in northern Chile
and Northeast Brazil (NEB), respectively, numerous
dynamical and physical processes act in the continent,
which results in a variety of climates (Garreaud et al.,
2009). Recently, Gallardo et al. (2016) applied K-T
climate classification to RCM simulations in the frame
of CLARIS-LPB EU project driven by the Special
Report on Emission Scenarios (SRES) A1B scenario
(Nakic¢enovi¢ et al., 2000). They found that important
climate changes may occur in 27% of SA at the end of
21st century. Also, transitions for drier climates may
happen particularly over Brazil.

In the present paper, we show the projected alter-
ations in the K-T climate types over SA in the 21st
century from the mean ensemble Regional Climate
Model version 4 (RegCM4) simulations under the

Representative Concentration Pathway (RCP) 8.5
scenario. Differently from Gallardo etal (2016),
who used CMIP3 data, in the present study Coupled
Model Intercomparison Project Phase 5 (CMIPS)
models drive the members for the period 1970-2100
using different physics configurations. We use the
Coordinated Regional Downscaling Experiment
(CORDEX) RegCM4 hyper-Matrix (CREMA) data
for SA (Giorgi, 2014) whose objective is to reduce
different sources of uncertainty associated with driving
Atmospheric-Oceanic General Circulation Models
(AOGCMs), the greenhouse gas RCPs, and model
physics configuration. To our knowledge, this is the
highest ensemble with RegCM4 for the SA using
CMIP5 data. Section 2 shows a short description of
the model and simulations design, as well as the K-T
climate classification. The simulations for the present
climate and future projected changes are shown in
Section 3, and conclusions are presented in Section 4.

2. Model description and simulations design

The simulations used in the study are conducted by
the Abdus Salam International Center for Theoretical
Physics (ICTP) using RegCM4 (Giorgi et al., 2012).
The model domain covers entire SA, following the
CORDEX protocol (Giorgi et al,, 2009) with a grid
spacing of 50km (Figure 1). The four RegCM4 mem-
bers (Table S1, Supporting information) from CREMA
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using different physical configurations (surface pro-
cesses and cumulus convection) and forcing at the lat-
eral boundaries (AOGCMs) are described in Giorgi
(2014). The period of all simulations is 1970-2100
(continuous run). In this study, we used the ensem-
ble mean from the RegCM4 simulations, averaged over
SA, for three times slices: the present-day climate
(1975-2000) and two future time slices for the middle
(2035-2060) and end (2075-2100) of the 21st century.
The historical greenhouse gases, aerosols, and natural
forcings are used, until 2005 and projections from RCP
8.5 scenario after.

To identify different types of climate regimes, we use
the K-T climate classification (Trewartha and Horn,
1980). It has been used to describe the potential distribu-
tion of natural vegetation based on climatic thresholds
(Lohmann et al., 1993). It builds on a combination of
average annual, monthly, and seasonal averages of the
surface air temperature and precipitation. Six climate
regimes are identified, each containing many types.
Table 1 shows K-T climate classification and their cor-
respondence with the natural vegetation type.

In general, the simulations over SA show biases that
affect the climatic indices. The values of K—-T calcu-
lated show high sensibility to thresholds so that the
reasonable characterization of climate types from simu-
lations is difficult. In the present study, we use a simple
method to overcome this problem. In this approach, the
climate signal is obtained by subtracting the long-term
monthly mean of the temperature of the present cli-
mate from the future projection, so that the model error
has been canceled (Mahlstein et al., 2013; Feng et al.,
2014). Then this signal is added to long-term monthly
mean observational data to obtain the future climate
projection. Different from the temperature, in the case
of precipitation a ratio between the future climate pro-
jection and the reference is obtained. Then, this ratio
is multiplied by the observed data. This delta method is
commonly used in climate change studies for the analy-
sis of future changes of Koppen climate zones (Gao and
Giorgi, 2008; Mahlstein et al., 2013; Feng et al., 2014;
Belda et al., 2016; and many others).

However, the method has some drawbacks. The tran-
sient climate changes, as well as the changes in the
interannual and diurnal climatic variability, are not rep-
resented. The use of bias correction in the model outputs
may be an alternative (Piani et al., 2010), but its appli-
cation may modify the sign of climate change both of
temperature and precipitation so that for some regions
the impact on the signal may be higher, adding more
a factor of uncertainty of the projections (Piani et al.,
2010; Boberg and Christensen, 2012; Christensen and
Boberg, 2012; Solman, 2016).

To assess and correct the projections the precipitation
and surface air temperature monthly mean data from
Climate Research Unit (CRU; Harris ef al., 2014) are
used to obtain the KT classification types. Compari-
son between CRU and University of Delaware (UDEL;
Matsuura and Willmott, 2011) data for SA shows that
the differences are smaller for temperature, but the
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Table 1. The Koppen—Trewartha (K-T) climate classification
(Trewartha and Horn, 1980) and their correspondence with
natural landscapes (adapted from Castro et al,, 2007).

Prevalent native

Climate K-T vegetation type

Tropical humid Ar  Rain Forest

Tropical wet-dry Aw  Savanna

Dry arid Bw  Desert

Dry semiarid Bs Steppe

Subtropical summer-dry Cs  Hardleaved evergreen trees and
shrubs

Subtropical summer-wet  Cw  Woodland patches, shrubs and
prairies

Subtropical humid Cr  Longleaf trees, slash pines and
deciduous forest in inland areas

Temperate oceanic Do  Dense coniferous forest with large
trees

Temperate continental Dc  Needleleaf and deciduous tall
broadleaf forest

Subarctic oceanic Eo  Needleleaf forest

Subarctic continental Ec  Tayga

Tundra Ft Tundra

Ice cap Fi Permanent ice cover

where, Ar: All months above 18°C and less than 3 dry months (1); Aw:
Same as Ar, but 3 or more dry months; Bw: Annual precipitation P (in cm)
smaller or equal than 0.5 - A (2); Bs: Annual precipitation P (in cm) greater
than 0.5 - A; Cs: 8—12months above 10 °C, annual rainfall less than 89 cm
and dry summer (3); Cw: Same thermal criteria as Cs, but dry winter
(4); Cr: Same as Cw, with no dry season; Do: 4—7 months above [0°C
and coldest month above 0°C; Dc: 4—7 months above 10 °C and coldest
month below 0°C; Eo: Up to 3 months above 10°C and temperature of
the coldest month above —10°C; Ec: Up to 3 months above 10°C and
the coldest month below or equal to —10 °C; Ft: All months below 10°C;
Fi: All months below 0°C.

(I Dry month: Less than 6 cm monthly precipitation.

(2) A=23T—-0.64 Pw+4l, being T the mean annual temperature
(in “C) and Pw the percentage of annual precipitation occurring in the
coolest 6 months.

(3) Dry summer: The driest summer month less than 3 cm precipitation
and less than one-third of the amount in the wettest winter month.

(4) Dry winter: Precipitation in the wettest summer month higher than
10 times that of the driest winter month.

datasets show important differences for precipitation in
some regions (Solman et al., 2013). This is associated
to use a different number of gauges, methods of quality
control and spatial interpolation. It must be to taken into
account that in mountainous regions and little quantity
of data the uncertainty is higher. However, as it will be
shown the impact of the choice of the datasets on the
evaluation of model projections is negligible.

3. Present climate and future changes

Figures 2(a) and (b) show the comparison of the dis-
tribution of K-T climate types over SA calculated
from observations and the present-day mean ensem-
ble simulations of the model (1975-2000), respectively.
Figure 2(a) shows that the dominant climate types over
SA are A-tropical, B-dry, and C-subtropical. In the
Andes region and south of the continent Dc, Ec, and
tundra (Ft) are dominant. As seen in Figure 2(b), the
mean ensemble simulation reproduces reasonably well
the distribution of K-T climates over SA, mainly in
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Figure |. Model domain. Shown are the topography (m) and regions of SA: NSA: North of South America, 5°—12°N, 77°-58°W;
AMZ: Amazon, 10°S—5°N, 75°—=55°W; NAR: North of Argentina, 39°—23°N, 68°—58°W; SSA: South of South America, 55°—39°S,
75°—62°W; AND: Andes 2000 m above msl, and over Brazil: NO: north, 10°S—1°N, 69°-45°W; CW: center-west, 23°—10°S,
62°—50°W; NEB: northeast, 15°-3°S, 45°—35°W; SE: southeast, 25°—15°S, 52°—40°W; and S: south, 34°-21°S, 58°—48°W.

the tropical region. The main differences occur in NEB
(Aw instead of Bs) and Southeast Brazil (Cr instead
of Aw), south of Argentina and mountain areas (Cr
instead of Bs). These differences can be attributed to the
over/underestimation of the precipitation in these zones
(wet/dry bias) and also to the positive/negative bias in
the surface air temperature (cold/warm bias) simulated
by the model. The validation and discussion on the bias
of the RegCM4 simulations for the present-day climate
can be seen in Coppola et al. (2014). In general, the
RegCM4 captures the main patterns of the observed pre-
cipitation and surface air temperature for SA. The use of
K-T classification in global and regional models driven
by coupled models of CMIPS5 show similar results
(Teichmann et al., 2013; Feng et al., 2014). K-T cli-
mates from the projected simulations with uncorrected
data are shown in Figure 3. The present-day model bias
affects the future climate classification showing warmer
climates.

K-T types distribution for the middle (2035-2060)
and end (2075-2100) of the 21st century using
CRU data to correct the simulations are presented
in Figures 2(c) and (d). Comparing with Figure 2(a)
changes of the K-T climate types distribution in
NEB, North Brazil, Amazon, Southeast Brazil, and
Center-West of Brazil are seen in the mid-21st century
(Figure 2(c)). Over NEB the tropical wet-dry climate,
Aw (savanna), is replaced by a drier climate of Bs
(steppe). Over North Brazil and Amazon, there is a
reduction of Ar (rain forest) and an increase of Aw
(savanna). A retreat of Cr (subtropical humid climate)
replaced by Aw (tropical wet-dry climate) is found in
the Southeast Brazil, suggesting the change of longleaf
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trees by savanna. In some parts of the South Brazil,
there is a reduction of Cr and an increase of Ar. Further
changes can be seen in Paraguay, Argentina, and the
eastern SA. Over Paraguay there is a decrease of Cr,
subtropical humid climate, which is substituted by Aw,
indicating the change of longleaf trees by savanna. An
increase of Cw and decrease of Cr climates are noted in
Argentina, showing an expansion of the woodland and
reduction of longleaf trees in the region. In the western
SA, there is an increase of Bs climate in Bolivia and in
the west coast an increase of Bw is found. In the south
of SA, a retreat of Eo and an increase of Do and Bw
are noted.

It can be seen from Figures 2(a) and S1(a) that the
K-T climate types derived from CRU and UDEL data
show small differences. However, when the CRU data
has used the distribution of K—T climates is smoother.
This is because the different interpolation method in the
two datasets.

The projected changes in the temperature and pre-
cipitation are responsible for the K—T climate transi-
tions. To examine the relative roles of the changes in
the temperature and precipitation K—T climate types are
calculated considering the individual changes in these
variables, i.e. using the delta in temperature with the
observed precipitation and vice versa. The K-T cli-
mate classification in these two cases and the K-T cli-
mate transitions are presented in Figures 4(a) and (b)
and Figures 4(c) and (d), respectively. As can be seen in
Figures 2(e) and (f) many transitions projected in future
(2075-2100) are reproduced in the regions SE, S, and
mountainous regions of SA (mainly in middle latitudes)
if the precipitation is held constant (Figures 4(a) and

Atmos. Sci. Let. 18: 427-434 (2017)
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Figure 2. Koppen—Trewartha (K—T) climate types over SA calculated from (a) CRU observations; (b) RegCM4 mean ensemble
for the present-day climate (1975-2000); CRU observations plus delta climate changes for (c) middle (2035-2060) and (d)
end (2075-2100) of the 2Ist century. Projected major K—T climate types transitions for (e) middle (2035-2060) and (f) end
(2075-2100) of the 2Ist century under RCP 8.5 scenario. The numbers in the panel (b) indicate how many members have the
same climate types as the mean ensemble.
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Figure 3. Koppen—Trewartha (K—T) climate types over SA calculated from RegCM4 mean ensemble for (a) middle (2035-2060)
and (b) end (2075-2100) of the 21st century. Projected major K—T climate types transitions for (c) middle (2035-2060) and (d)
end (2075-2100) of the 21st century under RCP 8.5 scenario. The numbers in the panels (a) and (b) indicate how many members

have the same climate types as the mean ensemble.

(c)). However, over the Amazon and NO regions, the
K-T climate distribution is maintained (Figure 2(a)).
The NEB region is also affected by the increase of tem-
perature, but the impact is lower. On the other hand,
if the temperature is maintained constant (Figures 4(b)
and (d)) many projected transitions are reproduced over
the tropical region while in the mountainous regions and
south of SA the impact is lower. In North SA, AMZ,
and North Brazil regions the decrease of precipitation
causes a reduction in the tropical forest (Ar). In the NEB
the reduction of precipitation and the increase of tem-
perature provoke an increase of the aridity showing that
both the factors are important for the arid zones in the
tropical SA (figure not shown). In the Southeast and
South SA, the increase of temperature causes a transi-
tion to more temperate climates.

To address the uncertainty in the projections num-
bers in the panel of Figures 2(b), 3(a) and (b) indicate

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd
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how many members have the same climate types as
in the mean ensemble. As can be seen, the most part
corresponds to 4 and 3 members of the RCM. This pro-
vides a more robust message of the changes identified.
In general, the members show a positive bias of precipi-
tation over NEB as result of an incorrect representation
of the sea surface temperature in the tropical Atlantic
both in present and future climates. Over the AMZ a
negative anomaly of precipitation is noted.

The changes in the K-T climates are in general
larger at the end of 21st century (Figure 2(d)). The
most notable change is the increase of the aridity in
NEB where the region of Bs (dry semiarid climate)
is expanded compared to that in the mid-21st cen-
tury. Other changes are seen in the Amazon, North
Brazil, and north of Southeast Brazil. A larger increase
of Aw (tropical wet-dry) and a retreat of Ar (trop-
ical humid) are found in Amazon and North Brazil

Atmos. Sci. Let. 18: 427-434 (2017)
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Figure 4. Same as Figure 2(d) (2e), but with trends of (a) [(c)] precipitation or (b) [(d)] temperature, removed.

compared to the mid-21st century. In the north of South-
east Brazil, the increase of Aw is also larger. In gen-
eral, the changes are in agreement with those obtained
from other RCMs (Gallardo et al., 2016) and AOGCMs
(Feng et al., 2014) projections using SRES/CMIPS sce-
narios, which also show transitions to drier climates
over most of SA, mainly over Brazil.

The simulated changes in area (% of grid points on
land) of the K-T types in the regions of SA showed
in Figure 1 for the middle and end of the 21st century
are given in Table S2. The changes are larger at the
end of 21st century. The highest changes occur in the
North Brazil, Amazon, and South Brazil: the coverage
of Ar decreases by 21.3 and 13.3% at the end of the
21st century in North Brazil and Amazon, respectively;
on the other hand, Aw area extends 21.3 and 13.5% in
these regions. In the South Brazil, a great increase of
Ar (35.6%) and reduction of Cr (32.9%) are noted at
the end of the 21st century.

Figures 2(e) and (f) show the projected changes in
K-T future climate transitions over SA for the middle
and end 21st century. As can be seen, in the Andes,
North of Argentina, South Brazil, and South of SA there

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd
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is a change to warm and wet climates while in the north
of SA and NEB the projection is to a drier climate in
future. In North Brazil and Amazon, there is a transition
from a humid climate to a summer-wet climate. As can
be noted the project changes in K—T climate types at
the end of the 21st century are strongest.

4. Summary and conclusions

In this paper, the change of the biomes distribution over
SA in the 21st century under the RCP 8.5 scenario is
investigated using a mean ensemble of RegCM4 simu-
lations. For this purpose, the K—T climate classification
is used. The delta method is used as bias-correction of
projections. The results showed that changes occur over
SA already in the mid-21st century, and they are higher
at the end of 21st century. Particularly over Brazil,
notable changes of the K—T climate types are found in
NEB, North Brazil, Amazon and Southeast Brazil. Over
NEB the tropical wet-dry climate (Aw), is replaced
by a drier climate (Bs), indicating the replacement of
savanna by steppe. Ar decreases and Aw increases over
North Brazil and Amazon, suggesting the substitution

Atmos. Sci. Let. 18: 427-434 (2017)
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of the rainforest by savanna. A retreat of subtropical
humid climate (Cr) replaced by tropical wet-dry cli-
mate (Aw) is found in the Southeast Brazil, indicating
the change of longleaf trees by savanna. Other changes
can also be seen in Paraguay, Argentina, and the east-
ern SA. Cr decreases replaced by Ar over Paraguay.
An increase of Cw and decrease of Cr are found in
Argentina. At the western SA, Bs increases in Bolivia
and in the west coast, a retreat of Eo and an increase
of Do and Bw occurs. In general, in the Andes, north
of Argentina, South Brazil, and South of SA there is a
change to warm and wet climate while in the north of
SA and NEB the change is to a dryer climate. In North
Brazil and Amazon, there is a transition from a humid
climate to a summer-wet climate.

The dominant factor for projected K-T climate
type transitions in middle latitudes is the temperature
changes while in the tropical region (AMZ) precipita-
tion changes are the primary driver; for mountainous
and arid regions both the factors are important.

In general, the changes in the biomes projected by
the mean ensemble RegCM4 simulations agree with
what is expected for future climate because of a dryer
climate. These changes are already occurring mainly
in Brazil, such as an increase of the aridity in NEB,
reduction of forest in the coast and replacement of forest
by savanna in the North Brazil and Amazon as a result
of the changes in climate and landuse.

Although the results presented above were obtained
through the mean ensemble of RegCM4 simulations
with different physics configurations, driven at the lat-
eral boundaries from various AOGCMs, some draw-
backs (caveats) must be considered. The simulations
did not take into account the change in vegetation due
to climate conditions as well as the landuse alterations,
mainly in the region of Amazon. Thus the inclusion of
land surface parameterization with dynamic vegetation,
biochemical cycle and the inclusion of deforestation
scenarios could reduce the uncertainties due to these
factors. This is subject to future studies.
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Supporting information

The following supporting information is available:
Figure S1. Same as Figure 2, but for UDEL observations.

Table S1. Descriptions of RegCM4 simulations forced by
HadGEM2 (CERegHad and BGRegHad), MPI (CERegMPI)
and GFDL (CERegGFDL) AOGCMs. The CE and BG indicate,
respectively, that RegCM4 simulations used CLM-Emanuel and
BATS-Grell schemes.
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Table S2. Simulated changes (%) of K—T climate types over the
regions of Figure 1 for the middle and end (in parentheses) of the
21st century.
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