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1 Introduction

Located in the Southeast region of Brazil, Minas Gerais is by far its largest coffee producing state. The coffee
harvest for the 2014/15 period was estimated in 23.34 million 60-kg bags (CONAB, 2015), which corresponds
to 50.11% of the Brazilian coffee production or about 18% of the world coffee production. According to data
from the Brazilian Institute of Geography and Statistics (IBGE), the area occupied by coffee in Minas Gerais
have had some variations over the last two decades, with the inclusion of new areas in the north and north-west
regions and a decrease in the north-east and central regions. However, coffee areas at the main coffee producing
regions (Tridngulo Mineiro, Sul de Minas and Zona da Mata) remained rather stable or with a little tendency
to increase. Coffee production in the state during this period was always spread over at least 70% of its 853
municipalities, covering all mesoregions! (see Ruiz-Cérdenas, 2013, for a detailed characterization of the main

coffee producing regions in Minas Gerais).

Weather related risks threaten the security of coffee growers and their families every year. Recent examples
are the severe drought occurred in 2014 or the frequent damages by frost and hail events at the southern region of
the state. According to Camargo (2010), climatic variability, exacerbated in a climate change environment, is the
main factor responsible for the oscillations and frustrations of the coffee bean yield in Brazil. Accurate assessment
of changes in local climate related to coffee phenological stages is important to understand how climate change
is affecting/will affect coffee production in the state and to address possible adaptation/mitigation measures

against such effects.

The main objective of this study was to perform a detailed characterization of the spatio-temporal climate
variability and a climate change risk assessment for Minas Gerais during the recent past decades as well as
over the near future, with emphasis on both, the main coffee zones and the key periods of the year linked to
the main phenological phases of coffee plant. It was also of interest to regionalize the coffee zones in Minas
Gerais according to its present and future climate change characterization, in order to highlight the main areas
of vulnerability to climate change. The study was divided in two main phases. Phase one analyzed the recent
past climate in the state and it was the subject of a first report (Ruiz-Cardenas, 2013). The present report
summarizes the results of the second phase of the study, which analyzed climate projections up to 2070 in Minas

Gerais from a high resolution regional climate model.

The rest of this report is organised as follows. Section 2 summarizes methodological aspects of the study.
The main results are presented and discussed in section 3. Concluding remarks and future work are stated in

Section 4.

1.1 The coffee and climate relationship

Coffee green bean yield and beverage quality are strongly influenced by climatic variability (ex., variations in air
temperature or in rainfall distribution), due to its direct interference on the different phenological stages of the
coffee plant. The schematic representation of the phenological stages of arabica coffee under Brazilian conditions
is shown in Figure 1. The two-years cycle of coffee starts with a vegetative period from September to August,
that includes the formation of vegetative buds and its induction in floral buds, followed by a reproductive period

in the second year.

I Mesoregions are subdivisions of Brazilian states, grouping together various municipalities in proximity and with common

characteristics.
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Figure 1: Schematization of the phenological phases of C. arabica under Brazilian conditions. Adapted from Camargo and

Camargo (2001).

Specifically for Minas Gerais, the main flowering period usually spans from early September to late November.
It occurs after a water stress period during the preceding months (July-August), followed by an increase of the
water potential inside the floral buds caused by rain or irrigation (Carr, 2001). According to Camargo and
Camargo (2001), very high temperatures during this phase, especially if associated with an intense water deficit,

may cause abortion of flowers.

Severe hydric stress during the expansion of fruits and bean formation phases, occurring from September
to December and from January to March, respectively (Camargo and Camargo, 2001), may cause defective or

underdeveloped fruits.

The main harvesting period spans from May to August. The time needed to complete ripening of fruits will
depend on the weather conditions. Moderate water deficit during this phase benefits coffee quality. However,
intense water deficit and high temperatures will accelerate ripening and will affect the fermentation processes
inside fruits, leading to loss of beverage quality. On the other hand, with low temperatures the development
of fruits is delayed, which can cause an overlapping of the ripening and flowering periods. Under this situation
fruits of the past season are exposed to the rains that precedes the flowering of the new season, increasing the

risk of attacks by microorganisms.
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All of these phenological phases are strongly influenced by climate, therefore, the results of this study are

focused on these key periods.

2 Methodology

2.1 The climate model

Developing climate change scenarios at regional scale can be considered as a first step for the understanding
of climate impacts under global warming conditions, directed to the provision of information to be used for
vulnerability assessments, and for the design of measures and strategies for climate change adaptation (Marengo
et al., 2012). Global Climate Models (GCMs) are the main tools for studying long-term climate variability and
change. However, these models have rather coarse resolution, which poses limitations to the explicit simulation
of mesoscale processes as well as to the representation of land surface characteristics. Increases in spatial
resolution can be achieved by downscaling techniques, for example nesting high resolution Regional Climate
Models (RCMs) in GCMs conditions; or through statistical downscaling of GCM simulations (Chou et al.,
2012). Particularly, climate change projections derived from RCMs are acknowledged as useful for impact
studies because of the subcontinental nature of the patterns involved. Due to its limited domain, RCMs allow a
more detailed representation of the structure of weather systems as well as the explicit simulation of mesoscale
processes. However, it is worth to note that the climate generated from a regional model is strongly dependent

upon the lateral boundary conditions (Chou et al., 2012).

Climate projections over Minas Gerais were evaluated using a modified version of the Eta-CPTEC regional
Model driven by the UK Met Office Hadley Centre HadCM3 global model, hereinafter refered as the Eta-
HadCM3 nested model (see details below). A previous version of the Eta-HadCM3 model, with 40km horizontal
resolution and nested with four members of the driving model, had been used by Marengo et al. (2012) to analyse
future changes in temperature, atmospheric circulation and aspects of the hydrological cycle over South America
and over the time slices 2011-2040, 2041-2070 and 2071-2100 relative to the baseline climatology of 1961-1990.
In this work runs were performed over South America with a 20km horizontal resolution and with changes in the
CO4 concentration up to the year 2100, consistent with the driving model. Projections were generated at the
Brazilian Center for Weather Forecasts and Climate Studies (CPTEC) for the “present day” (1961-1990) and
for the future (2010-2100) for the IPCC SRES A1B scenario (IPCC, 2000). The regional and driving models

used are briefly described as follows.

The HadCM3 global model

The lateral boundary conditions used to drive the Eta-CPTEC regional model were supplied by the UK Met
Office Hadley Centre coupled climate model version 3 - HadCM3 (Collins et al., 2001; Gordon et al., 2000).
The atmospheric component of the model has 19 levels with a horizontal resolution of 2.5 degrees of latitude
by 3.75 degrees of longitude, which produces a global grid of 96 x 73 grid cells. This is equivalent to a surface
resolution of about 417 km x 278 km at the Equator, reducing to 295 km x 278 km at 45 degrees of latitude.

HadCM3 has been used extensively for climate prediction and climate sensitivity studies. It also was one of
the major models used in the IPCC Third and Fourth Assessments, and also contributed to the Fifth Assessment.
Its good simulation of current climate without using flux adjustments® was a major advance at the time it was
developed and it still ranks highly compared to other models in this respect (Reichler and Kim, 2008).

Lartificial adjustments applied to climate model simulations to prevent them drifting into unrealistic climate states
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The Eta-CPTEC regional model

Since 1996, the Eta Model (Mesinger et al., 1988) has been operationally used to investigate the predictability
of weather at different time scales - seasonal, monthly and weekly over South America (Chou et al., 2005).
Comparison of the Eta-CPTEC seasonal forecasts with the CPTEC GCM and observed climatologies showed
that dynamical downscaling through the regional model provides considerable improvement and additional
useful information over the driver model (Marengo et al., 2012). The Eta-CPTEC regional model (configured
with 40-km horizontal resolution and 38 layers in the vertical) has shown to reproduce “present climate” (the
1961-1990 period) reasonably well when forced by HadCM3 (Chou et al., 2012). Outputs from this model were
also useful driving an hydrology model to assess future changes in the hydrology of an important river basin in
southeast Brazil (Viola et al., 2014).

Some modifications were made to Eta-CPTEC to be adapted for climate change runs. A detailed description
of the Eta-CPTEC configuration, including those modifications, can be found in Marengo et al. (2012) and
references therein.

Bias correction

When compared to observations, the regional simulations exhibit systematic errors which might be related
to the physics of the RCMs (e.g., convective schemes, land surface characterization) and the lateral boundary
conditions, as well as possible biases inherited from the driving model. Therefore, a statistical bias correction
technique was applied to the climate change simulations from the Eta-HadCM3 model. Modeled and observed
daily values of mean, minimum and maximum temperature and total monthly precipitation were used to con-
struct transfer functions for the period 1961-1990, which were then applied to correct model outputs at the
2011-2040 and 2041-2070 periods using a quantile mapping approach as described in (Boé et al., 2007). The R
package “qmap” (Gudmundsson, 2014) was used in this process.

3 Results

This section presents and discusses projected spatio-temporal variability maps of minimum temperature, maxi-
mum temperature and precipitation, at regional level, in Minas Gerais, for the 2011-2040 and 2041-2070 periods,
as derived from the Eta-HadCM3-20km model runs, under a A1B scenario. Climate anomalies for these periods
(with respect to the 1961-1990 base climatology) are also presented. Additionally, regions in the state are clus-
tered according to the intensity of changes in future climate. Finally, projected suitability maps for C. arabica
and C. canephora in Minas Gerais are constructed. All maps were generated using the R statistical language
(R Development Core Team, 2014).

3.1 Projected temperatures
3.1.1 Maximum temperature

Projected surface maps of mean maximum temperature in Minas Gerais by trimester, averaged at the 2011-2040
and 2041-2070 periods, are presented in Figures 2 and 3. Maps for the 1961-1990 period, simulated from the

same climate model, are also included as a reference. The warming behavior is evident in all regions of the state
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and for all seasons of the year, being more accentuated at the trimesters with higher temperatures. Areas with
very high temperatures are projected to increase more dramatically in the north and western regions of the
state, when compared to the increases projected at “Zona da Mata” and “Sul de Minas” (main coffee producing
mesoregions in the south and southeast). In fact, the mean maximum temperature anomalies (with respect
to the 1961-1990 climatology) for the two projected periods, presented in Figure 4, shows a strong SE-NW
gradient during the September to November period (main coffee flowering period), with the highest anomaly
values (up to 4.5°C in 2070) at “Tridngulo Mineiro”, “Norte de Minas” and “Noroeste de Minas” mesoregions.
For the December to February period, the warming gradient grows mainly in the north-east direction, with its
highest values found at “Norte de Minas” and “Jequitinhonha” mesoregions. All changes are more intense after
2040.

The clustering of mesoregions in Minas Gerais, according to their mean maximum temperatures during the
SON trimester in the two projected periods, and considering only pixels at altitudes between 600 and 1,200
m.a.s.l.2, is presented in Figure 5. The cluster with higher mean maximum temperatures is, at the same time,
the one with more intense projected increases for this variable, having positive anomalies of 1.7°C in average in
the 2011-2040 period, which rises to 3.5°C in 2041-2070. It is formed by mesoregions of the north and western
parts of the state. On the other hand, projected increases in the cluster of lower mean maximum temperatures,
formed by “Sul de Minas”, “Campo das Vertentes” and “Zona de Mata” mesoregions, in the southern part of
the state, were of 1°C and 2°C in the two projected periods, respectively. A third cluster formed mainly by the
eastern mesoregions (“Jequitinhonha”, “Vale do Mucuri” and “Vale do Rio Doce”), as well as “Oeste de Minas”
and “Belo Horizonte”, presented intermediate increases in the mean SON maximum temperatures, averaging
1.2°C and 2.6°C in 2011-2040 and 2041-2070 periods, respectively.

These results are in line with the warming behavior found in a previous analysis of observational data in
Minas Gerais during last five decades (Ruiz-Cérdenas, 2013), which pointed out a more intense warming trend

in the north and eastern regions of the state during the warm season.

3.1.2 Minimum temperature

Similarly, Figures 6 and 7 present the projected surface maps of mean minimum temperature in Minas Gerais
by trimester, averaged at the 2011-2040 and 2041-2070 periods. A warming behavior is also projected for
this variable in all regions of the state and for all seasons of the year. Quartely mean minimum temperature
anomalies for the two projected periods during the cold season (March to August) is presented in Figure 8.
It shows a clear W-E gradient, with the highest anomaly values (up to 4°C in 2070) at “Tridngulo Mineiro”
mesoregion. As with maximum temperatures, changes are more intense after 2040.

The clustering of the mesoregions in Minas Gerais, according to their mean minimum temperatures, during
the coldest trimester (July to August), for the two projected periods, is presented in Figure 9. Unlike maximum
temperatures, in this case all the three formed clusters project similar average increases in their mean minimum
temperatures, with positive anomalies ranging from 1.7 to 1.8°C in average for the 2011-2040 period and from
2.5 to 2.7°C for the 2041-2070 period.

It is worth to note that with an average increase of more than 2°C in the minimum temperature of the
coldest trimester in the southern part of the state, the risk of frost in this region is expected to be reduced in

the future, mainly after 2040.

2 According to Bernardes et al. (2012), above 90% of the coffee producing areas in Minas Gerais in 2007 was located at altitudes
between 600 and 1200 meters above sea level (m.a.s.l.).
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Figure 4: Eta-HadCM3-20km climate anomalies by trimester (with respect to 1961-1990 climatology) for mean

maximum temperature (°C) during the warm season in Minas Gerais.
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Period Maximum Anomaly
temperature [°C] [°C]

2011-2040 31.5(1.27) 1.7 (0.25)

2041-2070 33.3 (1.35) 3.5 (0.44)

Standard deviation values in brackets

Period Maximum Anomaly
temperature [°C] [°C]
2011-2040 30.5 (1.44) 1.2 (0.15)
Period Maximum Anomaly 2041-2070 32.0 (1.54) 2.6 (0.32)
temperature [°C] [°C]
2011-2040 28.4 (1.35) 1.0 (0.10)

Standard deviation values in brackets

2041-2070 29.8 (1.44) 2.0 (0.20)

Standard deviation values in brackets

Figure 5: Eta-HadCM3-20km mean maximum temperature projections and their anomalies (with respect to the
1961-1990 climatology) clustered by region in Minas Gerais during the SON trimester. Only pixels at altitudes
between 600 and 1,200 m.a.s.l. were considered.
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Figure 8: Eta-HadCM3-20km climate anomalies (with respect to 1961-1990 climatology) for mean minimum

temperature (°C) during the cold season in Minas Gerais.
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Period Minimum Anomaly
temperature [°C] [°C]

2011-2040 14.9 (0.87) 1.7 (0.18)

2041-2070 15.8 (0.88) 2.5(0.23)

Standard deviation values in brackets

Period Minimum Anomaly
temperature [°C] [°C]

2011-2040 13.6 (0.94) 1.8 (0.17)

Period Minimum Anomaly
temperature [°C] [°C]

2011-2040 12.2 (0.80) 1.7 (0.05)

2041-2070 14.4 (0.98) 2.7 (0.26)
2041-2070 13.0 (0.80) 2.6 (0.07)

Standard deviation values in brackets
Standard deviation values in brackets

Figure 9: Eta-HadCM3-20km mean minimum temperature projections and their anomalies (with respect to the
1961-1990 climatology) clustered by region in Minas Gerais during the JJA trimester. Only pixels at altitudes
between 600 and 1,200 m.a.s.]. were considered.

3.2 Projected Precipitation

Quarterly surface maps of the accumulated precipitation in Minas Gerais, averaged for the 2011-2040 and 2041-
2070 periods, are presented in Figures 10 and 11. A strong NE-SW gradient can be seen in all trimesters, which
becomes more extreme as projected time horizon increases. It is even stronger for the first trimester of the year.
Precipitation anomalies for the two projected periods during the rainy season (October to March), presented in
Figure 12, clearly highlight this gradient, with positive anomalies in southern Minas Gerais, mainly during the
JFM trimester (grain formation period), and strong negative anomalies in the north, being more accentuated
during the OND trimester. For the May to August period (main harvesting period), there are no important
projected changes in precipitation amounts (Figure 13). As in the case of warming, all projected changes in

precipitation are more intense after 2040.

The clustering of mesoregions in Minas Gerais, according to their mean accumulated precipitation by
trimester during the rainy season, in the two projected periods, considering only pixels at altitudes between 600
and 1,200 m.a.s.l., is presented in Figures 14 and 15. Projected drier conditions are much more intense in the
cluster formed by the mesoregions in the north part of the state, where the amount of total precipitation in all

the trimesters is already lower than in other parts of Minas Gerais. In this cluster mean projected decreases in

c/o E.D.E. consulting (affiliate of Hanns R. Neumann Stiftung) e Am Sandtorpark 4 e Coffee Plaza e 20457 Hamburg e Germany
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the accumulated precipitation during the first trimester of the year are of 8.2% and 24.3% for the 2011-2040 and
2041-2070 periods, respectively (when compared to the 1961-1990 climatology). The mean projected decreases
in this cluster for the OND trimester are even higher (17% and 34%, respectively). On the other hand, model
projections in the southern part of the state, which clusters the mesoregions with the highest accumulated
precipitation during the rainy trimesters, suggest a wetter condition, with increases averaging 13.2% and 18.4%,
for the 2011-2040 and 2041-2070 periods, respectively, during the JEM trimester, and with a stabilization in the
precipitation amount accumulated during the OND trimester, where just slight mean increases are projected
(1.3% and 3.3%, in the two projected periods, respectively). A third cluster between these two contrasting
regions is characterized by intermediate levels of mean accumulated precipitation. Climate projections followed

this behavior.

The harvesting period (May to August), is the driest one in Minas Gerais. Clustering results based on the
mean accumulated precipitation during this period (Figure 16) pointed out that in most parts of the state,
including the north, eastern and western regions, average projected anomalies will just be slightly negatives
(less than 20mm up to the 2041-2070 period). In the southern region, positive anomalies of about 30mm are
projected for the 2011-2040 period, with no apparent changes for the 2041-2070 period. However, is not expected
that these small changes will have significant effects on coffee harvesting activities.

Clustering results based on the annual rainfall also followed the general tendency seen by trimester in Minas
Gerais (see Figure 17), that is, more rainfall projected in the south, with average annual increases of 6.8% and
9.7%, respectively for the 2011-2040 and 2041-2070 periods, and a strong decrease in the already drier north
part of the state, averaging 13.3% and 26.9% less rainfall for the two projected periods.

These differences in projected precipitation by region also agree with results based on observed data reported
by Ruiz-Cardenas (2013). They found that total precipitation amount in southern Minas Gerais during the JFM
trimester is nowadyas higher, whilst regions in the north became much more drier during all wet season and
variations during the dry season were small in all regions of the state. This wet-get-wetter and dry-get-drier
response in the south and north parts of the state, respectively, could be physically explained by the named
“rich get richer mechanism” (Chou et al., 2009), which states that under global warming, water vapour in the
atmosphere increases, resulting in enhanced precipitation over wet (ascending) regions and reduced precipitation
over dry (descending) regions. Such changes have been reported in observations and model simulations for several
regions around the world, including the south-east of Brazil (ex., Chou et al., 2013; Greve et al., 2014).
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Figure 12: Mean Eta-HadCM3-20km rainfall anomalies (mm) for the 2011-2040 and 2041-2070 periods, with
respect to 1961-1990 climatology, during the rainy season (October to March) in Minas Gerais.
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Figure 13: Mean Eta-HadCM3-20km rainfall anomalies (mm) for the 2011-2040 and 2041-2070 periods, with
respect to 1961-1990 climatology, during coffee harvesting period (May to August) in Minas Gerais.
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Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040  464.9 (75.5)  -8.2(6.3)

2041-2070  383.2 (73.1) -24.3 (6.5)

Standard deviation values in brackets

= Period Accumulated | Anomaly [%]
" rainfall [mm]
Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040  626.8 (54.1) 4.0 (4.9)
2011-2040  736.9 (46.3) 13.2 (4.1)

2041-2070  588.5 (79.4)

-2.4(9.0)
2041-2070  770.6 (69.4)

18.4 (7.9)

Standard deviation values in brackets
Standard deviation values in brackets

Figure 14: Eta-HadCM3-20km mean accumulated precipitation projections and their anomalies (with respect

to the 1961-1990 climatology) clustered by region in Minas Gerais during the JFM trimester. Only pixels at
altitudes between 600 and 1,200 m.a.s.l. were considered.
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Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040  471.7 (54.3) -17.3 (4.5)

2041-2070 376.4 (58.9)  -34.0 (5.5) %

Standard deviation values in brackets

Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040  576.7 (41.0) -6.0 (3.6)

Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040  638.5 (24.9) 1.3 (4.4)
2041-2070  525.1 (66.6) -14.4 (7.6)

2041-2070  651.6 (51.3) 3.3(8.5)

Standard deviation values in brackets

Standard deviation values in brackets

Figure 15: Eta-HadCM3-20km mean accumulated precipitation projections and their anomalies (with respect
to the 1961-1990 climatology) clustered by region in Minas Gerais during the OND trimester. Only pixels at
altitudes between 600 and 1,200 m.a.s.l. were considered.

L‘,/'u E.D.E. consulting (affiliate of Hanns R. Neumann Stiftung) ¢ Am Sandtorpark 4 e Coffee Plaza e 20457 Hamburg e Germany
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Period Accumulated Anomaly
rainfall [mm] [%]
2011-2040 66.0 (26.4) -10.1 (7.1)

2041-2070 57.3 (23.5) -21.9 (9.0)

Standard deviation values in brackets

1 Period Accumulated Anomaly
Period Accumulated Anomaly rainfall [mm] [%]
rainfall [mm]

0,
[%] 2011-2040 95.3 (27.1) 3.3(7.6)
2011-2040 167.0 (33.6) 24.3 (10.2)
2041-2070 89.5 (28.6) -3.0(9.7)
2041-2070 167.3 (40.1) 24.4 (14.9)

Standard deviation values in brackets
Standard deviation values in brackets

Figure 16: Eta-HadCM3-20km mean accumulated precipitation projections and their anomalies (with respect to
the 1961-1990 climatology) clustered by region in Minas Gerais during the harvesting period (May to August).
Only pixels at altitudes between 600 and 1,200 m.a.s.l. were considered.

L‘,/'u E.D.E. consulting (affiliate of Hanns R. Neumann Stiftung) ¢ Am Sandtorpark 4 e Coffee Plaza e 20457 Hamburg e Germany
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Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040 1081 (129.1)  -13.3(5.7)

2041-2070 911 (133.9) -26.9 (6.2)

Standard deviation values in brackets

Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040 1399 (99.4) -2.7 (3.6)

Period Accumulated | Anomaly [%]
rainfall [mm]

2011-2040 1651 (117.3) 6.8 (4.6)

2041-2070 1318 (151.5) -8.3(7.1)
2041-2070 1695 (173.9) 9.7 (8.1)

Standard deviation values in brackets
Standard deviation values in brackets

Figure 17: Eta-HadCM3-20km annual rainfall projections and their anomalies (with respect to the 1961-1990
climatology) clustered by region in Minas Gerais. Only pixels at altitudes between 600 and 1,200 m.a.s.l. were
considered.

(‘,’,/u E.D.E. consulting (affiliate of Hanns R. Neumann Stiftung) ¢ Am Sandtorpark 4 e Coffee Plaza e 20457 Hamburg e Germany
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3.3 Projected coffee zoning for Minas Gerais

Projected suitability maps for C. arabica and C. canephora in Minas Gerais were derived following the two main
criteria adopted in agricultural zoning studies in Brazil, they are, annual mean temperature and mean annual

water deficit. These criteria have been used in previous zoning studies of arabica coffee in Minas Gerais (ex.,

Sediyama et al., 2001; Assad et al., 2004).

Considering an annual water deficit of 125 mm, Pereira et al. (2008) suggested the following classification

about coffee production suitability in terms of water supply:

Table 1: Suitability conditions for coffee production in terms of water supply.

Annual
water deficit (mm) | Classification

DEF < 150 suitable, no irrigation needed
150 < DEF < 200 | marginal suitability, corrective irrigation will be needed sometimes
DEF > 200 unsuitable, irrigation will be needed most of the time.

Suitable ranges of annual mean temperature for arabica and robusta coffee were also suggested by Pereira

et al. (2008) and Camargo (2010) as follows:

Table 2: Suitability conditions for C. arabica and C. canephora according to the annual mean temperature

criterion.

Classification | Annual mean temperature (°C)
C. arabica C. canephora
unsuitable < 17 <20
marginal 17 - 18 20 - 22
suitable 18 - 23 22 - 26
marginal 23-24 26 - 27
unsuitable > 24 > 27

Mapping results are firstly presented for each criteria separately, followed by coffee suitability maps that

combine both criteria.

The projected surface maps for annual mean temperature in Minas Gerais averaged at the 2011-2040 and
2041-2070 periods, as well as for their anomalies (related to the 1961-1990 climatology) are presented in Figures
18 and 19. Clustering of mesoregions according to this variable is also shown in Figure 20. As in the case of
quarterly minimum/maximum temperatures shown above, warming of annual mean temperatures is projected
to be more intense in the north and eastern regions of the state, averaging increases of 1.7°C and 3°C for the

two projected periods, respectively, in the cluster formed by these regions. Projected warming in the other
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regions would reach 1.5 and 2.5 in average for the same two periods. However, the cluster formed by “Sul de
Minas” “Campo das Vertentes” and “Zona da Mata” mesoregions, would still be considered a suitable area for
arabica production in terms of annual mean temperature (< 23°C), even after this warming. On the other
hand, warming experienced during the first projected period (2011-2040) would be enough to let the north and
eastern regions with the status of unsuitable regions, with the situation being worst in the 2041-2070 period
(Figure 21). Regarding C. canephora, it can be seen a projected trend of inversion in the areas considered
as suitable/unsuitable for production of robusta coffee in Minas Gerais, in terms of annual mean temperature
(Figure 22), with current suitable areas in the north and north-west regions of the state becoming unsuitable in
the 2041-2070 period, at the same time that suitable areas for C. canephora are projected to increase in regions

of southern Minas Gerais that are currently classified as suitable for arabica production.

The projected water balance in Minas Gerais was calculated following Thornthwaite’s methodology (Thorn-
thwaite, 1955), assuming an available water capacity of 125 mm for all regions of the state. Figure 23 presents
projection maps for the water deficit (defined as the difference between precipitation and potential evapotran-
spiration), which were derived from the water balance, and yearly averaged for the 2011-2040 and 2041-2070
periods. Projected anomalies and regional clustering for this variable are also shown in Figures 24 and 25. The
main coffee producing region in Minas Gerais, which includes the mesoregions at the southern part of the state
and “Zona da Mata”, was the least affected by the projected decrease in available water. In this region the mean
annual water deficit is expected to keep below the suitability threshold of 150mm, even in 2070. For the rest of
the state projections suggest that water requirements for coffee production could only be supplied by irrigation.

This situation is even more critical in the north and north-east regions.

The combination of the above criteria (annual mean temperature and annual mean water deficit) yielded
the projected coffee sutability maps for C. arabica and C. canephora in Minas Gerais for the 2011-2040 and
2041-2070 periods presented in Figures 26 and 27. It can be seen that coffee zoning is largely dominated by
mean temperature restrictions, assuming that irrigation would be available in regions with more than 150mm
of mean annual water deficit, as is currently the case of virtually all coffee areas in the north and western
Minas Gerais. According to these results, the current main arabica coffee production areas in Minas Gerais, at
Triangulo Mineiro, Sul de Minas, Campo das Vertentes, Oeste de Minas and Zona da Mata mesoregions, would
keep their status of suitable coffee producing areas up to 2040. For the 2041-2070 period, projected suitability

for arabica production becomes more restricted but it still covers a significant part of these areas.

Outputs from the Eta-HadCM3-20km model allowed a detailed analysis of the projected climate behavior in
Minas Gerais at the regional level, without relying on downscaling techniques (usually used to improve resolution
of coarser climate models), which could generate additional uncertainty to model projections. To the best of
our knowledge, the 20-km resolution used in this study is the highest one used in long term runs of a climate
model considered in future coffee zoning studies for Minas Gerais. An early work by Assad et al. (2004), based
on results of the Third IPCC assessment report, simulated the effect of increases of 1°C, 3.5°C and 5.8°C in
current annual mean temperatures and a constant increase of 15% in precipitation levels, to derive projected
coffee suitability maps for Minas Gerais. There was no a climate model involved in this study. Instead, their
work was based on high resolution interpolation of the parameters of interest. Projected suitability for C.
arabica and C. canephora cultivation in Brazil for 2080, under a A2 scenario was also assessed by Alves et al.
(2013, Figs 7 and 12), based on the downscaling of global model CCMA (Flato et al., 2000) to a high resolution
grid. These previous studies also presented results for Brazil or for Minas Gerais as a whole. Our study, besides
performing coffee zoning using a regional model with the best available resolution, also details projected climate
behavior for the different regions of the state, with focus on specific periods of the year that are important for

coffee from a phenological point of view.
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Figure 18: Eta-HadCM3-20km climate projections for annual mean temperature (°C) in Minas Gerais.
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Figure 19: Eta-HadCM3-20km climate anomalies (with respect to 1961-1990 climatology) for annual mean

temperature (°C) in Minas Gerais.
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Period Annual mean Anomaly
temperature [°C] [°C]

2011-2040 24.2 (0.88) 1.7 (0.11)

2041-2070 25.5 (0.96) 3.0 (0.21)

Standard deviation values in brackets

Period Annual mean Anomaly
temperature [°C] [°C]
2011-2040 22.8 (0.71) 1.5 (0.05)
Period Annual mean | Anomaly 2041-2070 23.9 (0.75) 2.6 (0.11)
temperature [°C] [°C]

2011-2040 21.9 (0.91) 1.5 (0.05)

Standard deviation values in brackets

2041-2070 22.9 (0.93) 2.5(0.09)

Standard deviation values in brackets

Figure 20: Eta-HadCM3-20km annual mean temperature projections and their anomalies (with respect to the
1961-1990 climatology) clustered by region in Minas Gerais. Only pixels at altitudes between 600 and 1,200

m.a.s.l. were considered.

L‘,/'u E.D.E. consulting (affiliate of Hanns R. Neumann Stiftung) ¢ Am Sandtorpark 4 e Coffee Plaza e 20457 Hamburg e Germany
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Figure 21: Suitability map for C. arabica production in Minas Gerais according to Eta-HadCM3-20km annual
mean temperature projections (°C). Suitable: 18 — 23 °C'; marginal: 23 — 24 °C; unsuitable: less than 18°C' or
more than 24°C.



coffee &climate

enabling effective response

| |
(C)_1961-1990

28

26

()
e
2 (A)_2011-2040 (B)_2041-2070
g
- 20
B - 18
T T T T T T —- 16
-50 -48 -46 -44 -42 -40
Longitude

Figure 22: Suitability map for C. canephora production in Minas Gerais according to Eta-HadCM3-20km annual
mean temperature projections (°C). Suitable: 22 — 26 °C’; marginal: 20 — 22 °C or 26 — 27 °C’; unsuitable: less
than 20°C' or more than 27°C.
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Figure 23: Eta-HadCM3-20km climate projections for mean annual water deficit (AWD) in Minas Gerais,
expressed in mm, averaged at the 2011-2040 and 2041-2070 periods. Dark green pixels indicate areas with less
than 150mm of projected AWD. Results based on model runs for the 1961-1990 climatology are included as a

reference.
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Figure 24: Eta-HadCM3-20km anomalies for the annual mean water deficit in Minas Gerais, expressed in mm,
averaged at the 2011-2040 and 2041-2070 periods (with respect to the 1961-1990 climatology).
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Period Annual water Anomaly
deficit [mm] [mm]
2011-2040 -332.9(96.9)  -153.5 (45.1)

2041-2070 -566.3 (173.2) -386.9 (123.7)

Standard deviation values in brackets

Period Annual water
deficit [mm]
deficit [mm] [mm] 2041-2070 -317.8 (112.0) -193.8 (76.4)

2011-2040  -69.5(50.9) -27.5(22.9) Standard deviation values in brackets

2041-2070 -103.8 (74.2)  -61.8 (45.7)

Standard deviation values in brackets

Figure 25: Eta-HadCM3-20km mean annual water deficit projections and their anomalies (with respect to the
1961-1990 climatology) clustered by region in Minas Gerais. Only pixels at altitudes between 600 and 1,200

m.a.s.l. were considered.
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Figure 26: Projected suitability maps for C. arabica in Minas Gerais according to both, annual mean temperature
and annual mean water deficit criteria from the Eta-HadCM3-20km model run under a SRES A1B scenario.
Suitable: 18 — 23 °C' and less than 150mm; marginal: 18 — 24 °C and more than 150mm or 23 — 24 °C' and less
than 150mm; unsuitable: less than 18°C or more than 24°C, and more than 150mm.
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Figure 27: Projected suitability maps for C. canephora in Minas Gerais according to both, annual mean tem-
perature and annual mean water deficit criteria from the Eta-HadCM3-20km model run under a SRES A1B
scenario. Suitable: 22 — 26 °C' and less than 150mm; marginal: 20 — 27 °C' and more than 150mm, or 20 — 22
°C and less than 150mm, or 26 — 27 °C' and less than 150mm; unsuitable: less than 20°C' or more than 27°C,

and more than 150mm.
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4 Final remarks

Outputs from the Eta-HadCM3-20km model used in this study allowed a detailed analysis of the projected
climate behavior in Minas Gerais at the regional level for the 2011-2040 and 2041-2070 periods, with focus on
specific periods of the year that are important for coffee from a phenological point of view. Climate anomalies
were also quantified and clustered according to the intensity of future changes by region. Finally, projected

suitability maps for C. arabica and C. canephora in Minas Gerais were constructed.

Warming is projected for all regions of Minas Gerais and for all seasons of the year. Changes in maximum
temperatures will be more accentuated during the warm season (September to February). Particularly, areas
with very high temperatures are projected to increase dramatically in the north and western regions of the state
during the main coffee flowering period (September to November), with expected consequences such as more
frequent problems of abortion of flowers due to heat stress. Due to a projected average increase of more than
2°C in the minimum temperature of the coldest trimester (July to August) in southern Minas Gerais, the risk

of frost in this region is expected to be reduced in the future, mainly after 2040.

Regarding precipitation, the projected wet-get-wetter and dry-get-drier response in the south and north
parts of the state, respectively, agrees with previous results based on historical observed data (Ruiz-Cérdenas,
2013). Positive rainfall anomalies are projected in southern Minas Gerais during the grain formation period
(January to March). In contrast, drier conditions are expected in the north during all rainy season (October to

March), affecting the normal development of fruits. All changes are more intense after 2040.

Although the projected mean annual water deficit is expected to keep below the suitability threshold of
150mm in coffee areas of southern Minas Gerais and “Zona da Mata”, the need for irrigation in the rest of the

state, due to intense water deficit, represents a challenge.

It is worth to note that the projected coffee zoning results found here (Figures 26 and 27) apply in a scenario
where no measures were taken to respond to the effect of climate change and following the current conditions
for coffee cultivation in the state. However, several actions are plausible to attenuate these effects, such as the

use of new varieties with enhanced tolerance to heat and water stress, shade trees, mulching, among others.

It is necessary to study in deep the implications that the projected changes in climate found in this study
would have on the coffee areas of Minas Gerais, particulary in topics like increase/decrease in levels of pests

and diseases, effects on the quality of produced coffee, among others. This will be the subject of a future study.

One limitation of the present study is the use of a single run of the climate model and the consideration
of only one future scenario (A1B). However, projected results were in agreement with observed trends in local
climate, verified through the last five decades, which add some level of confidence to the climate projections

used here.



coffee &climate

enabling effective response

References

Alves, M.C., Silva, F.M., Sanches, L., Carvalho, L.G., Aratjo, G., Ferraz, S. (2013) Geospatial analysis of

ecological vulnerability of coffee agroecosystems in Brazil. Applied Geomatics 5, 87-97.

Assad E.D., Pinto H.S., Zullo J. Jr., Avila A.M.H. (2004) Impacto das mudangas climaticas no zoneamento
agrocliméatico do café no Brasil. Pesquisa Agropecudria Brasileira, 39, 1057-1064.

Bernardes, T., Moreira, M.A., Adami, M., Rudorff, B.F.T. (2012) Diagndstico fAsico-ambiental da cafeicultura
no estado de Minas Gerais - Brasil. Coffee Science, 7, 139-151.

Boé, J., Terray, L., Habets, F., and Martin, E. (2007) Statistical and dynamical downscaling of the Seine basin
climate for hydro-meteorological studies. International Journal of Climatology, 27, 1643-1655.

Camargo, A.P.; Camargo, M.B.P. (2001) Definigdo e esquematizagao das fases fenolégicas do cafeeiro ardbica
nas condigoes tropicais do Brasil. Bragantia, 60, 65—68.

Camargo, M.B.P. (2010) The impact of climatic variability and climate change on arabic coffee crop in Brazil.
Bragantia, 69, 239-247.

Carr, M.K.V. (2001) The water relations and irrigation requirements of coffee. Ezperimental Agriculture, 37,
1-36.

Chou, C., Neelin, J.D., Chen, C.A., Tu, J.Y. (2009) Evaluating the “Rich-Get-Richer” Mechanism in Tropical
Precipitation Change under Global Warming. Journal of Climate, 22, 1982-2005.

Chou, C., Chiang, J.C.H., Lan, C.W., Chung, C.H., Liao, Y.C., Lee C.J. (2013) Increase in the range between

wet and dry season precipitation. Nature Geoscience, 6, 263-267.

Chou, S.C., Bustamante, J.F., Gomes, J.L. (2005) Evaluation of Eta Model seasonal precipitation forecasts over
South America. Nonlinear Processes in Geophysics, 12, 537-555.

Chou, S.C., Marengo, J.A., Lyra, A.A., Sueiro, G., Pesquero, J.F., Alves, L.M., Kay, G., Betts, R., Chagas,
D.J., Gomes, J.L., Bustamante,J.F., Tavares, P. (2012) Downscaling of South America present climate driven
by 4-member HadCM3 runs. Climate Dynamics, 38, 635—653.

Collins M., Tett S.F.B., Cooper C. (2001) The internal climate variability of a HadCM3, a version of the Hadley

centre coupled model without flux adjustments. Climate Dynamics, 17, 61-81.

CONAB (2015) Acompanhamento da Safra Brasileira — Café. Safra 2015 primeiro levantamento,
Janeiro/2015. Companhia Nacional de Abastecimento — CONAB. Brasilia, 41p. Available at:
http://www.conab.gov.br/0lalaCMS/uploads/arquivos/15_01_14_11_57_33_boletim_cafe_janeiro_2015.pdf

Flato G.M., Boer G.J., Lee W.G., McFarlane N.A., Ramsden D., Reader M.C., Weaver A.J. (2000) The Canadian
centre for climate modelling and analysis global coupled model and its climate. Climate Dynamics, 16, 451—
467.

Gordon, C., Cooper C., Senior C.A., Banks H., Gregory J.M., Johns T.C., Mitchell J.F.B., Wood R.A. (2000)
The simulation of SST, sea ice extents and ocean heat transports in a version of the Hadley Centre coupled
model without flux adjustments, Climate Dynamics, 16, 147-168.

Greve, P., Orlowsky, B., Mueller, B., Sheffield, J., Reichstein. M., Seneviratne, S.I. (2014) Global assessment of

trends in wetting and drying over land. Nature Geoscience, 7, 716-721.



coffee &climate

enabling effective response

Gudmundsson, L. (2014) gmap: Statistical transformations for post-processing climate model output. R package

version 1.0-3. http://CRAN.R-project.org/package=qmap

IPCC (2000) Special report on emissions scenarios. Nebojsa Nakicenovic and Rob Swart (Eds.). Cambridge
University Press, UK. pp 570.

IPCC (2014) Summary for policymakers. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability.
Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D.
Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N.
Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, pp. 1-32.

Marengo J.A., Ambrizzi T., Rocha R.P., Alves ..M., Cuadra S.V., Valverde M.C., Ferraz S.E.T., Torres R.R.,
Santos D.C. (2010) Future change of climate in South America in the late XXI century: intercomparison of

scenarios from three regional climate models. Climate Dynamics, 35, 1073—1097.

Marengo, J.A., Chou, S.C., Kay, G., Alves, L.M., Pesquero, J.F., Soares, W.R., Santos, D.C., Lyra, A.A., Sueiro,
G., Betts, R., Chagas, D.J., Gomes, J.L., Bustamante,J.F., Tavares, P. (2012) Development of regional future
climate change scenarios in South America using the Eta CPTEC/HadCM3 climate change projections:
climatology and regional analyses for the Amazon, Sdo Francisco and the Parand River basins. Climate
Dynamics, 38, 1829-1848.

Mesinger, F., Janjic, Z.1., Nickovic, S., Gavrilov, D., Deaven, D.G. (1988) The step-mountain coordinate: Model
description description and performance for cases of Alpine lee cyclogenesis and for a case of Appalachian
redevelopment. Monthly Weather Review, 116, 1493-1518.

Pereira, A.R.; Camargo, A.P.; Camargo, M.B.P. (2008) Agrometeorologia dos cafezais no Brasil. Campinas:
Instituto Agronémico, 127p.

R Development Core Team (2014) R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. ISBN: 3-900051-07-0. URL: http://www.R-project.org.

Reichler, T., and J. Kim, 2008: How Well Do Coupled Models Simulate Today’s Climate?. Bulletin of the
American Meteorological Society, 89, 303-311.

Ruiz-Cédrdenas, R. (2013) Climate change assessment for Minas Gerais — Brazil with emphasis on coffee areas:
Part T — Recent past (from 1960 to 2011). Technical Report produced for the Coffee & Climate Initiative,
E.D.E. Consulting, Hamburg, 61p. Available at: http://wuw.coffeeandclimate.org/findings.html

Sediyama, G.C., Melo Jr., J.C.F., Santos, A.R., et al. (2001) Zoneamento agroclimatico do cafeeiro (Coffea

arabica L.) para o Estado de Minas Gerais. Revista Brasileira de Agrometeorologia, 9, 501-509.

Thornthwaite, C.W., Mather, J.R. (1955) The water balance. Centerton, NJ: Drexel Institute of Technology -
Laboratory of Climatology, 104p. (Publications in Climatology, vol. VIII, n.1)

Viola, M.R., Mello, C.R., Chou, S.C., Yanagi, S.N., Gomes, J.L. (2014) Assessing climate change impacts
on Upper Grande River Basin hydrology, Southeast Brazil. International Journal of Climatology, DOI:
10.1002/joc.4038



coffee &climate

enabling effective response

A Appendix

Tables 3 to 9 detail Eta-HadCM3-20km model projections and its anomalies for all the variables analysed,
summarized by each of the 12 mesoregions in Minas Gerais, as defined in Figure 28.

1- Campo das Vertentes
2- Central Mineira
3- Jequitinhonha
4- metropolitana de Belo Horizonte
5- Noroeste de Minas
6- Norte de Minas
7- Oeste de Minas
8- Sul/Sudoeste de Minas
9- Triangulo Mineiro/Alto Paranaiba
10- Vale do Mucuri
11- Vale do Rio Doce
12- Zona da Mata

Figure 28: Mesoregions of Minas Gerais according to IBGE.
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