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Abstract

A Climate Change Index (CCI) was designed to assess the degree of susceptibility to the climatic
extremes projected for the future. Climate projections for the period 2041-2070 are extracted
from the numerical integrations of INPE’s Eta-HadCM3 model, using the SRES A1B emissions sce-
nario. Five indicators were chosen to represent the climatic extremes: Total annual precipitation,
precipitation on the days of heavy rain, the maximum number of consecutive dry days in the year
and the annual mean maximum and mean minimum temperatures. The methodology was applied
to the state of Parana. The results point to a very strong warming in 99% of the municipalities,
with temperature increases between 6 and 8 times greater than the variance observed in the
present climate. On the other hand, projections of precipitation do not indicate major changes in
relation to present behavior.
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1. Introduction

The results of the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change [1] for
South America indicate that the number of cold days and nights has been decreasing and the number of warm
days and nights has been increasing since 1950. Positive tendencies in the frequency of occurrence and duration
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of heat waves, as well as in the amount of rain associated with extreme events are observed in more areas than
negative trends. Unfortunately such results are of medium confidence due to insufficient data and studies in the
region. For North America, Central America, Europe and Mediterranean results are more conclusive and show
with high confidence the unequivocal warming. According to the IPCC, the air temperature at the surface (ocean
and continent) measured globally increased by 0.85°C over the period 1880-2012.

In this paper, some of the indicators of climatic extremes presented by the IPCC are used to compose the
proposed Climate Change Index (CCI) whose objective is to indicate the degree of future susceptibility to cli-
matic extremes in a given region. The CCI, along with other indices of biophysical susceptibility and socioeco-
nomic vulnerability is used to comprise the synthesized Vulnerability Index (V1) for climatic extremes [2]. The
VI seeks to identify vulnerabilities to climatic extremes of different dimensions that make certain regions sus-
ceptible to the impacts of climate change, with possible future exacerbations beyond what is happening at present.

The methodology used to construct the CCI reflects in a great extend the methodology used in the report
“Map of the Vulnerability of the People of the State of Rio de Janeiro to the Impacts of Climate Change upon
Social, Health and Environmental Areas” authored by FIOCRUZ and SEA-RJ 2011 [3]. In this report mean
values of air temperature and precipitation are used. The present research opted for five indicators of climatic
extremes as opposed to averages, since studies have shown an amplification of extremes in recent decades, de-
spite the fact that climatological mean values have suffered little change [4]. Moreover, changes in extremes, as
pointed out by the [1], have a much bigger impact on society and ecosystems in general than the increase in av-
erage values [5]-[7].

The proposed methodology is applied to the state of Parand, which was initiated by the study on the detection
of climate change, considering indicators of climatic extremes from observational data from the Agronomic In-
stitute of Parana [8].

The methodology and data used to calculate the CCI are given in Section 2; the results of applying the me-
thodology to the state of Parana are presented in Section 3; and the conclusions in Section 4.

2. Data and Methodology
2.1. Simulations from the Eta-HadCM3 Model

The meteorological data for the calculation of indicators of climatic extremes used to construct the CCI are ob-
tained from simulations from the Eta regional model with horizontal resolution of 40 km by 40 km. The regional
Eta model [9] was nested inside the HadCM3 global coupled model [10]. This downscaling of global model si-
mulations of the HadCM3 Eta model for South America will be called Eta-HadCM3. For present climate condi-
tions (1961-1990) the CO, concentration was considered to be 330 ppm, and for the future (2041-2070) climate,
the emission scenario from the A1B Special Report on Emission Scenarios was used-SRES [11]. Four integra-
tions were made with the Eta-HadCM3, generated from perturbations of the physics of the HadCM3 model.
Among these four runs two were used in this study, one member (or scenario) which showed the highest climate
sensitivity at the end of the century, to be referred to here as “high”, and another member which had the lowest
climate sensitivity, to be called “low”. The climate sensitivity is based on the change in global temperature. The
use of these two runs was an attempt to span the possible variations that the HadCM3 model produced in its
global simulations. According to [12], although the four runs all correspond to the A1B emission scenario, the
projections of temperature increase resulting from each of the runs show similarities to increases characteristic
of scenarios of low (B1) and high emission (A2 or A1FI).

Reference [13] evaluated the simulations of the Eta-HadCM3 model for South America and showed good
agreement between the simulations of the present climate and the observational data, suggesting adequacy of the
model for studies of climate change in South America.

Reference [12] evaluated the climate projections of the Eta-HadCM3 model for South America for the future
climate. The projections indicate a strong warming (between 4°C and 6°C) on the South American continent and
strong reductions of rainfall in Amazonia and Northeast Brazil (reaching up to 40% compared to the present).
All model projections point to more intense changes after 2041, indicating a drier and warmer climate in the ba-
sins of the Amazon, S&o Francisco and Parana rivers, with small changes in precipitation for the last of these.

The variables used for the calculation of indicators of climatic extremes—air temperature every 6 hours and
daily precipitation—are extracted from each of the 216 gridpoints of the Eta-HadCM3 model simulations over
Paran4, with each point covering 40 x 40 km? of the territory of this state, as shown in Figure 1.
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Figure 1. Model topography for the Eta-HadCM3 over the state of Parana. The value shown in the
center of each square represents the mean altitude (m) in the model grid box.

For each model grid point, the indicators of climatic extremes are calculated for air temperature and precipita-
tion from the present climate (1961-1990) and the future climate (2041-2070), for the “high” and “low” mem-
bers. The choice of a future period at an intermediate distance between 2011 and 2099 is due to the fact that, a
future that is too distant, such as 2100, makes things more difficult for political decision-makers trying to grasp
such a time span.

2.2. Indicators of Climatic Extremes

In the present research, five indicators of climatic extremes were selected from among those developed by the
Expert Team on Climate Change Detection Monitoring and Indices (ETCCDMI), established by the Commis-
sion for Climatology of the World Meteorological Organization (WMO) and by the CLIVAR Climate Variabil-
ity and Predictability Program to make viable a global analysis of climate extremes.

The five indicators of climatic extremes used in this research are: annual rainfall totals for rainy days, i.e.,
days when rainfall is greater than or equal to 1 mm (PRCPTQOT, in mm); total annual rainfall on days when rain-
fall is greater than that of the 95th percentile of the rainy days (R95p, in mm); maximum number of consecutive
dry days for the year, that is, the days on which rainfall is less than 1 mm (CDD, in days) and annual mean maxi-
mum (TMAXmean) and minimum (TMINmean) temperatures, in degrees Celsius. These indicators are gener-
ated with the aid of the RClimdex program [14], formulated in Canada and designed specifically to calculate
climatic extremes.

2.3. Climatic Anomalies of Temperature and Precipitation

The term “climatic anomaly” as used in this study is the absolute difference of the changes projected by the
model for the future climate relative to its current climate. The outputs of the program RClimdex provide an
annual value for each of the five indicators analyzed. Initially obtained for each grid point are the average values
of the present (1961-1990) and future (2041-2070) period for PRCPTOT, R95p, CDD, TMAXmean and TMIN
mean. Next we compute the “anomalies” as shown in Equation (1), obtaining the value of APRCPTOT, AR95p,
ACDD, and ATMAXmean and ATMINmean at each grid point in the model.
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AEXT = EXT (2041-20170) — EXT (1961-1990) (1)

where AEXT represents the anomaly of the indicator of a climatic extreme and the bar represents the mean val-
ue of EXT in the period considered.

In addition to calculating climatic anomalies as described in Equation (1), we proceeded to normalize them,
i.e., the “climatic anomalies” were also divided by their respective standard deviations (Equation (2)) calculated
from the present climate. The “normalized climatic anomaly” (Equation (3)) reflects more effectively the impact
of future climate change in relation to the present climate. In other words, the degree of stress due to a future
climate change depends on the variability experienced in the present climate. This interpretation of “standard
climatic anomaly” leads to the inference that the greater the present variability (standard deviation), the less the
effect of stress felt due to future variation, because it is expected that populations and ecosystems would al-
ready be accustomed to the variability in a given phenomenon, and therefore are already adapted to it.

N 2 2
> (EXT, —EXT)
DPEXT =| = N (2)
AEXT, = AEXT (3)
IDEXT

where N is the total number of years, EXT are the values of the indicators of climatic extremes (PRCPTOT,
R95p, CDD, TMAXmean and TMINmean) for each year (j), DPexr is the standard deviation of the indicator
of climatic extreme and AEXT, is the normalized anomaly of the indicator of the climatic extreme.

Despite the advantages of standardization as described above, the analyses related purely to “climatic anoma-
lies” (without normalization) are maintained here in order to stress the absolute magnitude of the changes pro-
jected for the future (2041-2070) in relation to the present (1961-1990) for air temperature and precipitation.

2.4. Normalized Climatic Anomalies

After the calculation of the “normalized climatic anomalies” for each indicator of an extreme at each grid point
in the state of Parana, these are divided into classes. The division into classes considers the lowest and highest
value of the “normalized anomalies” of the five indicators of extremes obtained at all model grid points for each
of the two members, “high” and “low”. For each of the classes a score is assigned ranging from 0 to 1, with a
score of 0 attributed to the smallest and 1 to the largest with respect to the standard deviation.

In order to obtain the indicators of normalized climatic extremes for each of the 399 municipalities in the state
of Parana, the Grid Analyst ArcGIS 10.1 program was used, with the aid of the Extract Value Grid with Polygon
command. The polygon in this case is the geographic representation of each municipality that is superimposed
on the contours resulting from the interpolation of the grid data. This process of “municipalization” generates for
each municipality in Parana a normalized anomaly indicator for each of the five chosen parameters.

The Climate Change Index (CCI) is represented by the highest score of the class of anomalies among the five
indicators of climate extremes for the “high” and “low” members, as shown in Equation (4). This is achieved
with the understanding that when one of the variables under analysis presents a significant climatic anomaly, be
it temperature, precipitation or drought stress, this is sufficient to characterize the susceptibility to future climate
change, so that the calculation of the average anomalies cannot mischaracterize the intensity of anomalies and
underestimate important critical aspects.

CCl=MAX - Nota[APRCPTOTn,AR95pn , ATMAXmeann,ATMINmeann] 4)

3. Results for the State of Parana

In this section the methodology proposed for the calculation of the CCl is presented for the state of Parana. The
results and maps obtained give indications of the anomalies of the climatic extremes in the state for the “high”
member, projected for the period 2041-2070. Initially, the distribution of the anomalies of the climatic extremes
associated with precipitation and air temperature is analyzed.
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3.1. Spatial Distribution of the Extremes of Precipitation

In Figures 2-4, the anomaly strips are shown for the indicators of climatic extremes of precipitation, which in-
cludes APRCPTOT, AR95P and ACDD, for the “high” member. It is noted on the maps of APRCPTOT and
R95p a similar pattern of anomaly, with increased rainfall in almost the entire region studied, intensifying from
north to south in the state. The total annual rainfall on wet days (PRCPTOT) projected from 2041 to 2070 (rela-
tive to 1961-1990) shows an average increase ranging from 15 mm in the north to 466 mm in the south, includ-
ing the coast. In regard to ACDD higher values can be seen, indicating dry periods that are longer in the north-
east but fall off towards the southwest coast of the state. In the northeast of the state it is projected for 2041-
2070 an average increase of about 7 days in the duration of periods of consecutive dry days.

3.2. Spatial Distribution of the Extremes of Temperature

For the extremes of temperature (ATMAXmean and ATMINmean), a projection of warming throughout the
state is noted, with the largest increases of temperature in the northeast, approximately 4°C in the “high” mem
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Figure 2. Spatial distribution in the state of Parana of the APRCPTOT (mm)
projected for 2041-2070 in the “high” member.
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ber, decreasing in the direction of the coast. This indicates that the present-day rate of increase of TMAXmean
and TMINmean, which is statistically significant at +0.02°C/year [8], will be intensified in the future.

3.3. Analysis of the CCI at the State Level

In order to facilitate the interpretation of the CCl, the predominant anomalies were grouped into three categories:
1) precipitation anomaly, grouping the anomalies of APRCPTOT and AR95p; 2) anomaly of hydrologicstress,
which is the same as the anomaly ACDD; and 3) temperature anomaly, composed of the maximum (ATMAX-
mean) and minimum (ATMINmean) temperature anomalies.

Table 1 shows the average for each indicator of extreme climate throughout the state of Parana from its nor-
malized anomalies. We note that with the normalization of extreme weather anomalies projected for 2041-2070,
the prevailing anomaly happens to be, for the most part, related to extremes of temperature, with the minimum
temperature ( ATMin,,) having the greatest influence. The temperature anomaly ( ATMax,, and ATMin,) in
the municipalities was significantly larger than all the weather extremes analyzed. For the “high” scenario the
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Table 1. Means of the indicators of climatic extremes and their respective standard deviations in the high and low members
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CDD (days)
low 8.1 0.91 0.09
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high 0.48 3.25 6.79
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Mean of the standard deviations

Mean of the anomaly (A) of climatic extreme

Mean of the




M. Y. Chang et al.

projected ATMINmean is 6.79 times larger than its standard deviation in the present climate, while all the mean
precipitation anomalies, whether in the “high” or “low” scenario, had values below 1, indicating impacts of little
relevance. In other words, the expected future precipitation variability is current already.

The distribution of the number of municipalities in Parana in each score class is shown in Table 2, where it
can be seen that even in the “low” scenario the scores are greater than 0.4 and in the “high” scenario 98% of the
scores are concentrated between 0.8 and 1.

The maps of the normalized anomalies of climatic extremes in the “high” member are shown in Figure 5, ex-
cept for AR95p, and ATMINmean, which were omitted because of no indications of large variations in their
spatial patterns. ATMINmean, values (figure not shown) are very high in almost the entire state, with scores in
the class 0.8 - 1.0, except only around the municipality of Telémaco Borba in the Serra do Cadeado, where the
class is slightly lower, between 0.6 and 0.8. Regarding ATMAXmean, (Figure 6), most of the municipalities
show strong anomalies (scoring at 0.6 to 0.8), with a group of 16 municipalities in the far Central-South region
showing very strong anomalies (score at 0.8 to 1).

With regard to the three indicators analyzed that characterize extremes precipitation, APRCPTOT, ,
AR95p, and ACDD,,, all are low or moderately low in most part of the state. APRCPTOT, shows a group
of municipalities with moderately low index, between 0.2 and 0.4, located in the Southeastern region and some
municipalities in the far Southwest of the state (see Figure 7). AR95p showed low intensity (score 0 to 0.2). As
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Figure 5. Map of Climate Change Index in the “high” member in the state of
Parana.

Table 2. Means of the indicators of climatic extremes and their respective standard deviations in the high and low members
for the state of Parana.

CClI
ngo {ﬁecgésl(:s Multiples of standard deviation “high” “low”
No. of municipalities
>01t0<0.2 —0.7t01.7 0 0
>0.2t0<04 1.7t03.7 0 0
>0.4t0 <0.6 3.7t05.0 0 182
>0.6 t0 <0.8 5.0t06.6 5 217
>0.8t0<1.0 6.6 t0 8.2 394 0
Total 399 399
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for ACDD, this also showed a group of municipalities with moderately low index in the class from 0.2 to 0.4,
also located in the Eastern region of the state, excluding the municipalities at the coast at the Serra do Mar (Fig-
ure 8).

Superposing the maps of ACDD, (Figure 8) and APRCPTOT, (Figure 7) it can be observed that there
is a subgroup of 47 municipalities in the south/southeast that is prominent in changing the distribution of preci-
pitation, showing an increase in PRCPTOT as well as in CDD, albeit with moderately low intensity (Figure 9).
In other words, these municipalities will experience a major shift in the distribution of rainfall, with greatest to-
tal annual rainfall and longer dry periods in the future (Figure 9). The municipalities have values of APRCPTOT
between 0.4 and 0.6 and ACDD between 0.2 and 0.4.

Table 3 groups the municipalities by class of scores of standardized climatic extremes.

It appears that in general, the effects of anomalies related to rain (APRCPTOT,, AR95p,, and ACDD,)
are of little importance in most municipalities, concentrated as they are in the lowest class of scores (i.e., 0 to 0.2)
of low intensity. This is due to the fact that the projected magnitude of the anomaly of precipitation extremes fits
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Table 3. Number of municipalities by classes of normalized climatic extremes in the municipalities of the state of Parana.

Classes of scores of
normalized climatic
extremes

>0t0<0.2
>0.2t0<0.4
>0.4 10 <0.6
>0.6 0 <0.8
>0.8t0<1.0
Total

Indicators of anomalies of normalized climatic extremes

APRCPTOT, AP95p, ACDD, ATMax, ATMin,
high low high low high low high low high low
Number of municipalities
308 357 399 399 342 399 0 0 0 0
91 42 0 0 57 0 0 394 0 0
0 0 0 0 0 0 9 5 0 182
0 0 0 0 0 0 374 0 5 217
0 0 0 0 0 0 16 0 394 0
399 399 399 399 399 399 399 399 399 399
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within the respective standard deviation of the precipitation extreme of the present climate.

Table 3 shows that the greatest susceptibility to future climate change will most likely fall on the minimum
temperature, with 394 municipalities (99%) having a very intense anomaly (ATMin, in the *high” member)
with maximum score between 0.8 and 1, corresponding to an increase in the minimum temperature of 6 to 8
times the present-day standard deviation of minimum temperature.

The second largest anomaly is very likely to be the maximum temperature (also in the high member) where
16 municipalities have a very intense anomaly, with maximum score from 0.8 to 1 and 374 municipalities (94%)
characterized as intense, with a relatively high score, between 0.6 and 0.8, which corresponds to a maximum
temperature increase of 5 to 6 times the standard deviation of maximum temperature experienced at present.

It should be emphasized that it was established in the methodology of the CCI that if the municipality exhibits
only one of the indicators of elevated climatic anomaly, this is sufficient to characterize it as susceptible to a fu-
ture climatic anomaly. Consequently, it is concluded that virtually all municipalities in the state will be suscepti-
ble to climate change due to their susceptibility to anomalies of maximum and minimum temperatures prevailing
in the case of high sensitivity to emissions of greenhouse gases from the A1B scenario.

3.4. Analysis of Radar Charts of CCI

The Climatic Change Index (CCI) is calculated for each municipality, where the analysis of the five climate ex-
treme indicators jointly makes apparent the profile of the intensity of the projected anomalies. Figure 10 below
is an example of a “radar” chart analysis for the municipality of Unido da Vitéria as an illustration of this kind of
visualization.

The municipality of Unido da Vitdria is situated in the Central South of the State and, as already mentioned, is
part of the group of municipalities with high  APRCPTOT, (moderately low, score = 0.26, while at the same
time there is an increase in ACDD, also moderately low in the “high” scenario (ACDD,, *“high”, score = 0.21).
However, what stands out most for the municipality is the high intensity of the impact of the temperature ano-
maly in the “high” member. Unido da Vitoria is one of the municipalities of the group most impacted in the high
member with CCI “high” above 0.85 and CCI “low” equal to 0.63. In the “high” member, the impact appears
very intense for both the minimum temperature (ATMin, “high”, score = 0.85) and for the maximum tempera-
ture (ATMax, *“high”, score = 0.81). The score ATMin, “high” of 0.85 represents an anomaly of about six times
the standard deviation of the present-day minimum temperature.

Municipality of Unido da Vitdria

CCl High = 0.85
APRCPTOTn
High = = Low
ATMINRN AR95pn

ATMAXn ACDDn

Figure 10. Radar Chart of the CCI for “high” and “low” members for the mu-
nicipality of Unido da Vitdria.

)



M. Y. Chang et al.

4. Conclusions

In this paper we propose the use of a Climate Change Index (CCI) to assess the degree of susceptibility of a re-
gion to future climate extremes associated with the air temperature and precipitation. The advantage of this in-
dex is the possibility of synthesizing various extreme climatic indicators into a single index in a standardized
way.

The methodology used to calculate the CCI is based on projections of indicators of climate extremes for a fu-
ture period of two climatic scenarios (low and high emission) normalized in relation to their values in the pre-
sent climate. The indicators of climatic extremes used are: total annual precipitation for days with rain, i.e., days
when rainfall is equal to or greater than 1 mm (PRCPTOT, in mm); total annual rainfall on the days when rain-
fall is greater than the 95th percentile of the rainy days (R95p, in mm); maximum number of consecutive dry
days in the year, or days in which precipitation is less than 1 mm (CDD, in days); and annual averages of maxi-
mum (TMAXmean) and minimum (TMINmean) temperatures, in degrees Celsius. The methodology was ap-
plied to the state of Parana from regionalized Eta-HadCM3 projections for the present (1961-1990) and future
(2041-2070).

The results show an alleged increase in PRCPTOT for the period 2041-2070 as compared to the period
1961-1990, referred as the present climate by the RCM, that is projected to range from 25 mm in the northern
part of the state to 465 mm in the south. Likewise, R95p will also increase in the future, following the same spa-
tial pattern as PRCPTOT. On the other hand, an increase in CDD is projected, which means longer dry periods.
This shows that if the projections prove accurate, then in the decades of 2041-2070 rainfall will be poorly dis-
tributed, with stronger and/or more frequent intense rainfall events and longer dry periods.

Analysis of the CCI makes clear that differences of projected extreme rainfall (total rainfall, heavy rain and
water stress) are insignificant in view of the differences of projected extreme temperatures, since the change in
future precipitation falls within the range of present variability. Conversely, the differences of projected extreme
temperatures (both minimum and maximum) are likely to range between 2 to 7 times greater than the present
variations.

In terms of comparison between the two members, the indicators of climatic extremes in the “high” member
are in general stronger than those in the “low” member, with a larger number of municipalities with increased
vulnerability in the “high” member, in the A1B emission scenario.

In terms of location of climate vulnerability within the state, practically all of the state in the “high” member,
is found to be in the class with the highest score (CCI > 0.8), which means very intense susceptibility, due to the
increase projected in minimum temperatures.

These inferences, although preliminary, give indications of the need for preventive actions necessary over the
medium and long term, by municipal and state authorities, such as the adaptation of crops, infrastructure, build-
ings, and changing of practices and behaviors to cope with projected climatic anomalies.

Large strides are being made in the improvement of global and regional models, with increasing accurate re-
sults for mapping climate sensitivity and vulnerability.

Likewise, in methodological terms, the indicators of climatic extremes selected for the calculation of the CClI
can be adjusted to better represent future climate sensitivities to be faced in different states.
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