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Abstract

In this study, we document the air temperature and precipitation changes between present-day
conditions and those projected for the period 2041-2070 in the state of Rio de Janeiro (Brazil) by
means of Eta driven by HadCM3 climate model output, considering the variation among its four
ensemble members. The main purpose is to support studies of vulnerability and adaptation policy
to climate change. In relation to future projections of temperature extremes, the model indicates
an increase in average minimum (maximum) temperature of between +1.1°C and +1.4°C (+1.0°C
and +1.5°C) in the state by 2070, and it could reach maximum values of between +2.0°C and +3.5°C
(+2.5°C and +4.5°C). The model projections also indicate that cold nights and days will be much
less frequent in Rio de Janeiro by 2070, while there will be significant increases in warm nights
and days. With respect to annual total rainfall, the Northern Region of Rio de Janeiro displays the
greatest variation among members, indicating changes ranging from a decrease of -350 mm to an
increase of +300 mm during the 21st century. The southern portion of the state has the largest in-
crease in annual total rainfall occurring due to heavy rains, ranging from +50 to +300 mm in the
period 2041-2070. Consecutive dry days will increase, which indicates poorly time distributed
rainfall, with increased rainfall concentrated over shorter time periods.
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1. Introduction
Climatic variations in a given region, whether natural or anthropogenic, can lead to various environmental im-
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pacts such as elevation or reduction in mean sea level, an increase or decrease in frequency of occurrence and
intensity of droughts, heavy rains, heat waves and transient systems (cyclones, frontal systems and others). The
knowledge of future climate change contributes to the establishment of mitigation measures, since such impacts
have consequences for areas of human concern such as agriculture, health, urban planning, and water resources,
among others.

Periodic reports from the Intergovernmental Panel on Climate Change (IPCC) about the causes, impacts and
measures for mitigating global climate change serve as a standard reference on this subject for the entire scien-
tific community and for governments and industries worldwide. The Fifth Assessment Report (AR5) of the
IPCC [1] indicates that the global average surface temperature may increase by 2.6°C to 4.8°C, generating an
increase in mean sea level of between 45 and 81 cm, considering its most pessimistic scenario (RCP8.5). The
report also shows that the contrasts in precipitation between rainy and dry regions and between rainy and dry
seasons will increase, despite some regional exceptions.

The state of Rio de Janeiro’s climate exhibit high variability as a result of its quite complex terrain, with hills,
mountains, valleys, variety of vegetation, and lowland areas and bays, as well as the proximity to the Atlantic
Ocean. In the climatological fields of the spatial distribution of air temperature and precipitation highlight the
strong presence of the Paraiba Valley and of the Mountainous Region, even as the coast. In addition, the state
has the highest population density in Brazil [2], making it very vulnerable to extreme weather events. [3] identi-
fied statistically significant increases in mean maximum temperature (between +0.01°C/year and +0.08°C/year)
in the Metropolitan Region and in the North and Northwest Region of the state between 1961 and 2012. It is also
presented significant rise trends in the percentage of warm nights and days in almost the entire state (between
+0.1% and +0.6% days/year). As for rain, it is observed that there is a statistically significant upward trend in
the annual rainfall totals in the Coastal Lowlands (between +4.0 and +32.0 mm/year) in the same period. Also, it
is verified a significant increase in rainfall totals of more heavy rains in the year in the Coastal Lowlands and in
part of the Metropolitan Region, with magnitudes between +2.0 and +20 mm/year.

To develop projections of future climate change, numerical general circulation models of the earth system are
used. However, since global models need to cover a broad area, they are not able to represent many sub-grid
scale feedback processes controlled by local features, such as high resolution of topography, land-sea boundaries,
vegetation and others. Therefore, projections of future regional climate change obtained from regional models
nested within global models have been used by many different research groups. At the National Institute for
Space Research (INPE), the regional Eta model [4] was adapted to perform present and future climate integra-
tions [5] [6]. Nested in the global model of the UK Met Office’s Hadley Centre (HadCM3), the regional Eta
model is known as the Eta-HadCM3 model. Integrations of this model with 40 km horizontal resolution are used
in this research for the state of Rio de Janeiro.

The objective of this work is to support studies of vulnerability and adaptation to climate change scenarios in
Rio de Janeiro State. In order to achieve this goal, we conducted investigations using future projections (2041-
2070) of indicators of climatic extremes in the state, using the regional climate model Eta-HadCM3, and consi-
dering the variations among its four members (Cntrl, High, Mid and Low), as described in [5]. The results of these
analyses are outlined in this article. We present the data and methodology in Section 2; the results of future model
projections for temperature and precipitation in Section 3; and the conclusions and final remarks in Section 4.

2. Data and Methodology
2.1. Models

In this study, simulations of future generated by INPE’s 40 km regional Eta climate model nested in the
HadCM3 (Coupled Atmospheric-Ocean General Circulation Model) of the Hadley Center are used. Information
about this model is summarized below and can be found in greater detail in [5] and in [6].

2.1.1. Global Model (HadCM3)

The boundary conditions for the regional Eta model are provided by the control member and three other members
of the HadCM3 model [7]. Its atmosphere has a horizontal resolution of 2.5° latitude x 3.75° longitude, with 19
vertical levels [8]. The HadCM3 model has been evaluated by the Fourth Assessment Report (AR4) of the IPCC

[9] for simulating the climate in Brazil [10].
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Experiments with ensemble members provide the means by which the uncertainty in climate change projec-
tions can be partially explored. The ensemble of the HadCM3 model uses an approach in which the structure of
a simple model is used with perturbations introduced into the physical parameterization schemes. This perturbed
physics ensemble (PPE) is very expensive in computational terms, but is a method for systematic examination of
the uncertainties in the different components of the model. This is done by first identifying the model parameters
that are uncertain as well as important for the model response, and thus it becomes feasible to use an ensemble
of several members to explore the implications of these uncertain parameters [11]. In addition to the standard
model HadCM3, 16 variant models were run in fully coupled transient mode, forced with the IPCC Special Re-
port Emissions Scenarios (SRES) A1B [12] generated by the concentration of CO, at the end of the 21st century.
Although each member of the ensemble is forced with the same concentrations of CO,, the effect of different
combinations of parameter settings alters the degree and form of patterns of climate change. The range of un-
certainty in global mean temperature at the end of the twenty-first century across all the members of the model
has magnitude similar to that generated by the AR4 ensemble [11].

2.1.2. Eta Regional Model

The regional climate is simulated using the regional Eta model [5], which is derived from the Eta model [4] de-
veloped at the University of Belgrade (Serbia) and operationally implemented by the National Centers for Envi-
ronmental Prediction—NCEP [13]. The Eta model was chosen because it has been used operationally at INPE.
Moreover, the # vertical coordinate system used in this model is appropriate for use over South American conti-
nent due to the steep slopes of the Andes.

This model has been used in studies of seasonal forecasts for South America [14], where forecasts were im-
proved with respect to the CPTEC/INPE AGCM, which has horizontal resolution around 200 km (T62). The Eta
model is configured with 40 km horizontal resolution and 38 vertical levels, with the top at 25 hPa using the 7
vertical coordinate [15]. The treatment of turbulence is based on the level 2.5 Mellor-Yamada scheme [16]; the
radiative transfer model was developed by the Geophysical Fluid Dynamics Laboratory (GFDL), with long-
wave and short-wave radiation parameterized according to [17] and [18], respectively.

The Eta model uses the Betts-Miller scheme [19] modified by [20] to parameterize convection from shallow and
deep cumulus; the cloud microphysics is parameterized using the scheme of [21]. The energy transfer processes at
the earth’s surface are parameterized by the NOAH scheme [22]. A more detailed description of the dynamics of
the model can be found in [5].

Some modifications were made to the Eta model to adapt it to the climate change runs through the use of sea
surface temperature (SST) derived from the monthly average of the HadCM3 model. The SST model updates
daily by linear interpolation. The main change in the Eta model is the 360-day calendar, which was necessary in
order to use the boundary conditions from HadCM3. The inclusion of a CO; increase in the Eta model was made
possible by updating the indices of absorption and transmissivity every 5 years. Changes in the original code of the
Eta model were made so that the CO, concentration could vary according to the scenarios used. At decadal time
scales, linear interpolation was developed to avoid sudden jumps in the annual values generated for the amount of
CO,,

2.1.3. Integration of the Eta-HadCM3 Regional Climate Model

As described in Section 2.1.1, the PPE’s from the HadCM3 model with atmospheric forcing from the A1B
greenhouse scenario consists of the standard model plus 16 ensemble members, each with a different climate
sensitivity. It is expected that the large variation in the response of global temperature by the end of the 21st
century also produces a wide variation in the response of the temperature of the regional climate through a dy-
namic regionalization (downscaling). Three members plus the control were selected to measure the degree of
uncertainty in the global model, since they represent reasonably well the weather over South America. Thus, a
larger possible range of regional model simulations of plausible future climate can be generated.

The sets of the boundary conditions of the HadCM3 passed to the INPE Eta model were named Cntrl, High,
Mid and Low. The Cntrl member is not perturbed; The High is a member with high climate sensitivity, the Mid
is a member with an average sensitivity and Low is a member with low sensitivity. The sensitivity of the unper-
turbed member is intermediate between that of the members of low and medium sensitivity. Although only one
emission scenario (A1B) is available, the differences in sensitivity of the models can provide a representative
view of plausible future climate through different emission paths. The high-sensitivity member provides poten-
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tial changes similar to those of scenarios A2 and A1FI. Likewise, the changes seen in the low-sensitivity mem-
ber may provide a qualitative illustration of a low-emissions scenario, such as B1 [6].

The Eta model nested to the boundary conditions of HadCM3 is referred to as Eta-HadCM3 from now on-
wards. The model was run in time slice mode: for the present climate, 1961-1990, and future climates 2011-
2040, 2041-2070 and 2071-2100. In this work, the study is done for the time interval 2041-2070. The choice of
this period is due to the fact that using a too-distant future period, such as the end of the century, would be more
difficult for police makers decision to grasp. Moreover, it is from the 2040s on that the trends of climate change
begin to show a greater dispersion in the model simulations with the Eta-HadCM3.

Since the Eta-HadCM3 model runs are provided at intervals of 6 hours (0, 6, 12 and 18 UTC), the maximum
(minimum) daily temperature is taken as the highest (lowest) value of the four outputs. Daily rainfall is taken as
the total accumulated during the four intervals ending between 18 UTC of the previous day and 12 UTC of the
day in question, as established by the World Meteorological Organization (WMO).

In relation to future projections, the assessment of trends as indicators of climatic extremes is based on dif-
ferences between the future climate (2041-2070) and the present climate (1961-1990). Maps of mean differences
of index values (minimum and maximum values among the four members) in future climate and the average of
the four members for the present climate from the Eta-HadCM3 runs are generated.

The Eta model topography and the regions in the state of Rio de Janeiro are presented in Figure 1. The state
capital, the city of Rio de Janeiro, is located in the Metropolitan Region.

2.2. Indicators of Climatic Extremes

The nine indicators of climatic extremes used in this study are presented in Table 1.
The indicators of climatic extremes listed in Table 1 are calculated from the RClimdex program [23], avail-
able on the website http://cccma.seos.uvic.ca/ETCCDMI/index.shtml.

44°0'0"W 43°0'0"W 42°0'0"W 41°0'0"W
\
Topography (m) Regions [ @ Grid Point - Eta-HadCM3 | i
. 7
I 0-150 | =1 - Paraiba Valley i
o 150 - 300 | | = 2 - Green Coast ERICS O i
Eg ] 300 - 450 |  * 3 - South Central ° -Eg
I 450 - 600 | | = 4 - Metropolitan bS]
600 - 750 | * 5 - Mountainous
750 - 900 | |® 6 - Coastal Lowlands
900 - 1050 | ' = 7 - Northwest
1050 - 1200, | * 8 - North
1200 - 1350
® »
e o
L =
S N
[} N
SAO PAULO
4 ©
S o
(=T F <
£ L
N N
N
Atlantic Ocean 0_15_30 cl = 12(1](mW.E
S
44°0'0"W 43°00"W 42°00"W 41°0'0"W

Figure 1. Model topography (m) and the 8 regions in the state of Rio de Janeiro. The red dots represent

Eta model grid points.


http://cccma.seos.uvic.ca/ETCCDMI/index.shtml

W. Luiz Silva et al.

Table 1. Indicators of climatic extremes of minimum temperature (TN), maximum tempera-
ture (TX) and precipitation (PRCP).

Indicator Definition Unit
TMINmean Mean annual minimum temperature °C
TN10p Annual percentage of days for which TN < 10" percentile %
TN90p Annual percentage of days for which TN > 90" percentile %
TMAXmean Mean annual maximum temperature °C
TX10p Annual percentage of days for which TX < 10" percentile %
TX90p Annual percentage of days for which TX > 90" percentile %
PRCPTOT Total annual precipitation mm
R95p Total annual precipitation on days with PRCP > 95™ percentile mm
CcDD Maximum number of consecutive dry days in the year (PRCP < 1 mm) days

3. Results

In this section we present the results of future projections of climate extremes indicators obtained from Eta-
HadCM3 simulations, based on the difference between the future (2041-2070) and present (1961-1990), consid-
ering the behavior of the four model members (Cntrl, Low, Mid and High).

The results show that future projections for the periods 2011-2040, 2041-2070 and 2071-2100 differ only in
relation to the magnitudes of the differences of the indicators compared to the present climate, always keeping
the same sign of increase or decrease. The analyses are performed by evaluation of the minimum and maximum
values present among the four members of the model, i.e., one map with a depiction of the smallest differences
and another showing the largest differences between the future (2041-2070) and present (1961-1990).

3.1. Air Temperature

Figure 2 shows the spatial distributions of the differences between the future (2041-2070) and present (1961-
1990) for the indicators TMINmean and TMAXmean and their minimum and maximum values projected by the
Eta-HadCM3 model. We notice that in both maps, the projections are for an increase of the minimum and
maximum annual average temperatures throughout the state. According to the simulations, TMINmean should
rise by at least 1.1°C to 1.4°C, reaching maximum increases of between 2.0°C and 3.5°C between 2041 and 2070.
Projections are that the largest increase in the minimum temperature should occur in the central and southern
portions of the state. Also according to the model, in the same period, TMAXmean should rise by less than
1.0°C to 1.5°C in the state, with increases reaching values of between 2.5°C and 4.5°C, i.e., increasing at a rate
higher than that of TMINmean, thereby exacerbating the urban heat islands. It is observed that the highest in-
creases of the maximum temperature should occur in inland areas, especially in the extreme Northwest of the
state.

In Figure 3 the graphs of the temporal evolution of the indicator TMINmean in the Metropolitan Region and
TMAXmean in the Northern/Northwestern part of the state of Rio de Janeiro are presented. Projections indicate
that TMINmean (TMAXmean) can reach 21.0°C - 24.0°C (28.5°C - 33.5°C) by the end of the century, i.e., es-
tablishing an increase of between +2.5°C and +5.5°C (+2.0°C to +7.0°C) compared with the present climate, as
observed in [24] and [25].

The spatial distributions of the indicators TN10p and TX10p, built along the same lines as Figure 2 are
shown in Figure 4. In both maps the projections show a decrease in cold nights (TN10p) and cold days (TX10p)
over the entire state of Rio de Janeiro. A decrease of between 9% and 10.0% in the number of cold nights per
year is projected for the coast. The number of cold days per year decreases by between 6.5% and 10%.

Figure 5 shows the spatial distributions of the indicators TN90p and TX90p, as in Figure 2. It can be seen
that in both maps, the projections call for rising frequencies of warm nights (TN90p) and hot days (TX90p)
throughout Rio de Janeiro, with a greater impact in the coastal areas, which are already relatively hot compared
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Figure 2. Minimum (left) and maximum (right) differences between the future (2041-2070) and present (1961-1990) for
the indicators TMINmean (above) and TMAXmean (below) in °C.
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to the rest of the state, as described in [3]. Regions such as Green Coast, Metropolitan, Northern, and the Coastal
Lowlands feature increases ranging from 30% to 70% in the number of hot nights per year in the period
2041-2070. As for the number of hot days, most of the state of Rio de Janeiro presents an annual increase of 15
to 40% during this period.

Figure 6 shows the temporal evolution of TN90p on the coast and of TX90p in the Coastal Lowlands of Rio
de Janeiro. An increase can be seen in TN9Op (TX90p) for this region that should lies between 65% and 95%
(40% and 75%) by 2100.

3.2. Precipitation

The spatial distributions of the differences between the future (2041-2070) and present (1961-1990) of the indi-
ces PRCPTOT and R95p and their minimum and maximum values projected by the Eta-HadCM3 model for the
state of Rio de Janeiro are shown in Figure 7. Note that the range of variation between increase and decrease of
both indicators is great throughout the state. The Northern portion has the largest variation, who indicated values
ranging from a decrease of PRCPTOT of —350 mm to an increase of +300 mm. This wide range over the state
may be related to the fact that meteorological variables of this type suffer considerable influence from other cli-
matic elements and geographical factors. As for the R95p index, the southern portion of the state has the
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Figure 6. Temporal evolution of (a) TN90p on the coast and (b) TX90p in the Coastal
Lowlands, both in % of days per year.

highest increases in intense rainfall, with values ranging from +50 and +300 mm in the period 2041-2070. It is
worth remembering that this area already has high annual rainfall, especially the regions near Angra dos Reis (at
Green Coast) and Resende (at Paraiba Valley) cities. In addition, the southern region of the state also has an
important concentration of power plants, including thermoelectric, thermonuclear and hydroelectric, and the ef-
ficiency of the last one depending directly on accumulated rainfall totals.

Figure 8 shows the evolution with time of PRCPTOT in the Mountainous Region and of R95p in the southern
region. It is observed that there can be a decrease of PRCPTOT of around —400 mm, as well as an increase of
+200 mm in the mountains by the end of the century, which in any case, will have a direct influence, especially
on the agricultural production of this area. As for R95p in the south, this indicator can increase by between 300
and 650 mm by 2100, which is a rather pronounced elevation compared to the present climate.

The indicator CDD is shown in Figure 9, constructed along the lines of Figure 7. It can be seen that in both
maps, the projections are for an increase throughout the state in total consecutive dry days. The extreme North-
ern portion of the state shows the largest variation associated with periods of drought, with increases varying
between 1.0 and 10 days. As mentioned above, the heavy rains tend to increase over a large part of the state at
the same time that the periods of drought are projected to lengthen. Thus, it is probable that the heaviest rain
events will be concentrated in shorter time periods by the end of the 21st century.

Figure 10 shows the time evolution (1961-2100) of the indicator CDD in the North and Northwest of the state.
Note that the values of CDD may be between 20 and 40 days by 2100, i.e., there is a possibility that the index
could stabilize over the years, just as there is the chance of doubling it over the period.
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dicators PRCPTOT (above) and R95p (below) in mm.
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R95p - Southern Region
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Figure 8. Time evolution of (a) PRCPTOT in the mountainous region and (b)
R95p (mm) in the southern region of the state of Rio de Janeiro, both in mm.
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4. Conclusions

In this study, we conducted an assessment of future projections (2041-2070) of indicators of climatic extremes
associated with temperature and precipitation in the state of Rio de Janeiro, using the Eta-HadCM3 regional
climate simulations, considering the dispersion (uncertainty) among its four members.

In relation to future projections of climatic extremes of temperature, we note that the projections are showing
an increase of the minimum and maximum annual average temperatures throughout the state of Rio de Janeiro.
Note that the projections show increases in warm nights and warm days throughout the state, with a greater
warming in coastal areas. Future projections of climate extremes of precipitation indicate that the range of varia-
tion between increases and decreases in the mean annual rainfall is large throughout the state of Rio de Janeiro.
Note that the projections increase the total amounts associated with heavy rainfall throughout the state, with the
exception of the extreme North and Northwest portions.

According to future projections, the Northern and Northwestern parts of the state of Rio de Janeiro present the
greatest susceptibility to climatic extremes. In these areas, the projections of temperature increase are the highest
compared with those for the rest of the state. Extremes are also present in projections of precipitation, indicating
the possibility of a reduction or an increase in the total annual rainfall, as well as an increase in dry periods.

Concerning these model projections, it is important to emphasize that the simulations take into account only
the increase in the concentration of greenhouse gases and not changes in land use or the heat island effect due to
urban expansion. Furthermore, when it comes to the regional model, the reliability of the simulations for high
resolution depends on the quality of the lateral boundary condition, which is provided by the global model, and
also the actual capacity of the regional model itself to reproduce realistic regional characteristics of the present
climate.
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