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This article compares the sensitivity of IPCC CMIP3-AR4 and CMIP5-AR5 models used on the latest reports from the Intergovernmental Panel on Climate Change (IPCC) in representing the annual average variations (austral summer and autumn) on three regions in Northeastern Brazil (NNEB) for the periods 1979–2000 using the CMAP (Climatology Merged Analysis of Precipitation) data as reference. The three areas of NNEB chosen for this analysis were the semiarid, eastern, and southern regions. The EOF analysis was performed to investigate how the coupled models resolve the temporal variability of the spatial modes in the Tropical Atlantic Sea Surface Temperature (SST), which drives the interannual variations of the rainfall in the Northeastern Brazil. CMIP3-AR4 and CMIP5-AR5 models presented a good representation of the annual cycle of precipitation. Results from correlation and mean absolute error analysis indicate that both CMIP3 and CMIP5 models produce large errors and barely capture the interannual rainfall variance during austral summer and autumn in Northeast Brazil, this features is closely related to the poor representation of the modes of SST variability in the Tropical Atlantic Ocean. For the summer and autumn rainfall projections (2040–2070) in the semiarid region, there was no convergence between the CMIP3 and CMIP5 models. During the summer and autumn in the eastern sector, both the CMIP3 and CMIP5 models projected rainfall above the mean for the 2040–2070 period.
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INTRODUCTION

The terrestrial climate system is chaotic, but it does display some dominant patterns of variability. The following have been mentioned as some of these dominant modes: the Arctic Oscillation, the El Nino-Southern Oscillation (ENSO), the Atlantic Multidecadal Oscillation, and the Pacific Decadal Oscillation (PDO), among others. As a result of this chaotic characteristic, one of the challenges of these dynamic systems is to differentiate between what is a climate variation that is associated with these patterns and what could be defined as climate change. According to the Intergovernmental Panel on Climate Change-Fourth Assessment Report (IPCC-AR4) (Bernstein et al., 2007), climate change is any change in climate over time due to natural variability or resulting from human activity. The United Nations Convention, on the other hand, considers the term climate change to be inherent, either directly or indirectly, to human activity (IPCC, 2007).

Climate change has been the object of several studies in the last 20 years, with an emphasis on climate impacts caused by activities of modern society (Collins et al., 2006; Haylock et al., 2006; IPCC, 2007). These activities are mostly associated with the production of energy and products derived from fossil fuels, causing high emissions of greenhouse gases (IPCC, 2013, 2014). Global evidence has revealed climatic rainfall variations and a positive trend in rising temperatures related to global warming (Gemmer et al., 2004; Endo et al., 2005; Qin et al., 2005; Wilby, 2008; Meinshausen et al., 2011).

South America, whose extremities go from subtropical to equatorial latitudes, has a diversity of climatic variations and climatic types (Garreaud et al., 2009). As such, studies related to climate change need to be performed in its meso-regions, especially in those regions most vulnerable from an environmental, social and economic perspective. Several areas on this continent have these characteristics, and Northeastern Brazil (NNB) is certainly one of the regions with the highest climatic vulnerability in South America (Marengo and Valverde, 2007).

Vicent et al. (2005) used data observed over South America to show that there was a positive trend in the increase of minimum temperatures over Northeastern Brazil, indicating warmer nights than those observed in previous years. Collins et al. (2009) analyzed air temperature at 2 m for the period from 1948 to 2007 using the reanalysis data of the NCEP/NOAA for South America (Kalnay et al., 1996). Their results revealed that, on average, the temperature in austral summer (December to January) over a large part of South America ranged between 21 and 24°C between 1948 and 1975, and that after this period, the temperature was above 24°C. In the austral winter (June to August), recent temperatures have been warmer in the tropical region of South America, with a more pronounced warming occurring in Northeastern Brazil. The period from 2001 to 2007 was 1.2°C warmer when compared to the previous periods.

According to the IPCC-AR4, there is great uncertainty regarding the simulated rainfall for the northeastern sector of South America. This uncertainty is a result of the lack of quality of the coupled ocean-atmosphere models in representing the amplitude and frequency of ENSO events, and primarily in representing the Tropical Atlantic Sea Surface Temperature (SST) variability, once that their SST modes drive the annual rainfall anomalies in NNB (Servain, 1991). In addition, the IPCC-AR4 projections did not include the carbon cycle in the atmosphere-ocean system or the potential influence of vegetation and land use on the regional climate.

Using the output data of the models of the IPCC-AR4, the study by Vera et al. (2006) compared the results of these models for the period 1970–1999 and a simulation of the future climate, in which greenhouse gas emissions would be stabilized at 720 ppm (2070–2099). Their results showed that the models are able to represent the main characteristics of rainfall distribution over South America. However, they did not capture the rainfall maximums over the area of the South Atlantic Convergence Zone (SACZ) in the southeast of the continent.

Marengo et al. (Marengo, 2009; Marengo et al., 2009) compared the rainfall and temperature extremes over South America in the recent past (1961–1990) and in the future (2070–2100) for scenarios A2 and B2 of the IPCC-AR4 models. Their results showed that the rainfall and temperature extremes had a good fit with the observed data, with the extremes in temperature being closer to reality. For the future climate, the results revealed an increase in warm nights and a decrease in the colder nights throughout South America, and, in the case of rainfall, an increase of extreme events in the southeast of South America and the Amazon.

Several scientific programs, such as the Coupled Model Intercomparison Project (CMIP), the Word Climate Research Programme (WRCP), the Working Group on Coupled Modeling (WGCM), the International Geosphere-Biosphere Programme (IGBP), and the Integration and Modeling of the Earth System (AIMES), have brought to improve the simulations in order to obtain a better understanding of the physical processes and their interactions in global general circulation models of the atmosphere (GCMs), coupled or not with the oceans. The models used in the Fourth Assessment Report (AR4) of the IPCC are versions coupled with the global oceans, and the models of the simulations and projections in the Fifth Assessment Report (AR5) of the IPCC started having models of land systems, in addition to the models coupled with the oceans, which enables a better representation of the physical and chemical interactions between the continental portions and the atmosphere (Taylor et al., 2012).

Tolen et al. (2011) compared the representation of precipitation extremes from CMIP3-AR4 and CMIP5-AR5 models over South America. Their results, particularly, indicate the care must be taken to affirm that new-generation of the models have comprehensive improvements to depict the intensity, frequency, and duration of extreme precipitation over South America.

Because of the differences between the models used in the experiments of the CMIP3-AR4 and CMIP5-AR, this study seeks to investigate and compare the results of the simulations of the models of the two versions mentioned above with the seasonal rainfall observations in a recent period (1979–2000). Additionally, it seeks to understand and address limitations of the models to capture interannual rainfall variability over NNEB, besides to assess the future projections 2040-2070. Three areas in Northeastern Brazil were considered for analysis (Figure 1): Northeast Semiarid (NEB), Eastern NEB (LNEB), and Southern NEB (SNEB).
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FIGURE 1. Areas of the Northeast of Brazil used in this study: Semiarid region in Northeastern Brazil (NEB), Easternern NNB (LNEB), Southern NNB (SNEB).



DATA AND METHODOLOGY

Observational Data

Monthly data from the Global Precipitation Climatology Project (GPCP, Adler et al., 2003) and the Climate Prediction Center Merged Analysis of Precipitation (CMAP, Xie and Arkin, 1997) were utilized as observed rainfall. These two data sets are plotted in grid points of 2.5 × 2.5° of latitude and longitude over the entire globe.

As observed SST dataset, it was used the Extended Reconstructed Sea Surface Temperature (ERSST) version 3b from 1970 to 1999, these data are 2 × 2° gridded monthly mean derived from International Comprehensive Ocean-Atmosphere Data Set (ICOADS) and use several statistical methods that allow reconstruction using scarce data (Smith et al., 2008).

Data from the Climate Models

The CMIP3-AR4 and CMIP5-AR5 data are monthly rainfall totals (Table 1). The runs of these models relate to the so-called C20 (the twentieth century) and to the climate change scenarios A2 and RCP8.5 of the models AR4 and AR5 (CMIP5, 2014), respectively. The C20 period chosen was from 1979–2000 because the network of observations of meteorological data over South America became denser during this period, in addition to the increasing availability of satellite data. The information on the volume of greenhouse gases in scenarios A2 and RCP8.5 can be found in detail on the site http://www-pcmdi.llnl.gov/.

Table 1. Correlation and bias between the summer rainfall simulated by the CMIP3 models and the observations in CMAP.
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Analysis Techniques

For the observed and simulated data (C20, A2, and RCP8.5), monthly and seasonal rainfall means (DJF and MAM) were calculated for the previously cited areas in Northeastern Brazil (Figure 1) for the periods 1970–2000 (experiment C20) and 2070–2100 (scenarios A2 and RCP8.5).

To compare the observed data and simulated data using the models in each region, the Pearson correlation coefficient, the correlation coefficient and the absolute error (bias) were used. The correlation and bias were determined between the rainfall simulated by the CMIP3 and CMIP5 models and the observations in CMAP. The bias indicates how much the simulated values are underestimated or overestimated in relation to the observed values.

RESULTS AND DISCUSSION

Semiarid Region of the Northeast (NEB)

Figure 2 shows the monthly rainfall climatology (December–January) for the driest region of the Northeast during the period 1979–2000 according to the data observed from the CMAP and simulated by the models from the CMIP3-AR4. We can see that most models simulating the annual rainfall cycle of this region overestimate the rainfall in March. Among the 16 models analyzed, only four models (GDFL_CM2_1, Hadagem1, Miroc_2_medres, Giss_m_er) were not able to capture the annual rainfall cycle in this region.
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FIGURE 2. Annual rainfall cycle observed (GPCP and CMAP) for the NEB over the period 1979–2000 and simulated CMIP3-AR4 (A) CMIP5-AR4 (B) models.



Figure 2 also reveals that between the months of January and June, nearly half of the AR4 models overestimate the mean monthly rainfall, including during the wettest months in NEB (March and April). In the preseason period (November and December), on the other hand, the models generally underestimate the observed rainfall. This characteristic could be explained because the models are not able to capture the transient atmospheric systems acting in this region as upper cyclonic vortexes. The multi-model ensemble is more consistent with the annual climatology of the semiarid region of NNEB (gray line in Figure 2). During the drier period from July to September, the analyzed models also underestimate the rainfall.

For the CMIP5-AR5 models (Figure 2B), similar characteristics to those of the AR4 models are observed for the semiarid region of NNEB. Most models have a positive bias, overestimating the observed rainfall in the first 6 months and the rainy season of the region. Between July and October, the region's dry season, the models tend to produce lower values than those observed. Two out of the 14 models analyzed are not able to reproduce the annual cycle of the region, Giss_e3_r_ce and EC_Earth.

Eastern Region of the Northeast (LNEB)

In the eastern region of the Northeast, where the rainy season prevails from April to July, the models do not efficiently simulate the annual rainfall cycle as they do in the semi-arid region. Although some models simulate the annual rainfall cycle, most tend to significantly overestimate or underestimate the mean rainfall values (Figure 3). The models GFDL_CM2_1, GISS_model_ER and HADGEM1 did not simulate the annual rainfall cycle in this region.
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FIGURE 3. Annual rainfall cycle observed (GPCP and CMAP) for the LNEB over the period 1979–2000 and simulated CMIP3-AR4 (A) CMIP5-AR4 (B) models.



This region, which is a coastal area of NNEB, suffers great influences from meso and local scale atmospheric systems, and the models considered cannot adequately resolve the physical processes that occur on a smaller scale than their horizontal resolution. Therefore, they do not reproduce the rainfall in a satisfactory manner, bringing down the performance of these models in the simulation of the seasonal cycle.

The CMIP5-AR5 models also performed worse in the simulation of the annual rainfall cycle over the LNEB sector, just as could be seen in most CMIP3-AR4 models (Figures 4A,B). The models overestimate rainfall during the wettest months when compared to observations, while they underestimate it during the drier period. As in the previous analyses, there are some models that are unable to capture the annual rainfall cycle in the LNEB (EC-Earth and Giss_er-Ce). The spatial resolution of the Climate Global Models has been increased from CMIP3 to CMIP5 in addition to improvements in physical parameterization regarding cloud and radiation processes (Dolinar et al., 2015); however better representation of coastal areas is still lacking due to the underlying grid spacing of the models (Nicholls et al., 2007; Flato et al., 2013), which leads to growing uncertainty about the impacts of climate change regarding precipitation in these regions.
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FIGURE 4. Annual rainfall cycle observed (GPCP and CMAP) for the SNEB over the period 1979–2000 and simulated CMIP3-AR4 (A) CMIP5-AR4 (B) models.



Southern of the Northeast (SNEB)

Figure 4 shows how the CMIP3-AR4 and CMIP5-AR5 models simulate the annual rainfall cycle (1979–2000) for the southern region of NNEB. Most models are able to simulate the annual rainfall cycle in this region (beginning in October and ending March–April), with the exception of models GFDL_CM2_1, GISS_model_E_Rr and HADGEM1. When the average of the CMIP3 models (gray line) is considered, there is good consistency between the observations and the simulations.

The CMIP5-AR5 models also capture the annual rainfall cycle over SNEB, except for the models EC-EARTH and GISS_E3_R_CE. The models MPI_ESM_P and FIO_ESM sharply underestimated the rainfall in this region, despite representing the annual cycle (Figure 4).

ANALYSIS OF THE SEASONAL VARIABILITY IN AVERAGE OVER NEB, LNEB, AND SNEB: CORRELATIONS AND ABSOLUTE ERROR

The correlation and bias between the summer rainfall simulated by the CMIP3 models and the observations in CMAP for the 1979–2000 periods are analyzed. Tables 1–4 show the results obtained for the summer and autumn in the CMIP3 and CMIP5 models. As can be seen in Table 1, the CMIP3 models tend to underestimate the rainfall in the Semiarid and SNEB regions, and to overestimate it in LNEB. The CNRM_CM3 model obtained the highest correlation coefficients for NEB in summer (0.65), followed by the MNC3_0 model for the LNEB (0.52), and by the Miroc_2_MEDRES for the SNEB with a coefficient about 0.6.

In the autumn, the CMIP3 models tend to underestimate the rainfall in the semiarid regions of NNEB and to overestimate it in LNEB and SNEB (Table 2). The highest correlations were found for the model Ipsl_cm4, with a coefficient of 0.78 for NEB and SNEB, and for the model Miub_echo_g with correlation of 0.74.

Table 2. Correlation and bias between the autumn rainfall simulated by the CMIP3 models and observations in CMAP.
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For the CMIP5 models, the results are shown in Tables 3, 4. The CMIP5 models tend to overestimate the summer rainfall in the semiarid region of NNEB, and to underestimate it for LNEB and SNEB. The correlations were generally lower than those of the CMIP3 models. The models with the highest correlation coefficients were as follows: Ccma_cgcm3_1._T63 and Mri_cgcm2_3_2a with 0.39 for NEB, Miroc_2_med_res with 0.36 for the LNEB, and Mgv_Echam4 with 0.68 for the SNEB.

Table 3. Correlation and bias between the autumn rainfall simulated by the CMIP5 models and observations in CMAP.
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Table 4. Correlation and bias between the autumn rainfall simulated by the CMIP5 models and observations in CMAP.
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In autumn (Table 4), the correlation characteristics were similar to those observed during the summer, but regarding bias, there was a predominance of rainfall overestimation in the simulations of the models.

Correlation maps of seasonal precipitation between models (CMIP3 and CMIP5) and observation during period 1979–2000 for DJF are presented in the Figures 5, 6, they showed few spots with statistical significance. These figures show the mean absolute error in addition to the correlation. In fact, during austral summer, the interannual precipitation variability is barely captured by the models, especially over Northeastern Brazil. In general, there are no noticeable improvements from CMIP3 to CMIP5 during this period. Even though mostly models present large mean absolute errors over the Tropical Atlantic and Northeastern South America, three models from CMIP3 (Gfdl_cm2_0, Ipsl_cm4, and Iap_goals_1_0_g) show correlations statistically significant over NEB (Figures 5E,H,K). The errors on Northeastern Brazil from these models are quite small in comparison those from the other models. It is worth mentioning that just BNU_ESM (Figure 6D) provides good results over Northeast Brazil and Tropical Atlantic, indicating that this model is able to represent the interannual variability during austral summer, depicted in terms of skill and mean absolute error.
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FIGURE 5. Correlation (shaded) and absolute error (contour in mm) to summer (DJF) between observation (CMAP) and simulation from CMIP3-AR4 models for period 1979–2000. The models considered are (A) Bccr_bcm2_0, (B) Ccma_cgcm3_1_T63, (C) Cnrm_cm3, (D) BNu_Esm, (E) Gfdl_cm2_0, (F) Gfdl_cm2_1, (G) Giss_m_e_r, (H) Iap_goals_1_0, (I) Ingv_ECHAM4, (J) Inmcm3_0, (K) Ipsl_cm4, (L) Miroc3_2_medres, (M) Miub_echo_g, (N) Ukmo_Hadcm3, and (O) Ukmo_Hadgem1. Green areas indicate statistical significance of the correlation at 95% according to the Student's t-test.
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FIGURE 6. Correlation (shaded) and absolute error (contour in mm/day) to summer (DJF) between observation (CMAP) and simulation from the CMIP5-AR5 models for period 1979–2000. Models considered are: (A) Access1_0, (B) Bcc_cms_1_1, (C) Bcc_ems_1_1, (D) Csiro_mk3_5, (E) Cesmi-Fastchem, (F) Cncrm_cm, (G) Ec_Earth, (H) Iap_Goals, (I) Fio_esm, (J) Gfdl_Esm2g, (K) Giss_e3_r_ce, (L) Hadgem2_ES, (M) Miroc_Esm, and (N) MPI_ESM_P. Green areas indicate statistical significance of the correlation at 95% according to the Student's t-test.



For the period of austral autumn (MAM), the results are similar to DJF. Primarily, the models have difficulty capturing the precipitation variability over Northeastern Brazil and the Tropical Atlantic (Figures 7, 8). High mean absolute errors in South America are observed in the CMIP3 simulations. Nevertheless a couple of models, such as Iap_goas_1_0_g and Gfdl_cm2_0, have shown satisfactory results with significant correlations over northern Northeastern Brazil and over the Tropical Atlantic, respectively (Figures 7E,H). These models are able to minimally solve the convection and the displacement of the Intertropical Convergence Zone on the Northeastern coast. The CMIP5 models, Gfdl_esm2g and Bnu_esm, (Figures 8D,J) are barely able to reproduce the temporal variance of the observed rainfall near the NEB coast, with a correlation between 0.5 and 0.7, although over the continent, high mean absolute errors greater than 100 mm are assigned. In general, the models continue to show poor performance in capturing the accumulated precipitation over the period analyzed (1979–2000); large errors along with a few points with significant correlation are found in NNEB.
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FIGURE 7. Correlation (shaded) and absolute error (contour in mm/day) to austral autumn (MAM) between observation (CMAP) and simulations from the CMIP3-AR4 models for period 1979–2000. The models considered are: (A) Bccr_ccm2_0, (B) Ccma_cgcm3_1_T63, (C) Cnrm_cm3, (D) Csiro_mk3_5, (E) Gfdl_cm2_0, (F) Gfdl_cm2_1, (G) Giss_m_e_r, (H) Iap_goals_1_0_g, (I) Ingv_Echam4, (J) Inmcm3_0, (K) Ipsl_cm4, (L) Miroc3_2_medres, (M) Miub_echo_g, (N) Ukmo_hadcm3, and (O) Ukmo_Hadgem1. Green areas indicate statistical significance of the correlation at 95% according to the Student's t-test.
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FIGURE 8. Correlation (shaded) and absolute error (contour in mm/day) to austral autumn (MAM) between observation (CMAP) and simulation from the CMIP5-AR5 models for period 1979–2000. The models considered are: (A) Access1_0, (B) Bcc_ems_1_1, (C) Bcc_ems_1_1_n, (D) BNu-Esm, (E) Cesmi_Fastchem, (F) Cncrm_cms, (G) Ec_Earth, (H) Iap_goals_s_2, (I) Fio_Esm, (J) Gfdl_Esm2g, (K) Giss_e3_r_ce, (L) Hadgem2_Es, (M) Miroc_Esm, and (N) MPI_ESM_P. Green areas indicate statistical significance of the correlation at 95% according to the Student's t-test.



The interannual variability of precipitation in the Northeast is associated with changes in sea surface temperature (SST) in the Tropical Atlantic (Moura and Shukla, 1981; Nobre and Shukla, 1996). Variations in zonal and meridional atmospheric circulation are influenced by ocean-atmosphere interaction in the Atlantic basin in response to the anomalous SST patterns. Therefore, a way to explain the lack of representation of the interannual variability of rainfall from the CMIP3 and CMIP5 models is to investigate how these coupled models represent the two leading modes of variability in these regions (Servain et al., 2003). In this regard, the calculation of empirical orthogonal functions (EOF) was performed to isolate the principal modes of variability during DJF and MAM from 1970 to 2000.

The results show that the models are deficient in representing the SST variability modes in the tropical Atlantic. Low explained variance and changes in the order of the modes are issues faced by the models. Here, we just show the analysis of the loading scores (PC: Principal Components), i.e., the time series indicating how the spatial patterns vary over time. The representation of spatial modes will be discussed in another paper in preparation.

Table 5 shows the correlation between the loading scores from two leading EOFs (PC1 and PC2) observed and simulated by the CMIP3 models for DJF and MAM. Values with low correlation and not statistically significant are shown in the results; a few models achieve significant correlations. Two of them had significant values for the two leading PCs, ipsl_cm3 for DJF and Cnrm_esm for MAM, despite the low values; they generate a lack of representation of the rainfall variability over NNEB and the tropical Atlantic.

Table 5. Correlation between observational and simulated (CMIP3 models) loading scores (PC1 and PC2) for DJF and MAM SST anomalies.
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Even increasing the resolution of the CMIP5 models and improvements in the physics of ocean and atmospheric models, they continue to present problems in representing the patterns of SST variability in the tropical Atlantic (Table 6). The models fail to follow the temporal variability of observed patterns, even in examples such as HADGEM2_AO, which indicates a correlation of about 0.6 in PC2 and presents a null value for PC1.

Table 6. Same as Table 5, except for CMIP5 models.
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CLIMATE PROJECTIONS (2040–2070)

In this section, the projections of the CMIP3 and CMIP5 models for rainfall in the period of 2040–2070 are analyzed. The summer and autumn months are considered in this analysis because most of the rainfall over NEB occurs in these seasons. This periods (2040–2070) includes a large portion of the so-called midslice period of the protocol of analyses proposed for future climate projections by the IPCC (Taylor et al., 2007). In this article, we do not discussion the possible causes for why these CMIP3 and CMIP5 models do not represent these thermal modes in the tropical Atlantic Basin.

Semiarid Region of the Northeast (NEB)

Figures 9–14 show the rainfall anomalies (mm/day) of the CMIP3 and CMIP5 models for the period 2040–2070 in relation to the historic reference period of 1971–2000 for the summer (November to January) and autumn (February to April).
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FIGURE 9. Summer rainfall anomalies projected for semiarid region of NNB from CMIP3-AR4 (A) and CMIP5-AR4 (B) models over the period 2040–2070.
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FIGURE 10. As Figure 9 except for autumn.
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FIGURE 11. Summer rainfall anomalies projected for eastern NNB from CMIP3-AR4 (A) and CMIP5-AR4 (B) models over the period 2040-2070.
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FIGURE 12. As Figure 11 except for autumn.
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FIGURE 13. Summer rainfall anomalies projected for southern NNB from CMIP3-AR4 (A) and CMIP5-AR4 (B) models over the period 2040-2070.
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FIGURE 14. As Figure 13 except for autumn.



A divergence in the projections of the rainfall signal can be seen when the two phases of the CMIP are compared. While the CMIP3 projections for summer and autumn (Figures 9A, 10A, 11A, 12A, 13A, 14A) reveal a predominance of rainfall below the mean, the projections of the CMIP5 models show a rainfall trend that is above the mean (Figures 9B, 10B, 11B, 12B, 13B, 14B) to around the mean (1979–2000) in most of the models. In the results of Christensen et al. (2013), the analyses done with the CMIP5 models for Northeastern Brazil also demonstrate this characteristic of above average rainfall in the projections for the twenty-first century. However, more CMIP5 than CMIP3 models were analyzed.

Eastern Region of the Northeast (LNEB)

The projected rainfall for the summer/autumn of 2040–2070 in the eastern part of NNEB is similar in the CMIP3 and CMIP5 models. Figures 11A,B, 12A,B show these characteristics, with a predominance of rainfall anomalies around or above the mean throughout the period of 2040–2070 in most of the models analyzed. This characteristic, however, is more evident in the CMIP5 models (Figure 12B).

Southern Region of the Northeast (SNEB)

The rainfall projections for the southern of the Northeast for the summer in 2040–2070 do not show a clear signal of the precipitation anomalies in this region in the CMIP3 models (Figure 13A). In the CMIP5 models, however, there is predominance of rainfall anomalies around and above the mean (Figure 13B).

In the CMIP3 models for the autumn period of 2040–2070 (Figure 14A), there is a greater number of models with rainfall projections around to above the mean. The CMIP5 models revealed a large interannual variability, and no trend could be observed for the rainfall anomaly signal in this region during the period considered (Figure 14B).

CONCLUSIONS AND RECOMMENDATIONS

According to the analysis, the following conclusions can be drawn from the study. The CMIP3 and CMIP5 models proved to have a good sensitivity to reproduce the annual rainfall cycle in the three areas of NEB chosen for this analysis: the semiarid, eastern and southern regions of the NNEB.

The analysis of the metrics to investigate how the CMIP3 and CMIP5 models simulate the monthly variations in the summer and autumn seasons in these regions of the NNEB revealed that some models are able to simulate this monthly variability with better performance. The ability of the Climate Global Models seems to be an issue due their spatial resolution to depict seasonal precipitation on coastal areas. On the other hand, Regional Climate Modeling has emerged as alternative to succeed in dealing with meso-local physical process, topography, heterogeneity of land-use and vegetation cover, hence producing robust aspects about regional climate change (Giorgi and Gutowski, 2015). Statistical downscaling also could be a tool to overcome this issue, Silva and Mendes (2015) showed advances doing refinement of representation of daily precipitation in NNEB from CMIP5-AR5 models.

Modes of SST variability in tropical Atlantic Ocean modulate the interannual rainfall anomalies over NEB (Servain, 1991); in our EOF analysis of the Tropical Atlantic SST the CMIP3-AR4 and CMIP5-AR5 models do not properly capture the temporal variation of the PCs. In general, the most models face problems to solve atmospheric-ocean interaction and internal variability what may explain the misrepresentation of SST anomalies patterns and, consequently, the lack of seasonal precipitation skill over NNEB.

When the summer and autumn rainfall projections for the period 2040–2070 for the driest region of the NEB were considered, there was no convergence between the CMIP3 and CMIP5 models. In general, the CMIP3 (CMIP5) models project rainfall near (above) the reference mean. In the summer and autumn of the eastern sector of NEB, both the CMIP3 and CMIP5 models projected above the mean rainfall for the 2040–2070 period. For the SNEB sector, the projections indicate rainfall oscillating around the mean in the summer according to the CMIP3 models and below the mean in the CMIP5 models. In the autumn, most CMIP3 models projected rainfall around the mean, while the CMIP5 models revealed a predominance of rainfall around or above the mean.

For future studies, a more detailed analysis is suggested of the average monthly thermal cycle of the eastern and southern regions of the NNEB, in addition to the extension of these analyses to the north of the Amazon (area of native tropical forest), the southeastern Amazon (area with great impact of the use and occupation of the soil), southeast of South America (area that encompasses a region of high urban concentration and energy production). Additionally, the ability of the CMIP3 and CMIP5 models to simulate and project the gradients of Sea Surface Temperature (SST) in the Atlantic Ocean, which has a strong influence on the tropical climate of the Americas and Africa, should also be studied.
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