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The global Ocean-Land-Atmosphere Model (OLAM) model was used to estimate the impacts of the global oceanic warming on the climate projections for the 21st Century focusing on the South America region. This new model is able to represent simultaneously the global and regional scales using a refining grid approach for the region of interest. First, the model was run for a 31-year control period consisting on the years 1960–1990 using the monthly Sea Surface Temperature (SST) from the Atmospheric Model Inter-comparison Project (AMIP) data as a driver for the ocean fluxes. Then, the model was run for the period 2010–2100 using the monthly projected SST from the Hadley Center model (HadCM3) as a driver for the oceanic changes. The model was set up with an icosahedral triangular global grid having about 250 km of grid spacing and with a refining grid resolution with the cells reaching about 32 km over the South America region. The results show an overall temperature increase mainly over the center of the Amazon basin caused by the increase of the greenhouse effect of the water vapor; a decrease on precipitation mainly over the northeast Brazil and an increase in the south and over the western Amazon region; and a major increase on the near surface wind speed. These results are similar to the global coupled models (GCMs); however, OLAM has a novel type of grid that can provide the interaction between the global and regional scales simultaneously.
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INTRODUCTION

The major efforts to stablish future climate scenarios are based on global coupled models (GCMs). A series of ongoing numerical integrations of climate models are now taking place at several research centers. The latest Intergovernmental Panel on Climate Change (IPCC) report (IPCC, 2013) produced climate change projections for near-term (Kirtman et al., 2013) and long-term (Collins et al., 2013) based on the Coupled Model Inter-comparison Project Phase 5 (CMIP5; Taylor et al., 2012).

For the South America region the majority of those GCMs show an overall increase of the near surface temperature, a decrease on the precipitation over the northeast region of Brazil, and an increase over the south of South America region (Collins et al., 2013; Kirtman et al., 2013).

The major climate variabilities over the South America are caused by the neighboring oceans (i.e., the Atlantic and the Pacific oceans). Near the equator gradients of temperature and pressure are the main forcing for the Hadley Cell formation (Lindzen and Nigam, 1987). Anomalies on the Atlantic SST and the trade winds can cause changes on the Hadley Cell strength (Servain et al., 2014), position (Wang, 2002; Xie and Carton, 2004) and advection of moisture and heat (Foltz et al., 2003) that produces variabilities on the moisture transport over the South America (Nobre and Shukla, 1996; Rao et al., 2006; Bombardi and Carvalho, 2011; Bombardi et al., 2014). Otherwise, during El Niño or La Ninã conditions on the Pacific the air-sea interactions can produce shifts on the position of the Intertropical Convergence Zone (ITCZ) and the Walker Cell causing extreme changes on the South America precipitation (Grimm, 2003; Kucharski et al., 2008); more specifically during El Niño climate analysis shows drier years over the northeast Brazil and higher precipitation over the south (Ropelewski and Halpert, 1987; Marengo and Hastenrath, 1993).

The majority of the global models have spatial resolution on the order of 0.5° to 4° and therefore do not resolve the regional meteorological features of South America forced by the complex surface heterogeneity and topography (Taylor et al., 2012).

To better resolve the regional climate the dynamic downscaling approach became an important resource. The dynamic downscaling method is characterized by the use of a higher spatial resolution regional climate model (RCM). A special project using RCMs is under development to provide dynamic downscaling of regional climate projections (Giorgi and Gutowski, 2015). While these models have higher spatial resolution for a given domain, they need atmosphere initial and lateral boundary conditions from a coarser global model. These RCMs have a one-way coupling with the GCMs and therefore the local changes do not affect the large scale.

A new approach was developed recently in order to provide a two-way coupling through the use of a global model with varying spatial resolution. One of these new type of models is the Ocean-Land-Atmosphere Model (OLAM) (Walko and Avissar, 2008a,b). This new model is able to represent simultaneously the global and the local atmospheric features through a grid refining approach.

Up to now, climate projections were conducted with global models that have low resolution, or with regional climate models that are dependent of a particular global model for boundary conditions. For the first time, we can use a new type of model such as OLAM that can do a global spatial coverage and resolve simultaneously the local meteorological systems using its refining grids. In this study we used OLAM to provide numerical simulations for the current climate and for the 21st century in order to evaluate the impacts of the global ocean warming on the climate projections for the South America region and try to answer the following: “What is the expected regional climate change caused by the projected oceanic global warming?; how these projected climate changes compares with results from other previous modeling estimates?; can OLAM provide a more refined regional climate projection as compared with the GCMs?”

DATA AND METHODS

In the next sub-sections we describe the OLAM model, the numerical experiments design and the data used as initial and surface boundary condition.

The OLAM Model

The OLAM model is an evolution of the Regional Atmospheric Modeling System (RAMS) model (Cotton et al., 2003) and uses a global icosahedral type of grid that can be triangular or hexagonal (Walko and Avissar, 2008a,b). The Navier-Stokes equations are solved on the global grid using the finite volume technique that maintains the conservation of mass, momentum and energy.

A series of recent studies showed that OLAM is able to simulate well the major weather systems (Ramos-da-Silva et al., 2014) and regional climate of the South America region (Medvigy et al., 2012, 2010). Furthermore, the model was used to understand the effects of the El Niño South Oscillation (ENSO) phenomena in the South America and the results showed that an spatial resolution over the Andes mountains have to be greater than 100 km to fully represent the effects of the ENSO on the climate of the Amazon region. Thus, since OLAM had shown a good skill for the South America local meteorological features, it can be used as a tool to evaluate the climate projections as impacted by expected oceanic warming.

The physical parametrizations options for OLAM are the same available at the RAMS model including the land-vegetation interaction (Walko et al., 2000a), the cloud microphysics (Walko et al., 1995, 2000b; Meyers et al., 1997), the radiation transfer (Chen and Cotton, 1987) and cumulus parametrization (Grell, 1993, 2002; Kain, 2004). The RAMS mesoscale model was used in several applications for the South America studies such as on the deforestation impacts (Gandu et al., 2004; Ramos da Silva et al., 2008); lightning formation (Gonçalves et al., 2012), convection transport (Freitas et al., 2000), and weather forecasting (Ramos da Silva et al., 2007; Longo et al., 2013). Therefore, the physical parameterizations have been very well-tested on several different systems for the South America region.

The Model Experiments Setup

In order to estimate the projected regional climate changes caused by the global oceanic warming, the OLAM model was set with a global icosahedral triangular mesh having about 250 km of grid spacing between cells. A nesting refinement approach was applied with focus over South America region with the innermost domain having a 32 km of grid spacing (Figure 1). This refining grid approach allows a two-way interaction between the large and the local scales. In the vertical direction the model was set with 45 atmospheric layers having about 200 m in the lowest layer and 2000 m in the upper stratospheric layers. For these spatial sizes the model had a time step of 30 s to maintain numerical stability.
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FIGURE 1. Model domain and spatial grid structure and surface heterogeneity.



The chosen physical parameterizations included the short and long-wave radiation transfer (Chen and Cotton, 1987), the cumulus parametrization (Grell, 1993), the soil-vegetation model (Walko et al., 2000a), the cloud microphysics (Meyers et al., 1997; Walko et al., 2000b, 1995), and the turbulent atmospheric fluxes parametrization (Smagorinsky, 1963).

Initially, the model was run for the period 1960–1990 to produce a climatological control run. The initial atmospheric conditions for geo-potential height, winds, air temperature, relative humidity, and soil moisture were obtained from the National Center for Environmental Prediction (NCEP) Reanalysis Project (Kanamitsu et al., 2002). This initial condition was set only for the onset of the integration because the model is global and the lateral nudging is not necessary. In this climatological simulation the oceanic conditions were updated based on the monthly observed SST data provided by the Atmospheric Model Intercomparison Project (AMIP) as described by (Taylor et al., 2000).

The Twenty-one century simulation was run for 2010–2100 having the same configuration of the control run but using monthly SST boundary projections from the Hadley Centre Coupled Model, version 3 (HadCM3; Gordon et al., 2000; Collins et al., 2001) from its A1B scenario. This A1B projection assume that the anthropogenic emissions of CO2, CH4, N2O and sulfur-di-oxide based on a future world of very rapid economic growth and population that peaks by 2050 and declines thereafter based on more efficient technologies (IPCC, 2007).

The climate projections for the South America was produced by taking the difference between the mean field results for the periods 2011–2040, 2041–2070, and 2071–2100 and the results from the climatological run (i.e., 1960–1990).

Monthly precipitation data from the Global Precipitation Climatology Project (GPCP) was used to evaluate the model results for the 1960–1990 climatological run (Adler et al., 2003).

RESULTS

The GPCP observed accumulated precipitation data shows that while the Amazon region has the highest precipitation, the northeast region of Brazil has a very low accumulation (Figure 2A). Over the Amazon basin the model underestimated the precipitation as compared to the maps of GPCP observations (Figure 2B). For the climatological period (i.e., 1960–1990) there is only sparse pluviometric observed data over the region and the fields are obtained from extrapolations. Also, It seems that the differences between the model and the observations occurs over the Amazon River basin, thus although the model uses a 32 km of grid spacing, it may not be able to fully represent the squall lines that are the main precipitating meteorological system of this region (Cohen et al., 1995). Although, the model underestimates the total accumulation it represents the main spatial observed pattern (Figure 2B). Therefore, these results from the model can be used as a control run and the projected regional climate changes can be estimated through comparisons with the new runs for the 21st century.
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FIGURE 2. Accumulated precipitation (mm/yr) for the period 1960–1990 from (A) GPCP observations and (B) simulated by the OLAM model.



Near Surface Temperature Changes

Figure 3 shows the results for the projected temperature change for 2011–2040. The results show increase over most of the north region, mainly over the Amazon region that can reach temperature increases higher than 4°C (around longitude 50 W); while a slight decrease is projected over the south of the domain. This warming over the Amazon was obtained also in other studies (Blázquez et al., 2012; Marengo et al., 2012) but here, the projected increase of temperature in this region is higher. For the period 2041–2070 the temperature increase reaches a larger domain with the highest increase occurring over the Amazon (Figure 4). For the period 2071–2100 the warming is spread for the entire continental domain reaching the highest increase over the Amazon region in the order of 6°C (Figure 5). The major reason for this increase in temperature is due to the enhancement of the greenhouse effect of the water vapor. This greenhouse effect strength is shown by the increase in the downward long wave radiation at the surface that is higher over the tropical regions (Figure 6). The maximum increase of downward long wave radiation, greater than 60 Wm−2, occurs at the same location. Thus, although the anthropogenic greenhouse gases trend were not considered on the OLAM regional climate projections, the greenhouse effect was enhanced by the feedback of the water vapor produced by the ocean warming.
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FIGURE 3. Projected Surface Air Temperature changes (°C) for 2011–2040 relative to the climatological run (1960–1990).
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FIGURE 4. Same as Figure 3, but for temperature changes (°C) on the period between 2041 and 2070.
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FIGURE 5. Same as Figure 3, but for temperature changes (°C) on the period between 2071 and 2100.
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FIGURE 6. Downward Long Wave Radiation at Surface mean change (W m−2) for the period 2071–2100 relative to the climatological run.



Precipitation Changes

Figures 7–9 show the projected precipitation changes for 2011–2040, 2041–2070, and 2071–2100, respectively. The results show a wider ITCZ that results in an increase on the precipitation over the north coast of South America. This broadening of the ITCZ causes a higher precipitation on the interface between the continent and the tropical Atlantic on the north and northeast of Brazil showing that OLAM is able to represent better the local regional changes in this location due to its better spatial resolution. The increase on the precipitation in this region is also associated with the wind results that show an increase of moisture convergence on the region (Figures 10–12).
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FIGURE 7. Projected change in precipitation (%) for 2011–2040 relative to the climatological run 1960–1990.
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FIGURE 8. Same as Figure 7, but for precipitation changes (%) on the period 2041-2070.
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FIGURE 9. Same as Figure 7, but for precipitation changes (%) on the period 2071–2100.
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FIGURE 10. Wind changes (m/s) for the period 2011–2040 relative to the climatological run 1960–1990. The wind currents represent the mean wind field for the period.
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FIGURE 11. Same as Figure 10 but for the wind changes (m/s) on the period 2041–2070.




[image: image]

FIGURE 12. Same as Figure 10, but for the wind changes (m/s) on the period 2071–2100.



Further, analysis show a projected decrease on the precipitation mainly over the northeast region of Brazil and an increase over the west of the Amazon and over the south of the domain. However other regional changes are highlighted on some regions such as on the sea–land interface in the south Brazil where there is a stationary region of precipitation decrease that may be associated with the local ocean warming and with wind pattern changes (Figures 10–12). Recent studies show also regional changes associated with an expansion of the Hadley Cell in response to greenhouse forcing (Fu, 2015; Nguyen et al., 2015, 2013). In the west of the domain, over the Andes Mountains, there is a decrease on the precipitation that seems to be associated with the weakening on the moisture transport from the Amazon region (Figures 10–12). These projected precipitation changes in the South America are similar to the results of the GCMs used on the CMIP project, but can provide important regional features of the local climate that the GCMs can't provide.

Wind Changes

Figures 10–12 show the projected wind changes for 2011–2040, 2041–2070, and 2071–2100, respectively. The results show an overall increase on the wind speed, mainly over the northeast region of Brazil where the winds are from the east. In some regions there is and increase greater than 1.5 m/s. In general the results show that regions of stronger winds can become even stronger. At the continental tropical areas the stronger winds are associated with the moisture convergence produced at the west region of the Amazon where there is an increase on the precipitation. This favors a stronger South Atlantic Convergence Zone (SACZ) that is aligned from the northwest to southeast where there is an increase on the precipitation that extends from the west Amazon to southeast Brazil (Figures 7–9).

DISCUSSION

Unless the regional climate limited area models, the new OLAM model has the capability to represent the large scale interaction with the regional local scale using a refining grid approach. Applied to study the impacts of global ocean warming on the South America climate, it shows a major increase on the temperature over the entire domain mainly over the Amazon region. Changes in the precipitation shows: an increase over the south Brazil and over western Amazon and a decrease over the northeast region of Brazil.

These projected changes in precipitation associated with changes on the convergence zones can impact the position and strength of the main tropical cells such as the Hadley Cell and the Walker Cell. While there is a broadening of the ITCZ associated with the Hadley Cell, the changes on the position of the Walker Cell are responsible for the drier climate over the northeast region.

Similar projections were obtained by the GCMs used on the CMIP project, but OLAM has a higher resolution and therefore it provides a detailed projection for the region. For instance, the model is able to resolve better the sea–land interfaces such as on the north region and the topography on the regions such as over the Andes Mountains. Similar projections were obtained by regional climate models applied for the South America region (Kitoh et al., 2011; Blázquez et al., 2012; Solman, 2013; Chou et al., 2014). However, those RCMs were limited area models and had to perform lateral nudging from other GCMs to produce their projections. OLAM has a new approach because it uses a global icosahedral grid along with a refining regional grid domain, and allows a two-way interaction between the global and local scales. In general, climate projections are obtained with the ensemble of various models. OLAM model adds an important new approach to this ensemble. Due to its capability to represent simultaneously phenomena of various scales, it can provide important improvements on the understanding of the physical processes involved on the regional climate change projections and its interaction with the global changes.

The results obtained with OLAM did not included the greenhouse gases trends on its atmospheric model, however there was a noticeable enhancement on the greenhouse effect caused by the increase of the water vapor. The major results were a response from the ocean global warming. The South America region has a strong influence from the El Niño Southern Oscillation (ENSO) and La Niña events. Therefore, assuming that the Hadley Center model oceanic projections show a higher frequency of ENSO events (Collins, 2000), it is likely that those effects can have a crucial importance for the region's climate. The model results resemble the major findings from recent global and regional climate scenarios for the South America and therefore support the results for the climate projections obtained by the majority of those models for this region.
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