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Abstract: Climate change scenarios have been developed using more or less complex methodologies. Until now, much of the vulnerability and adaptation assessments of climate change were based on future climate projections created by expert judgment or synthetic approaches. More recently, some country climate change studies have developed climate change scenarios by scaling the patterns from general circulation models (GCMs) on the basis of global mean temperatures simulated by simple climate models. This methodology had three important advantages: (1) it is relatively easy to use, (2) it introduced a time dimension and rates of change and (3) it can be used to explore some of the uncertainties related to climate change science. In this paper we present how the national climate change scenario that will be used in the assessment of climate change impacts on Guatemala was derived. The scenarios were developing by means of GCM-scaling method because the above-mentioned advantages. We used the MAGICC/SCENGEN computer programs developed by the Climate Research Unit of East Anglia University in the United Kingdom. With MAGICC we calculated a set of global warming values, making different assumptions about the forcing factor that drives global climate change. Thus, we capture an important range of the uncertainties related to the effects of different greenhouse gas emission scenarios and different climate sensibilities. These values of mean global temperatures were used to scale the patterns outcomes from three GCMs, which were chosen attending to different well-know criteria. As the number of possible derived-scenarios was large, we made an evaluation of the uncertainty-space and selected five climate change scenarios. Then the climate change scenarios were represented by (1) two wet scenarios of low and high warming, respectively, (2) two dry scenarios of low and high warming, respectively and (3) one central scenario. 

The most remarkable results were the projected decrease of the July-September monthly rainfall and the possible increase of aridity process in some parts of the country. Those results are very important because of the potential negative impacts for water resources and agricultural sectors. A discussion about the dependence of climate change patterns to climate sensibility is presented at the end of the paper to make clear another important issue regarding the uncertainties of future climate projections. 
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1. Introduction

Instrumental records of global averaged air surface temperature show a clear trend to warming since 1800s (Jones et al. 1999, IPCC 1996). This warming, which has been estimated in about 0.6°C, is not completely due to natural phenomena (i.e. the solar activity). Thus, the increase in the greenhouse gases concentrations seems to be responsible in some measure. Wigley (1999) affirms that both solar activity and antropogenic forcing, are enough to explain a significant part of the warming trend in spite of the influence of other internal factors to the climatic system. 

The evidences related with terrestrial warming are not only related with the increment of the air surface temperature values. Observed temperature data for the troposphere shows an overall warming trend, which is similar in magnitude to the surface trend. This is consistent with the General Circulation Models (GCMs) outputs for the influence the concentrations increase of greenhouse gases (Santer et al. 1996).  The idea of these gases leads to produce an enhancement of natural greenhouse effect and cause changes in the energy balance of the system, is then reinforced. 

Consequences of changes in the planetary atmosphere begin to emerge, and each time there are more evidences to indicate the existence of a perceptible human influence in the global climate (IPCC 1996). As the impacts of such changes are potentially serious for humanity and world environment, it is important that we are able to identify a group of measurements that guarantee future economy and societal development. For this reason it is necessary to carry out projections of future climate that allow to assess the behavior of the environmental systems. 

Today many countries have ratified the United Framework Convention on Climate Change (UNFCCC). They are then committed to carry out vulnerability and adaptation (V&A) studies and to produce results that must be included in its National Communications. An important task of V&A is to develop future representations of climate conditions at a regional or national level. Theses representations are termed climate change scenarios instead of predictions because the uncertainties arise from the inherent indeterminacy of future human society and of the climate system. Future greenhouse gas emissions profiles will always be influenced by human actions, which are not deterministically predictable. Moreover, the climate system is also indeterminate (Shukla, 1998) because it is a very complex dynamic and non-linear system. Thus, climate change scenarios must be developed to represent a wide range of possible and plausible future climate conditions. 

In the present study, the results of the work done to create the climate change scenarios for Guatemala are presented. These scenarios will be used in evaluating the impacts of climatic change in Guatemala and were defined for 30 year-periods centered on the years 2030, 2050 and 2100. The first period of years attempt to offer estimates for a relatively short term of the patterns of climatic change, while the other two offer longer term results. The climate change scenarios presented here are very different than the synthetic ones used in prior V&A studies for Guatemala, which were designed for all of the Central American region in a regional project developed under the US Country Study Program. In this opportunity, we use a methodology based on the scaling approach developed by Santer et al (1990). This method allows us to use results from various models and to assess the effects of a wide range of sources of uncertainty (reflected by a large number of climate change scenarios that can be easily obtained). As the number of scenarios will be large, we must select a limited set of possibilities that reflect in some extent the uncertainties and provide a short number of input in V&A analysis.

Section 2, we describes the methodological approach used in this study. The observed mean climate and climate variability during the 1961-1990 period are described in section 3. Section 4 shows the results and discussion of the aspects that affect future projection of the global climate. They are linked with greenhouse gas emission scenarios, the climatic sensibility and the uncertainties associated with the prediction of the patterns of future change using GCMs. In Section 5 the future spatial and annual variation pattern for Guatemala are presented. Finally, some conclusions are presented in Section 6.

2. METHODOLOGY

2.1. Climate change scenarios. The Concept.

Climate change scenarios are coherent, systematic and internally consistent descriptions of climatic changes. In a precise and complete definition Viner and Hulme (1992) outline that climate change scenario is: “A representation of the future climate that is internally consistent, that has been built using methods based on scientific principles and that it can be used to understand the climate change response of the environmental and social systems.” Climate changes scenarios are used to show the uncertainties associated with future climate change and are commonly used as input in V&A studies. 

Selecting climate change scenarios is a very important step in V&A studies because it determines both the magnitude and the direction results. For this reason, this stage should be very well planned and carefully developed. A very pessimistic scenario can drive to assess extreme impacts only, while a scenario where a single analyzed possibility could be seen as a forecast. In both cases the results would not be completely appropriate. 

A wide variety of methods exist to create the climate change scenarios. In accordance with Parry and Carter (1998), these can be separated in synthetic (also known as arbitrary), analog and those based on the results of the general circulation models (GCM). Among these groups, the more used variants are the synthetic ones and the GCM. Because GCMs are the best scientific tools in projecting the future climate (Wigley et al. 1990, Benioff et al. 1996), it is the method most commonly used. 

Although the advantages expressed above, GCMs presents some limitations. For example, they present low spatial resolution and their outputs are difficult to use in V&A assessment (Winkler et al. 1997). Another restriction is the expenses of computer resources inherent to GCMs simulations. This prevents experimentation using different forcing suppositions (i. e. greenhouse gas emissions). 

For the previous reasons, methodologies have been elaborated that, by using the results of the GCMs, they offer solutions to the expressed difficulties. For example, some methods have been implemented to downscale from coarse GCM resolution to finer spatial scales. Theses methods include physically based numerical models (Giorgi, 1990, Mearns et al. 1995) and empirical models (Wigley et al. 1990, Trigo and Palutikof 1999). Other approaches try to replicate the GCM(s) outcomes assuming different initial conditions. This is the general method used in this study and it is described in the following.

2.2. Climate change scenarios for Guatemala. The Method.

The methodology used to develop the climate change scenarios in Guatemala is the combination of GCMs outcomes and the simple climatic model (SCM) results by means of scaling method developed by Santer et al. (1990). This approach permits us to explore a wide spectrum of source of uncertainties in future climate projections and it has been used in the creation of regional and national climate change scenarios (Hulme 1996, Centella et al. 1998, Centella et al. 1999a, Wigley 1999). 

Using relatively simple equations, SCMs are able to simulate the response of the global climate in terms of global mean temperature and sea level rise. These models were broadly used in the second report of evaluation of the IPCC (Kattenberg et al. 1996, Warric et al. 1996). IPCC (1997) given a description of the SCM used in the second report of evaluation of the IPCC and shows the SCM can reproduce, with enough ability, the results of more complex models. 

Developing climate change scenarios by means of SCMs and GCMs combination involves three stages: (1) selection of a global greenhouse gases emission scenario; (2) transformation of the emissions into global warming projections and sea level rise; and (3) association of the global warming projection with a regional pattern of climate change. 

2.2.1. Selection of the emission scenario.

The emissions scenarios are plausible representations of future greenhouse gas emissions that are built from different assumptions about the population and economic growth, the energy efficiency and the policy related to the limitation of emissions. 

Until now several types of emission scenarios have been developed. Among those there are the well described IS92 (a,b,c,d,e,f), presented by the Intergovernmental Panel of Climatic Changes (IPCC) in 1992 (Leggett et al. 1992). At the present, due to the well-recognized limitations of the IS92 scenarios, a new group of emission scenarios has been developed and are referred as SRES A1, A2, B1 and B2 (Wigley, 1999). It should be noticed that theses two groups (IS92 and SRES) are “non-intervention” scenarios, because they don't explicitly include climate-related policies aimed at  mitigateing the climatic change. However, these scenarios may include the effects of policies to reduce others environmental related problems as is the case of acid precipitation and air pollution. 

The selection of greenhouse gases emission scenarios is very important, because emissions level will depend on the forcing received by the climatic system. Therefore, the results that are obtained for temperature and sea level rise at global scale. 

2.2.2. Transform the emissions into global warming projections and sea level rise.

After determining the emissions scenarios, the future concentrations of greenhouse gases are estimated using several models that simulate the gas cycle (e. g. carbon cycle, methane cycle, nitrous oxide cycle and halocarbon cycle). The concentrations are then employeed to calculate the radiative forcing, by means of radiative transfer models. Finally, to project the change of global mean temperature, global mean forcing is used as input in an upwelling-diffusion energy-balance model, known as UD EBM. UD EBM also calculates the change in sea level, adding the thermal expansion of the ocean due to the warming to the sea level rise caused by the melting from ice sheets, Greenland and Antarctica (Raper et al. 1996). A schematic example of the steps described previously can be found in IPCC (1997). 

The Climate Research Unit (CRU) of the University of East Anglia in United Kingdom has developed a personal computer program that facilitates to carry out all the calculations in a very efficient and quick manner. This program well known as MAGICC (Model for the Assessment of Greenhouse-gas Induced Climate Change (Wigley, 1994)), allows us to select, in each run, two scenarios of emissions and to estimate the associated global warming and sea level rise. With MAGICC, the changes of global mean temperature and sea level rise can be obtained for any year between 1990 and 2100. 

2.2.3. Association of the global warming projection with a regional pattern of climate change

To obtain the spatial and temporal patterns of future climate, it is necessary to use the GCMs results and then link them to the outcomes of the SCM. The linking procedure is carried out in the following way. First, the pattern of change (e.g. differs between the control experiment (1XCO2) and the perturbed one (2XCO2)) of any GCM is divided by the value of global warming given by this GCM. Thus, a pattern of normalized change is obtained which represents the amount of change of a variable per degree of global warming. With this procedure the results of any GCM pattern can be directly compared with others, since the differences associated to different climatic sensibilities are eliminated. Take for example the temperature pattern of HadCM2 model (Mitchell et al. 1995). For this GCM the global warming for a duplication of the CO2 is 2.5 °C. Then, all of the temperature changes projected by this model (for each grid point) are standardized, dividing them by 2.5. The following step is to multiply the normalized field by the global warming for a certain year, obtained from a SCM, in our case the MAGICC. This global warming is function of the selected emission scenario and the values of climatic sensibility and other parameters. 

As the global warming obtained by the SCM is easily calculated from any emission scenario and value of the climatic sensibility (among other parameters), the SCM results allow us to replicate the global models outputs, considering a wide range of different initial conditions.  This makes the method very powerful. 

A microcomputer program called SCENGEN (Hulme et al. 1995) has also been developed by the CRU to develop this phase of the process in a very easy and comfortable way.  SCENGEN contains a database with the results of 14 GCM and it uses the results generated by MAGICC as its input (see Hulme et al. 2000, for an annotated description of MAGICC and SCENGEN) (Mike can I use this reference now?. Please, provide the complete reference). 

After obtaining the patterns of climatic change, they can be used directly in combination with the climatic baseline to produce the patterns of change with spatial detail. A method called ‘unintelligent’ downscaling (Hulme and Jenkins 1998) is commonly used to do this.

3. Observed Variations and CHANGES IN the Climate of Guatemala.

To describe the observed variations and changes in the climate of Guatemala we used time series of air surface temperature and precipitation, obtained from the 0.5° latitude/longitude database developed in the Autonomous National University of Mexico (Magaña et al. 1999). The data relative to mean climatic conditions are the same ones that were produced by Centella et al. (1999b). In both cases we use the reference period of 1961-90 as this is the period for which we have best observed data availability and because it is the same thirty year period used by other impact assessment studies in the region.

3.1. Observed trend in temperature.

Time series of annual mean temperature for Guatemala (Fig. 1) indicates the existence of a warming trend, that is conditioned by the prevalence of positive anomalies before the end of 70s. It is important to note that this trend is not significant from a statistical point of view and it seems to be the result of the biggest warming that takes place in December-February. During March-May (the period with highest temperatures) the trend is much smaller. Something of interest is that the analyzed time series show variations near to the 5 years. This corresponds to the years of high positive anomalies during which El Niño events took place. However, this fact will be proven in later studies. 

3.2. Observed trend in precipitation.

The most relevant aspect in the analysis of precipitation time series for 1961-1990 period is the remarkable prevalence of negative anomalies of rainfall starting from the decade of the 70s (Fig. 2). This fact produces a quite remarkable trend (statistically significant) to the reduction of annual rainfall. The behavior of the annual precipitation during this period seems to be result of the reduction observed in June-August. In this case, a similar trend and a change are also present in the 70s decade. On the contrary, during December-February the behavior of the precipitation is dominated by variations of higher frequency. The change observed in the annual and June-August time series is consistent with observed changes in atmospheric circulation described by Naranjo and Centella (1998) in the climate of Cuba and the Caribbean region. 

3.3. The 1961-1990 mean climate.

To represent the space variations of the climate in Guatemala during the period 1961-1990 we use the data generated by Centella et al (1999b). This data set was developed on a regular grill of 5 minutes latitude/longitude, from the observations of the Meteorological Stations Network of the National Institute of Seismology, Volcanology, Meteorology and Hydrology, and contains the mean values of precipitation, maximum, minimum and mean temperature. 

Using this data, the potential evapotranspiration (ETP) fields were generated by means of the Hargreaves method, which is recommended by Benioff et al (1996) when, as in our case, the only available information is monthly mean temperature. Since the Hargreaves method is based on temperature only, it doesn't incorporate the effect of other factors that help in obtaining more realistic values of ETP. More precise methods (e. g. Penman-Monteith) require other climatic variables that were not available. Nevertheless, Bautista and Garavito (personal communication) express that, for Guatemala, our estimates do not differ substantially from those calculated from the Penman method. 

In Fig. 3 it can be see that largest  ETP values are located in the coastal plain of the Pacific and in the areas of Petén department (at the north of the country) while the lowest magnitudes take place in the mountainous areas. As it is logical, the structure of this map is very similar to the temperature patterns. 

In the analysis of the climate of a region, it is many times valuable to estimate indicators that can summarize the information of several climatic elements. For example, for agriculture or water resources applications, it can be important to know the level of aridity because the arid areas or those that tend to aridity are highly vulnerable to climatic variations and human activity pressures. The identification of such areas can favor the development of planning to the rational management of those areas. If the climatic change spreads the space dimensions of those areas or intensify the processes of aridity, then the strategies of adaptation must include these aspects. According to this, it was considered useful to carry out the estimate of the aridity index Ro of the PNUMA (UNEP, 1992), which is expressed by means of Ro=P/ETP where: P is the precipitation and ETP is evapotranspiration. 

The spatial distribution of annual aridity index for Guatemala is show in Fig. 4.  It can be seen that availability of potential water resources in the major part of the country is high or very high. Only a relatively small portion of the territory shows areas of semi-arid or dry sub-humid climates. This area is confined to the Motagua valley, which is considered as one of the driest areas in Central America. The rest of the country is represented by moister climates. 

4. FUTURE GLOBAL CLIMATE CHANGE

This section begins with an analysis of the elements that affect the estimation of future climate change. We explore the effect of different emission scenarios, different climate response to the forcing and different models to simulate the climate change patterns. This analysis supports our decision to use a set of climate change scenarios to capture the wide range of uncertainties.

4.1. Emission scenarios and climate sensibility

Fig. 5 shows the curves of global warming (compute by MAGICC) for three emission scenarios and three values of T2x. The scenarios are IS92c, IS92a, IS92e, while the values of T2x are the IPCC-range of 1.5-4.5°C, as well as the mid-range value of 2.5°C. The emission scenarios were chosen because two of them (IS92c and IS92e) produce the most extreme profiles of future emissions, while IS92a is an intermediate scenario. The last one has also been used in other V&A study in Central America (Centella et al. 1998), so it is also available for comparison. On the other hand, the above climate sensibility values were selected because they represent the best available scientific knowledge about the feedback process within the climate system. If we use those emissions scenarios together with selected T2x values, then it is possible to represent a wide range of uncertainties. In fact, the range of global warming values in Fig. 5 is extremely wide with magnitudes among 1.1°C (IS92c) and 2.4°C (IS92e) for year 2100, taken a T2x=1.5°C. If a high climate sensibility is considered, then the range will be from 2.9°C (IS92c) to 4.9°C (IS92e). Thus the total uncertainty range (from 1.1°C to 4.9°C) reflects the combined effect of the uncertainties related to both the levels of response of climate system and the spectrum of future greenhouse gas emissions.

It is important to note that global warming projections do not include the effect of sulphate aerosols. This decision is supported by the uncertainties regarding both future sulphate aerosol emissions and aerosol forcing. The sulphate aerosol uncertainties are addresses by Hulme and Jenkins (1998).

Table 2 shown the mean concentrations Carbon Dioxide (CO2), Methane (CH4) and Nitrous Oxide (N2O) for 30 year periods centered in the 2030s, 2050s and 2100s. These values, which are associated with the selected emissions scenarios, reflect the range of the future greenhouse gas concentrations that will be used in the impact assessment of climate change. 

4.2. General circulation models

As was mentioned early, different GCM experiments can produce different results. This is mainly certain for the case of some variables, such as the precipitation, where the future projections at the regional level can be completely opposed. This is, while some models indicate increments others produce drastic reductions. 

In Table 3, where we list the GCMs whose results are available in SCENGEN, it can be seen that the differences between GCMs global warming (T2x) values can be equal or higher than many of the individual T2x. These differences reflect how sensitive the estimate of global warming is to the climatic pattern selection. The spectrum of uncertainty associated with these values is also linked with different ways and degree of models developed, as well as, different experimental designs. 

If we use the results of all the models in Table 3, then we will created an extensive number of projections very difficult to manage in an climate change impacts study. However, using a single model, would present results that could be interpreted as predictions. What to do then? Which GCM to use in order to obtain the patterns of change? These questions are not easy to answer and in many occasions; the answer depends on the possibility to access of the GCMs results. However, several approaches can be considered in GCM selection (Benioff et al. 1996, Parry and Carter 1998; Smith and Hulme 1998). Theses approach are: the model space resolution, the model vintage, the representativeness of the results, and the capacity of the GCM to simulate the current climate appropriately. 

To select the climatic models attending to their capacity to simulate the current climate, the results of the control experiment (the model is run to provide a control climate unperturbed by any external influences) are compared with the observed climate. It could be assume then that best selection will be the pattern with the best results. This does not necessarily mean that the best model has been selected. The fact that a given GCM reproduces the current climate with enough certainty, does not mean that it will generate the same result if it does not have a good representation of the feedback process that will be initiated by radiative forcing.

On the other hand, the representativeness approach can be used to select, for example, three models, where one reflects the typical magnitudes of change of the population of models, while both remaining represent extreme conditions. This approach allow us to examine a wide range of the uncertainties associated to the projections of the GCM, particularly when examining precipitation changes. 

In this study, a combination of all above approaches is used to select the GCMs spatial patterns. To do this, we first compute the temperature and precipitation changes values for the fourteen GCMs available in SCENGEN in each 0.5° grid boxes that falls over Guatemala (Fig. 6). The grid box average for temperature and precipitation was computed and plotted in terms of annual average (Fig. 7), by incorporating the effects of three selected emission scenarios, as well as, the influence of selected climate sensibility values. It can be appreciated that if the representativeness approach is applied, then three models reflect the widest range of the uncertainties associated with the projections of different GCMs. The HadCM2 and UKHI (Murphy and Mitchell 1995) models produce extreme precipitation projections (driest and wettest, respectively), while the ECHAM3TR (Schlesinger and Zhao 1989) pattern is near to mean pattern of all GCMs.

It is important to note that UKHI it is not the only GCM in reflecting an important positive change. However, this model was selected because it has the highest value of the pattern of correlation of the precipitation and its resolution is one of the highest of all GCMs (see Table 3). 

A similar analysis to the previous one was carried out taking into account the seasonal projections. The results indicated that for December-February (not show), the picture is similar to Fig. 7. However,  June-August (Fig. 8), the results are something different regarding to the projections of the UKHI pattern. In this case, the OSU model produce the biggest increment in the precipitation, while the results of the UKHI indicate a slight reduction. It should be note, however, that this projection of the UKHI is consistent with the observed precipitation trend during the rainy season in Guatemala. 

Another important criteria that guide our model selection decision was that HadCM2 and ECHAM3TR models belong to recent simulations. According to Parry and Carter (1998) it is probable that experiments carried out recently are better since they are based on a more update scientific knowledge about climate system.

5. future climate change in guatemala

5.1. The ECCG99 climate change scenarios

Climate change impacts studies should evaluate the wide range of possibilities and thus, they can take into account a wide quantity of uncertainties. In this context, climate changes scenarios information must be clear, easy to interpret and easy to use. 

Results described in previous section are based on: the estimates carried out by HadCM2, UKHI and ECHAM3TR models, three scenarios of emissions (IS92c, IS92a and IS92e) and three values different from climatic sensibility. Thus, due to numerous quantity of possible combinations, a large number of future projections was generated (27 estimates for every 30 year period). As this volume of information is quite difficult to manage in V&A assessment, it is necessary to select a group of those scenarios that can be used to describe the widest range of possible future climates. It will allow studying environmental systems sensibility to different conditions, enabling us to determine which level of climate change will produce a significant impact on the evaluated sectors. 

If we take into account all MCGs results, the maximum area of uncertainty can be delimited by the UKHI and HadCM2 model estimates obtained from the IS92c and IS92e emissions scenarios and low and high climate sensibilities respectively. This idea can be described more clearly by means of Fig. 9 in which the uncertainty space area appear in blue.

 According to the above-mentioned, the climate change scenarios that will be used in the evaluation of climate change impacts in Guatemala will be represented by five situations: a wet scenario of little warming (ECCG99_WL); a wet scenario of high warming (ECCG99_WH); a dry scenario of little warming (ECCG99_DL); a dry scenario of high warming (ECCG99_DH) and; a central scenario (ECCG99_C). Table 4 presents the emission scenario, the climatic sensibility and the MCG associated with each one of these five scenarios. 

5.2. Temperature and Precipitation. 
In previous section it had been seen that the largest  (smallest) warming for Guatemala were those associated with the results of HadCM2 (UKHI) model. In Fig. 10 it can be seen as the scenarios agree in pointing out an increment of temperature, maintaining the annual variation pattern without an important change. Only for the ECCG99_C scenario, the pattern is deformed lightly, as result of a smaller warming in June and July. 

For precipitation, although the projected annual changes are divergent among the models, future annual variation patterns presents a common characteristic in all the selected scenarios (Fig. 11). In this case, all rainfall estimates suggest a more or less intense reduction of the precipitation in July-September (highest and more evident in August). Such a result implies the intensification of the well-known phenomenon as veranillo, canicula or midsummer drought, which could have adverse implications on water resources or agricultural systems. 

As was expected, the structure of temperature projection patterns in the ECCG99 scenarios is quite similar to the current climate (Fig. 12). An expansion of highest temperatures areas takes place, at the expense of those currently present lowest values, as is the case of mountainous regions. The results show that the patterns of more intense warming are related with ECCG99_DH and ECCG99_WH scenarios, which are conditioned by a more intensive and rapid global change. 

For precipitation (Fig. 13), the results are more interesting. In this case, the most remarkable changes take place in scenarios ECCG99_DL and ECCG99_DH, because in the other scenarios the quantities of precipitation changes are modest. The notable reduction of the annual precipitation amount under the scenario ECCG99_DH is of substantial importance because the dry area today confined to the Motagua valley will be enlarged toward the west in the future. 

Evapotranspiration and Aridity 

On many occasions, it is useful to evaluate the behavior of the climate by means of indicators that allow descriptions of the relationships among the climatic variables. These indicators offer better information than individual climatic variables. According to this, it was considered useful to analyze future changes in both evapotranspiration and aridity index Ro.

In Fig. 14 it can be seen that future ETP values will be greater than the current ones in more or less degree, according to GCM takes in consideration. As the Hargreaves equation is a temperature based method, future ETP patterns are linearly related with future warming ones. Thus, highest ETP values are observed in ECCG99_DH and ECCG99_WH scenarios, while for the others the increments are moderates.  

Combining ETP and precipitation projections, we will be able to assess the future aridity behavior by means of Ro index. This could be interpreted in terms of availability of water resources. Future aridity spatial patterns (Fig. 15) allow us to appreciate that an important increase of aridity process will take place under ECCG99_DH scenario. This is because the intense warming and the remarkable reduction of precipitation will contribute to the expansion of semiarid and dry sub-humid climates. The overall results indicate that most probable future patterns will show a persistence of semi-arid areas or an expansion of the same ones. Even under UKHI projections patterns (ECCG99_WL and ECCG99_WH), where the precipitation increase, the increment of the Ro index is quite small in comparison to the current pattern. The possible increment in the areas where the aridity process can develop in future, indicate the importance of assessing the repercussions on the environmental and social system in Guatemala. It should also be note that when increasing the spatial extension of the aridity process, the vulnerability of those territories to climate variability will be increased. 

5.3. Climate change patterns as function of climate sensibility.

Each ECCG99 scenarios represents the future projections of climate change in Guatemala for three 30-year periods centered in 2030s, 2050s and 2100s. However, the changes estimates for these periods will occur sooner or later to each ones if the sensibility of the climate system is high or low, respectively. For example, changes in climate of Guatemala like those projected by the scenario ECCG99_C for the 2050, could occur before (2034) if climate sensibility is high (4.5 °C) or much later (2078) if climate is not very sensitive (1.5 °C). Indeed, if the climate is very sensitive, the response is faster and a certain value of global warming (in this case 1.56 °C) will be reached in less time. The opposite will happen if sensibility is low. 

Fig. 16 presents the alternatives on how fast or slow the climate change patterns described can happen by ECCG99 scenarios for 2050 (Figs. 12-15) according to different levels of climate system response. Therefore, if we analyze the information provided by Figs. 9 and 16, it is possible to make a discussion about the influence of climate sensibility on the moment in which the climate change patterns are reached. In this manner, if climate is less sensitive, the projected patterns under ECCG99_WH and ECCG99_DH for the 2050, will not take place until the 2070s (T2x=2.5 °C) or 2100s (T2x=1.5 °C) for the same emission scenario. These projections will also happen afterward 2050s, if instead of considering IS92e scenario, we take the emissions from IS92a scenario. 

A more complex picture is obtained if ECCG99_WL and ECCG99_DL scenarios are analyzed. In this case, if the climate is much more sensitive (i. e. T2x=4.5 °C) and we continued considering the IS92c scenario, the patterns of change shown for the 2050s (Figs. 12-15) will take place approximately as early as 2015s. If the forcing conditions are varied (emission scenarios and climate sensibility) then the ECCG99_WL and ECCG99_DL patterns will occur in advance in a period of 18 years (2032, for IS92a with T2x=1.5 °C) to 40 years (2010, for the IS92e T2x=4.5 °C). 

All of the above analysis demonstrate the dependence of different climate patterns to the sensibility of the climate and allow us to evaluate other alternatives for the date of occurrence of such changes. Fig 16 can be interpreted as time-space forcing uncertainty, which can be evaluate thanks to the scaling method used in this work to produce future projections. 

6. Summary and conclusions

In the last years, many countries have been involved in determining potential climate change impacts and identifying a set of adaptation measures to diminish those impacts. Several of these studies must be include in the national government communications to the United National Framework Convention on Climate Change. To achieve this objective, these countries need to develop a set of possible climate change scenarios, which will then be used within its own V&A assessments. It is generally accepted that, in the long term, the output obtained directly from GCMs will cover this need. Nevertheless, as it is not yet possible, several methods of creating climate change scenarios using GCMs outcomes have been developed. In the present study, we design the climate change scenarios for Guatemala using the scaling approach (Santer et al 1990), which have been used by other authors (Mitchell et al 1990, Hulme 1996).

Apart from the disadvantages of the scaling method, which are mentioned by Centella et al (1998) and Smith and Hulme (1998) among others, this approach guarantee that some of the aspects affecting future climate change can be taken in to consideration and thus, a wide part of the uncertainty space can be capture. In this work, a part of our efforts have been concentrated in developing a set of climate scenarios that consider the widest possible spectrum of uncertainties. To do this, we use the MAGICC/SCEGEN computer programs and adopt some decisions concerning the emissions profiles, climate sensibility, aerosol forcing and regional spatial pattern of climate change. These decisions, which will govern the range of both magnitude and spatial patterns of climate changes, reflect many of the uncertainties in climate change science.

Uncertainties associates with emissions scenarios were captured using the two profiles to define the extreme range of IS92 emission scenarios (i. e. IS92c and IS92e). Another emission scenario (IS92a) was selected to reflect a mid-range projection of the emission that has been used in other V&A studies. Although the precise relationships between emission and forcing are uncertain for all greenhouse gases, the most uncertain component of radiative forcing is due to sulphate aerosols. For this reason, we did not consider the effect of aerosol formed from fossil fuel combustion and biomass burning. Another important reason was the fact that recent estimates of sulphur dioxide emission demonstrate that IS92 scenarios tend to magnify these emissions. The range of global warming, as result of different emission scenarios (i. e. from 1.1 °C to 2.4°C by 2100, using a T2x=1.5°C), show that even with a perfect model we would still have an uncertainty range in the calculation of future global change.

The uncertainty in climate sensibility was addressed considering the commonly-stated IPCC range from 1.5°C (low) to 4.5°C (high), with a mid-range value of 2.5°C. In this case, the resulting global warming by 2100 is slightly large than that due to the different emission scenarios (i. e. from 2.4°C to 4.9°C for IS92e scenario). The total uncertainty reflecting the combined effects of both levels of climate system response and future greenhouse gas emissions is ranged from 1.1°C to 4.9°C.

The last issue relating with the uncertainties in the future climate change of Guatemala is the existing differences between regional GCM spatial patterns. In this case, from the fourteen GCMs available in SCENGEN we select the pattern from HadCM2, UKHI and ECHAM3TR models. These models were selected according to the following criteria: (1) Taking into account the values of mean monthly precipitation pattern correlation coefficient, HadCM2, UKHI and ECHAM3TR models are the first, third and fifth, respectively, among the 14 available models in SCENGEN (seenTable 3); (2) Considering the results of these models, we can capture a wide range of the uncertainties associated to the projections of the MCG; (3) The results of HadCM2 and ECHAM3TR models belong to recent simulations. It is probable that these experiments are based on a more actual scientific knowledge of the climate system; (4) Except for UKTR, HadCM2 and UKHI have the highest spatial model resolutions;  and (5) HadCM2 results have been used in different climate change impact studies and the other two models were used to develop the climate change scenarios in El Salvador (Centella et al 1998). Therefore, their selection guarantees the results comparison. 

According to the above-mentioned, future climate change for Guatemala can be described by a large number of possible combinations. However, as this quantity of future projections is quite difficult to use completely in V&A assessment, it is necessary to select a group of those scenarios that will allow us to study the environmental systems sensibility to different conditions. In this sense, the climate scenarios that will be used in Guatemala were chosen after carrying out a combined analysis of all of the uncertainty elements mentioned above. Therefore, we create an uncertainty space (see Fig. 7) and select five situations that span a wide spectrum of these uncertainties. Then, the climate change scenarios for Guatemala were (1) two wet scenarios of little and high warming, (2) two dry scenarios of little and high warming and (3) one central scenario. The idea of selecting scenarios that reflect both extreme and opposed conditions in the future patterns of the precipitation was used by Hulme (1996) who described those scenarios as “Dry” and “Wet”. In our case, a difference is introduced when the effects of climate sensibility and emission scenarios are incorporated. In this manner, a couple of scenarios are obtained for each condition (dry and wet) and it is possible to make a full assessment of the possible impacts of climate change. 

The more remarkable aspect about the future climate change in Guatemala is the models agreement in projecting an important reduction in the rainfall amount during July-September. This result has enormous implications for the agricultural and water resources sector because a reduction in rainfall during this period of the year implies the intensification of midsummer drought. An example of the effects of midsummer drought intensification can be seen during some El Niño years. In these cases a clear negative impact on food production and water availability in many countries of Central American has been observed.

In the case of spatial patterns the models outcomes produced quite similar results in the case of the temperature. For the precipitation, although the projections of the scenarios ECCG99_HB, ECCG99_HA and ECCG99_C did not show substantial changes with regard to current climate, the results obtained under ECCG99_SB and ECCG99_SA, indicate a drastic rainfall reduction, causing the extension of the current dry areas.

A more deep vision of the implications of the projected changes for the climate of Guatemala was obtained when the evapotranspiración and aridity indicators were estimated. In the first case, the pattern of change indicates a substantial increment in the values, mainly in the areas of the coastal plain, the area of the Motagua, and the north region of the country. For the aridity index, the results indicated that the spatial extension of the areas with semi-arid or sub-humid climates would increase or remain with quite change with respect to current conditions. Such a process would imply both a reduction of the availability of water resources and a potentially adverse impact for sectors such as agriculture, water resources, forest resources and others. 

An important aspect addressed in this study was the dependence of climate change patterns to climate sensibility. In this manner, we produce a time-space forcing uncertainty to show how one climate scenario for a specific time interval can occur earlier or later depending on the climate sensibility value. This analysis was very useful in demonstrating other issues of space uncertainties associated with climate change science. 
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Table captions

Table 1. Climate areas according to Ro index values.

Ro
Climatic area

< 0.05
Hyper-arid

0.05 – 0.20
Arid

0.20 – 0.50
Semi-arid

0.50 – 0.65
Dry sub-humid

>= 0.65
Moister climates

Table 3. Mean concentrations of the main greenhouse gases (GHG) for 30 years periods centered in the 2030s, 2050s and 2100s. 

Emission scenario        GHG
2030
2050
2100

IS92c 
CO2 ppmv 
420.2
446.1
469.6


CH4 ppmv 
2086.7
2196.5
2096.9


N2O ppmv 
343.9
360.8
384.1

IS92a 
CO2 ppmv 
435.6
496.0
661.0


CH4 ppmv 
2261.8
2651.9
3335.4


N2O ppmv 
342.2
363.7
405.6

IS92e 
CO2 ppmv 
474.3
568.0
877.7


CH4 ppmv 
2474.3
2965.5
3941.2


N2O ppmv 
349.8
373.9
421.7

Table 3. General circulation models whose results are available in SCENGEN.

Model
Year 
Resolution
X
Pattern of Correlation 

HadCM2 
1994
2.5°x3.75°
2.5
0.77

UKTR 
1991
2.5°x3.75°
2.7
0.76

UKHI 
1989
2.5°x3.75°
3.4
0.72

CSIRO9M2 
1995
3.2°x5.6°
4.3
0.71

ECHAM3TR 
1995
5.6°x5.6°
2.6
0.67

ECHAM1TR 
1989
5.6°x5.6°
2.6
0.64

CSIRO9 
1991
3.2°x5.6°
4.8
0.64

UKLO 
1986
5°x7.5°
5.2
0.64

CCCEQ 
1989
3.75°x3.75°
3.5
0.63

BMRC 
1991
3.2°x5.6°
2.2
0.61

OSU 
1988
4°x5°
2.8
0.59

GISSEQ 
1983
8°x10°
4.2
0.58

GFDLLO 
1983
4.5°x7.5°
4.0
0.58

LLNL 
1989
4°x5°
3.8
0.56

Table 4. Emission scenarios, climate sensibility and general circulation models associated to each climatic scenario. 

Climate scenario 
Emission scenario
Climate sensibility
MCG 

ECCG99_WL 
IS92c 
Low 
UKHI 

ECCG99_WH 
IS92e 
High 
UKHI 

ECCG99_DL 
IS92c 
Low 
HadCM2 

ECCG99_DH 
IS92e 
High 
HadCM2 

ECCG99_C 
IS92a 
Mid 
ECHAM3TR 
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