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ACRONYMS AND ABBREVIATIONS 

AMMA   African Monsoon Multidisciplinary Analyses 

ANN   Artificial Neural Network 

ARCC    African and Latin American Resilience to Climate Change 

BCSD  Bias-Corrected Spatial Disaggregation  

CCA  Canonical Correlation Analysis  

CCAFS  CGIAR Program on Climate Change, Agriculture and Food Security  

CF  Change Factor 

CGIAR  Consultative Group on International Agricultural Research  

CIAT  International Center for Tropical Agriculture  

CLARIS  Climate Change Assessment and Impact Studies 

CMIP3   Coupled Model Intercomparison Project Phase 3 

CORDEX Coordinated Regional Climate Downscaling Experiment 

CRCM  Canadian Regional Climate Model  

ECHAM European Centre ð Hamburg 

ENSEMBLES  ENSEMBLE-Based Predictions of Climate Change and their Impacts 

ENSO  El Niño-Southern Oscillation 

GCM  General Circulation Model 

HadRM3 U.K. Met Office Hadley Centreõs Regional Climate Model Version 3 

HIRHAM  German model which combines the dynamics of the HIRLAM and ECHAM models 

HIRLAM High Resolution Limited Area Model  

IPCC  Intergovernmental Panel on Climate Change  

LARS-WG  Long Ashton Research Station Weather Generator 

LGP  Length of Growing Period 

NARCCAP  North American Regional Climate Change Assessment Program 

NHMM  Nonhomogeneous Hidden Markov Model 

NOAA National Oceanic and Atmospheric Administration 

PRUDENCE   Prediction of Regional Scenarios and Uncertainties for Defining European Climate 

Change Risks and Effects 
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RACMO Dutch Regional Atmospheric Climate Model 

RCM  Regional Climate Model 

RegCM3 U.S. Regional Climate Model Version 3 

REMO  German Regional Climate Model 

STARDEX  Statistical and Regional Dynamical Downscaling of Extremes for European Regions 

SOM   Self-Organizing Map 

SVD  Singular Value Decomposition 

UNFCCC United Nations Framework Convention on Climate Change   

USAID  U.S. Agency for International Development 

WAM  West African Monsoon  
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GLOSSARY 

Algorithm: Computational step-by-step, problem-solving procedure. 

Bias correction: Adjustment of modeled values to reflect the observed distribution and statistics. 

Change factor (CF): Ratio between values of current climate and future GCM simulations. 

Climatology: Long-term average of a given variable, often over time periods of 20 to 30 years. For 

example, a monthly climatology consists of a mean value for each month computed over 30 years, and a 

daily climatology consists of a mean value for each day.  

Coastal breeze:  Wind in coastal areas driven by differences in the rate of cooling/warming of land and 

water.  

Convective precipitation: Intense precipitation of short duration that characterizes most of the 

rainfall in the tropics. 

Direct and indirect effect of aerosols: Atmospheric aerosols are solid and liquid particles 

suspended in air that influence the amount of solar radiation that reaches the surface of the Earth. 

Aerosols can cool the surface of the Earth via reflection of solar radiation. This is termed the direct 

effect. The effect of aerosols on the radiative properties of Earthõs cloud cover is referred to as the 

indirect effect.  

Downscaling: Derivation of local to regional-scale (10-100 kilometers) information from larger scale 

modeled or observed data. There are two main approaches: dynamical downscaling and statistical 

downscaling.  

Emissions Scenario:  Estimates of future greenhouse gas emissions released into the atmosphere. Such 

estimates are based on possible projections of economic and population growth and technological 

development, as well as physical processes within the climate system. 

Feedback (climate): An interaction within the climate system in which the result of an initial process 

triggers changes in a second process that in turn influences the initial one. A positive feedback intensifies 

the original process and a negative one reduces it. 

Frequency distribution: An arrangement of statistical data that shows the frequency of the 

occurrence of different values. 

General Circulation Model (GCM): A global, three-dimensional computer model of the climate 

system that can be used to simulate human-induced climate change. GCMs represent the effects of such 

factors as reflective and absorptive properties of atmospheric water vapor, greenhouse gas 

concentrations, clouds, annual and daily solar heating, ocean temperatures, and ice boundaries.  

Grid cell: A rectangular area that represents a portion of the Earthõs surface. 

Interannual variability: Year-to year change in the mean state of the climate that is caused by a 

variety of factors and interactions within the climate system. One important example of interannual 

variability is the quasi-periodic change of atmospheric and oceanic circulation patterns in the Tropical 

Pacific region, collectively known as El Niño-Southern Oscillation (ENSO). 
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Interpolation: The process of estimating unknown data values that lie between known values. Various 

interpolation techniques exist. One of the simplest is linear interpolation, which assumes a constant rate 

of change between two points. Unknown values anywhere between these two points can then be 

assigned. 

Land-sea contrast:  Difference in pressure and other atmospheric characteristics that arises between 

the land and ocean, caused by the difference in the rate of cooling/warming of their respective surfaces.  

Large -scale climate information: Atmospheric characteristics (e.g., temperature, precipitation, 

relative humidity) spanning several hundred to several thousand kilometers. 

Lateral boundaries: Information about the air masses, obtained from GCM output or observations, 

used by RCMs to derive fine-scale information. 

Markovian process:  When values of the future depend solely on the present state of the system and 

not the past. 

Predictand: The variable that is to be predicted. In downscaling, the predictand is the local climate 

variable of interest.  

Predictor: A variable that can be used to predict the value of another variable. In downscaling, the 

predictor is the large-scale climate variable. 

Regional Climate Model (RCM): High-resolution (typically 50 kilometers) computer model that 

represents local features. It is constructed for limited areas, run for periods of ~20 years, and driven by 

large-scale data. 

Spatial downscaling: Refers to the methods used to derive climate information at finer spatial 

resolution from coarser spatial resolution GCM output. The fundamental basis of spatial downscaling is 

the assumption that significant relationships exist between local and large-scale climate.  

Spatial resolution: In climate, spatial resolution refers to the size of a grid cell in which 10-80 

kilometers and 200-500 kilometers are considered to be òfineó and òcoarse,ó respectively. 

Stationarity: Primary assumption of statistical downscaling; as the climate changes, the statistical 

relationships do not. It assumes that the statistical distribution associated with each climate variable will 

not change, that the same large-scale predictors will be identified as important, and that the same 

statistical relationships between predictors and predictands exist. 

Stochastic:  Describes a process or simulation in which there is some indeterminacy. Even if the 

starting point is known, there are several directions in which the process can evolve, each with a distinct 

probability. 

Synoptic: Refers to large-scale atmospheric characteristics spanning several hundred to several 

thousand kilometers. 

Systematic bias: The difference between the observed data and modeled results that occurs due 

model imperfections. 

Temporal downscaling: Refers to the derivation of fine scale temporal data from coarser-scale 

temporal information (e.g., daily data from monthly or seasonal information). Its main application is in 

impact studies when impact models require daily or even more frequent information. 

Temporal resolution: The time scale at which a measurement is taken or a value is represented. 

Daily and monthly resolutions denote one value per day and one value per month, respectively.  
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Time -series: A set of observations, results, or other data obtained over a period of time at regular 

intervals. A time-series usually displays values as function of time, i.e., time is on the horizontal axis. 

Uncertainty: An expression of the degree to which a value (e.g., the future state of the climate system) 

is unknown. Uncertainty can result from lack of information or from disagreement about what is known 

or even knowable. Uncertainty can be represented by quantitative measures (a range of values 

calculated by various models), or by qualitative statements, reflecting the judgment of a team of experts. 
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EXECUTIVE SUMMARY 

To respond to the needs of decision makers to plan for climate change, a variety of reports, tools, and 

datasets provide projected climate impacts at spatial and temporal scales much finer than those at which 

the projections are made. It is important to recognize the variety of assumptions behind the techniques 

used to derive such information and the limitations they impose on the results. The main tools used to 

project climate are General Circulation Model (GCMs), which are computer models that mathematically 

represent various physical processes of the global climate system. These processes are generally well 

known but often cannot be fully represented in the models due to limitations on computing resources 

and input data. Thus, GCM results should only be considered at global or continental scales for climatic 

conditions averaged at monthly, seasonal, annual, and longer time scales.  

Any information that is presented at spatial scales 

finer than 100 kilometers x 100 kilometers and 

temporal scales finer than monthly values has 

undergone a process called downscaling . While it 

produces climatic information at scales finer than 

the initial projections, this process involves 

additional information, data, and assumptions, 

leading to further uncertainties and limitations of the 

results, a consequence that is often not made 

explicit to end-users. International organizations or 

national governments currently provide no official 

guidance that assists researchers, practitioners, and 

decision makers in determining climate projection 

parameters, downscaling methods, and data sources 

that best meet their needs. Since the research 

community is still developing downscaling methods, 

users often need to read highly technical and 

specialized explanations in order to understand and 

adequately apply the results for impact studies, 

planning, or decision-making. 

The following are important considerations and 

recommendations to keep in mind when designing 

and interpreting fine-scale information on climate 

change and its impacts. 

¶ Downscaling relies on the assumption that local 

climate is a combination of large-scale 

climatic/atmospheric features (global, 

hemispheric, continental, regional) and local conditions (topography, water bodies, land surface 

properties). Representation of the latter is generally beyond the capacity of current GCMs. 

¶ Deriving climate projections at local scales is a multistep process, as illustrated in Figure 1. At each 

step, assumptions and approximations are made. Uncertainties are inherent in projections of 

changes in climate and their impacts. They arise from different sources and need to be kept in mind, 

whether explicitly quantified or not. 

Source: Daniels et al., 2012 

 

FIGURE I. ILLUSTRATI ON OF THE 

COMPONENTS INVOLVED IN 

DEVELOPING GLOBAL AN D 

REGIONAL CLIMATE PRO JECTIONS  
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¶ Downscaling can be applied spatially and temporally. Oftentimes, several downscaling methods are 

combined to obtain climate change information at desired spatial and temporal scales. 

¶ There are two principal ways to combine the information on local conditions with large-scale 

climate projections: 

­  Dynamical: by explicitly including additional data and physical processes in models similar to 

GCMs but at a much higher resolution and covering only select portions of the globe1. This 

method has numerous advantages but is computationally intensive and requires large volumes of 

data as well as a high level of expertise to implement and interpret results, often beyond the 

capacities of institutions in developing countries. 

­  Statistical: by establishing statistical relationships between large-scale climate features that GCMs 

and local climate characteristics provide. In contrast to the dynamical method, the statistical 

methods are easy to implement and interpret. They require minimal computing resources but 

rely heavily on historical climate observations and the assumption that currently observed 

relationships will carry into the future. However, high quality historical records often are not 

available in developing countries. 

In most cases, a sequence of different methods is needed to obtain results at the desired resolution; 

however, the analysis of select reports presenting changes in climate and/or their impacts has shown the 

following points: 

¶ Information on downscaling and the limitations of the results are often not appropriately highlighted, 

leading the user to believe that the results are òtrueó and valid at the resolution presented. 

Extensive reading of technical documentation is often needed to uncover all the steps and 

assumptions that led to the final results. 

¶ Uncertainties inherent in projections and additionally arising from applied downscaling are often not 

presented, quantified, nor discussed, leading the user to interpret the numerical results at face value. 

¶ Validation of downscaled results (on historical data) is often omitted; comparing downscaled results 

to high-resolution observed information would highlight systematic biases and the limitations of 

results. 

The above deficiencies most frequently result from simple oversight by the authors of the report or 

their efforts to make it easy to use. However, they are important, and an expert user may be able to 

detect them and estimate the limitations of the results.  

The overall diversity of the approaches and methods in existing reports and publications reflects the 

diversity of the goals and resources of each assessment. Thus, there is no single best downscaling 

approach, and downscaling methods will depend on the desired spatial and temporal resolution of 

outputs and the climate characteristics of the highest impact of interest. In light of current approaches 

and practices reviewed in this report, it is possible to make the recommendations that follow. 

                                                

 

1  Since the main constraint on resolution is the available computing resource, increasing the resolution requires reducing the 

area covered; therefore, Regional Climate Models (RCMs) usually cover portions of the globe. 
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RECOMMENDATIONS  

¶ Given the diversity of developed approaches, it is best to partner with a climate scientist or 

downscaling expert who can help to evaluate the needs, relevant techniques, and limitations of the 

results, as detailed below. 

¶ When designing assessments of climate change and its impacts at sub-regional scales, a thorough 

evaluation of the information needs and the relevance of existing information should be carried out 

first. If the need for an original downscaling of the projections is confirmed, the approach should be 

selected based on the information needs and also, importantly, on available resources (data, 

computing resources, expertise, and time-frames). The decision tree (Figure 2) has been designed to 

guide the sponsors and the scientists in determining an appropriate downscaling method. The 

questions are important considerations that should be answered carefully. It is important to note 

that this decision tree is not customized to a particular assessment or project, and thus some 

questions that are essential to a particular case may be missing. 

¶ When using/interpreting existing results/reports, the coarse resolution of the initial projections and 

the scales at which they are valid need to be kept in mind. Any results presenting fine-scale spatial 

details or using high temporal resolution data have undergone a manipulation (usually a sequence of 

manipulations) of the original projections, whether this process is described or not. It is only 

through an evaluation of the employed downscaling procedure that the validity of the results at a 

fine resolution and the value added over initial coarse projections can be assessed. Results that look 

detailed may actually not be robust; in general, a rigorous downscaling process requires including 

additional information, and a simple interpolation from coarse- to fine-scale may not lead to reliable 

results. Therefore, it is important to understand (and research if not directly available) at least the 

broad aspects of the applied downscaling. 

¶ Since uncertainty is inherent to the projections, an estimate of it ñ quantitative or at least 

qualitative ñ should always be included and carried through the downscaling process. Such an 

estimate should at least include different potential future climate states and ideally should also 

estimate the influence of the downscaling procedure on the final results. 

 

 

 

 

 

 

 

 

 

 

 

 



 

A Review of Downscaling Methods for Climate Change Projections  xi 

FIGURE 2. WHICH DOWNSCALING TE CHNIQUE IS MOST APPR OPRIATE FOR THE PRES ENT STUDY?  

Figure 2 . 
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1.0 INTRODUCTION  

Decision makers are increasingly demanding climate information at the national to local scale in order to 

address the risk posed by projected climate changes and their anticipated impacts. Readily available 

climate change projections are provided at global and continental spatial scales for the end of the 21st 

century (Intergovernmental Panel on Climate Change [IPCC], 2007). These projections, however, do 

not fit the needs of sub-national adaptation planning that requires regional and/or local projections of 

likely conditions five to 10 years from now. Moreover, decision makers are interested in understanding 

the impacts of climate change on specific sectors, e.g., agricultural production, food security, disease 

prevalence, and population vulnerability. 

In response to this demand, numerous impact and vulnerability assessments produced at different scales, 

from global to local, provide climate change impact results at spatial scales much finer than those at 

which projections are initially made. To produce such results, combinations of methods and indicators 

are often used, each with its own assumptions, advantages, and disadvantages. In reports, these essential 

factors may not be adequately communicated to the reader, thus leaving him/her without the ability to 

understand potential discrepancies between different reports. Often, global or continental-scale 

information is directly used to produce local-scale impact maps, which is not appropriate since this 

large-scale information does not account for differences at the local scale.   

In order to derive climate projections at scales that decision makers desire, a process termed 

downscaling has been developed. Downscaling consists of a variety of methods, each with their own 

merits and limitations. International organizations or national governments currently provide no official 

guidance that assists researchers, practitioners, and decision makers in determining climate projection 

parameters, downscaling methods, and data sources that best meet their needs.  

The goal of the present paper is to provide non-climate specialists with the ability to understand various 

downscaling methods and to interpret climate change downscaling studies and results. The remainder of 

this introductory section describes how global climate change projections are produced and 

downscaled. Section 2.0 provides details about the two primary downscaling approaches: dynamical and 

statistical. Section 3.0 offers an analysis of examples of reports that use downscaling to produce climate 

change impact maps. Short summaries of the main points/key takeaways are presented at the end of 

each of these sections. General conclusions and recommendations are provided in Section 4.0. Annexes 

A, B, and C describe in greater detail statistical downscaling methods, regional climate change 

assessment projects, and downscaling tools and software, respectively.  

1.1 GENERAL CIRCULATION MODELS  

General or global circulation models (GCMs) simulate the Earthõs climate via mathematical equations 

that describe atmospheric, oceanic, and biotic processes, interactions, and feedbacks. They are the 

primary tools that provide reasonably accurate global-, hemispheric-, and continental-scale climate 

information and are used to understand present climate and future climate scenarios under increased 

greenhouse gas concentrations. 
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A GCM is composed of many 

grid cells that represent 

horizontal and vertical areas on 

the Earthõs surface (Figure 3). In 

each of the cells, GCMs compute 

the following: water vapor and 

cloud atmospheric interactions, 

direct and indirect effects of 

aerosols on radiation and 

precipitation, changes in snow 

cover and sea ice, the storage of 

heat in soils and oceans, surfaces 

fluxes of heat and moisture, and 

large-scale transport of heat and 

water by the atmosphere and 

oceans (Wilby et al., 2009).  

The spatial resolution of GCMs is 

generally quite coarse, with a grid 

size of about 100ð500 

kilometers.  Each modeled grid 

cell is homogenous, (i.e., within 

the cell there is one value for a 

given variable). Moreover, they 

are usually dependable at 

temporal scales of monthly means 

and longer. In summary, GCMs 

provide quantitative estimates of future climate change that are valid at the global and continental scale 

and over long periods.  

1.2 DOWNSCALING  

Although GCMs are valuable predictive tools, they cannot account for fine-scale heterogeneity of 

climate variability and change due to their coarse resolution. Numerous landscape features such as 

mountains, water bodies, infrastructure, land-cover characteristics, and components of the climate 

system such as convective clouds and coastal breezes, have scales that are much finer than 100ð500 

kilometers. Such heterogeneities are important for decision makers who require information on 

potential impacts on crop production, hydrology, species distribution, etc. at scales of 10ð50 kilometers. 

Various methods have been developed to bridge the gap between what GCMs can deliver and what 

society/businesses/stakeholders require for decision making. The derivation of fine-scale climate 

information is based on the assumption that the local climate is conditioned by interactions between 

large-scale atmospheric characteristics (circulation, temperature, moisture, etc.) and local features 

(water bodies, mountain ranges, land surface properties, etc.). It is possible to model these interactions 

and establish relationships between present-day local climate and atmospheric conditions through the 

downscaling process. It is important to understand that the downscaling process adds information to the 

coarse GCM output so that information is more realistic at a finer scale, capturing sub-grid scale 

contrasts and inhomogeneities. Figure 4 (next page) presents a visual representation of the concept of 

downscaling. 

FIGURE 3. CONCEPTUAL STRUCTURE  OF A GCM  

 

Source: National Oceanic and Atmospheric Administration (NOAA), 2012 
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Downscaling can be performed on spatial and 

temporal aspects of climate projections. Spatial 

downscaling refers to the methods used to 

derive finer-resolution spatial climate 

information from coarser-resolution GCM 

output, e.g., 500 kilometers grid cell GCM 

output to a 20 kilometers resolution, or even a 

specific location. Temporal downscaling refers 

to the derivation of fine-scale temporal 

information from coarser-scale temporal GCM 

output (e.g., daily rainfall sequences from 

monthly or seasonal rainfall amounts). Both 

approaches detailed below can be used to 

downscale monthly GCM output to localized 

daily information.  

Dynamical downscaling  relies on the use of 

a regional climate model (RCM), similar to a 

GCM in its principles but with high resolution. 

RCMs take the large-scale atmospheric 

information supplied by GCM output at the 

lateral boundaries and incorporate more 

complex topography, the land-sea contrast, 

surface heterogeneities, and detailed 

descriptions of physical processes in order to 

generate realistic climate information at a 

spatial resolution of approximately 20ð50 

kilometers (Figure 5).  

Since the RCM is nested in a GCM, the overall 

quality of dynamically downscaled RCM output 

is tied to the accuracy of the large-scale forcing 

of the GCM and its biases (Seaby et al., 2013). 

Despite recovering important regional-scale 

features that are underestimated in coarse-resolution GCMs, RCM outputs are still subject to 

systematic errors and therefore often require a bias correction as well as further downscaling to a 

higher resolution. 

Statistical d ownscaling  involves the establishment of empirical relationships between historical 

and/or current large-scale atmospheric and local climate variables. Once a relationship has been 

determined and validated, future atmospheric variables that GCMs project are used to predict future 

local climate variables. Statistical downscaling can produce site-specific climate projections, which RCMs 

cannot provide since they are computationally limited to a 20ð50 kilometers spatial resolution. 

However, this approach relies on the critical assumption that the relationship between present large-

scale circulation and local climate remains valid under different forcing conditions of possible future 

climates (Zorita and von Storch, 1999). It is unknown whether present-day statistical relationships 

between large- and regional-scale variables will be upheld in the future climate system.   

Many of the processes that control local climate, e.g., 

topography, vegetation, and hydrology, are not included 

in coarse-resolution GCMs. The development of statistical 

relationships between the local and large scales may 

include some of these processes implicitly.  

Source: Viner, 2012 
 

FIGURE 4. THE CONCEPT OF SPATI AL 

DOWNSCALING  


