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Abstract

:

During the last decades, global and regional climate models have been widely used for the estimation of future climate conditions. Unfortunately, the models’ estimated values present important biases relative to the observed values, especially when the estimations refer to extremes. Consequently, several researchers have studied several statistical methods that are able to minimize the biases between climate models and observed values. The present study evaluates a new statistical method for bias correction: The triangular irregular network (TIN)-copula method. This method is a combination of the triangular irregular networks and the copula theory. In the present research, the new method is applied to ten Mediterranean stations and its results are compared with the bias-corrected values of three other widely used methods: The delta, the scaling, and the empirical quantile mapping methods. The analysis was made for maximum mean temperature (TMX) and minimum mean temperature (TMN) as well as for extreme precipitation (R99). According to the results, the TIN-copula method is able to correct extreme temperature and precipitation values, estimated by regional climate models, with high accuracy. Additionally, it is proven that the TIN-copula method is a useful tool for bias correction as it presents several advantages compared with the other methods, and it is recommended for future works.
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1. Introduction


General circulation models (GCMs) and regional climate models (RCMs) constitute widely used tools for analyzing the Earth’s climate and for estimating future climate conditions [1]. Additionally, both the increasing frequency of extreme climate episodes as well as their severe impacts in several fields (society, economy, agriculture) have made the use of climate models necessary. However, the simulated outputs from circulation climate models present systematic biases compared with the observed values [2,3,4], especially for extremes. Consequently, according to Sharma et al. [5] and Hansen et al. [6], a pre-process of models’ outputs is required before their use. The pre-process is achieved with the use of statistical methods, namely bias correction methods. The purpose of these methods is to minimize the biases between climate models’ data and observations. Bias correction methods are preferred by scientists as they are easily applicable, flexible for correcting the simulation of the climate model, and able to consider the variability of the data sets [7]. The effectiveness of bias correction methods has been investigated by several scientists. Lafon et al. [8] tested four widely used bias correction methods for their ability to correct the precipitation biases in the region of Great Britain, while similar research was accomplished for North America, by Chen et al. [9]. Furthermore, rigorous studies have been made for extremes’ bias correction on account of their catastrophic impacts [10,11].



Some of the most used bias correction methods are the “delta”, “scaling” and “empirical quantile mapping” methods.



According to Navarro-Racines [12], the delta method is a simple form of the “change factor” approach for the bias correction of climate models. The main concept of this method is the transferring of the mean change signal between the observed and model data from a historical time period to the model’s data [13]. In particular, two time series (historical and present) of the studied climate model are used, in order to calculate their differences—the so-called “climate anomalies” [14]. Following that, the estimated data set (climate anomalies) is added to the observed values, resulting in the bias-corrected values of the climate model. Additionally, despite the fact that the delta method is proposed for any kind of data, it should not be used for bounded variables—such as the under zero wind speed values–because it is possible to obtain values that are out of the variable range [15]. The simplicity of this method makes it preferable for several researchers who have used it (or its similar form) for the bias correction of climate data [13,16,17].



The scaling method is considered to be the simplest method for bias correction [18], resulting in its widespread adoption [18,19]. In this method, initially, the differences between the simulated and observed values are estimated for the default-historical time period calculating a scaling factor. Following this, the estimated factor is used for the bias correction of the climate models’ values [15]. More specifically, if the bias-corrected parameter is the temperature, then the additive version of the factor is preferred, as it is more appropriate for unbounded variables. However, for lower bounded parameters (precipitation), the multiplicative version of the estimated factor should be used, as it preserves the frequency [15].



The empirical quantile mapping (EQM) is an extended bias correction method which is focused on the entire distribution [20]. The empirical transformations, proposed by Panofsky and Brier [21], have been used for the formation of a bias correction method based on quantiles (EQM). Empirical Quantile Mapping calibrates the simulated values by the observed ones, using their cumulative distribution functions (CDF).



Another method which has recently been introduced as a bias correction method is the copula. The copula has mainly been used for bias correction of hydrological and climatological parameters. The main advantage of this method is its ability to model the dependence of two or more variables which have different marginal distributions [22]. One of the most recent studies using the copula method for the bias correction of climate models’ precipitation values was made by Lazoglou et al. [23]. In this study, the precipitation values in the river basin of Nestos (Greece) were improved significantly after bias correction, and consequently, the hydrological discharges in this area were predicted with much higher accuracy. A similar hydrological study, although not for extremes, was carried out for the region of Germany, where the precipitation values of the Weather Research and Forecasting (WRF) model were bias-corrected using copula [24]. For the same country, Piani et al. [25] propose the copula method as a useful tool for temperature and precipitation bias correction.



Several bias correction techniques have been developed by various scientists in several fields (climatology, meteorology, hydrology), some of them with highly satisfactorily results and some with lower. For example, Piani et al. [26] proposed a solely intensity-based bias correction method for precipitation parameter, which assumes that the distributions of both simulated and observed data sets can be fitted in gamma distribution. In 2012, Watanabe et al. [27] combined the changes of standard deviation, mean values, and the variation coefficient (CV) for temperature with the changes of mean precipitation, and produced a new bias correction method. Additionally, they compared their method with other widely used methods, showing that the results were satisfactory. In summary, there is a need for improving biases between the climate models values and the observed one’s in the creation of new bias correction techniques with improved results [28,29].



Considering the extended use of bias correction methodologies, this study aims to compare the results of three widely used methods with the results of a new statistical method for bias correction, the triangular irregular network (TIN)-copula method. Hence, the main objective of this study is to evaluate the ΤΙΝ-copula method for its efficiency to correct the biases between climate models’ estimations and observations for the parameters of extreme temperature and precipitation.




2. Data


For analyzing extreme climate events, data with high reliability are required. Thus, the primary source of the data sets used in the present study was produced by the European Climate Assessment & Dataset project (ECA&D) [30]. Particularly, daily data sets of temperature and precipitation for 26 stations located across the Mediterranean region (from Spain to Greece) were used (Figure 1). The data cover a 20-year period from 1981 to 2000. Additionally, the present research employs daily values of temperature and precipitation from the Regional Climate Model RegCM4 [31], provided under the framework of Med-Cordex and Coupled Models Intercomparison Project Phase 5 (CMIP5) programs (www.medcordex.eu). The driving forces of the used model (RegCM4) were provided by the general circulation model (GCM) ECHAM5/MPI which uses the 8.5 Representative Concentration Pathway (RCP), the most extreme scenario (RegCM4-MPI). The models’ data cover the same time period with ECA&D data as well as the same region (Mediterranean).




3. Methodology


The present study proposes and evaluates a new statistical method for bias correction, namely the TIN-copula method. The evaluation of the TIN-copula method is based on its ability to correct the biases between climate models’ estimations for extreme climate values and the corresponding observations. The proposed method is a combination of the triangular irregular networks (TIN) and the copula theory. This method was first developed and presented by Lazoglou et al. [32], who used TIN-copula method for the estimation of extreme temperatures in Greece using only observational data.



For the application of the TIN-copula method, the appropriate database should be created. Τhe available daily values are used for estimating the monthly mean temperature and monthly precipitation totals. Extreme climate parameters are defined in terms of percentile thresholds. More specifically, extreme temperatures are the 95th percentile of the daily mean temperature per month (TMX) and the 5th percentile of the daily mean temperature per month (TMN). Extreme precipitation is defined as the daily precipitation amount at the 99th percentile of all rainy days (precipitation > 0.1 mm) (R99)



The main steps of the TIN methodology are presented in Figure 2, while Figure 3 is used for its explanation. Firstly, using the stations’ data (red points, Figure 3) several triangles are produced (Figure 3, blue triangles) based on the triangular irregular networks (TIN) (Step 1, Figure 2). Triangular irregular networks were first conceptualized by Peucket [33] and defined by Peucket et al. [34,35]. According to triangular irregular networks, a specific region can be covered by non-overlapping triangles which are formatted based on the Delaunay triangulation [36]. The vertices of the formatted triangles are the location of the known points—known as stations.



Following the formation of the triangles, a copula family is selected for every known point/station (Figure 3, red points) (Step 2, Figure 2). More specifically, in the present research, 12 copula families were tested at the vertex of each triangle in order to select the one which best described the dependence between the mean and extreme data sets. The analysis was implemented separately for the three studied climate parameters (TMX, TMN, and R99). The tested copula families (Gumbel, Frank, Clayton, Normal, Joe, Student-t, BB1, BB6, BB7, BB8, Tawn type 1 and 2) come from both the Archimedean and Elliptical categories and the final selection is achieved with the AIC [37] and BIC criteria [38]. Except for the copula families, the marginal distributions of extremes at every known point (Figure 3, red points) are also calculated (Step 3, Figure 2). Particularly, the gamma, normal, log-normal, generalized extreme value distribution (GEV), and Pareto distributions are tested and the selection of the most appropriate distribution is made according to the AIC and BIC criteria. The final element, which is calculated before the application of the proposed method, is the distance between the x_point (Figure 3, black point) and the triangle’s vertices (Figure 3, red points) where the x_point belongs to (Figure 3, green lines) (Step 4, Figure 2).



Using the selected copula families and marginal distributions at the studied triangle (where the x_points belongs), as well as the distance between the x_point and the triangle vertices, the application of the TIN-copula method can be implemented. Specifically, a new mathematical function is formatted at the x_point, describing the dependence between mean and extreme climate parameters. For the formation of the new copula function at the x_point, the selected copula families at the triangle vertices, as well as their respective distances are combined (Step 5, Figure 2). The copula family of the known point which has the smallest distance from the x_point has the greatest weight in the final function, while the most remote one has the lowest weight. In the same way, a formation of a function that combines the marginal distributions of the triangle vertices is also performed (Step 6, Figure 2).



Following the formation of the new copula function at the x_point, the mean values of the studied climate variable at x_point—which are the climate models’ values—are used as inputs in the copula function and a new data set is estimated (Step 7, Figure 2). The calculated data set is fitted by the respective marginal function, which is calculated for the x_point, and the bias-corrected extremes are estimated (Step 8, Figure 2). Finally, the bias-corrected extremes from the TIN-copula method are compared with the extreme data sets of the station which is the closest to the x_point (Figure 3, purplepoint) and which is excluded from the triangles’ formation (Step 9, Figure 2).



Except for the TIN-copula method, the x_point extremes are bias-corrected with three other widely used methods: The delta method, the scaling method and the empirical quantile mapping method. Figure 4 presents the concept of the three used methods.



Primarily, the “delta” method is used, for which the biases between the simulated-model data during two time periods (historical—1st sub-period, and future—2nd sub-period) are calculated. Furthermore, the estimated values are transferred to the historical period observed values (1st sub-period), resulting in the bias-corrected data for the future-studied period (Figure 4).



In the “scaling” method, the biases between the observed values and the simulated-model values of the historical period (1st sub-period) are estimated, leading to the calculation of the scaling factor. This factor is then transferred to the simulated-model values for a future-studied period (2nd sub-period) (Figure 4). The way that this factor is used depends on the studied parameter. For example, this factor is added to the studied time-series for the temperature. However, if the bias correction is about precipitation or other lower bounded parameters, then the production is proposed [15].



The “change factor” bias correction methods have satisfactory results for non-stochastic parameters, such as temperature. However, for the bias correction of parameters with more stochastic characteristics (e.g., precipitation) a different approach should be preferred (EQM) [12]. The “empirical quantile mapping” method focuses on the whole distribution of the studied parameter [20], as it calibrates the simulated-model values based on the observed ones using their cumulative distribution functions (CDFs). More specifically, a transferred function is fitted using the observed and the simulated-model values for a historical period (1st sub-period). Following that, the fitted function is applied to the simulated-model values of a future-tested period (2nd sub-period) for their correction (Figure 4). Despite the fact that the EQM is a complex bias correction method, it presents satisfactory results, even for stochastic variables such as solar radiation [39]. Additionally, the EQM method counts the biases for all statistical moments without assuming that the biases of the historical periods will be constant for future periods [11].



The results of the TIN-copula, delta, scaling, and EQM methods are compared with the climate models’ monthly extremes (RegCM4-MPI), as well as with the closest station’s extremes. According to Figure 4, Figure 5 and Figure 6, it is perceived that two sub-periods are needed in order to use these three bias correction methods (1st and 2nd sub-periods). Consequently, in the present study, the available data set was separated into two sub-periods. The first one is considered as the trial period (1981–1990) while the second one is the period of the validation period (1991–2000).




4. Results


4.1. Selected Stations and Triangles Formation


For precipitation and temperature, data from 26 stations (Figure 1) are used. The 26 stations (Figure 1, red and orange points) are used for the formation of the triangular irregular network (TIN), while the ten stations (Figure 1, orange points) are used both for triangle formation and for the TIN-copula method’s evaluation. Specifically, the evaluation of the TIN-copula method is achieved by analyzing ten case studies, i.e., ten stations (Figure 1, orange points). In every case study, one of the ten evaluated stations are excluded from the formation of the triangles and are used for evaluation–application of the TIN-copula, delta, scaling, and empirical quantile mapping methods. The selection of the ten stations is made according to two criteria. Firstly, the selected stations must be included by a triangle and secondly the stations should cover the study area uniformly. If two or more stations satisfy both of the two requirements the final selection is made randomly.



Using the existing stations, and based on the triangular irregular network (TIN), several non-overlapping triangles have been formatted in the studied area (Figure 1, triangles). The triangles were made separately for each case study as the evaluated station is excluded in each case.




4.2. Evaluation of the TIN-Copula Method


4.2.1. Evaluation with Boxplots-Line Plots and Taylor Graphs


Figure 5 and Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7, Figure A8 and Figure A9 (Appendix A) present the evaluation of the four bias correction methods using boxplots, line plots, and Taylor diagrams for the three studied extreme climate parameters (TMX, TMN, and R99). Additionally, the map, included in these figures, presents the location of the x_point–models’ grid (blue bullet), the location of the reference station (red bullet), and the triangle which includes these points (purple triangle). The four methods are presented with the same colors in all graphs: TIN-copula method (blue), delta method (green), scaling method (orange) empirical quantile mapping method (EQM) (orange), and the RegCM4-MPI values (red). Finally, it should be mentioned that the grey color in the boxplots shows the extreme values of the reference station.



For the majority of the reference stations, the values of the RegCM4-MPI model present significant differences both from the observed temperature and the precipitation extremes. According to the boxplots, line plots, and Taylor diagrams, the RegCM4-MPI model underestimates the maximum mean temperatures in all stations under study. A similar behavior is observed in the six of the ten stations (Bilbao, Cagliari, Millan, Nice, Split, Thessaloniki) for the TMN, while the TMN is overestimated for the stations (Brindisi, Millau, Rome). In three stations, the model overestimates the stations’ values (Brindisi, Millau, Rome). Finally, the precipitation parameter, (R99) is overestimated by the RegCM4-MPI model in six stations (Bilbao, Cagliari, Milan, Millau, Nice, Thessaloniki), in one station, the RegCM4-MPI model underestimates the observed precipitation extremes (Brindisi), while for the other three stations the values are very similar.



Temperature


According to Figure 5 and Appendix A Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7, Figure A8 and Figure A9, the TIN-copula method presents satisfactory results for the parameter of maximum mean temperature for most of the reference stations. Particularly, for half of the stations, the TIN-copula results are similar to the observed ones, especially for the values between the first and third quartile. However, there is an overestimation (underestimation) for extreme high (low) maximum mean temperature in these stations (Rome, Nice, Bilbao, Brindisi, Cagliari, Bilbao). Additionally, in most of the stations, the TIN-copula method’s results present similarities with delta and EQM methods. However, in two stations (Bilbao, Nice), delta and EQM methods have a larger range from the observed values compared with the TIN-copula results, while in the two other stations (Brindisi, Rome), the same methods underestimate the observed values. In Ierapetra, Millan, and Thessaloniki, the TIN-copula method results are very similar to the results of the delta and EQM methods and approach satisfactorily the observed ones. Conversely, there are two stations where both the TIN-copula method overestimates the stations’ extremes (Millau) or present lower ranges (Split) than the observed. It should be mentioned that at the majority of the stations, the scaling is the worst method, with the poorest results, as it presents expanded range (Thessaloniki and Millau, Milan), underestimates the observed values (Ierapetra) and overestimates them (Cagliari), importantly scientifically. These results can also be seen in the line plots as well as in the Taylor diagrams. According to the line plots of all stations, both the TIN-copula method and the other methods present similar variability with the observed values. Consequently, the correlation between the tested data sets is higher than 0.9 at almost all stations and for all methods, including the new TIN-copula. Finally, in the stations where the bias correction methods have a large range in the boxplots are the same stations presenting the highest values of standard deviation in the Taylor graphs (e.g., Ierapetra, Milan, Millau, Thessaloniki).



Regarding the minimum mean temperature (TMN) (Figure 5), the TIN-copula method presents similarities with the other three bias correction methods. In some cases, its results approach the observed results better than the other methods (Ierapetra, Milan, Thessaloniki), as the bias-corrected values with the TIN-copula method are closer to the observed ones. At the majority of stations, all methods estimate almost equal values (Bilbao, Brindisi, Nice, Split), while in some cases, the results of the studied methods (or one of them) show important differences among them (Cagliari, Millau, Rome). In six stations, almost all methods demonstrate similar results. In three stations, a slight overestimation of the station values is observed (Bilbao, Brindisi, Milan), while in the other three the values are slightly underestimated (Cagliari, Millau, Rome). It should be mentioned that in most of the studied stations (Bilbao, Brindisi, Cagliari, Ierapetra, Nice, Rome, Split), some of the evaluated methods, and especially the TIN-copula method, present extremely high or low (or both) minimum temperatures, which differ importantly from the observed ones. These results can also be seen in both the line plots and Taylor graphs. Particularly, according to the line plots, all the bias-corrected data sets present similar variability with the stations’ extremes. This is also observed in the correlation values of the Taylor graphs, which are higher than 0.9 in all stations. The standard deviation values (Taylor graphs) represent the large range of the data sets, which can also be observed in the respective boxplots. The highest levels of standard deviation are observed at the stations of Milan, Millau, and Thessaloniki by the scaling method, in Rome and Ierapetra by the delta and the EQM methods, and in Bilbao by the TIN-copula method. In the rest of the stations, all the evaluated methods present similar values.




Precipitation


The results of the precipitation parameter (R99) (Figure 5) present crucial differences from the temperature parameter (both TMX and TMN). In general, the TIN-copula method approaches the mean values of extreme precipitation (R99) at almost half of the studied stations (Brindisi, Ierapetra, Nice, Rome, Split). In many of them, the TIN-copula method has similarities with some of the other bias-corrected methods. For example, in Brindisi, both the TIN-copula and the EQM methods give satisfactory results, while in Nice, Rome, and Split, all the methods approach the stations’ extremes, except for the EQM method. Apart from the stations where the proposed method approaches extremes, there are cases where both the TIN-copula method and the other methods diverge from the observed values. In some stations, this deviation is high (20 mm), while in some others, the deviation is lower than 10 mm. At Bilbao, Milan, and Millau, almost all methods underestimate the observed values, while at Cagliari and Thessaloniki an overestimation is observed. The main difference between temperature and precipitation diagrams is observed in the line plots. In precipitation the bias correction methods are not able to represent with high accuracy the variability of the observed extreme precipitation. Consequently, in the line plots, the four methods’ lines are not able to approach the line of the observed results. This fact can also be observed in the correlation values (Taylor diagrams) which are ranged from 0 to 0.3 at all stations and for all methods. Finally, the standard deviation values are similar for most of the studied methods at all stations, while at most of them the scaling method presents the lower values. Similar results are also observed for the RMSE.





4.2.2. Evaluation with QQ Plots and RMSE Values


Figure 6 presents the QQ plots of the TMX for the 10 stations which were selected for evaluation. The QQ plot for Rome reveals that both the RegCM4-MPI values and the bias-corrected values (estimated by all methods) differ from the reference point-diagonal line (x = y). The smallest deviation is observed for the RegCM4-MPI and TIN-copula data sets, while the other three bias correction methods present important biases especially at the lower tail of the diagram. For the stations of Brindisi, Milan, Millau, and Bilbao, the results are similar. Specifically, the RegCM4-MPI TMX lines differ from the diagonal line as the RegCM4-MPI values overestimate the observed ones in all cases. After the bias correction with the TIN-copula, delta, scaling, and EQM methods, the results were improved as the resect lines are close to the diagonal line. The scaling method presents deviation on the upper tail of the diagrams, while the new proposed method is close to the other methods and to the diagonal. In the plot of Cagliari, both the RegCM4-MPI and the bias-corrected values are close to the reference line, while in the upper tail of the graph, a greater diversion from the diagonal line is observed for the TIN-copula and the scaling method. Analyzing the QQ plot at Ierapetra, all the evaluated data sets diverge slightly from the reference line, especially from the middle and the upper tail of the graph. In the lower part, the RegCM4-MPI, the TIN-copula and the delta methods approach more satisfactorily the reference data set, while in the upper tail, the RegCM4-MPI and the scaling method present the biggest deviations. For the station in Nice, the TIN-copula, the scaling, and the EQM methods fall along the diagonal line, while both the RegCM4-MPI and scaling lines present important deviances. Finally, Split and Thessaloniki present similar results. The RegCM4-MPI line overestimates the maximum temperature in the largest part of the graph, while after the bias correction (with all methods) the results have been improved, as their lines are much closer to the diagonal line.



In Figure 7 the QQ plots of TMN for the 10 selected stations are presented. In four of the 10 stations (Rome, Cagliari, Split, Thessaloniki), the values derived from the RegCM4-MPI model (except Cagliari) and the bias correction methods, fall along the diagonal line, as they approach the observed values quite accurately. In the stations of Brindisi, the RegCM4-MPI’s line diverge from the reference line in the whole graph, while after the bias correction with the delta, scaling, and EQM methods, the results for the middle and the upper tail of the plot have been improved satisfactorily. The TIN-copula’s line presents a small difference from the diagonal line especially in the middle of the graph. At Milan, the RegCM4-MPI and the scaling lines present important differences from the reference line while all the other methods, including the TIN-copula fall along the diagonal. At the station in Millau, all the lines except for the TIN-copula present biases from diagonal in the lower tail. On the contrary, the TIN-copula line presents an important deviation from diagonal in the whole graph. At Bilbao, all methods present biases from the reference line in the lower tail. The RegCM4-MPI and scaling lines overestimate the lower minimum temperature, while the TIN-copula, the delta, and the EQM methods underestimate them. For the highest values of TMN, the RegCM4-MPI and scaling methods satisfactorily approach the observed ones, while the other three methods present deviations. According to the QQ plot of the Ierapetra station, the majority of the methods (lines) deviate from the observed values, while the EQM and delta methods present the biggest differences in the lower part of the graph. Finally, as did also happen with TMX, in the station in Nice, the RegCM4-MPI model’s line and the scaling line diverge significantly from the diagonal line, while all the other methods approach with high accuracy the TMN values.



According to the precipitation (R99) QQ plots (Figure 8), in most of the stations, the lines of both the RegCM4-MPI model and the bias correction methods approach satisfactorily the observed values in the lower tail of the graphs. On the contrary, in the middle and especially in the upper tail of the graphs, most of the lines diverge from the diagonal one. Particularly, for the station in Rome, the EQM and the scaling methods present the greatest differences from the lower tail to the middle, while in the upper tail, all methods except for the delta method present important biases. For the station in Brindisi, the results from all the bias correction methods and the RegCM4-MPI model approach satisfactory the diagonal line. In the stations of Milan, Millau, and Nice, the RegCM4-MPI model significantly overestimates the observed values as its line is over the reference line. For the stations of Milan and Nice, the delta method satisfactorily approaches the reference line, the EQM method mainly follows the RegCM4-MPI line, while the TIN-copula and the scaling methods underestimate the observations. For Millau, all the bias correction methods diverge from the diagonal line, with the TIN-copula line presenting the minimum biases. The QQ plot of Bilbao reveals that the EQM method follows the diagonal line without biases from the lower tail to the middle, while both the TIN-copula and the delta methods present satisfactory results in the largest part of the graph. Finally, the scaling method presents important biases from the diagonal line as it also happens with the RegCM4-MPI from the lower tail to the middle of the graph. However, the RegCM4-MPI presents the best approach for the upper tail of the diagram. At Cagliari, the observed precipitation values are approached by the RegCM4-MPI model until the middle values, while in the upper tail there is an important overestimation. After the bias correction, the results differ from the reference line, with the EQM method presenting the greatest biases. In the upper tail of the graph, all the lines of the bias correction methods present better results compared with the middle and lower values. For the station in Ierapetra, the RegCM4-MPI and scaling method present the worst results as they differ significantly from the diagonal line. On the contrary, the delta and TIN-copula methods lines follow the reference line with only small deviations in the lower tail. The EQM overestimates the results in the biggest part of the diagram. At Nice, the RegCM4-MPI model present similar behavior with the EQM method as both lines overestimate the observations. On the contrary, the TIN-copula and scaling lines underestimate the observations. The best results are achieved by the delta method. At the station in Split, the RegCM4-MPI, the scaling, and the EQM lines differ from the reference line, while the delta and the TIN-copula lines follow across the diagonal. In the upper tail of the graph, all methods present biases, with the TIN-copula method presents the smallest. Finally, the Thessaloniki QQ plot shows that the RegCM4-MPI, TIN-copula, and scaling method lines approach with high accuracy the reference line, while the EQM and delta methods present biases which are greatest in the upper tail of the graph.



Figure 9 presents the RMSE of TMX for the 10 stations which have been selected for evaluation. At most of the stations (six), the RMSE between the observed TMX and the MPI’s values is the greatest compared with the bias correction methods. The proposed TIN-copula method presents satisfactory results, as its value is almost equal with the results from the delta and EQM methods and is the lowest for most of the stations. Specifically, for the stations of Brindisi, Milan, Bilbao, Ierapetra, Split, and Thessaloniki all the bias correction methods produce almost equal results, which are much lower compared with the MPI values. For the station in Rome, the TIN-copula method has a RMSE value equal to five while all the other methods have double that value. At the station in Nice, the RMSE between the observations and the MPI model is almost 10, while the respective values of all the other bias correction methods (except for scaling) are lower than five. However, the scaling method presents the highest RMSE value which is equal to 15. At Cagliari, the TIN-copula method has an RMSE value one degree higher than the other methods.



The RMSE results for TMN (Figure 10) present similarities with the corresponding results of the TMX. At the majority of stations, all the bias correction values, as well as the RegCM4-MPI values, have a similar RMSE value. Some differences are observed at the station in Milan where the RegCM4-MPI model has an RMSE value equal to 10, while the value from the scaling method is much higher (19). Furthermore, at Millau, the TIN-copula method has an RMSE value almost two degrees greater than the other methods. Finally, in Nice, the RegCM4-MPI and the scaling method have RMSE values much higher than the other methods.



Figure 11 shows the comparison of the RMSE values of the R99 for the 10 evaluated stations. The MPI model presents the highest RMSE values at half of the studied stations (Brindisi, Milan, Millau, Bilbao, Split). The TIN-copula method presents satisfactory results for all stations, as its RMSE is low compared with the other methods in most of the stations. Despite the fact that in the TMX and TMN diagrams, the scaling method has high RMSE values (compared with the other methods), for the R99, the results of this method are satisfactory and almost equal with the TIN-copula results. Analyzing the delta method, Figure 10 shows that in the majority of stations its RMSE value is almost equal with the other bias correction methods, while this method presents a high RMSE at the stations of Nice and Thessaloniki. Finally, the EQM method has a RMSE value similar to the other methods in six of the ten stations, while in the remaining four stations, this method has the greatest RMSE value (Rome, Cagliari, Nice, Thessaloniki).






5. Discussion and Conclusions


The scope of the present study is to introduce and evaluate a new statistical method for the bias correction of extreme temperature and precipitation values of regional climate models. The new method combines the triangular irregular network and the copula method, and is called TIN-copula method. For the evaluation of the results of the TIN-copula method, the bias-corrected values are compared with both the results of three other widely used bias correction methods (delta, scaling and empirical quantile mapping) and with the observed values of the closest station. In the present study, daily values of temperature and precipitation, as well as monthly extreme indices (temperature: TMX, TMN, and precipitation: R99) covering the period from 1981 to 2000 for Europe were used. The used data came from two sources; station data from ECA&D, and data from the regional climate model RegCM4, which uses its initial values from the General Circulation model MPI. The four bias correction methods are applied to the RegCM4-MPI values and the station data are used as reference ones.



The evaluation of well-known or newly introduced bias correction methods was the subject of several studies, as it is an important issue in climatology. In 2013, Lafon et al. [8] compared four bias correction methods (linear, non-linear, empirical quantile mapping) for the bias correction of RCM daily precipitation in the region of Great Britain. The results show that the linear method (which includes the delta method) presents the weakest correction while the empirical quantile mapping showed the most comprehensive correction. For the parameter of temperature, the quantile mapping approach was modified and improved for extremes by Thrasher et al. [11] with successful results.



The present study shows that the results of each method are influenced both by the studied parameter as well as by the location of the studied grids. Firstly, the results showed that the RegCM4-MPI model’s values needed correction as there are biases for all parameters and for the majority of stations. Particularly, the simulated maximum mean temperatures underestimate the observed ones in all stations, as also happens in six of the ten stations for the minimum mean temperatures. Additionally, in the same stations which are located in the western part of the Mediterranean (except for Thessaloniki), there is an overestimation of their extreme precipitations. This is in accordance with previous studies that have mentioned that the estimated precipitation amounts in the Mediterranean region are, in general, overestimated by climate models [40,41]. In order to increase the accuracy of these estimations, the delta, scaling, EQM, and the TIN-copula methods have been applied.



For TMX, the results of the proposed method present similarities with both the EQM and the delta method. All methods approach the extreme values which cover 25%–75% of the whole data set with high accuracy. However, the accuracy is lower for the highest and lowest values. This differs for the scaling method as it presents significant biases for all values. On the other hand, for TMN, the majority of stations presents similar results, however, the approach accuracy is lower with respect to the TMX. Finally, it should be highlighted that both for TMX and TMN, the variability and the correlation of the bias-corrected values present significant similarities with the observed ones. In the case of R99 beinga stochastic variable, the results are totally different, with significant discrepancies varying from station to station and from method to method.



Taking into account the results for all parameters and stations, the TIN-copula method presents highly accurate results, which are close to the results of the other methods in some cases or much better in some others. Additionally, the TIN-copula method has some important advantages compared with the delta, scaling, and empirical quantile mapping methods:




	
Firstly, the bias correction with the TIN-copula method can be achieved at every x_point, which is included in a formatted triangle, while the other methods can be applied only at specific points, where observed data exist and used as defaults.



	
The second main advantage is that the TIN-copula method uses three neighboring stations for the bias correction of the x-point and not only one as the other methods do. The TIN-copula method and the other methods can present some discouraging results when the climatology of the default station differs importantly from the tested stations. However, the TIN-copula method provides a more robust result, as the three stations can provide better characteristics of the climate of the study region.



	
Another advantage of the proposed method is that the whole time period is used, while in the other bias correction methods, sub-time periods are used.



	
Additionally, an important advantage of the TIN-copula method is that the estimated new TIN-copula function can be calculated once, meaning that it is unique for each x_point and that it can then be used for different datasets.



	
Finally, since in TIN-copula method a specific function is estimated for the studied region, this function is stable also for the future. Consequently, it can be used for the bias correction of the extreme climate model’s values for future periods.








In conclusion, based on the results of the present study, it is proposed that the TIN-copula method can be considered as an accurate tool for the bias correction of regional climate models’ values as its results are accurate and present some important advantages compared with other bias correction methods. Finally, as the TIN-copula is a newly introduced method, further analysis of this as well as its application in several areas, time periods, and climate parameters are proposed.
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Figure A1. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A2. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A3. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A4. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A5. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A6. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A7. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A8. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations, Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure A9. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point) and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the model’s, and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In the diagrams, there is a correspondence between the colors and the presented data sets: Grey = Observations, Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, Purple = EQM. 
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Figure 1. Location of the 26 used stations (red and orange points) and the formatted triangular irregular network (TIN). The orange points show the ten stations which are used for evaluation. 1: Alexandroupoli, 2: Almeria, 3: Argostoli, 4: Beja, 5: Belgrade, 6: Bilbao, 7: Bologna, 8: Brindisi, 9: Bucuresti, 10: Budapest, 11: Cagliari, 12: Ibiza, 13: Ierapetra, 14: Jerusalem, 15: Kremsmuenster, 16: Luxembourg, 17: Milan, 18: Millau, 19: Muenchen, 20: Mytilene, 21: Nice, 22: Nicosia, 23: Orly, 24: Roma, 25: Split, 26: Thessaloniki. 
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Figure 2. Methodology flowchart. 
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Figure 3. Methodology scheme. 
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Figure 4. The use concept of delta, scaling, and empirical quantile mapping (EQM) methods. 
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Figure 5. The map of the figure shows the location of the reference station (red point), the closest RegCM4-MPI grid (blue point), and the triangle which includes these points (purple triangle). The boxplots, line plots, and Taylor diagrams present a comparison between the observed, the models and the bias-corrected values (with the four methods) for the three studied parameters (TMX, TMN, R99). In diagrams, there is a correspondence between the colors and the presented data sets: GREY = Observations Red = RegCM4-MPI, Blue = TIN-copula, Green = Delta, Orange = Scaling, PURPLE = EQM. 
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Figure 6. QQ plots of the evaluated bias correction methods for the 10 selected stations and for maximum mean temperatures (TMX). 
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Figure 7. QQ plots of the evaluated bias correction methods for the 10 selected stations and for minimum mean temperatures (TMN). 
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Figure 8. QQ plots of the evaluated bias correction methods for the 10 selected stations and extreme precipitation (R99). 
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Figure 9. The RMSE value for the 10 stations and for maximum mean temperatures (TMX). (1: Rome, 2: Brindisi, 3: Milan, 4: Millau, 5: Bilbao, 6: Cagliari, 7: Ierapetra, 8: Nice, 9: Split, 10: Thessaloniki). 
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Figure 10. The RMSE value for the 10 stations and for minimum mean temperatures (TMN). (1: Rome, 2: Brindisi, 3: Milan, 4: Millau, 5: Bilbao, 6: Cagliari, 7: Ierapetra, 8: Nice, 9: Split, 10: Thessaloniki). 
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Figure 11. The RMSE value for the 10 stations and for extreme precipitation (R99). (1: Rome, 2: Brindisi, 3: Milan, 4: Millau, 5: Bilbao, 6: Cagliari, 7: Ierapetra, 8: Nice, 9: Split, 10: Thessaloniki). 
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