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Abstract

:

An assessment of daily accumulated precipitation during extreme precipitation events (EPEs) occurring over the period 2000–2008 in the Iberian Peninsula (IP) is presented. Different sources for precipitation data, namely ERA-Interim and ERA5 reanalysis by the European Centre for Medium-Range Weather Forecast (ECMWF) and Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA), both in near-real-time and post-real-time releases, are compared with the best ground-based high-resolution (0.2° × 0.2°) gridded precipitation dataset available for the IP (IB02). In this study, accuracy metrics are analysed for different quartiles of daily precipitation amounts, and additional insights are provided for a subset of EPEs extracted from an objective ranking of extreme precipitation during the extended winter period (October to March) over the IP. Results show that both reanalysis and multi-satellite datasets overestimate (underestimate) daily precipitation sums for the least (most) extreme events over the IP. In addition, it is shown that the TRMM TMPA precipitation estimates from the near-real-time product may be considered for EPEs assessment over these latitudes. Finally, it is found that the new ERA5 reanalysis accounts for large improvements over ERA-Interim and it also outperforms the satellite-based datasets.
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1. Introduction


A better understanding of both weather and climate extremes has been indicated as one of the World Climate Research Programme (WRCP) Grand Challenges for the coming years [1]. The variability of weather extremes across different temporal and spatial scales is one of the research topics for which this cross-community challenge expects significant advances, in view of the new uncertainties due to ongoing climate change. On the other side, the predictability of these extremes is an issue of concern for operational forecast services which directly provide their products to local authorities and to the general public. Extreme precipitation events (EPEs) are responsible for a relevant number of natural disasters, including landslides, flash-floods, and material destruction. The socio-economic impacts associated to EPEs, namely human casualties and rebuilding costs, have become of great interest for both decision makers and insurance companies [2,3]. As a matter of fact, precipitation extremes affect the water cycle as a whole, with several implications also for hydrology and water reservoir management [4].



Over the Iberian Peninsula (IP) an objective ranking of EPEs has been provided at daily [5] and multi-day scales [6] for the extended wintertime season (October to March), based on the high-resolution (0.2° × 0.2°) ground-based precipitation dataset IB02 (further details are provided in Section 2.2). Some significant EPEs which occurred in the past have been examined both in terms of mechanisms and related impacts [7,8,9,10,11]. Given the high temporal and spatial variability of IP climatology [12,13], some studies also focus on sub-regions of the IP that are affected by specific weather regimes [14,15,16]. The precipitation enhancement over the IP includes different mechanisms, mostly convection to the south [17,18], synoptic forcing and water vapor transport to the west and to the north [19,20,21], and orographic effects [22]. Depending on the season, different precipitation regimes have been observed over the IP: for some regions most of the annual precipitation is observed during the winter months, whereas summer may be totally dry [23,24]. The annual cycle of precipitation captured by the IB02 and other global precipitation datasets (including ERA-Interim) is described in [25]. The spatial and temporal variability of accumulated extreme precipitation typically show local maxima that can be detected only using high-resolution gridded products or data from traditional weather stations. A ground-based network is able to map the precipitation pattern only at a coarse scale, especially over complex topography and over the oceans, where the coverage provided by rain-gauges and weather buoys is inhomogeneous. However, accurate estimates of rainfall are essential for the risk assessment of any water-related natural hazards. In this sense, reanalysis datasets and satellite-based measurements are highly beneficial as they fill the observational gaps and they guarantee continuous spatial and temporal data coverage, even if the extreme precipitation days are not modelled very accurately [26]. Since the early modern satellite era, several missions have been operating, but intrinsic limitations of the specific on-board sensor’s technology as well as propagation and atmospheric attenuation effects still limit the quality of the satellite data [27,28]. Increasing the spatial resolution of a single sensor always implies higher uncertainties for the final product but thanks to new algorithms that combine data from different sources, high resolution and high-quality products are being made available [29,30,31,32]. Latest advances of the most recent multi-satellite missions include coincident measurements from both active and passive on-board sensors with cross-calibration techniques and additional post-processing routines. The Tropical Rainfall Measuring Mission (TRMM) [33], headed by the National Aeronautics and Space Administration (NASA) and the Japanese Aerospace Exploration Agency (JAXA), provides data from November 1997 and releases different precipitation products (both in near-real-time and post-real-time) widely used for monitoring, modelling, and research, also beyond the tropics. The TRMM has been recently incorporated into the wider Global Precipitation Measurement Mission (GPM) and its products serve as a reference for the new generation of GPM precipitation retrievals [34,35]. The main goal is to promote advances in the quality of satellite estimates beyond tropical latitudes, for them to be beneficial for the study of extra-tropical cyclones and related precipitation.



Although EPEs are quite common over the IP, it is not ascertained yet which product, either reanalysis or satellite estimates, is the most appropriate for studying extreme precipitation days. An inter-comparison of different reanalysis datasets to a ground truth is pursued in [25], showing that there is a seasonal cycle of the ERA-Interim performance over the IP, with best scores attained in winter. On the contrary, satellite products such as the ones provided by the TRMM have been barely studied at the extratropical latitudes, and their potentiality has not yet been fully assessed over the IP. In a study by Liu and Zipser [36] the need for such an analysis, to be conducted for in-depth case studies and under different precipitation regimes, is stressed. The present work is intended as a follow-up to [37] where a preliminary assessment of four EPEs that occurred over IP has been carried out using both ERA-Interim and TRMM data. It aims at assessing which high resolution precipitation datasets provides for the most reliable estimates during heavy rain episodes over the IP, thus being beneficial for any future investigation of EPEs over the region. Additional data sources with respect to [37] are considered, namely ERA5 and the near-real-time product of TRMM mission. Given the increasing interest on multi-satellite products, this analysis will also serve as an extensive test for TRMM precipitation estimates over the midlatitudes, which are beyond the optimal operational band of the on-board instruments used for retrieval. Finally, new insights are provided through the intra-products comparison, at the regional scale, between the near-real-time and the post-real-time TRMM products during EPEs over the IP.



The paper is organized in four sections. After the Introduction, the different datasets used are described in Section 2, namely the dataset for extreme precipitation events over the IP (Section 2.1) and the gridded and satellite datasets for precipitation (Section 2.2). Section 2.3 explains how data from different sources are manipulated to be effectively combined in time and space and how the assessment is conducted. Results are presented and discussed in Section 3, firstly focusing on the assessment of precipitation all over the common period (Section 3.1 and Section 3.2), and secondly focusing only on a specific subset of EPEs which occurred during the extended wintertime season (Section 3.3). Finally, conclusions are drawn in Section 4.




2. Materials and Methods


2.1. Precipitation Datasets


2.1.1. Ground-Based Precipitation Dataset IB02


In the present study, different data sources are considered for precipitation estimates. At first, the most comprehensive gridded, high-resolution (0.2° × 0.2°) available database of daily precipitation for the IP is used as ground truth (IB02 hereafter). It is produced by joining two individual national datasets from Portugal (PT02) and Spain (SP02), respectively [25,38]. Both datasets refer to the same 0.2° × 0.2° latitude/longitude grid, obtained by interpolation of rain gauge data through an ordinary kriging method and an additional inverse distance weighting method (IDW) for the Portuguese dataset only. Albeit with some inevitable temporal variations in the rain gauges density, both the Spanish and Portuguese networks cover the period from 1950 to 2008. Totally, more than 2400 weather stations provided data for IB02. Several quality control procedures have been applied to the data, such as a plausible value check, internal consistency checks, and a standard normal homogeneity check (the authors refer to [25] for more details and references on these procedures as well as for network coverage).



In IB02 precipitation records are summed to provide for daily values, but the accumulation period is slightly different for Spain and Portugal. Given a day n, daily precipitation over Portugal is accumulated between 09:00 UTC of day n − 1 and 09:00 UTC of day n. On the contrary, daily precipitation over Spain ranges from 07:00 UTC of day n to 07:00 UTC of day n + 1. For consistency, the Portuguese dataset is shifted one day forward in IB02. It is believed that, unless an event strictly peaks during the time lag, the defined accumulation period is robust and no artificial features are found at the border between the two countries. Other studies made use of precipitation data from IB02 for real case study analysis [10,37] and for more extensive assessments [39,40,41].




2.1.2. Reanalysis Datasets


Precipitation estimates from the widely used ERA-Interim reanalysis product of the European Centre for Medium-Range Weather Forecast (ECMWF) are considered for comparison with the ground-based IB02 dataset. ERA-Interim global reanalysis [42] is available from 1979 onwards, but only the period 2000–2008, the common period of the satellite-based dataset and the EPEs ranking, is considered in this study. The ERA-Interim 6-hourly values of accumulated precipitation are extracted and aggregated into daily sums. Precipitation data originally come at 0.75° of horizontal resolution and they are projected through bilinear interpolation onto the same 0.2° × 0.2° grid of IB02 (see Section 2.3 for further details). Recently, a new generation of reanalysis product—ERA5—has been released, with hourly data from 2000 to within three months of real time (but expected to be extended back in time until 1950). ERA5 will eventually replace the ERA-Interim [43]. Hence, it is beneficial at this stage to assess both products over the IP. Both the horizontal (from 0.75° to 0.25°) and the vertical (from 60 to 137 levels) resolutions are improved in ERA5. In the following analysis, the same interpolation method as for ERA-Interim is used to match with the IB02 grid.




2.1.3. TRMM TMPA Datasets


In addition, two precipitation products from the Tropical Rainfall Measurement Mission (TRMM) are used [33]. The main purpose of the mission is to provide a new understanding of the distribution and variability of precipitation and energy exchanges in the tropical and subtropical regions of the world, especially during storms [44]. Onboard instruments [45,46] include a visible and infrared scanner (VIRS), a microwave imager (TMI), a precipitation radar (PR), and a lightning imaging sensor (LIS). The TRMM Multisatellite Precipitation Analysis (TMPA) products are the most popular in the TRMM mission: they account for precipitation retrievals algorithms that incorporate multiple-sensor and multi-satellite data in addition to in-situ observations, yielding to an unprecedented accuracy of precipitation estimates [33]. The products belong to Version 7 of the 3B42 algorithm, both in the near-real-time (6–9 h after present time) and post-real-time releases [47]. Latest improvements of Version 7 mainly come from additional satellites and a uniform ground-based adjustment [48,49]. The near-Real-Time product (for simplicity hereafter referred as TRMM RT) only depends on microwave and infra-red data, and it is computed few hours after real time; the research-grade product (hereafter referred as TRMM) is differently calibrated and it is adjusted to monthly values [47]. According to the author of [50], the former provides quick and less accurate estimates on a global scale, suitable for monitoring activities, whereas the latter is designed to provide estimates more appropriate for research purposes. Data are made available from 1997 and 2000, respectively. For both TRMM and TRMM RT (together referred as TRMM TMPA products), data are provided onto a 0.25° × 0.25° grid and they cover the latitudinal band 50° N to 50° S even though many efforts are being made, in the framework of the GPM mission which is going to include the TRMM mission, to further extend the coverage beyond the extra-tropics.



Several studies already focused on areas beyond the inclined latitude band of the TRMM satellites [51,52] and explore the differences between the two products [4,53]. The research-grade product is more widely used for regional studies worldwide as in America [54,55], in the Mediterranean domain [56,57], and over Iberia [14,37,58]. In [57,59], high (light) precipitation events tend to be under (over) estimated. The authors of [52,59] addressed the suitability of both TRMM TMPA products over river basins in China for predicting river streamflows and water resources in the context of hydrological extremes. Besides the good results obtained in [53] for a TMPA-driven hydrological model for river streamflow, large differences were found over latitude by the authors of [60] with over (under) estimation of precipitation affecting high (low) latitudes. The accuracy of the TRMM TMPA estimates was also shown to vary among seasons: [53] found the worst performances over three different regions in northern China during winter, also because of the ice and snow cover affecting the retrieval algorithms. On the contrary, winter (and summer) accounted for the best results over Iberia in [58]. However, the accuracy of a single product can change from one region to another [60], mainly because of different rainfall regimes (the more convective the precipitation, the more accurate satellite estimates are), because of the surface conditions and also because of the reliability of the ground-based dataset used for validation. Given this variety of results, further investigations are surely needed.





2.2. Extreme Precipitation Events (EPEs) Dataset for IP


In this work the ranking of high-resolution winter daily precipitation extreme events developed by [5] is used. It is the most comprehensive database available for EPEs over the IP. It accounts for daily accumulated precipitation, from 1950 to 2008, for the extended wintertime (October to March), as summer precipitation is not significant over most of the IP domain [23,24]. Given the high spatial variability of precipitation regimes over IP, the events are ranked according to an index that takes into account both the anomaly of precipitation and the extension of the area affected by the anomaly. In more detail, the normalized precipitation departure from seasonal climatology is evaluated for each grid point and for all days and it reads:


    N =     P − μ  σ     



(1)




where P is the daily precipitation sum, μ is the 7-day running mean for that day, and σ is the standard deviation from that mean. Then, the area affected is defined by the number of grid points which have precipitation anomalies exceeding two standard deviations (2 σ ). A mean value for this anomaly is defined over the selected area and the ranking index is defined by multiplying the two quantities. It is worth saying that the 2 σ  threshold does not substantially differ from the 95th percentile of the daily precipitation distribution, which is typically considered as a reference for attributing extremes. For further details, the authors suggest directly referring to [5].




2.3. Temporal-Spatial and Intensity Assessment


The four precipitation datasets described in Section 2.1 are matched in time and space for direct comparison and EPEs assessment. That is, precipitation values from ERA-Interim (6 h) and ERA5 (1 h) reanalysis as well as from TRMM TMPA products (3 h) are aggregated into daily (24 h) sums over the common period 2000–2008 and over the same 0.2° × 0.2° latitude/longitude grid of the IB02, through bilinear interpolation. However, the accumulated periods do not exactly overlap, because of the different timing each when product is made available (Figure 1). The IB02 accounts for daily values from 07:00 (09:00) UTC of day n to 07:00 (09:00) UTC of day n + 1 for Spain (Portugal) respectively. ERA-Interim is then accumulated by summing four timesteps (12:00 UTC and 18:00 UTC of day n, 00:00 UTC and 06:00 UTC of day n + 1) so that daily values cover the interval from 09:00 UTC (day n) to 09:00 UTC (day n + 1). The accumulation period for ERA5 is one hour before each timestep. Therefore, ERA5 daily precipitation is computed by summing 24 hourly timesteps (10:00 UTC of day n to 10:00 UTC of day n + 1) so that daily values cover the same interval as for ERA-Interim. On the contrary, TRMM TMPA products are available at 3-h timesteps, making possible to define a backward (from 07:30 UTC of day n to 07:30 UTC of day n + 1) and a forward (from 10:30 UTC of day n to 10:30 UTC of day n + 1) accumulation period with respect to the reanalysis accumulation period. In order to achieve the best possible match among the four datasets considered, the backward period is used. A mask is applied to all the datasets so that only grid points of continental Iberia with daily precipitation exceeding 2 mm·day−1 are considered for this analysis.



For the assessment of precipitation among data pairs a set of four accuracy metrics is considered [61] namely the Pearson linear correlation coefficient (r, Equation (2)), the percentage bias (%BIAS, Equation (3)), the root mean square error (RMSE, Equation (4)) and the mean absolute error, (MAE, Equation (5)). The corresponding formulae read (taking ERA5 as an example):


    r =   c o v  (  E R A 5 , I B 02  )     σ  E R A   ×    σ  I B 02        



(2)






    % B I A S =     ∑  (  E R A 5 − I B 02  )    ∑ I B 02     × 100    



(3)






    R M S E =      1 N  ×   ∑    (  E R A 5 − I B 02  )   2       



(4)






    M A E =     ∑    (  E R A 5 − I B 02  )    ∑ n      



(5)




where n in the number of data pairs considered, and cov is the covariance and σ is the standard deviation. The equations hold similarly for ERA-Interim, TRMM, and TRMM RT.



Each index is evaluated through a grid-to-grid procedure based on the 0.2° × 0.2° IB02 grid. With such an approach, it is worth noting that both the intrinsic interpolation scheme of IB02 and the interpolation required for the other datasets to match with IB02 constitute a source of uncertainty. In those cases, precipitation extremes may be misrepresented, especially over regions of complex topography [62]. However, the IB02 already accounts for several quality control procedures and internal consistency checks and its robustness has been already assessed [25]. On the other hand, an area average approach would clearly smooth any local extremes [58] and it would not be suited for the current analysis.



Finally, in order to have insights on the weaknesses and strengths of each of the dataset considered, the total bias is split into three components [54]. This procedure allows to distinguish three different bias sources with respect to IB02, namely the bias due to successful detection (hit bias, HB), the bias due to misses (missed rain bias, MB) and the bias due to false alarms (false rain bias, FB). They are defined as follows (taking ERA5 as an example):


    H B = ∑  P  E R A 5      (   P  E R A 5   > 2   &    P  I B 02   > 2  )  −  P  I B 02   (  P  E R A 5   > 2   &    P  I B 02   > 2 )    



(6)






    M B = ∑  P  I B 02      (   P  E R A 5   ≤ 2   &    P  I B 02   > 2  )     



(7)






    F B = ∑  P  d a t N      (   P  E R A 5   > 2   &    P  I B 02   ≤ 2  )     



(8)




where PERA5 is the precipitation at the specific grid point from ERA5 (but it holds similarly for the other datasets) and PIB02 is the precipitation at the corresponding grid point from IB02. The sums run all over the grid points of the continental IP and the sum of the three components gives the total bias. Given the values described in Equations (6)–(8), it is possible either to obtain the fraction of total bias explained by each bias source or the average of each bias source per grid point.





3. Results


3.1. IB02 Precipitation Dataset


IB02 dataset covers the period from 1950 to 2008, although the spatial coverage of the station network may vary through, as described in [25]. However, reanalysis data and satellite retrievals from the TRMM mission are made available only later, since 1979 and 2000, respectively. Thus, a preliminary control on how the common 2000–2008 period is representative of the entire dataset is necessary. The mean daily precipitation is evaluated, for the all year and for the wintertime period, from three different time-windows, namely the entire 59-year IB02 dataset, the standard 30-year climatological mean, and the 9-year common period used in this study. As shown by the results summarized in Table 1, no relevant changes occur in the climatology between the three considered periods. The mean of daily precipitation, averaged over the whole IP, remained substantially similar between the 50-year and 30-year periods (10.28 mm·day−1 and 10.24 mm·day−1, respectively). Over the last decade available, the daily mean slightly decreases below the 10 mm·day−1 threshold. Considering only the extended winter months (October to March), the values of mean daily precipitation are slightly larger than for all-year (Table 1), but they show the same behaviour over the time on the IP. The two standard percentiles thresholds for extremes are also considered. In this case, the mean precipitation daily values over IP are slightly lower during 1979–2008 (29.03 mm·day−1 and 48.37 mm·day−1 for the 95th and 99th percentile, respectively) than during 1950–2008 (29.12 mm·day−1 and 48.77 mm·day−1), and they decrease again over the last 9 years (28.42 mm·day−1 and 47.47 mm·day−1, respectively). However, all these values are in agreement (28–29 mm·day−1 and 47–48 mm·day−1, for the 95th and 99th percentiles, respectively) and thus it may be considered that the three periods are comparable. Still, the difference between extended winter and all-year percentiles values, serves as a proof of the seasonal variability of precipitation over IP.



It should be noted that this control over different time periods is not aiming at dragging conclusions over the climatology of Iberia. The purpose indeed is to show that the last 9 years available are quite well representative of the entire IB02 dataset and this justifies the use of the common period of 2000–2008, even though it is not particularly long, throughout this analysis.




3.2. Accuracy Metrics for Quartiles of IP Precipitation for All Year on the Period 2000–2008


At first, the accumulated daily precipitation at each grid point during the 2000–2008 common period is classified in quartiles, according to the 25th/50th/75th percentiles for the daily precipitation, evaluated separately for each grid point and for each day of the year. The percentiles are given by the 7-year running mean all over the IB02 dataset (1950 to 2008). Throughout this section, the analysis is conducted for all days of the common period 2000–2008 and for the four quartiles separately, Q1 being the weakest one and Q4 the most extreme one.



Figure 2 includes the scatterplots of measured daily precipitation measured daily precipitation (mm·day−1) from IB02 versus the estimates from TRMM, TRMM RT, ERA-Interim, and ERA5, respectively.



For TRMM TMPA products, Q1 to Q3 data pairs are clustered more closely to the satellite estimates. On the contrary, the points belonging to Q4 spread closer to the identity line. ERA-Interim and ERA5 show the same pattern as described for the satellite products, the only difference being a higher correspondence between estimates and ground-based values also for Q3. As it is defined, Q4 includes the data pairs where IB02 daily precipitation exceeds the 75th percentile, that is, also the grid points with actual extreme precipitation. The fact that in the related scatterplots, a lot of points still spread close to the zero (of both x and y axes) is to be expected. The first case in fact relates to the underestimation of precipitation by the specific dataset considered, which is the larger for extreme events (as shown later). The second case comes from the IP grid points whose 75th percentiles for daily precipitation are very low, as it may occur over some inland and southern areas and during the drier months of the year.



The correlations coefficients (Figure 3a) indicate very low correlation for Q1 (all datasets below 0.2). They indicate low correlation also for Q2 and Q3 and a still poor but higher correlation for Q4 (0.26, 0.34, 0.43 and 0.54 for TRMM, TRMM RT, ERA-Interim, and ERA5, respectively). Both the reanalysis products perform better than TRMM (TMPA) products for all the quartiles and the main difference is observed for the intermediate quartiles Q2 and Q3, as suggested by the scatterplots. It is observed that the more the quartile includes higher precipitation data pairs, the more TRMM RT outperforms TRMM.



All the annual datasets considered show a positive (negative) %BIAS for Q1 and Q2 (Q3 and Q4) with respect to IB02 (Figure 3b). That is low (high) daily precipitation events over IP are overestimated (underestimated) by global datasets. The reanalysis products show the best adjustment to IB02 for Q1 and Q2, with ERA-Interim outperforming ERA5. On the contrary, ERA5 improves ERA-Interim for Q3 and Q4 and it turns out to be the best of all datasets for the most extreme quartile (−30% BIAS). In term of %BIAS, the TRMM RT product is equal to that of TRMM except for Q1, where both the TRMM TMPA products have poor performance (+144% and +133% BIAS, respectively).



Both the error metrics, namely the RMSE (Figure 3c) and MAE (Figure 3d), increase with increasing extremeness of the precipitation. Values of RMSE jump from Q3 to Q4 from less than 10 mm·day−1 to almost 20 mm·day−1, as clearly visible by the large degree of dispersion around the fitted line in the scatterplots (Figure 2). The MAE also increases the most from Q3 to Q4 (4–6 mm·day−1 to 9–15 mm·day−1). This behaviour is somehow expected as the spatio-temporal pattern of precipitation is more complex for heavy and extreme events because of localized peaks of rainfall and local effects of enhancement. Consistently with the other annual metrics, reanalysis datasets perform better than the TRMM TMPA products (ERA5 performs best for Q4) and TRMM RT outperforms the TRMM as far as the quartiles include more extreme values.




3.3. Insights on the Last Decile of EPEs for Extended Winter of the Common Period 2000–2008


As pointed out by the assessment presented in Section 3.2, the accuracy metrics for Q4 often show a different pattern with respect to the other quartiles, with larger errors but better adjustment in terms of correlation to the IB02 ground-truth. At the same time the related scatterplots show that Q4 still includes a significant number of grid points from IB02, for which precipitation cannot be considered as extreme. As a follow-up to the previous analysis, a set of objectively identified extreme events has been chosen and studied separately. The events were selected from the EPEs ranking dataset in [5] and, as described in Section 2.2, are limited to the 2000–2008 common period. Then, only daily precipitation values falling into the last decile (90th) are considered, which gives a total number of 84 events (the full list can be consulted in the Supplementary Material).



As before, it is firstly assessed whether the subset of events obtained from the full ranking over the common years can be considered representative of the longer dataset. As the ranking of EPEs only includes the extended wintertime months, the analysis from now onwards will account only for events that occurred between October and March. In addition, summertime is known to account for different precipitation regimes over the IP [24,25], with relevant regional patterns [14,23]. Therefore, it would require a different methodology to produce a valuable ranking. Main statistics are shown in Table 2: as previously found, mean daily precipitation has only a very slight decrease when the time-window is shortened to the common period. Still, it cannot be said to what extent this small change is due to a decrease in total precipitation or to actual changes in the mechanisms enhancing the extremeness of the events—which is out of the scope of this study.



Daily precipitation from IB02 is plotted against the estimates from TRMM, TRMM RT, ERA-Interim, and ERA5 (Figure 4) for all the data pairs of the 84 EPEs previously identified. Only grid points whose precipitation anomalies exceed 2 σ  are considered, as described in [5]. The analysis is repeated for anomalies exceeding 3 σ  to 7 σ  and the number of grid points considered for each class is shown in each panel of Figure 4. For all the four datasets, but more evidently for TRMM (Figure 4—first row), data pairs show the tendency to be clustered towards IB02. This tendency gets clearer as far as only grid points beyond a certain threshold of standard deviation anomalies are considered. Therefore, also for the last decile of extreme events, it holds that the more the precipitation is extreme, the more the reanalysis and TRMM TMPA datasets underestimate IB02 ground truth.



By analysing the accuracy metrics for all grid points with precipitation anomalies over 2 σ  (Figure 5), it becomes evident that TRMM RT has slightly higher correlation values than TRMM (r = 0.37 compared to r = 0.32) and lower %BIAS (−45.35% compared to −58.48%), RMSE (25.75 mm·day−1 compared to 29.85 mm·day−1), and MAE (20.21 mm·day−1 compared to 24.28 mm·day−1). These results suggest that TRMM RT is more adequate for winter EPEs than TRMM. All the errors metrics are lower for the reanalysis products with respect to TRMM TMPA products and ERA5 clearly improves ERA-Interim (−0.28% compared to −0.44% for %BIAS, 19.20 mm·day−1 compared to 24.34 mm·day−1 for RMSE, and 13.55 mm·day−1 compared to 18.26 mm·day−1 for MAE).



For subsets of grid points grouped according to the number of standard deviations they depart from the mean, TRMM RT still outperforms TRMM, with only the exception of the correlation for  σ  > 7 (r = 0.30 compared to r = 0.19 for TRMM RT and TRMM, respectively) for which the number of grid points is small in comparison with the other classes. It is observed that while the performance of the reanalysis products decreases for the most extreme classes, TRMM TMPA estimates become more reliable. For ERA-Interim, this behaviour is quite clear: for IB02 grid points with precipitation anomalies up to 4 σ , ERA-Interim and TRMM TMPA products still compete in terms of correlation (Figure 5a) but ERA-Interim suddenly drops beyond that threshold, to r ~ 0.2 for  σ  > 6, whereas TRMM TMPA products still approach r ~ 0.4. The ERA5 overcame this issue as its correlation never drops below r = 0.4, thus being again the best performing dataset. In terms of percentage of BIAS (Figure 5b), TRMM RT outperforms ERA-Interim only for grid points beyond the 5 σ  threshold but still the ERA5 reanalysis is always preferable. TRMM dataset always underestimates by more than 50%. In terms of RMSE and MAE, TRMM RT behaves similarly to ERA-Interim, both outperforming TRMM but still accounting for larger errors than the new ERA5 reanalysis.



According to what has been observed in the scatterplots of Figure 2 and Figure 4, the analysis of the total bias is not always exhaustive. By splitting the total bias into its different components, that is, hit bias (HB), missed bias (MB), and false bias (FB), as described in Section 2.3, new insights provided for the performance of each dataset. In Figure 6, each bias source is divided by the total number of grid points, where bias is observed for the specific dataset so that the average values per grid point is plotted. HB is shown to be the main source of uncertainty for all the datasets. The second source of bias is MB for TRMM TMPA products and FB for ECMWF reanalysis. With respect to ERA-Interim, both the hit bias (HB) and missed rain bias (MB) are successfully cleared in ERA5. Regarding TRMM (TMPA) products, it is shown that even though the research-grade release reduced false alarms (from 0.96 mm·day−1 to 0.27 mm·day−1), the amount of underestimation and the number missing values are higher than in the real-time version (on average −3.33 mm·day−1 compared to –2.27 mm·day−1 for HB and −3.09 mm·day−1 compared to –1.89 mm·day−1 for MB for TRMM and TRMM RT, respectively).



As an example, the case study of 6 December 2000, the #4 in the ranking for IP [5] (and the #1 in the ranking considering only Portugal) is analysed, also through the related precipitation maps (Figure 7). In this case the TRMM RT estimates perform better than the associated TRMM product when precipitation is extreme, despite the latter being more widely used for research purposes. In this event, two main precipitation spots can be recognized: the first one across the northern border between Portugal and Spain, and the second one that extends from southwest to northeast over central Portugal (Figure 7a). Only the first spot is reproduced by ERA-Interim (Figure 7d) and TRMM (Figure 7b), even though it results wrongly displaced to the north. The analysis of this case shows also that ERA5 was improved over the previous ERA-Interim dataset and outperforms the other datasets considered. On the contrary, both TRMM RT (Figure 7c) and ERA5 (Figure 7e) are able to represent the precipitation over the southern sector. However, in TRMM RT the band is oriented from northwest to southeast in a manner that is almost symmetric with respect to IB02 (Figure 7d), whereas in ERA5 it is correctly displaced, although the precipitation amount is underestimated with respect to IB02. For ERA-Interim, the spatial and temporal pattern of precipitation is partially inconsistent with what it is shown in [34] where the same case is analysed. In that case, the precipitation maximum aforementioned is located more to the west. This difference is ascribable to the different resolution of the grid (1° × 1° in [37] and 0.2° × 0.2° in the present study) which may lead to displacements in the plotted field. In the case of TRMM RT, significant amounts of daily rainfall are detected all over the eastern and southern IP, even though no precipitation occurred according to IB02. This inaccuracy can be only partly explained by the 1 h 30 min time lag between TRMM TMPA products and the IB02 accumulation period (some of the precipitation over southern Portugal and Andalusia actually falls in the morning of 7 December). Therefore, this is an example on how relevant the contribution of false alarms to the total bias can be for TRMM RT.



As for the analysis of the maps, the main accuracy metrics also suggest that TRMM RT is more accurate than TRMM and that ERA5 is the dataset that best performs in reproducing extreme precipitation for this case study (Figure 8). By considering only data pairs for which the precipitation anomaly exceeds 2σ, the correlation coefficients differ among the four datasets: ERA5 has the largest correlation (r = 0.63), then ERA-Interim and TRMM RT almost equal each other (r = 0.53 and r = 0.52 respectively), and TRMM has the lowest (r = 0.44). The TRMM and ERA-Interim datasets significantly underestimate precipitation (−57.25% and −25.73% of BIAS, respectively) whereas, also because of the large occurrences of false alarms, TRMM RT shows a very low negative bias (−8.36%), even lower than that of ERA5 (−11.17%). The lowest values of both RMSE and MAE come from ERA5, and the largest from TRMM.





4. Discussion and Conclusions


An evaluation of the accuracy of several precipitation datasets in reproducing the spatial and temporal characteristics of extreme precipitation events (EPEs) over the continental Iberian Peninsula (IP) is undertaken. For this assessment, daily accumulated precipitation from a high-resolution (0.2° × 0.2°) ground-based gridded dataset (IB02), from ERA-Interim and ERA5, a new fifth-generation European reanalysis by ECMWF, and from two TRMM (TMPA) multi-satellite products are considered for the common period 2000–2008. Statistical analysis is performed through a set of standard accuracy metrics, including the Pearson linear correlation coefficient (r), the percentage bias (%BIAS), the root mean square error (RMSE), and the mean absolute error (MAE). Different contributions to the total precipitation bias are also analysed. At first, the study considers all days of the common period, grouping the data pairs into quartiles according to the percentiles of mean daily precipitation computed for each grid point and for each day of the year separately. Then, only the most extreme decile of wintertime EPEs, as ranked in [5], are considered.



Results show that reanalysis products account for the best scores in terms of accuracy metrics for all the quartiles. However, reanalysis products also show a different behaviour depending on the intensity of the precipitation events: light (heavy) precipitation is overestimated (underestimated). This tendency is even clearer for the multi-satellite TRMM TMPA products. Results from [37] already showed that for four of the most extreme precipitation events over the IP [5], the accumulated daily precipitation is underestimated with respect to IB02 by up to 80%. In [58], TRMM is assessed at regional scale over the IP for different thresholds of daily precipitation, and it is shown that it has reasonable skill for moderate daily precipitation amounts (up to 25 mm·day−1) but low skill for extremely light and strong events. The authors of [59] showed that over two river basins in China, both TRMM TMPA products dramatically underestimate heavy precipitation. To the author’s knowledge, there are only few studies directly comparing the accuracy of TRMM to TRMM RT [50,54,59]. According to the author of [50], the variation of individual differences between the two products is small (heavy) over regions of heavy (light) rain. The authors of [59] concluded that the month-to-month gauge adjustment applied in post-real time resulted in improved data accuracy of the related retrievals. On the contrary, clearly improvements of TRMM RT over TRMM have been found in the present analysis and it is shown that the difference between TRMM RT and TRMM does not change for quartiles Q1 to Q3, but it does for Q4. These differences with earlier studies likely depend on the different regions considered but also on how the classes of precipitation are defined: in [50,59] the classification of the events relies on fixed thresholds of daily precipitation, whereas in this study extreme days are objectively defined according to percentiles. Therefore, a group typically accounts for different daily precipitation amounts at the individual grid points, depending on the local climatology. On the other hand, the current results conform to those in [54], which studied six tropical-related heavy rainfall events over Louisiana (USA) and found a larger agreement for TRMM RT with respect to TRMM when considering the upper tail of the distribution of rain rate.



As a first assessment of ERA5 over the IP, this study concludes that the new reanalysis product has considerably novel skills in estimating extreme precipitation with respect to previous releases and also to TRMM TMPA products. Indeed, improvements with respect to ERA-Interim have been found regarding correlation (values for r increasing of ~0.1 for quartiles Q2, Q3 and Q4,) whereas for the other metrics, ERA5 clearly outperforms ERA-Interim for the most extreme quartile Q4.



However, when considering only the most extreme wintertime events and only those grid points with the most extreme precipitation values, the multi-satellite products considered become more competitive in this study. ERA5 still performs best, but the correlation coefficient is better for TRMM and TRMM RT for anomalies greater than 4σ and 5σ, respectively, as compared to ERA-Interim. Beyond 5σ, TRMM RT outperforms ERA-Interim also in term of %BIAS, thus showing a better performance than the corresponding research-grade version. All metrics actually show that TRMM RT has fairer agreement with extreme daily precipitation events than TRMM, including lower errors and higher correlation. The fact that the real-time product better identifies the spatial and temporal characteristics and intensity of extreme precipitation events gives a new perspective about the significance of this product for the midlatitudes regions. Most of earlier studies in fact rely on the solely research-grade product [49,52,55,56,57], which is believed to be more accurate because of the improvements given by the post-processing and by the different calibration period. Similarly, most of the studies that made direct comparison of TRMM RT to its counterpart TRMM found better agreement in term of reproducing daily precipitation for the latter.



This analysis also suggests that the main accuracy metrics were not able to characterize extensively all the weaknesses and strengths of the datasets considered. Through total bias decomposition, the different contributions to the total error are identified and the bias due to successful detection was identified as the dominant component. Results also show that the research-grade of TRMM TMPA products successfully removes false alarms with respect to TRMM RT. On the other side, it accounts for larger missed bias and for an overall larger total bias. The authors of [54] also found similar inconsistencies between the two TRMM TMPA versions when performing an assessment for a small set of tropical-related case studies. The current analysis extends those findings to the midlatitudes and consolidates them through a more extensive set of events. Finally, it is shown that most of the error sources are successfully removed in ERA5 as compared to ERA-Interim. Nevertheless, it should be noted that this work is the first assessment of ERA5 for precipitation estimates over the IP, and thus requires additional investigations.
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Figure 1. Scheme of the daily accumulation period considered for the different datasets used in this study. The left side refers to the beginning of the accumulation period (day n), the right side refers to the end of the accumulation period (day n + 1). 
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Figure 2. Scatterplots of accumulated daily precipitation (mm·day−1) for each dataset vs. IB02 (over raw TRMM, TRMM RT, ERA-Interim and ERA5, respectively) and for each quartile (over columns). Data pairs refer to all years for the common period 2000–2008. Only values over 2 mm·day−1 are considered. The number of data pairs (n) is displayed. Please note that the x-axis limit is different for Q4 (200 mm·day−1); however, a certain number of data pairs (11 for TRMM, 10 for TRMM RT, 12 for ERA-Interim and ERA5) are still not displayed in Q4 panels. TRMM: Tropical Rainfall Measuring Mission. 
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Figure 3. (a) Correlation coefficient (r), (b) percentage bias (%BIAS), (c) root mean square error (RMSE), and (d) mean absolute error (MAE) for accumulated daily precipitation (mm·day−1) of TRMM (blue circle), TRMM RT (red cross), ERA-Interim (green diamond), and ERA5 (black triangle) versus IB02. Metrics are plotted for different quartiles of daily precipitation for all year and for the common period 2000–2008. TRMM: Tropical Rainfall Measuring Mission. 
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Figure 4. Scatterplot of accumulated daily precipitation (mm·day−1) for each dataset vs. IB02 (over rows: TRMM, TRMM RT, ERA-Interim, and ERA5, respectively) and for different ranges of precipitation anomaly (in  σ  units) at the grid points. Only days for extended winter and for the common period 2000–2008 beyond the 90th percentile of the ranking developed by [5] are considered. Only values over 2 mm·day−1 are considered. A certain number of data pairs (seven for each of the datasets considered) are not displayed due to x-axis limits. TRMM: Tropical Rainfall Measuring Mission. 
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Figure 5. (a) Correlation coefficient (r), (b) percentage bias (%BIAS), (c) root mean square error (RMSE), and (d) mean absolute error (MAE) for accumulated daily precipitation (mm·day−1) of TRMM (blue circle), TRMM RT (red cross), ERA-Interim (green diamond), and ERA5 (black triangle) vs. IB02. Only daily precipitation for the wintertime and for the common period 2000–2008 that falls beyond the 90th percentile of the ranking developed in [5] is considered. Metrics are plotted for precipitation anomalies over 2 σ  and for different ranges of precipitation anomalies (in  σ  units) at the grid points. TRMM: Tropical Rainfall Measuring Mission. 
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Figure 6. Decomposition of total bias for each dataset versus IB02. The total bias is split into contributions from hits (HB—blue), misses (MB—green), and false alarms (FB—yellow) and the values are averaged over the total number of grid points. Only daily precipitation for extended winter and for the common period 2000–2008 that falls beyond the 90th percentile of the ranking developed in [5] is considered. 
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Figure 7. Extreme precipitation event on 6 December 2000. Daily precipitation from (a) IB02, (b) TRMM (TMPA) research-grade product, (c) TRMM (TMPA) RT product, (d) ERA-Interim, and (e) ERA5. TRMM: Tropical Rainfall Measuring Mission. 
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Figure 8. Scatterplot of accumulated daily precipitation for the extreme event on 6 December 2000 for (a) TRMM vs. IB02, (b) TRMM RT vs. IB02, (c) ERA-Interim vs. IB02, and (d) ERA5 vs. IB02. Only grid points whose precipitation anomaly exceeds 2σ are considered. Number of data pairs (n), correlation coefficient (r), percentage bias (%BIAS), root-mean-square error (RMSE), and mean absolute error (MAE) are displayed. TRMM: Tropical Rainfall Measuring Mission. 
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Table 1. Main statistics for different temporal subranges of IB02 dataset.
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Time Range

	
Mean (STD) (mm·day−1)

	
95th perc (mm·day−1)

	
99th perc (mm·day−1)




	
All Year

	
Extended Winter

	
All Year

	
Extended Winter

	
All Year

	
Extended Winter






	
59 years (1950–2008)

	
10.28 (9.98)

	
10.92 (10.65)

	
29.12

	
31.12

	
48.77

	
51.75




	
30 years (1979–2008)

	
10.24 (10.09)

	
10.95 (10.82)

	
29.03

	
30.79

	
48.37

	
51.55




	
9 years (2000–2008)

	
9.90 (9.87)

	
10.46 (10.41)

	
28.42

	
30.23

	
47.47

	
50.82
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Table 2. Main statistics for different temporal subranges of IB02 dataset (extended wintertime extreme days).






Table 2. Main statistics for different temporal subranges of IB02 dataset (extended wintertime extreme days).





	Time Range
	Mean (STD) (mm·day−1)
	95th Percentile (mm·day−1)
	99th Percentile (mm·day−1)





	59 years (1950–2008)
	11.46 (10.94)
	32.38
	53.16



	30 years (1979–2008)
	11.53 (11.22)
	32.99
	54.25



	9 years (2000–2008)
	11.07 (10.88)
	31.75
	53.0
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