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Abstract

:

This paper presents the results of a systematic review of temperature and precipitation extremes over the Iberian Peninsula, focusing on observed changes in temperature and precipitation during the past years and what are the projected changes by the end of the 21st century. The purpose of this review is to assess the current literature about extreme events and their change under global warming. Observational and climate modeling studies from the past decade were considered in this review. Based on observational evidence and in climate modeling experiments, mean and maximum temperatures are projected to increase about 2 °C around the mid-century and up to 4 °C by the end of the century. The more pronounced warming is expected in summer for the central-south region of IP, with temperatures reaching 6 °C to 8 °C around 2100. Days with maximum temperature exceeding 30 °C and 40 °C will become more common (20 to 50 days/year), and the heatwaves will be 7 to 10 times more frequent. Significative reduction in events related to cold extremes. The climate change signal for precipitation in IP shows a considerable decline in precipitation (10–15%) for all seasons except winter. It is predicted that heavy precipitation will increase by 7% to 15%. Extreme precipitation will increase slightly (5%) by mid-century, then decline to 0% by 2100. Significant reduction in wet days (40% to 60%) followed by a dryness trend more pronounced by the end of the century.
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1. Introduction


There are indications that climate change is responsible for most of the change in risk associated with weather-related disasters over Europe [1]. Simultaneously, the increase in the frequency and intensity of Europe’s extreme events has been well documented in several studies (e.g., [2,3]). The Paris Agreement is the global answer to minimize the risk from climate change by setting up a long-term common threshold of warming of the planet below 2 °C, preferably to 1.5 °C, compared to pre-industrial levels. To achieve this limiting temperature, serious economic and social transformations must occur to achieve climate neutrality by mid-century. However, according to the latest climate update issued by the World Meteorological Organization (WMO), there is a likelihood that the 1.5 °C warming will be temporarily reached in the next 5 years.



Extreme weather events, such as heatwaves, droughts, floods, and wildfires, are expected to increase in frequency, severity, and intensity because of rising temperatures, while cold spells and snow are expected to decrease [4]. The climate response to global warming varies from region to region. What might be extreme for one region can be a normal event for another. Southern and south-eastern Europe are identified as regions of interest for being areas most affected by extreme weather [5,6]. Hence, the Iberian Peninsula (IP) climate is susceptible to changes in precipitation and temperature because the reduction in precipitation in the preceding winter and spring months may affect the soil moisture content favoring the occurrence and persistence of extreme temperatures and summer heatwaves [7]. In agriculture or water resource management, for example, fewer precipitation events with higher intensity can lead to profound consequences, such as ruined crops and flash floods.



Although extreme events are part of the natural climate variability, the observed changes in extreme events are linked with the intensification of the event, such as an increase in extreme temperature (cold or hot) or an increase in the number of precipitation events in some regions [8]. Temperature and precipitation are expected to be affected by changes in their variability as they are two of the elements of the climatic system. Hence, most of those studies focus on temperature and precipitation.



These facts prompt several studies about climate change and climate variability on the IP and/or Europe yielding a significative high number of studies. The IP is particularly vulnerable to climate change due to its geographic location and climatic characteristics, and it is one of the areas where extreme temperature episodes, such as heat waves and cold spells, are expected to increase in frequency in the future [9,10,11,12].



The motivation underlying this review lies in the necessity of presenting a comprehensive examination of climate change and climate variability in high vulnerability region as the Iberian Peninsula with respect to extreme events and explores the methods and climate change indicators used in this type of studies. Additionally, results from studies using observational evidence and modeling experiments were also considered. Further, a synthesis like this could help create a broader picture of what type of changes are expected to happen. This study examines the current state of research in temperature and precipitation extreme events (heat/cold spells, hot days, cold days, and days/events with precipitation in the top 5% of the events) and their change under global warming. After the introduction, this review is structured as follows: Section 2 presents the method for search and selected the eligible studies. Section 3 presents the outcomes associated with climate simulations. Finally, the review ends with a summary and conclusions.




2. Methodology


The systematic review was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses, PRISMA, guidelines [13]. PRISMA was designed to synthesize, assess, and track scholarly literature on a certain topic of interest. The method was developed in such a way that the authors, following a sequence of steps, were able to identify a number of evidence-based items for reporting systematic reviews. The methodology consisted of four major steps: identification, screening, eligibility, and included studies (Figure 1). The process entailed choosing and categorizing papers according to certain eligibility criteria in order to minimize the potential biases that can occur in a research study. The adopted methodology was intended to comprehensively synthesize and evaluate the scientific literature on the topic of interest.



2.1. Search Strategy and Strategy of Exclusion


The systematic literature search was carried out for studies published between January 2010 to present day in two scientific relevant databases: Scopus and Web of Science, using the following keywords:



(“extreme events” OR “climate change” OR “global warming” OR “extreme heat” OR “extreme cold” OR “warm spells” OR “cold spells” OR “heatwaves” OR “precipitation episodes” OR “heavy precipitation” OR “rainfall” OR “extreme rainfall” OR “floods” OR “rainfall events” OR “heavy rain” OR “droughts”).



Studies outside Europe and/or not covering the Iberian Peninsula were discarded using the following operators: (AND (“Iberian Peninsula” OR “Iberia” OR “Portugal” OR “Spain” OR “Europe”) AND NOT (“Asia” OR “Eurasia”) but studies conducted for the globe were included as they cover the region of interest.



Since the amount of information is significantly high, the number of articles was narrowed down by specifying other search parameters. Since the majority of indexed scientific articles are written in English, only studies written in this language were considered.



In addition, the publications were restricted to journal publications limited to the subject area ”Earth and Planetary Sciences” and “Meteorology & Atmospheric Sciences”, whether the search was carried out in Scopus or the in Web of Science, respectively. Nevertheless, the search yielded a total of 2707 scientific publications.



After identification and before screening, a first round of exclusion was performed without subjects related to ocean, marine and costal, geophysical, geography, chemistry sciences, and past climates. Next, records for the initial screen were limited to publications titles (Journals) in the subject area of interest, yielding 1256 scientific publications sought for retrieval.




2.2. Selection Criteria


A total of 1256 scientific publications was sought for retrieval. After identification, these papers were screened for eligibly and inclusion. The first step was to evaluate the significance of each article to the aims and objectives of this review. Hence, scientific publications had to meet the following criteria:




	
Types of studies: Observational and/or numerical modeling studies;



	
Topic: extreme events related to temperature and precipitation (see Section 2.3);



	
Methods: statistical methods and/or climate change indices;



	
Region: Preferably the Iberian Peninsula but Global or Europa as long as they cover the IP;



	
Author: Relevant author with reference study;



	
Period: historical and climate projections.








After the relevance of each scientific publication was assessed, we identified the 94 final articles included in this review.




2.3. Concept of Weather Extreme Events and Climate Extremes


Tornadoes, hurricanes, blizzards, dust storms, floods, ice storms, heatwaves, droughts, extreme heat/cold, and other extreme weather phenomena fall under the category of extreme weather events, more commonly extreme events. The underlying climatic variable present in each weather event over a longer period forms the link between weather and climate. For example, in heatwaves, the underlying elementary climate variable is the temperature (daily maximum temperature). If we consider floods, the climate variable is daily precipitation. In a probability distribution, this daily precipitation value will appear above a certain value in the upper tail of the variable’s density distribution function. The concept of an extreme in climate variables refers to the values in the tails of the probability distribution function, i.e., values exceeding a certain threshold, usually the 90th percentile [14].





3. Results


3.1. Observed Changes and Future Projections in Temperature


Recently, the Intergovernmental Panel on Climate Change (IPCC) released a special report on the impacts of global warming of 1.5 °C above the pre-industrial levels (1850–1900) [4]. The threshold of 1.5 °C was established because it is thought that global warming is likely to reach this value around mid-century (2030–2052) [4]. The major key findings point to a past global warming trend that will continue during the ongoing years. There is evidence, for the period of 2006–2015, that global mean surface temperature anomalies were 0.87 °C higher than the average over the pre-industrial period, with some regions experiencing a faster warming rate (Artic) than others (over the oceans) [4]. The observed global warming for the period mentioned is consistent among different datasets [15].



Regional studies for Europe show evidence of an increasing trend in the average temperature, with the minimum temperature increasing at a higher rate than maximum temperature (e.g., [16]). Globally averaged over the past 60 years, the temperature related to the coldest night of the year has increased by about 2 °C, and the daily amplitude range has decreased [16].



According to recent literature, the IP is also warming. The historical warming trend and the high increase in the minimum temperature have been extensively documented (e.g., [6,11,12,17,18,19,20]). Some studies highlighted particular characteristics, such as (1) the central Peninsula temperature hiatus (e.g., [19,20]); (2) trend dependency on the chosen period [20]; (3) multi-physics ensembles [12,17], finally, (4) climate and climate variability in present-day simulations [9].



There is a multitude of studies in recent literature related to projections of climate at 1.5 °C and 2 °C of warming above the pre-industrial period. All of them point to future changes, in relation to present conditions, and with differences among global warming of 2 °C and 1.5 °C [1,14,21,22,23,24,25,26,27,28,29,30,31,32,33,34].



Recent literature suggests that projections of extreme temperature events increase at a faster rate than global mean surface temperature increases (e.g., [35]), while others point to a linear relationship between the mean response of the intensity of temperature extremes in climate models to changes in the global mean temperature (e.g., [24,36], regardless of the considered emissions scenario [21,24].



When considering the number of days exceeding a particular threshold, the changes are approximately exponential, with higher increases for rare events [1,30].



Furthermore, there are significant differences among a 1.5 °C versus a 2 °C global warming (e.g., [37]) with southern Europe expecting greater changes in severe hot days [6,11,36,38] and an increase in minimum temperature [5,6,11,37,38] and a notable reduction in cold extremes (e.g., [5,6,11,36,38]).



Over mainland Portugal, there is a detectable overall warming trend that is consistent with the dominant global warming and reflects an increase in both maximum and minimum temperature for the second half of the 20th century (e.g., [39]).



The projected changes agree with the ones mentioned above: increase in the maximum and minimum temperatures in all seasons and scenarios (e.g., [9,11] with a maximum variation of +8 °C for summer and autumn, and a maximum of 4 °C for winter and spring, when compared with the 1971–2000 period [9], for the RCP8.5 scenario. Over Portugal, the generalized warming concurs with the projected shift to the right of the Probability Distribution Function (PDF), and the frequency of extreme events, such as heatwaves and very hot days, increases [5,6,11,36,38]. In some cases, the heatwaves can last longer than a month [11] and may impact the whole country [9]. For Portugal, the analysis of temperature extremes has been performed by either an analysis of one model and one scenario’s results [10] for the mid-twenty-first century or with a multi-mode ensemble from the ENSEMBLES A1B SRES scenario [40] or using the RCP scenarios [9].



In a warming scenario, it is almost certain that increases in the frequency and magnitude of daily warm temperature extremes and decreases in the frequency and magnitude of daily minimum temperature extremes might occur this century [34]. So, it is expectable that extreme weather phenomena related to air temperatures, such as heatwaves and cold spells, are likely to change towards higher maximum temperatures and more hot days [5,6,11,38,41].



The changes in temperature are projected to impact regions with high exposure to people or crops. An early study from [42] found that 20% of the global land area, centered in low-latitude regions, is projected to experience highly unusual monthly temperatures during Northern Hemisphere summers at 1.5 °C global warming, with this number nearly doubling at 2 °C global warming. Although large increases in hot extremes occur in many densely inhabited regions, the studies of [36] and [37] concluded, based on a modeling study, that 13.8% of the world population would be exposed to severe heatwaves at least once every 5 years under 1.5 °C global warming, with a threefold increase (36.9%) under 2 °C warming. Recently, [43] showed that is virtually certain that the heatwave of 2018 is human-induced and that the exposure area projected to experience hot extremes in the northern hemisphere increases by 16% per additional +1 °C.




3.2. Observed Changes and Future Projections in Precipitation


Long-term trends in extreme precipitation have been observed and reported in early studies [44]. However, the results are heterogeneous, with a well-defined increase in mean precipitation at high latitudes of the northern hemisphere and more ambiguous results for other regions [4,16]. Globally, the frequency, intensity and/or amount of heavy precipitation is likely to increase, but not for all regions.



The authors of [1] showed that, at the present-day warming of 0.85 °C, about 18% of the moderate daily precipitation extremes over land are attributable to the observed temperature increase since pre-industrial times, which in turn primarily results from human influence.



Precipitation is a variable with little spatial coherence and high interannual variability. A number of studies have already documented changes in the amount and regimes of precipitation. In general, these studies show a decrease in total precipitation (e.g., [44,45,46,47,48]) and increases either in the contribution of the extreme precipitation and the frequency and intensity of precipitation extremes [49,50] in winter precipitation for specific regions (e.g., [51]).



Changes in the climatology of precipitation and its variability and extreme events have been investigated extensively for Portugal and Spain, using observational and modeling evidence, considering the historical period corresponding to the last 50 years of the 20th century and for the first decades of the 21st century (e.g., [18,44,52,53,54,55,56,57,58,59,60]).



Overall, the key findings are that trends over the 20th century showed a weak signal in annual and heavy precipitation but pointed to a reduction in precipitation amount, while extreme heavy precipitation events, in terms of both magnitude and frequency, have become more pronounced in autumn [55]. The spring and March precipitation, in particular, have features highlighted by the research. The most spatially coherent signals were observed over Spain catchments, where a negative trend was observed in March and June (e.g., [44] also documented a reduction in March precipitation for the period between 1960–2000 over mainland Portugal but note that this tendency was only found for this period and month.



According to [4], projections for precipitation are more uncertain and dependent on the region, yet results suggest an increase in the mean precipitation for the northern hemisphere at high latitudes and a decrease for the Mediterranean region.



Heavy precipitation is projected to increase [1,30,33] globally. This behavior is also found for the Mediterranean region for all seasons [27,32], except for summer at 2 °C global warming, when compared to the 1971–2000 period. This response is independent of the warming scenario and appears to be specific to heavy precipitation with small differences among the 1.5 °C–2 °C projections [36]. This change is not significant, and it is contrary to the projected changes for light and total precipitation [36] and to observational and modeling evidences that show a significant drying trend [36,61,62].



For the IP, recent studies from [27,32] and [31] showed that a 1.5 °C–2 °C global warming is associated with a reduction in mean summer precipitation but less evident for the 1.5 °C scenario. Past studies using an ensemble of models under the A1B warming scenario, showed a reduction in the mean seasonal precipitation, which is expected to decrease substantially in all seasons, excluding winter [57].



Droughts are an important extreme event in the IP; a region with high vulnerability to droughts and dryness due to climate variability, amplified by increasing temperature and precipitation deficiency. There is observational and modeling evidence of a drying trend [36]. Recent studies projected regional changes in drought and dryness under increased temperatures [14,24,36,59,61,62] when compared with the pre-industrial period and between the 1.5 °C and 2 °C global warming.



Over the IP, the findings related to drought projections indicated a strong trend towards dryness and reduced water availability [63], and that this tendency will continue to worsen under the 2 °C global warming [36]. Although these model projections are consistent, the IPCC AR5 report [64] has shown medium confidence in associating the increasing drought projections with human emissions, i.e., the climate change signal is weak, even though other studies point differently [61,62]. This is in part due to several considerations: to start with, some authors have highlighted uncertainties in the projections of dryness due to variations on the definition of drought and dryness indices [36]; second, the concentration of CO2 effects on plant water-use efficiency [65], and, finally, ref. [63] assessed that soil moisture drying was concordant with projected changes in the Hadley circulation and increased surface temperature. These results are in line with the study from [59], which considered projections for the RCP8.5 scenario over 2071–2100, concluding that the frequencies of the three driest weather types are projected to increase to the detriment of the rainiest types.



Large-scale circulation and its synoptic patterns may put forward another explanation, i.e., the drying pattern may be a natural climatic variability of the region exacerbated by global warming. Other studies, just for mainland Portugal, showed that there are atmospheric conditions clearly unfavorable to the establishment of rain-generating mechanisms, leading to a lack of precipitation and to extremely dry conditions with high potential for trigger drought episodes (e.g., [7,59]). Analyzing the climate change signal for drought and drying, and following [36], a word of caution must be mentioned here: uncertainty is expected with a small signal-to-noise ratio even for high emission scenarios, such as the RCP8.5 scenario. In addition, ref. [24] suggested that uncertainty from climate model choice accounts for about half of the total uncertainty in most regions, in particular, for mid-latitude regions [36].




3.3. Simulations of Temperature and Precipitation Using Climate Models


Modeling studies of temperature and precipitation are fundamental to investigations of the nature and future changes of these variables. For example, knowing how the intensity and frequency of some extreme events will change is the foundation of any adaptation and mitigation study. For that, we need numerical simulations of temperature and precipitation, as well as a good quality dataset to assess the model performance. This section highlights the recent state of knowledge about the most relevant aspects of numerical simulations of temperature and precipitation.



The numerical models used in weather and climate applications are Global Circulation Models (GCM) or Regional Circulation Models (RCM). They are both based on the fundamental laws of physics, fluid motion, and chemistry. However, they differ in some aspects. Weather models provide forecasts and depend strongly on the weather of today (initial value problem). On the other hand, climate models give projections based on assumptions about future emissions (scenarios) and aim for long-term statistics or probabilities. Climate models depend strongly on the parameters of the model and the GCMs driving fields (boundary value problem).



Apart from these differences, GCMs are powerful tools to assess global-scale climate variability and change. However, GCMs have coarse spatial resolution and, therefore, regional to local scale climate features may be misrepresented [66]. Hence, they are not appropriate for investigating regional events, such as hydrological changes, extreme temperature events, and individual thunderstorms or mesoscale precipitation phenomena (e.g., [50]).



To minimize this drawback, RCMs are applied over a limited spatial domain at a higher resolution than GCMs and subject to initial and boundary conditions taken from reanalysis or a GCM. The availability and reliability of RCM simulations for Europe have increased rapidly in recent years. A succession of projects involving different GCMs and RCMs have been developed, e.g., PRUDENCE [67], ENSEMBLES [67], and EURO-CORDEX [68], that dynamically downscale information from GCMs to RCMs. There are other methods to downscale information among models with different resolutions. Statistical downscaling uses observed relationships between large-scale climate variables, such as temperature or precipitation, to adjust the output of global climate models to match historical observations at a specific location better. An early review of those empirical–statistical downscaling methods is given in [69], but there is more recent literature about the subject by, e.g., [70].



RCMs are able to capture physically consistent regional and local circulations describing well the climatologies (e.g., [71,72]), in particular, the European climate, including its variability in space and time and the recent trends in the frequency and intensity of extreme events [43]. Although powerful tools, models still present some discrepancies with observations. Recent comprehensive evaluations of RCMs over Europe have been undertaken (e.g., [48,51,73,74,75,76,77]), which came to enlarge the already extensive research on the subject, e.g., [12,17,66,78,79,80,81,82,83,84,85], just to mention a few.



The evaluation results vary according to the region but all point for distinct features between northern Europe and the Mediterranean-southern Europe region. Early EURO-CORDEX hindcast simulations, forced by ERA-Interim, display cold, wet biases in most seasons over large areas of Europe, but some models exhibit warm, dry biases over southern and south-western Europe [68], leading to systematic errors in related climate indices [66,86]. Recent climate studies showed that RCMs driven by reanalysis show positive and negative bias for minimum wintertime temperature. By contrast, all reanalysis-driven RCMs have negative maximum temperature biases [87]. This cold bias was also found by [12] in their analysis of six hindcast WRF simulations for the EURO-CORDEX domain with different physical configurations. For Portugal, in a recent multi-model experience using the EURO-CORDEX models, the RCMs were able to reproduce the overall representation of temperature and the major topography/coast-related temperature gradients [9]. Similar experiences using the WRF model were done to evaluate the sensitivity of temperature to PBL schemes using the entire year of 2001 [88]. The results showed that the model mean bias significantly depends on the season, being warm in winter and cold in summer. The winter warm bias is related to misrepresented cold extremes, while a systematic cold bias dominates the whole temperature range in summer. Other studies for other regions (North America) using the WRF model driven by a GCM model showed more promising results: small bias when compared with observations and with the GCM model and a more detailed representation of precipitation [89].



A novel analysis from [76], using a multi-model ensemble of 196 RCMs and their GCMs, studied the changes and their dependence on several uncertainty sources: sample RCMs/GCMs, future scenarios, and internal variability and spatial resolution. The authors’ first conclusions suggested that the potential GCM–RCM combinations have been explored very unevenly and that there are several conflicting responses between the RCM and its driving GCM and among different RCMs. They also concluded that the lead source of uncertainty found was the driving GCM in the grand ensemble opposing the emissions scenarios and increased resolution. The weight of GCMs as the primordial source of uncertainty has been analyzed in another study by [75].



Nevertheless, RCMs are still a trustworthy tool to provide more detailed representations of past and present-day climate and climate variability, in particular, for events located in the tails of the distribution. For example, a RCM study from [71] covering a number of geographical domains (Africa, Central America, South America, India, and the Mediterranean) concluded that the added value of using RCMs is the improved representation of high precipitation events. The ability of models to represent extreme events has been the object of investigation for some time. The authors of [90] carried out simulations within the EURO-CORDEX project, using a multi-model ensemble with different resolutions (12 km and 50 km), driven by ERA-Interim for a 20-year period. The authors showed that simulation of extreme temperature is sensitive to the convection and microphysics schemes. Most models exhibit an overestimation of summertime temperature extremes in Mediterranean regions and an underestimation over Scandinavia.



The added value of high-resolution simulations of extremes has been discussed by some authors (e.g., [78,81,91]) who state that runs with a 0.11 resolution described in a better way mean and extreme precipitation for almost all regions and seasons, while [90] showed that simulated heatwave events were found to be too persistent, but a finer resolution reduced this discrepancy, although it is not clear how beneficial increasing the resolution is. The authors of [66,92] showed that, for extremes, the dry spells were better represented when the simulated precipitation frequency was adjusted to the observed one (i.e., after bias correction) but associated high-resolution simulations better reproduced the climate change indices’ spatial patterns, especially in terms of spatial correlation. On the other hand, according to [91], high-resolution RCMs generally improved daily precipitation extremes relative to GCMs, which comes in line with a recent study for Norway that showed high spatial resolution improved the simulations of extreme precipitation, especially in areas of orographic enhancement [73].




3.4. Uncertainties in Regional Climate Modelling


Model skill is the ability of a model to simulate the observed climate correctly. Interest in better representing present-day climate variability and change at local scales has driven the development of regional climate models (RCMs), which are currently able to perform dynamical downscaling of Global Circulation Models (GCMs) at very high horizontal resolutions (∼11 km). However, due to imperfections in physical processes formulation and parameterizations, coupled with the unpredictability of future natural variability, RCMs are still affected by systematic errors that can result in unrealistic results.



Multi-Model or Multi-Physics Ensembles


The motivation for using ensembles is to characterize and quantify various uncertainties present in the RCMs. RCMs uncertainties are dealt with by using different ensemble simulation strategies, meaning that there are a variety of possible combinations to produce model simulations. Different models may apply different physical parameterizations and also different initial conditions leading to a multi-model ensemble. Using the same model with different physical parameterizations, a multi-physical ensemble is obtained. These are just a few combinations, but others are possible. Those differences lead to a range of simulated climate responses to external forcing. To this context, one ensemble of models currently widely used is the RCMs within the EURO-CORDEX initiative. Within the EURO-CORDEX, a coordinated multi-model, multi-method, multi-scenario, multi-initial-condition ensemble of downscaled experiments for Europe on ∼11 km horizontal resolution has been established [81].



The authors of [12] used a multi-physics ensemble of the WRF model in the context of the Euro-CORDEX project and showed that the WRF ensemble indicates systematic temperature and precipitation biases. Studies for the IP, using a multi-physics ensemble of present-day climate simulations, highlight the great dependence of the spread on the synoptic conditions driving the regional model [17].



In multi-physics ensembles models, the same model is used for climate simulations using a variety of microphysics schemes or a combination of schemes. Generally, the resulting dispersion amplifies under the future scenario leading to a large drift accompanying the mean change signals, as large as the magnitude of the mean projected changes and analogous to the spread obtained in multi-model ensembles. Moreover, the sign of the projected change varies depending on the choice of the model physics in many cases [17].



In this context, but for present-day simulations, [93] compared eight parameterization combinations with observations over southern Spain. They found precipitation to be more sensitive to the choice of parametrizations (especially to the cumulus and the planetary boundary layer—PBL) than temperature. Although they provided some recommendations, they concluded that there is no combination clearly better than the others. This conclusion is also shared by [17,82], who analyze the sensitivity of the WRF model to physical parameterizations schemes. They concluded that the differences between the microphysics schemes WSM-3, WSM-5, and WSM-6 are generally small, but there is a large sensitivity to summer convection and found a significant cold bias over snow-covered regions.



In multi-model ensembles, different models are used for climate simulations. The perspective here is to consider that an ensemble of models allows a better characterization of the uncertainties in the representation of the climate system than a single model. Recently, [94] adopted some strategies for addressing model dependence in an ensemble and, at the same time, presented a discussion about the characteristics of multi-model uncertainty.



Although each RCM model is thought to be different from the others, their numerical schemes, parameterizations, and physical processes are similar because the developers share literature. Moreover, different RCMs can be driven by the same GCM. A recent study from [76] addressed the uncertainties in a very large multi-model ensemble comprising RCM and GCM near-future projections of temperature and precipitation. In essence, the models agreed with the projections, but larger differences were found for summer, and there was a tendency for RCMs to project smaller changes than the GCMs.






4. Summary


The present study was a comprehensive review of the latest decade of published research about extreme weather and climate extremes over the Iberian Peninsula (IP) and explored the methods and climate change indicators used in observational and modeling studies for the historical climate and 21st-century projections. Considering the amount of information presented in the Results section, Table 1 and Table 2 highlighted the major findings.



Globally, major significant findings point to a global past warming trend that most likely will continue the ongoing years. This consistent warming trend can also be found in hot extremes. Warming greater than the global average (between 0.8 °C and 1.2 °C) has already been experienced in some regions and seasons. The IP is also experiencing warming consistent with other regions and magnitude. Information on present warming relative to different past periods allows us to say that in the last decades, the IP warmed by 0.75 °C to 1.5 °C relative to pre-industrial (1850–1900) and at a faster pace than the global mean surface temperature of 0.87 °C [4].



Projections point for increases of 1.5 °C for mid-century [4], with regions such as the IP expecting greater changes of up to 8 °C [6], with severe hot days and a notable reduction in cold extremes [5,6,20,36,37,38,52].



Recent studies have highlighted that projections for extreme temperature events increase at a faster rate than mean temperature [35], while others referred to a linear relationship between the intensity of the mean response of extreme temperature and changes in the global mean temperature [33,37].



The effects of global warming on precipitation are not so clear as for temperature and depend on the region. Globally, heavy precipitation is increasing, confirming theory and early model results [1]. In some regions, heavy precipitation events are related to large-scale dynamic features, such as frontal systems, which implies dynamic changes, such as the expansion of the Hadley cells or shifts in the storm tracks, may substantially alter the heavy precipitation response [1].



Overall, a reduction in mean precipitation for southern Europe [4] is expected, although [1] showed changes in the frequency of extreme events (increases) along with increases in the contribution of extreme precipitation to total precipitation. The number of days with very heavy precipitation over Europe has increased [1]. This behavior is also shown for the Mediterranean region [26,27], independently of the warming scenario, and appears to be specific to heavy precipitation [36]. One major concern for the IP is related to droughts. The region is highly vulnerable to dryness, and in recent years, there has been evidence of a drying trend [36].




5. Conclusions


The present review analyzed the 21st-century projections of temperature and precipitation extreme events in the Iberian Peninsula relative to the present-day climatic conditions as shown in articles of observational and numerical modeling studies.



Some studies showed evidence of increasing historical trends in temperature and increases in extreme precipitation. If current trends continue globally, the most extreme precipitation events will virtually double in frequency for each degree of additional global warming.



Most studies suggested important changes for the 21st-century climate due to global warming. The climate change signal for temperature is more robust than that of precipitation. The effects of this change are unfolding and are locally dependent, which highlights the importance of climate adaptation in sensitive areas as health, water, and agriculture, especially in regions vulnerable to such changes.
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Figure 1. PRISMA 2020 flow diagram used in this review. 
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Table 1. Summary of changes observed in the Iberian Peninsula over the last 50 years for temperature and precipitation.
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Type of Change Already Observed

	
Documented Findings

	
References






	

	
How much has mean surface air

temperature in the IP increase in the last decades?

	
0.75 °C to 1.5 °C relative to 1850–1900

	
[5,6,7,9,10,19,20,28,29,37,38,40,42,43,79,89]




	
Extremes based on daily temperature

	
Higher maximum temperatures

	
+0.15 °C to +0.54 °C per decade




	

	
Hot to extreme hot days

	
+0.8 days to +6 days per decade




	

	
Tropical nights

	
+0.24 days +6 days per decade




	

	
Warm spells

	
+0.25 days to +10 days per decade




	

	
Higher minimum temperatures

	
+0.27 °C to + 0.49 °C per decada




	

	
Cold to extreme cold days

	
–0.91 days to –1 day per decade




	

	
Cold nights

	
–1 day per decade




	
Extremes based on daily precipitation

	
Mean total precipitation

	
–44.60 mm per decade

	
[1,2,44,45,46,47,48,50,51,53,54,55,56,57,58,59,60,62,65,67,73,74,75,78,85]




	

	
Precipiation intensity

	
–0.19 mm per decade




	

	
Above 99th percentile

	
+1.17 mm per decade




	

	
Fraction above 95th percentile

	
+0.30% per decade




	

	
RX1D

	
+0.25 mm per decade




	

	
RX5D

	
–2.29 mm per decade




	

	
Very to extremely wet days

	
–0.43 to –1.69 days per decade
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Table 2. Summary of projected changes for temperature and precipitation over the Iberian Peninsula for the 21st century.
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What Are the Climate Models Projections for the IP for the 21st Century?

	
Findings

	
References






	
Based on daily temperature

	
Mean surface air temperature

	
Mean and maximum temperatures are projected to increase around 2 °C (4 °C) for the 2046–2065 (2081–2100) period in all seasons and scenarios. Summer temperature can increase up to 6 °C to 8 °C by the end of the century.

	
[4,5,6,7,8,9,10,12,14,15,16,18,19,20,21,22,23,24,26,27,28,29,31,32,33,35,37,38,39,40,41,42,43,49,63,64,71,76,79,84,85,89,92]




	

	
Minimum temperature

	
Increased minimum temperatures in all seasons and scenario with mean annual temperature increases up to 2 °C.




	

	
Maximum temperature

	
Annual maxima temperature increases up to 4 °C annual maxima reaching more than 8 °C at a 2 °C warming level




	

	
Hot to extreme extreme hot days (tmax >40 °C)

	
10 to 60 days/year for mid century




	

	
Summer days (Tmax> 25 °C)

	
Up to 30 to 60 more days for mid-century and the end of century, respectively




	

	
Tropical nights

	
On average 60 to 100 more tropical nights days by the end of the century




	

	
Heatwaves

	
Yearly average number of heat waves increases by seven to ninefold by 2100. Up to a mean of six more heatwaves (three to 10-fold more heatwaves). In cities the number of heatwaves per year will increase on average from 10 (present) to 38 in mid-century and 63 by the end of the century.




	

	
Heatwaves frequency

	
100 events in the 2071–2100 period (more than 3 per year) will cover the whole country




	

	
Heatwaves duration

	
Most frequent length rises from 5 to 22 days throughout the 21st century with 5% of the longest events will last for more than one month. Mean duration up to 10 days (triple in relation to historical period). Possibility of mega/extreme heatwaves (temperatures exceeding the 40 °C most days and some consecutive days of more than 45 °C, in particular for the central-south IP.




	

	
Heatwaves intensity

	
Half of the heat waves will be stronger than the extreme heat wave of 2003; increases up to 4 °C (triple duration in historical period) reaching the end-of-century with mean intensity up to 6 °C (5 times than the hsitorical period)




	

	
Cold days/cold spells/frost days/cold nights

	
Almost disappears due to strong reductions in minimum temperature




	

	
Frost days

	
Reduction up to 80 days during the 21st century




	

	
Exposure area to hot extremes

	
Projected to increase




	
Based on daily precipitation

	
Annual precipitation

	
Reductions up to10% to 15% for mid-century and 20% to 40% at a 2 °C warming level more prominent in southern areas

	
[1,2,4,8,14,15,18,21,22,23,24,25,27,31,32,33,34,35,41,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,63,64,70,76,84,85,92]




	

	
Summer precipitation

	
Reduction of up to 80% by end-of-century with median decreases of 11% for Spain




	

	
Winter precipitation

	
Increase




	

	
Spring precipitation

	
Decrease




	

	
Autumn precipitation

	
Slighty decreases




	

	
Precipitation events (duration)/wet days

	
Redution across all seasons




	
Extreme precipitation indicators *

	
Daily precipitation

	
reduction

	




	

	
RX5day

	
Slight increase up to 5% towards 0% at a 2 °C warming level




	

	
Winter heavy precipitation

	
Increases shown in different MIPs projects change from 7% to 14%. Signal also present for spring but less evident in summer and autumn




	

	
Extreme precipitation

	
Increase




	

	
Exposure area to mean and heavy precipitation

	
Annual reductions up to 20% to 40%




	

	
Wet days

	
Decreases up to 60% fewer days




	

	
Dry days

	
Dryness trend more pronunced by the end of century








* Climate change indices are recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI) (see http://cccma.seos.uvic.ca/ETCCDI/list_27_indices.html, accessed on 3 September 2021) defined by the World Climate Research Program’s Expert Team on Climate Change Detection and Indices.
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