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Abstract


A valuable tool for comprehending and characterizing climate patterns on a global scale is the Köppen–Geiger climate classification system. When it comes to wine production, the climate of a region plays an essential role in determining whether specific grape varieties can be cultivated, largely determining the style of wine that can be made, and influencing the consistency of overall wine quality. In this study, the application of the Köppen–Geiger classification system to the latest Coupled Model Intercomparison Project (CMIP6) experiments has been explored. To establish a baseline for the historical period (1970–2000), the WorldClim dataset was used alongside a selection of an ensemble of 14 Global Climate Models. The evaluation of climate variability across winemaking regions is conducted by considering future climate projections from 2041 to 2060, which are based on different anthropogenic radiative forcing scenarios (Shared Socioeconomic Pathways, SSP2–4.5, and SSP5–8.5). The results are the most comprehensive documentation of both the historical climate classifications for most wine regions worldwide and the potential changes in these classifications in the future. General changes in climate types are projected to occur largely in a significant shift from a warm summer climate to a hot summer climate in temperate and dry zones worldwide (climate types C and B, respectively). This shift poses challenges for grape cultivation and wine production. The grape development process can be significantly affected by high temperatures, which could result in early ripening and changes in the grape berry’s aromatic compounds. As regions transition and experience different climates, wine producers are required to adapt their vineyard management strategies by implementing suitable measures that can effectively counter the detrimental impacts of abiotic stresses on grape quality and vineyard health. These adaptation measures may include changes in canopy and soil management, using different variety-clone-rootstock combinations, adopting irrigation methods, or shifting into other microclimatic zones, among other effective techniques. To ensure long-term sustainability, wine producers must consider the climatic change projections that are specific to their region, allowing them to make more informed decisions about vineyard management practices, reducing risks, and ultimately making the wine industry more resilient and adaptive to the ongoing effects of climate change.
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1. Introduction


Climate classifications have been developed to help describe the conditions a region usually experiences over a year or longer temporal ranges [1]. Often, they include geographical names such as polar or tropical, biome names such as steppe or rainforest, and can be descriptive, such as desert scrub or dry tundra. Methods for classifying climates have included approaches using environmental indicators [2], weather patterns [3], water budgets [4], and life zones [5]. Numerous factors affect a region’s climate, including the latitude, elevation, proximity to large bodies of water, mountains, and other surface features, ocean current circulation patterns, and global to regional patterns in atmospheric circulation. These factors control regional temperature, precipitation characteristics, and seasonality, which in turn control the ecology or types of native plants and animals in each region.



The most widely used climate classification was first developed by Wladimir Köppen in the late 1800s [2] and modified as more information about climate controls and ecology became available [6,7]. Further refinements were carried out by Geiger [8], resulting in what is known today as the Köppen–Geiger climate classification (KG). The KG uses seasonal temperatures and precipitation to divide climates into five main groups: tropical, arid, temperate, continental, and polar. These are further divided into 30 sub-types that are also based on the types of vegetation that are most common in each region, helping to define regional ecosystems and global biomes. The KG was further refined by Trewartha [9] and Trewartha and Horn [10] to better define the climate and vegetative zones in the mid-latitudes, especially in North America and Asia.



Given the importance of climate in growing grapes for wine production, the classification of climates suitable for viticulture has been important to the wine sector. Köppen [11] compared wine regions using an earlier version of his climate classification approach, and de Blij [12] (p. 112) noted that “viticulture is perhaps the most geographically expressive of all agricultural industries.” Arising from the geography of the old-world wine regions of Europe and the use of the Köppen climate classification system, wine production has become synonymous with Mediterranean climates. Besides being found along the Mediterranean basin of Europe, these climate types are also located in the fynbos of South Africa, the Mallee of southern Australia, the matorral of Chile and Argentina, and the chaparral and coastal valleys of western North America. It is in these regions where a mild wet-winter, dry-summer climate is ideal for the cultivation of Vitis vinifera L. grapes. However, today, wine production occurs across a wide range of climate types [13]. Jones et al. [14] used an updated KG gridded dataset [15] and found that midlatitude climate types make up 55% of the world’s wine regions. Within the midlatitude climate types, Mediterranean climates occur in only 15% of the surface area globally (e.g., Napa Valley, Coonawarra), with humid subtropical (24%; e.g., Barolo), maritime temperate (12%; e.g., Bordeaux), and maritime subarctic (4%; e.g., Tasmania) making up the rest. Other climate types that wine regions fall within include midlatitude dry (16%), subtropical dry (3%; e.g., Priorat and Mendoza), and humid continental climates (13%; e.g., Finger Lakes Region and Niagara).



Given that KG climate types describe observed biome distributions, they inherently have sharp boundaries due to plant sensitivity to various environmental factors [16]. As such, climate classifications have been used to examine how a changing climate has caused shifts in these boundaries [17,18] and could potentially alter entire biomes in the future [19]. For example, Chan and Wu [16] found that approximately 5.7% of the total global land area shifted to warmer and drier climate types during 1950–2010. Belda et al. [1], using both the KG and the Köppen-Trewartha climate classification, found observed changes in semi-arid, savanna, and tundra climate sub-types. Changes in tundra classes occurred across the 20th century but have accelerated in the last 40 years [20,21] and declined significantly in the western US [22]. Continental temperate climate types north of 50° have expanded over the last few decades as inland areas of the northern continents have warmed substantially more than most of the rest of the world [21]. Chen and Chen [17] found that polar climates shrank in size over the period 1901–2010, while there have been significant poleward shifts in temperate climates. Chan and Wu [16] found increasing average elevations in tropical and polar climates. Potential climate type changes in the future have been examined by Rubel and Kottek [19], finding that maximum changes are likely to be found in continental cold climates, with significant shifts to more temperate climate types. Additional changes were noted in low latitudes, where the tropical belt will likely widen, with rainforest and monsoon sub-types expanding in some regions while savanna sub-types expand in others. In Europe, de Castro et al. [23] found that 51–59% of land grid points would likely shift towards warmer or drier climate sub-types. They also noted that it is likely that ecosystems might be at risk for approximately 12% of the European land area, as these regions are projected to shift across two or more climate subtypes.



Climate change has been shown to affect wine quality and production globally [24,25] and impact the suitability of regions to continue growing the winegrape varieties they grow today [26,27]. In Europe, Santos et al. [28] detail how future climate change is expected to exacerbate issues of regional suitability for viticulture and wine production, requiring extensive short- and long-term adaptation strategies [29,30]. Moriondo et al. [31] also detail that climate change will likely reshape the geographical distribution of many of the famous wine regions in Europe. Given the strong connection between weather, climate, and environment in wine production, the purpose of this research is to examine the climate change projections for the KG classes in wine regions worldwide. Wine regions include those in most countries across Europe, in the Northern and Southern Hemispheres, as is detailed in the World Wine Production Outlook report [32]. The research examines the historic (1970–2000) and future (2041–2060) KG considering two Shared Socio-economic Pathways (SSP2–4.5 and SSP5–8.5) using the new state-of-the-art Coupled Model Intercomparison Projects models (CMIP6) downscaled for future climate projections [33].




2. Materials and Methods


2.1. Datasets


In this study, gridded datasets of monthly precipitation (mm), maximum, minimum, and mean temperatures (°C), with a 10-min spatial resolution, were retrieved from the WorldClim dataset [34]. For the historical period, monthly averages between 1970 and 2000 were considered, whereas monthly averages from 2041 to 2060 (20 years) were selected for the future climate. These datasets were generated by state-of-the-art Global Climate Models (GCM) within the framework of the Coupled Model Intercomparison Project (CMIP6). CMIP6 [33] is based on runs from around one hundred GCMs, produced across 49 different modeling groups, showing a higher sensitivity than the previous CMIP5 models [35]. Several Shared Socioeconomic Pathways (SSPs) have been outlined to drive climate models for CMIP6. As such, the previous Representative Concentration Pathways (RCPs) were reformulated in CMIP6. Two Shared Socioeconomic Pathways (SSPs) are considered herein: SSP2–4.5 and SSP5–8.5, or simply SSP2 and SSP5. The downscaling and bias correction of raw GCM data were carried out using WorldClim v2.1 as the baseline climate [33]. The calibration undertaken by the data providers assumes high spatial autocorrelation and was generated by computing the absolute or relative difference between the GCM outputs for the baseline periods and target periods (for this study, 2041–2060) with global cross-validation correlations of about 0.99 for temperature and about 0.86 for precipitation [34]. A 14-member ensemble of bias-corrected monthly datasets for 2041–2060 was chosen, comprising the following GCMs: ACCESS-CM2, BCC-CSM2-MR, CanESM5, CMCC-ESM2, CNRM-CM6-1, EC-Earth3-Veg, FIO-ESM-2-0, GISS-E2-1-G, HadGEM3-GC31-LL, INM-CM4-8, IPSL-CM6A-LR, MIROC-ES2L, MPI-ESM1-2-HR, UKESM1-0-LL. This bias-corrected ensemble was subsequently used to compute the KG climate classification system for the previously referred periods: 1970–2000 and 2041–2060 under both SSPs for each grid point worldwide. The methodology used to attain a worldwide KG climate classification is presented in the next section.




2.2. Köppen’s Climate Classification


The KG climate classification system [2,6,7,11,36] is based on a subdivision of five major terrestrial climate types, represented by capital letters: A (tropical), B (dry), C (temperate), D (continental), and E (polar). The second letter denotes the seasonal precipitation type: s (dry summer), w (dry winter), and f (no dry season). Lastly, the third letter specifies the level of heat: a (hot summer), b (warm summer), c (cold summer), d (very cold winter), h (hot climate), and k (cold climate). It is worth mentioning that the A climate type can also be associated with a second letter, f (rainforest), or m, highlighting a well-defined monsoon regime. For the B type, W (arid) and S (semi-arid) are also used. Lastly, associated with the E type (polar), T or F are related to the tundra or ice cap, respectively.



This climate classification has been modified and updated over time ([8,9,10] and others). It is worth noting that the change in the classification may lead to different descriptions of the main group climates. In this study, the KG climate classification system denomination and calculation followed the methodology presented by Andrade and Contente [37] (Table A2; cf. full type description and definition criteria in their Tables 3–5), which in turn was based on Kottek et al. [38]. Therefore, a brief description of the 31 KG climate types is presented in Table A1. The color scheme for all figures presented herein was adopted by Peel et al. [15] and Beck et al. [39].



This study will assess changes in the worldwide KG climate classification system between the historical period (1970–2000) and the future (2041–2060), under SSP2 and SSP5.




2.3. Study Areas


This analysis utilizes both spatial data representing wine regions around the world and country-level listing of wine regions. The spatial data used to assess historic and future KG climate types is a database of major winegrowing regions worldwide developed by Bois et al. [40], called Vineyard Geodatabase (VGDB). The geodatabase consists of wine-producing regions delineated from various sources, including American Viticultural Areas in the USA, Geographic Indications in Australia and New Zealand, Wine Districts in South Africa, Protected Designation of Origin in Europe, and other region boundaries from the World Atlas of Wine. For Europe, vineyard limits were also adjusted to areas planted with grapevines using the Corine Land Cover database 2006 version [41]. VGDB has been used in various studies in the global analysis of wine region climate characteristics [42,43,44] and is continuously updated. This research utilized Version 1.2.3, which has the boundaries for 686 wine-producing regions worldwide. However, this number of wine-producing regions was restricted to match the country-level data in the World Wine Production Outlook report [32]. The list of countries included in this study can be found in Table 1, and their locations are shown in Figure 1. The final number of wine regions worldwide used in this analysis is 490, with 161 in the EU, 285 in the NH non-EU, and 44 in the Southern Hemisphere (SH).



Within the European Union (EU) countries, Cyprus and Malta were not considered due to the residual 5-year average wine production. Outside the EU, in the Northern Hemisphere (NH), Moldova and Russia were not included due to the lack of data. It is worth mentioning that the list of countries provided in Table 1 is ranked in decreasing order of wine production (data retrieved from Tables 1 to 3 in [32]).





3. Results


The results are presented following this framework. First, for the historical period (1970–2000), the wine regions and the KG climate types are analyzed and detailed. Second, the worldwide KG classification system map distributions for the historical and projections (2041–2060) under SSP2 and SSP5 are analyzed independently of the wine regions. In the third subsection, the relationships between climate change projections for the KG and wine regions are presented. Finally, following the work by Jones and Schultz [45], the impacts of climate change projections in emerging cool-climate wine regions (focused on the locations previously studied) are undertaken.



3.1. Wine Region KG Climate Types 1970–2000


During the historical period (1970–2000) for the climate data used in this research (Figure 2), wine regions were found to range across KG climate types, mostly in the mid-latitudes. Temperate C types represented 66.3% of the wine regions worldwide, while Dry B types were found in 23.1% and Continental D types in 7.2% (Table A3). Within the Temperate C types, temperate oceanic (Cfb) accounted for just over 30% of the wine regions, with humid subtropical (Cfa) representing close to 13%. Mediterranean climate types made up just under 20% of the worldwide wine regions during 1970–2000, with warm summer (Csb) accounting for 9.5% and hot summer (Csa) representing 10.3%. For the Dry climate types, semi-arid cold (BSk) was the most dominant, accounting for 16.6%. Within the Continental D climate types, warm summer humid continental (Dwb) made up 4.1% of the total worldwide.



Within the European sector wine regions examined in this research, Temperate C types represented 91.3% of the regions during 1970–2000, with temperate oceanic (Cfb) as the dominant climate type at 47.5%, followed by hot summer Mediterranean (Csa, 21.1%) and humid subtropical (Cfa, 14.9%) (Table A5). For other NH wine regions, Temperate C types were 47.8% of the total, with warm summer (Csb, 27.6%) and hot summer Mediterranean (Csa, 10.9%) as the most dominant climate classes. Other climate types in the NH regions accounting for significant percentages include semi-arid cold (BSk) at 17.2% of the total and warm summer humid continental (Dwb) at 12.8%. For the SH wine regions considered in the study, Temperate C types accounted for 60.6% of the wine regions. Within the C types, temperate oceanic (Cfb, 32.9%) and humid subtropical (Cfa, 16.9%) were the most common climate classes. Dry B types were also represented in the SH wine regions at 32.3% of the total area, with semi-arid cold (BSk, 23.2%) the most common type. Variations in climate types by country during the historic period (1970–2000) can be found in Table A6, Table A7 and Table A8.




3.2. Climate Change Projections for the KG Climate Classification System


Figure 2 shows the global map series of the KG climate classification for the period 1970–2000, as well as under the selected future SSP scenarios (SSP2 and SSP5). The KG climate type map of eastern Europe for the historical period shows that only three main climate types are present: temperate (C), continental (D), and polar (E), in predominant order of climate type by land area. Under future scenarios, continental climate types depict a decrease in terms of area; the polar tundra (ET) climate completely disappears (previously in Iceland, the Alps, the Pyrenees, and the northern coast of Norway), while temperate climate types show a significant increase across eastern Europe. Across the Iberian Peninsula (IP), the temperate oceanic climate (Cfb) and the temperate warm-summer Mediterranean climate (Csb) shift to the temperate hot-summer Mediterranean climate (Csa), while in the southeast of the IP Csa areas change to dry semi-arid hot (BSh) and dry semi-arid cold (BSk) climates. Most of central and eastern Europe is predicted to change from a temperate oceanic climate (Cfb) to a temperate humid subtropical climate (Cfa).



In Asia, the biggest changes are observed in the Himalayan Mountain Range, where the polar tundra climate (ET) completely disappears, giving way to the continental warm-summer humid climate (Dfb) and continental subarctic climate (Dfc). Moreover, in the Mongolian region, the current Dfc climate is expected to change completely to a continental hot-summer humid climate (Dfa) and a continental warm-summer humid climate (Dfb). In northern Asia, monsoon-influenced summer humid continental and subarctic climate (Dwb and Dwc) areas contract due to the expansion of both monsoon-influenced hot summer humid continental (Dwa) and Mediterranean-influenced subarctic climate (Dsc) in the north-easternmost part of Asia (Figure 2).



In North America, particularly in Canada, most of the changes are very similar to the northernmost part of Asia, where monsoon-influenced hot summer humid continental (Dwa) climate areas expand and monsoon-influenced summer humid continental and subarctic climate (Dwb and Dwc, respectively) areas contract. In the United States of America (USA), there is an increase in the dry semi-arid hot (BSh), dry semi-arid cold (BSk), arid cold (BWk), and temperate humid subtropical climate (Cfa) climate areas. It is worth mentioning the decrease in polar icecap (EF) and the increase in polar tundra climate (ET) in Greenland (Figure 2).



Close to the equator, the KG classification areas remain very similar between historical and future periods under both scenarios. Some changes are projected southwards of the tropic of Capricorn (23.43° S), where temperate hot-summer Mediterranean climate (Csa) climate areas decrease due to the expansion of tropical savanna, tropical dry summer climate (As), and dry hot desert (BWh) areas.



Despite the shifts in the geographical distribution of the different KG climate type classes, the effects of climate change depict a significant impact only on a few KG climate types in terms of the global covered area (Figure 3; Table A4). Three KG climate types are projected to have a major decrease: continental subarctic (Dfc) climate (−7.3%), polar tundra (ET) climate (−4.6%), and polar icecap (EF) (−3.8%), while continental hot-summer humid (Dfa) and temperate humid subtropical (Cfa) climates are projected to increase by 5.2% and 2.8%, respectively.




3.3. Relationship between Climate Change Projections for KG Classes and Wine Regions


In global terms, within the selected world wine regions, the most important changes are projected to occur in temperate humid subtropical (Cfa) (from around 13% to just over 34%), dry semi-arid hot (BSh) (from around 2% to nearly 18%), and temperate hot-summer Mediterranean (Csa) (from around 10% to just over 17%) climate types when comparing the periods 1970–2000 and 2041–2060, under both SSPs (Table A3). The cold temperate climate types (D) in wine regions are projected to almost disappear, while the tropical climate types (A) are projected to increase in area. Furthermore, decreases in the temperate oceanic (Cfb) climate types (from around 30% to close to 6%), dry semi-arid cold (BSk) (from around 17% to just over 5%), and temperate warm-summer Mediterranean climate (Csb) (from over 9% to close to 1%) are also projected. It is worth mentioning that, due to the resolution of the gridded datasets used to compute the KG climate classification, it is not possible to resolve microclimatic conditions across wine regions. Therefore, some inconsistencies can be identified, such as the existence of vineyard land cover in areas classified as polar (ET) climates (Table A3), namely in some deep valleys in the Andes Mountain Range.



In most of the vineyard areas in the European Union (EU) (Figure 4a, Figure 5a, Figure 6a and Figure 7a; Table A5), a general shift from a warmer summer climate (b type) to a hot summer climate (a type) is expected. In the north-westernmost part of the IP and along the Mediterranean coast, the temperate warm-summer Mediterranean (Csb) climate is projected to change entirely to the temperate hot-summer Mediterranean (Csa). Furthermore, the vineyard areas in the southeastern IP may experience a shift from the semi-arid cold steppe (BSk) to the semi-arid hot steppe (BSh) and even the arid hot desert climate (BWh), particularly in the Murcia region of Spain. Across the other major vineyard regions in Europe, the KG climate classification is expected to change from a temperate oceanic (Cfb) to a humid subtropical (Cfa) climate.



For other areas across the NH (Figure 4b, Figure 5b, Figure 6b and Figure 7; Table A5), wine regions examined in the research include areas in China, Switzerland, Georgia, and the USA, with the latter having significantly more areas on the west coast. For China, the KG classification shows that the climate in the vineyard areas will likely remain unchanged (Figure 8; Table A6, Table A7 and Table A8).



Wine regions of the west coast of the USA are mostly projected to transition from a temperate warm-summer Mediterranean (Csb) to a temperate hot-summer Mediterranean (Csa) climate type, like what is projected in the IP, while in California, dry arid hot climate types (BWh-desert) are expected to increase, reflecting that the summers are expected to be much hotter. In contrast, the east coast of the USA is projected to experience a similar transformation as seen in much of central Europe, shifting from the temperate oceanic (Cfb) climate to the humid subtropical (Cfa) climate (Figure 8; Table A6, Table A7 and Table A8).



In the SH, similar changes as projected for the NH are anticipated, with vineyard regions likely experiencing shifts from dry semi-arid cold (BSk) to dry semi-arid hot (BSh), namely in Argentina, South Africa, and Australia. In Chile, a transition to an arid hot desert (BWh) climate is projected since vineyard areas are already found in an arid cold (BWk) climate (Figure 8; Table A6, Table A7 and Table A8).




3.4. Impacts of Climate Change Projections in Emerging Cool Climate Wine Regions


Jones and Schultz [45] assessed the impacts of climate change in emerging cool-climate wine regions. In these regions, the growing season average temperatures are between 13 and 15 °C, with a relatively short growing season (less than 7 months). These regions might also endure spring frost and fall frost depending on their proximity to the coast or other large bodies of water that buffer temperatures to some degree. In addition, higher latitudes along the coast usually have higher growing-season rainfall, which increases the risk of grapevine diseases. In this study, the area’s growing grapevines located the furthest poleward in both hemispheres (Table A9) are revisited. For each location, a comparison between the KG climate classification system for the historical period and the future under both SSPs was performed. Results show that major changes are projected to occur in the NH regions where greater warming rates are occurring at higher latitudes, while regions in the SH are less likely to see changes in climate types due to limited landmass at poleward latitudes. In the SH, cool climate regions in Argentina (arid cold, BWk), New Zealand (temperate oceanic, Cfb), Tasmania (temperate oceanic, Cfb), and Chile (temperate oceanic, Cfb) show that no changes in the KG are projected for 2041–2060 under both SSPs. Two regions in the NH are also not projected to change from their current climate type: Denmark (temperate oceanic, Cfb) and Britain (temperate oceanic, Cfb). Regions in the NH that are projected to see significant changes are located on the North American continent. In Canada and the USA, wine regions in the Sussex, the Leelanau Peninsula, and Annapolis areas that were classified as warm-summer humid continental (Dwb) during 1970–2000 are projected to shift to humid subtropical (Cfa). Other Canadian regions defined as warm-summer humid continental (Dwb) are projected to shift to semi-arid cold (BSk, Kamloops) or hot-summer humid continental (Dwa, Ontario, and Quebec). In Europe, Gothenburg (Sweden), Zilona Góra (Poland), and Maastricht (Netherlands) are projected to change from temperate oceanic (Cfb) to humid subtropical (Cfa) shortly and under both SSPs. Overall, these results highlight a shift towards warmer and milder climate types in most of the NH’s coolest climate locations.





4. Discussion


Climate and vegetation are intricately linked at both regional and global scales. The KG climate classification scheme has been used as an effective tool to describe and examine both natural and human-managed plant systems [46,47,48]. Compared with single-variable approaches (i.e., just temperature or precipitation), using the KG climate classification can add new dimensions to the description of climate variation and change and their impacts and potential changes to vegetation [17]. Spatial changes in climate zones can signal contraction or expansion of the influence of climatic conditions, which in turn implies risks for plant and animal species. While large-scale biome shifts are possible, edge effects may produce the most dramatic changes as species may not be able to adapt quickly enough to the changes in climate [49].



In terms of agriculture, the world map of zones suitable for various crops very closely correlates with the KG climate classification system [46,47,48,50]. Although the factors that influence agricultural suitability are many and complex, correlation is especially apparent in the temperate latitudes where a favorable climate and intensive higher-yield agriculture exist. Growing grapes for wine production is one of the most geographically expressive crops, having a relatively large footprint in the midlatitudes [12], which makes viticulture a model system with which to use the KG climate classification system. As such, wine production has become synonymous with the Mediterranean climate types found mostly in southern European wine regions. Previous efforts to depict the climatic environments for growing winegrapes worldwide have used bioclimatic models and indices designed for grapevine aptitude to grow and produce quality grapes, e.g., [42,44,51,52,53]. By using KG, the most common reference climate classification system in use today, our analysis makes it possible to compare grape production climate characteristics to those of other crops and biomes. The results allow for both assessing the current and future potential to grow grapevines for wine production rather than other crops and estimating which type of ecosystem might replace viticulture if removed from a given area for conservation purposes.



Recent research has shown that climate change is already affecting viticulture and wine production through changes in grapevine phenological development [14], harvest dates [54], and grape acidity and sugar content [55,56]. However, establishing relationships between environmental changes and other components, like polyphenols or aroma compounds, is more complex [57,58]. This research has added to the baseline knowledge of the potential changes of climate on viticulture and wine production by examining global and regional-scale shifts in the KG climate types for wine regions. The two main climatic shifts identified in this study are: (1) regions shifting to a warmer and drier climate (temperate warm-summer Mediterranean (Csb) to temperate hot-summer Mediterranean (Csa); dry semi-arid cold (BSk) to dry semi-arid hot (BSh) and arid hot desert (BWh) climates); and (2) other regions shifting to a warmer and moister climate (temperate oceanic (Cfb) to humid subtropical (Cfa)).



These changes in climate conditions are believed to be causing a gradual shift in grapevine varieties being grown in temperate climate wine regions, with an increasing loss of suitability for white wine varieties towards suitability for red wine varieties [14,59,60]. In more semi-arid regions, where water for viticulture is already scarce, warmer and drier conditions may induce greater risk for the sustainability of vineyards since water consumption for viticulture is usually higher than total annual precipitation in these regions [61]. To address the increasing intensity of drought stress and to ensure more dependable and predictable yields, the use of water through irrigation in historically rainfed regions will likely be required as a necessary means to adapt to warmer and drier climates [28,62,63]. Additionally, shifts from more temperate to more subtropical or more continental climate types are likely to produce a wider annual temperature range and more extreme temperatures [64]. In regions such as southern Europe, Australia, and California, where arid, hot climate types are expected to become even drier and hotter in the summer, the chance of wildfire occurrences will likely increase as well [65].



At the cool limits of viticulture, warming and shifting to more suitable climate types identified in this research will likely increase the potential ripening of the main varieties being grown today and expand the range to other varieties. The most common varieties currently grown in these emerging cool climate regions are early or very early Vitis vinifera cv. Müller-Thurgau, Chardonnay, Pinot noir, Riesling, Pinot gris, Sauvignon blanc, Madeleine Angevine, and Siegerrebe, as well as cold and disease-resistant hybrids such as Rondo, Vidal, and Regent [45].



The potential shifts in KG climate types identified in this research will likely produce different challenges depending on the region, and as such, the strategies to ensure a sustainable product must be adapted accordingly. In general, cool-climate wine regions have already seen a change to intermediate climates, with many regions even expected to become warm- or hot-climate regions. However, while cool to intermediate to warm regions have experienced generally more consistent ripening due to warming, shifts to earlier bud break have left grapevines more prone to spring frosts, which still occur in many wine regions [66,67]. In addition, heat stress has already increased in many regions, and the results of this study indicate that it will most likely continue to increase in the future, bringing greater challenges to grape quality and yield in the warmest and driest wine regions [68,69]. Furthermore, Wang et al. [70] find that shifting climate zones due to climate change are impacting steep-slope agricultural areas much more than more broadacre global agricultural lands. The researchers found that the effect is more prevalent with the expansion of arid zones, which would have a major impact on many areas of southern Europe where steep slope viticulture is prevalent.



The potential future shifts in climate types in wine regions worldwide are likely to be non-uniform over both space and time. Sgubin et al. [66] find that for Europe, future warming is likely to produce a non-linear loss of suitable land in traditional wine regions from 4% at 1 °C to 17% at 2 °C of additional warming. The research finds that there is some offset of the loss in traditional regions by the gain of newly suitable regions due to warming. In addition, the research suggests that adopting grapevine varieties better suited to warmer and drier conditions will provide a viable long-term response to a changing climate, up to a point. Therefore, additional adaptation measures are needed to increase the resilience of the winemaking sector and can be divided into long-term [29] and short-term strategies [30]. Some examples of adaptive measures include appropriate canopy management and changes in training systems, soil management, more effective pest and disease control, the selection of scion-rootstock combinations, or vineyard relocation [28].




5. Conclusions


Global bioclimatic conditions have been documented via climate classifications that help depict the spatial characteristics of ecosystems and biomes. The Köppen–Geiger climate classification has been the most widely used vegetation-based empirical system. Using temperature and precipitation, the classification system subdivides terrestrial climates into five major types (tropical, arid, temperate, continental, and polar), which are further defined by the seasonal precipitation characteristics and the level of heat. Tied to the plant life of a given region, the system is useful in predicting future changes in ecosystems at the global and regional levels.



This research utilizes a global-scale climate data set to categorize most wine regions worldwide into recent and future KG climate types. This research has provided a comprehensive look at the range of climate types that winegrapes have been grown in worldwide. The results show in mid-latitudes that temperate C types represented most wine regions worldwide (66.3%), with Dry B types (23.1%) and Continental D types (7.2%) also prominent. Within the Temperate C types, temperate oceanic (Cfb) made up roughly 30% of the wine regions, while humid subtropical (Cfa) climate types were close to 13%. Contrary to popular belief, Mediterranean climate types were found in a lower percentage of wine regions, making up just under 20% of the worldwide wine regions (warm summer, Csb 9.5%, and hot summer, Csa 10.3%). Additionally, the Dry climate types (semi-arid cold, BSk) were also dominant, accounting for 16.6%, while Continental D climate types such as warm summer humid continental (Dwb) types made up 4.1% of the total worldwide. The results show that wine regions are more diverse than the commonly held view that Mediterranean climates are where most wine is produced.



Wine regions in the recent past have been largely located in temperate oceanic (Cfb, around 30%), Mediterranean (Csa,b,c, nearly 20%), cold dry semi-arid (BSk, around 17%), and humid subtropical (Cfa, around 13%) KG climate types. Observations from numerous studies have shown that many of these regions have already warmed, and some have become drier. These changes in KG climate types reflect accelerated warming in the Earth’s climate system, with polar climates shrinking and arid regions expanding. Research examining the potential changes in geographical distributions of climate zones in the future points to shifts into warmer and drier climates in this century. Tropical and arid climates will likely expand into the midlatitudes, while continental hot summer and humid climates are projected to expand, and high-latitude subarctic and polar climates will likely continue to shrink in area. Projected changes in broadscale climatic conditions such as these are likely to lead to the reorganization of ecosystems and the redistribution of species diversity.



Future climate projections used in this research show that significant shifts from warm summer climates to hot summer climates in the temperate zones where many wine regions are located are likely. These shifts are a further indication of the need for adaptive measures in the wine sector to address potential challenges to grape cultivation and wine production in the future. As such, this study adds to our knowledge of how climate change is likely to alter wine region climates around the world and provides additional scope to the framework by which adaptation and mitigation measures can be considered.
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Table A1. Köppen–Geiger (KG) climate classification system.
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	Climate Type
	Description





	A Tropical
	Af Tropical rainforest

Am Tropical monsoon

Aw Tropical savanna with dry winter

As Tropical savanna with a dry summer



	B Dry
	BWh Arid hot (Desert)

BWk Arid cold (Desert)

BSh Semi-arid hot (Steppe)

BSk Semi-arid cold (Steppe)



	C Temperate
	Cfa Humid subtropical

Cfb Temperate oceanic

Cfc Subpolar oceanic

Cwa Monsoon-influenced humid subtropical

Cwb Subtropical highland climate or monsoon-influenced temperate oceanic

Cwc Cold subtropical highland climate or monsoon-influenced subpolar oceanic climate

Csa Hot-summer Mediterranean climate

Csb Warm-summer Mediterranean climate

Csc Cold-summer Mediterranean climate



	D Continental
	Dfa Hot-summer humid continental

Dfb Warm-summer humid continental climate

Dfc Subarctic climate

Dfd Extremely cold subarctic

Dwa Monsoon-influenced hot-summer humid continental

Dwb Monsoon-influenced warm-summer humid continental

Dwc Monsoon-influenced subarctic climate

Dwd Monsoon-influenced extremely cold subarctic

Dsa Mediterranean-influenced hot-summer humid continental

Dsb Mediterranean-influenced warm-summer humid continental climate

Dsc Mediterranean-influenced subarctic climate

Dsd Mediterranean-influenced extremely cold subarctic climate



	E Polar
	ET Tundra

EF Icecap










 





Table A2. Criteria to calculate the Köppen–Geiger classification for the main climates and subsequent precipitation conditions for the first two letters. Criteria to compute the third level temperature classification (h and k) for dry climates (B) and (a to d) for the warm temperate (C) and continental (D) climates following the Köppen’s climate classification. For the warm summer (b) type, a threshold temperature value of +10 °C must occur for at least four months (adapted from [36]).






Table A2. Criteria to calculate the Köppen–Geiger classification for the main climates and subsequent precipitation conditions for the first two letters. Criteria to compute the third level temperature classification (h and k) for dry climates (B) and (a to d) for the warm temperate (C) and continental (D) climates following the Köppen’s climate classification. For the warm summer (b) type, a threshold temperature value of +10 °C must occur for at least four months (adapted from [36]).





	Climate
	Description
	Criteria





	A Tropical or Equatorial

Tmin 1 ≥ +18 °C
	Af Tropical rainforest, fully humid

Am Tropical monsoon

As Equatorial savannah with a dry summer

Aw Equatorial savannah with dry winter
	Pmin ≥ 60 mm

Pa ≥ 25(100 − Pmin)

Pmin < 60 mm in summer

Pmin < 60 mm in winter



	B Dry or Arid

Pa < 10 Pth
	BW Desert

BS Semi-arid or steppe
	Pa > 5 Pth

Pa ≤ 5 Pth



	C Temperate or Warm temperate

−3 °C < Tmin < +18 °C
	Cs Warm temperate (or Mediterranean) with dry summer

Cw Warm temperate (or Mediterranean) with dry winter

Cf Warm temperate (or Mediterranean) fully humid
	Psmin < Pwmin, Pwmax > 3 Psmin and Psmin < 40 mm

Pwmin < Psmin and Psmax > 10 Pwmin

neither Cs nor Cw



	D Continental or Cold

Tmin ≤ −3 °C
	Ds Continental with dry summer

Dw Continental with dry winter

Df Continental, fully humid
	Psmin < Pwmin, Pwmax > 3 Psmin and Psmin < 40 mm

Pwmin < Psmin and Psmax > 10 Pwmin

neither Ds nor Dw



	E Polar

Tmax < +10 °C
	ET Tundra

EF Ice cap or frost
	0 °C ≤ Tmax < +10 °C

Tmax < 0 °C



	h
	hot steppe or desert
	Ta ≥ +18 °C



	k
	Cold steppe or desert
	Ta < +18 °C



	a
	Hot summer
	Tmax ≥ +22 °C



	b
	Warm summer
	Not a and at least 4 Tmin ≥ +10 °C



	c
	Cold summer and cold winter
	Not b and Tmin > −38 °C



	d
	Extremely continental
	Like c but Tmin ≤ −38 °C







1 Ta—Annual mean temperature (°C); Tmax—Monthly mean temperature of the warmest month (°C); Tmin—Monthly mean temperature of the coldest month (°C); Pa—Accumulated annual precipitation (mm); Pmin—Precipitation of the driest month (mm); Psmin, Psmax, Pwmin, Pwmax—Lowest and highest monthly precipitation values for the summer and winter half-years (April to September and October to March), respectively (°C). For the polar climates (E) no precipitation differentiations are given, only temperature conditions are defined, consequently, the polar climates (E) must be determined first, followed by the arid climates (B) and subsequent differentiations into the equatorial climates (A) and the warm temperate and snow climates (C) and (D), respectively.













 





Table A3. KG climate type percentage of wine regions worldwide in the historical period 1970–2000 and the future period 2041–2060 under SSP2 and SSP5.
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	Vineyards
	ET
	BSh
	BSk
	BWh
	BWk
	Af
	Am
	As
	Aw
	Csa
	Csb
	Csc
	Cwa
	Cwb
	Cwc
	Cfa
	Cfb
	Cfc
	Dsa
	Dsb
	Dsc
	Dfa
	Dfb
	Dwa
	Dwb
	Dwc





	70–00
	0.68
	1.9
	16.6
	1.3
	3.4
	
	
	2.6
	0.17
	10.3
	9.47
	0.19
	1.07
	1.7
	0.10
	12.9
	30.08
	0.47
	0.05
	0.95
	0.44
	0.93
	0.2
	0.4
	4.05
	0.14



	41–60 SSP2
	0.12
	18.0
	5.2
	6.9
	2.2
	2.9
	0.12
	2.1
	0.14
	17.4
	1.39
	0.01
	2.72
	0.5
	0.02
	34.2
	5.95
	0.01
	
	
	
	0.12
	
	
	
	



	41–60 SSP5
	0.11
	18.1
	5.3
	6.9
	2.2
	2.6
	0.12
	2.2
	0.13
	17.8
	1.18
	0.01
	2.78
	0.48
	0.01
	34.2
	5.76
	
	
	
	
	0.12
	
	
	
	










 





Table A4. Differences in the land area percentages of each Köppen–Geiger (KG) climate type between future (2041–2060), under SSP2 (upper rows, ∆1) or SSP5 (lower rows, ∆2), and the historical period (1970–2000) (Table linked to Figure 3).
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	KG (%)
	ET
	EF
	BSh
	BSk
	BWh
	BWk
	Af
	Am
	As
	Aw
	Csa
	Csb
	Csc
	Cwa
	Cwb
	Cwc



	∆1
	−4.55
	−3.82
	1.27
	0.52
	1.40
	0.07
	−0.41
	0.16
	1.19
	0.31
	−1.09
	−0.86
	−0.01
	−0.23
	−0.20
	−0.01



	∆2
	−4.58
	−3.86
	1.29
	0.63
	1.40
	0.03
	−0.46
	0.14
	1.24
	0.38
	−1.07
	−0.86
	−0.01
	−0.21
	−0.20
	−0.01



	KG (%)
	Cfa
	Cfb
	Cfc
	Dsa
	Dsb
	Dsc
	Dsd
	Dfa
	Dfb
	Dfc
	Dfd
	Dwa
	Dwb
	Dwc
	Dwd
	



	∆1
	2.78
	−1.30
	−0.20
	0.03
	0.30
	−0.10
	0.00
	5.92
	−0.23
	−7.34
	−0.74
	1.02
	−0.18
	−0.62
	−0.34
	



	∆2
	2.91
	−1.29
	−0.20
	0.04
	0.32
	−0.14
	0.00
	6.06
	−0.44
	−7.52
	−0.74
	1.06
	−0.17
	−0.67
	−0.34
	










 





Table A5. KG climate type percentage of change within the study regions with vineyards (EU, NH non-EU countries, and SH) for 1970–2000 and 2041–2060 under SSP2 and SSP5 (Table linked to Figure 7).
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	Vineyards EU
	70–00
	41–60 SSP2
	41–60 SSP5
	Vineyards NH
	70–00
	41–60 SSP2
	41–60 SSP5
	Vineyards SH
	70–00
	41–60 SSP2
	41–60 SSP5





	ET
	0.02%
	
	
	ET
	0.03%
	
	
	ET
	1.37%
	0.25%
	0.23%



	BSh
	
	8.82%
	9.09%
	BSh
	1.17%
	10.43%
	10.09%
	BSh
	3.39%
	27.07%
	27.30%



	BSk
	4.85%
	5.25%
	5.89%
	BSk
	17.22%
	12.07%
	11.73%
	BSk
	23.24%
	1.70%
	1.65%



	BWh
	
	0.12%
	0.10%
	BWh
	3.80%
	9.01%
	9.21%
	BWh
	0.79%
	9.82%
	9.77%



	BWk
	
	
	
	BWk
	4.50%
	3.56%
	3.45%
	BWk
	4.83%
	2.76%
	2.74%



	Af
	
	
	
	Af
	
	
	
	Af
	
	6.08%
	5.57%



	Am
	
	
	
	Am
	
	
	
	Am
	
	0.24%
	0.25%



	As
	
	
	
	As
	
	
	
	As
	5.40%
	4.46%
	4.50%



	Aw
	
	
	
	Aw
	
	
	
	Aw
	0.36%
	0.30%
	0.27%



	Csa
	21.11%
	24.87%
	25.22%
	Csa
	10.85%
	34.30%
	35.55%
	Csa
	3.64%
	4.63%
	4.58%



	Csb
	7.77%
	
	
	Csb
	27.56%
	5.59%
	4.69%
	Csb
	1.53%
	0.10%
	0.10%



	Csc
	
	
	
	Csc
	0.67%
	0.06%
	0.06%
	Csc
	0.07%
	
	



	Cwa
	
	
	
	Cwa
	2.60%
	5.37%
	5.82%
	Cwa
	0.96%
	2.94%
	2.87%



	Cwb
	
	
	
	Cwb
	
	
	
	Cwb
	3.50%
	1.05%
	0.99%



	Cwc
	
	
	
	Cwc
	
	
	
	Cwc
	0.21%
	0.04%
	0.03%



	Cfa
	14.93%
	60.28%
	59.33%
	Cfa
	2.43%
	18.45%
	18.45%
	Cfa
	16.92%
	26.90%
	27.62%



	Cfb
	47.46%
	0.66%
	0.37%
	Cfb
	3.52%
	0.68%
	0.45%
	Cfb
	32.89%
	11.65%
	11.52%



	Cfc
	
	
	
	Cfc
	0.17%
	
	
	Cfc
	0.90%
	0.01%
	0.01%



	Dsa
	
	
	
	Dsa
	0.17%
	
	
	Dsa
	
	
	



	Dsb
	
	
	
	Dsb
	4.00%
	
	
	Dsb
	
	
	



	Dsc
	
	
	
	Dsc
	1.87%
	
	
	Dsc
	
	
	



	Dfa
	
	
	
	Dfa
	3.94%
	0.48%
	0.50%
	Dfa
	
	
	



	Dfb
	
	
	
	Dfb
	0.81%
	
	
	Dfb
	
	
	



	Dwa
	
	
	
	Dwa
	1.73%
	
	
	Dwa
	
	
	



	Dwb
	3.54%
	
	
	Dwb
	12.83%
	
	
	Dwb
	
	
	



	Dwc
	0.32%
	
	
	Dwc
	0.13%
	
	
	Dwc
	
	
	










 





Table A6. KG climate type percentage of change per country within the study regions with vineyards EU (EU, NH non-EU countries, and SH) for 1970–2000 and 2041–2060 under SSP2 and SSP5 (Tables linked to Figure 8).
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	Vineyards EU
	
	
	
	
	
	
	
	
	
	





	70–00
	ET
	BSh
	BSk
	BWh
	Csa
	Csb
	Cfa
	Cfb
	Dwb
	Dwc



	AT
	
	
	
	
	
	
	
	98.33%
	1.67%
	



	BU
	
	
	
	
	0.27%
	
	41.67%
	55.65%
	2.41%
	



	CR
	
	
	
	
	12.12%
	0.61%
	14.55%
	71.52%
	
	1.20%



	CZ
	
	
	
	
	
	
	
	100.00%
	
	



	DE
	
	
	
	
	
	
	
	100.00%
	
	



	ES
	
	
	33.77%
	
	32.46%
	16.23%
	4.85%
	12.69%
	
	



	FR
	
	
	
	
	13.74%
	5.19%
	0.50%
	80.57%
	
	



	GR
	
	
	2.21%
	
	68.01%
	16.54%
	5.15%
	8.09%
	
	



	HR
	
	
	0.00%
	
	
	
	
	100.00%
	
	



	IT
	0.14%
	
	2.85%
	
	47.08%
	10.04%
	28.36%
	10.99%
	0.14%
	0.40%



	PT
	
	
	
	
	50.26%
	49.74%
	
	
	
	



	RO
	
	
	
	
	
	
	27.59%
	53.58%
	17.64%
	1.19%



	SK
	
	
	
	
	
	
	
	92.93%
	7.07%
	



	SL
	
	
	
	
	
	
	2.50%
	95.00%
	2.50%
	



	41–60 SSP2
	ET
	BSh
	BSk
	BWh
	Csa
	Csb
	Cfa
	Cfb
	Dwb
	Dwc



	AT
	
	
	
	
	
	
	98.33%
	1.67%
	
	



	BU
	
	0.82%
	0.82%
	
	0.54%
	
	96.73%
	1.09%
	
	



	CR
	
	
	
	
	13.29%
	
	86.71%
	
	
	



	CZ
	
	
	2.56%
	
	
	
	97.44%
	
	
	



	DE
	
	
	
	
	
	
	100.00%
	
	
	



	ES
	
	50.47%
	12.24%
	0.75%
	30.14%
	
	6.40%
	
	
	



	FR
	
	0.17%
	
	
	19.83%
	
	80.00%
	
	
	



	GR
	
	11.43%
	
	
	78.10%
	
	10.47%
	
	
	



	HR
	
	
	
	
	
	
	100.00%
	
	
	



	IT
	
	9.89%
	
	0.62%
	56.16%
	
	31.96%
	1.37%
	
	



	PT
	
	
	
	
	100.00%
	
	
	
	
	



	RO
	
	
	19.41%
	
	
	
	78.86%
	1.73%
	
	



	SK
	
	
	
	
	
	
	100.00%
	
	
	



	SL
	
	
	
	
	
	
	100.00%
	
	
	



	41–60 SSP5
	ET
	BSh
	BSk
	BWh
	Csa
	Csb
	Cfa
	Cfb
	Dwb
	Dwc



	AT
	
	
	0.000%
	
	
	
	100.00%
	
	
	



	BU
	
	1.36%
	2.17%
	
	0.54%
	
	94.84%
	1.09%
	
	



	CR
	
	
	
	
	15.38%
	
	84.62%
	
	
	



	CZ
	
	
	
	
	
	
	100.00%
	
	
	



	DE
	
	
	
	
	
	
	100.00%
	
	
	



	ES
	
	51.43%
	12.84%
	0.19%
	29.68%
	
	5.86%
	
	
	



	FR
	
	0.17%
	
	
	20.51%
	
	79.32%
	
	
	



	GR
	
	11.42%
	
	
	78.10%
	
	10.48%
	
	
	



	HR
	
	
	
	
	
	
	100.00%
	
	
	



	IT
	
	10.50%
	0.46%
	
	57.84%
	
	29.98%
	1.22%
	
	



	PT
	
	
	
	
	100.00%
	
	
	
	
	



	RO
	
	
	22.07%
	
	
	
	77.53%
	0.40%
	
	



	SK
	
	
	
	
	
	
	100.00%
	
	
	



	SL
	
	
	
	
	
	
	100.00%
	
	
	










 





Table A7. KG climate type percentage of change per country within the study regions with vineyards NH non-EU countries for 1970–2000 and 2041–2060 under SSP2 and SSP5 (Tables linked to Figure 8).
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	Vineyards NH
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	





	70–00
	ET
	BSh
	BSk
	BWh
	BWk
	Csa
	Csb
	Csc
	Cwa
	Cfa
	Cfb
	Cfc
	Dsa
	Dsb
	Dsc
	Dsd
	Dfa
	Dfb
	Dwb
	Dwc



	CH
	
	
	
	
	
	
	
	
	
	
	96.15%
	
	
	
	
	
	
	
	
	3.85%



	GE
	
	
	
	
	
	
	
	
	
	60.00%
	34.29%
	
	
	
	
	
	
	
	5.71%
	



	US
	0.03%
	1.37%
	16.81%
	4.45%
	2.19%
	12.69%
	32.25%
	0.79%
	
	2.16%
	2.91%
	0.20%
	0.20%
	4.68%
	2.19%
	2.03%
	14.95%
	0.10%
	
	



	CN
	
	
	22.22%
	
	20.48%
	
	
	
	20.26%
	
	
	
	
	
	
	
	30.72%
	6.32%
	
	



	41–60 SSP2
	ET
	BSh
	BSk
	BWh
	BWk
	Csa
	Csb
	Csc
	Cwa
	Cfa
	Cfb
	Cfc
	Dsa
	Dsb
	Dsc
	Dsd
	Dfa
	Dfb
	Dwb
	Dwc



	CH
	
	
	
	
	
	
	
	
	
	76.92%
	23.08%
	
	
	
	
	
	
	
	
	



	GE
	
	
	
	
	
	
	
	
	
	97.14%
	2.86%
	
	
	
	
	
	
	
	
	



	US
	
	11.66%
	10.70%
	10.54%
	0.07%
	40.08%
	6.54%
	0.07%
	
	19.78%
	0.56%
	
	
	
	
	
	
	
	
	



	CN
	
	3.56%
	22.89%
	
	27.56%
	
	
	
	42.21%
	
	
	
	
	
	
	
	3.78%
	
	
	



	41–60 SSP5
	ET
	BSh
	BSk
	BWh
	BWk
	Csa
	Csb
	Csc
	Cwa
	Cfa
	Cfb
	Cfc
	Dsa
	Dsb
	Dsc
	Dsd
	Dfa
	Dfb
	Dwb
	Dwc



	CH
	
	
	
	
	
	
	
	
	
	80.77%
	19.23%
	
	
	
	
	
	
	
	
	



	GE
	
	2.86%
	
	
	
	
	
	
	
	94.28%
	2.86%
	
	
	
	
	
	
	
	
	



	US
	
	11.46%
	10.50%
	10.77%
	0.07%
	41.55%
	5.48%
	0.07%
	
	19.78%
	0.32%
	
	
	
	
	
	
	
	
	



	CN
	
	2.00%
	21.55%
	
	26.67%
	
	
	
	45.78%
	
	
	
	
	
	
	
	4.00%
	
	
	










 





Table A8. KG climate type percentage of change per country within the study regions with vineyards SH for 1970–2000 and 2041–2060 under SSP2 and SSP5 (Tables linked to Figure 8).






Table A8. KG climate type percentage of change per country within the study regions with vineyards SH for 1970–2000 and 2041–2060 under SSP2 and SSP5 (Tables linked to Figure 8).



























	Vineyards SH
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	





	70–00
	ET
	BSh
	BSk
	BWh
	BWk
	Af
	Am
	As
	Aw
	Csa
	Csb
	Csc
	Cwa
	Cwb
	Cwc
	Cfa
	Cfb
	Cfc
	Dwc



	AR
	2.43%
	8.18%
	67.39%
	
	10.23%
	
	
	
	
	5.50%
	4.60%
	0.64%
	
	
	
	
	0.90%
	0.13%
	



	AU
	
	0.89%
	28.83%
	
	0.18%
	
	
	
	
	7.03%
	2.36%
	
	1.98%
	1.34%
	
	13.71%
	43.30%
	0.38%
	



	BR
	
	9.35%
	
	
	
	
	
	27.41%
	1.83%
	
	
	
	
	
	
	41.81%
	19.60%
	
	



	CL
	11.89%
	
	12.36%
	
	30.83%
	
	
	
	
	
	
	
	1.10%
	33.02%
	2.35%
	
	8.45%
	
	



	NZ
	0.59%
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	91.36%
	7.61%
	0.44%



	ZA
	
	5.68%
	48.30%
	16.19%
	19.03%
	
	
	
	
	
	
	
	
	
	
	1.42%
	9.38%
	
	



	UY
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	89.30%
	10.70%
	
	



	41–60 SSP2
	ET
	BSh
	BSk
	BWh
	BWk
	Af
	Am
	As
	Aw
	Csa
	Csb
	Csc
	Cwa
	Cwb
	Cwc
	Cfa
	Cfb
	Cfc
	Dwc



	AR
	0.51%
	51.41%
	11.76%
	25.96%
	7.42%
	
	
	
	
	1.92%
	0.90%
	
	
	
	
	
	
	0.12%
	



	AU
	
	32.61%
	
	6.57%
	
	
	0.53%
	2.56%
	
	10.25%
	
	
	2.07%
	
	
	36.06%
	9.35%
	
	



	BR
	
	21.34%
	
	
	
	29.93%
	0.07%
	16.69%
	1.48%
	
	
	
	
	
	
	30.35%
	0.14%
	
	



	CL
	2.21%
	11.04%
	4.26%
	18.30%
	21.61%
	
	
	
	
	
	
	
	22.87%
	11.67%
	0.47%
	4.26%
	3.31%
	
	



	NZ
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	21.22%
	78.78%
	
	



	ZA
	
	43.71%
	0.30%
	52.40%
	
	
	
	
	
	
	
	
	
	
	
	3.59%
	
	
	



	UY
	
	
	
	
	
	2.50%
	
	
	
	
	
	
	
	
	
	97.50%
	
	
	



	41–60 SSP5
	ET
	BSh
	BSk
	BWh
	BWk
	Af
	Am
	As
	Aw
	Csa
	Csb
	Csc
	Cwa
	Cwb
	Cwc
	Cfa
	Cfb
	Cfc
	Dwc



	AR
	0.51%
	51.66%
	11.64%
	26.21%
	7.16%
	
	
	
	
	1.92%
	0.90%
	
	
	
	
	
	
	
	



	AU
	
	32.97%
	6.04%
	
	
	
	0.56%
	2.73%
	
	10.15%
	
	
	2.07%
	
	
	36.35%
	9.13%
	
	



	BR
	
	21.62%
	
	
	
	27.68%
	0.07%
	16.55%
	1.34%
	
	
	
	
	
	
	32.60%
	0.14%
	
	



	CL
	1.89%
	11.04%
	3.94%
	19.87%
	21.77%
	
	
	
	
	
	
	
	22.08%
	11.05%
	0.32%
	4.57%
	3.47%
	
	



	NZ
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	21.83%
	78.17%
	
	



	ZA
	
	43.42%
	0.30%
	52.69%
	
	
	
	
	
	
	
	
	
	
	
	3.59%
	
	
	



	UY
	
	
	
	
	
	0.50%
	
	
	
	
	
	
	
	
	
	99.50%
	
	
	










 





Table A9. KG climate types for cool climate wine regions. Geographical coordinates, location, and climate type are listed, ranked by decreasing latitude in each hemisphere (EU, NH non-EU countries, and SH) for 1970–2000 and 2041–2060 under SSP2 and SSP5.
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	Latitude
	Longitude
	Location
	70–00
	41–60 SSP2
	41–60 SSP5





	57.7° N
	12.0° E
	Gothenburg, Sweden
	Cfb
	Cfa
	Cfa



	51.6° N
	15.5° E
	Zilona Góra, Poland
	Cfb
	Cfa
	Cfa



	57.1° N
	9.9° E
	Aalborg, Denmark
	Cfb
	Cfb
	Cfb



	54.0° N
	1.1° W
	York, Britain
	Cfb
	Cfb
	Cfb



	50.9° N
	5.7° E
	Maastricht, Netherlands
	Cfb
	Cfa
	Cfa



	50.7° N
	120.4° W
	Kamloops, British Colombia, Canada
	Dwb
	BSk
	BSk



	46.4° N
	79.9° W
	Lake Te, Timagami, Ontario, Canada
	Dwb
	Dwa
	Dwa



	46.4° N
	71.4° W
	Quebec City, Quebec, Canada
	Dwb
	Dwa
	Dwa



	45.4° N
	65.5° W
	Sussex, New Brunswick, Canada
	Dwb
	Cfa
	Cfa



	45.2° N
	85.5° W
	Leelanau Peninsula, Michigan, USA
	Dwb
	Cfa
	Cfa



	45.2° N
	65.2° W
	Annapolis Valley, Nova Scotia, Canada
	Dwb
	Cfa
	Cfa



	45.6° S
	69.1° W
	Sarmiento, Argentina
	Bwk
	Bwk
	Bwk



	45.3° S
	169.4° E
	Alexandra, New Zealand
	Cfb
	Cfb
	Cfb



	43.3° S
	147.3° E
	Bruny Island, Tasmania, Australia
	Cfb
	Cfb
	Cfb



	42.7° S
	73.8° W
	Chiloe Island, Chile
	Cfb
	Cfb
	Cfb
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Figure 1. Study areas of the major wine producers divided by regions (a) European Union (EU) (b) outside the EU in the Northern Hemisphere (NH), and (c) Southern Hemisphere (SH) countries (list in Table 1). 
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Figure 2. Worldwide Köppen–Geiger (KG) classification system between (a) 1970 and 2000, (b) from 2041 to 2060 under SSP2, and (c) from 2041 to 2060 under SSP5. 
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Figure 3. Percentage of the difference (in pixels) between the future 2041 to 2060 (a) under SSP2, and (b) under SSP5, and the historical (1970–2000) periods for each Köppen–Geiger (KG) climate type (values in Table A4). 
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Figure 4. Worldwide Köppen–Geiger (KG) classification system of the major wine producers’ countries for the (a) European Union (EU) countries; (b) Northern Hemisphere (NH) non-EU countries; and (c) Southern Hemisphere (SH) between 1970 and 2000. 
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Figure 5. Worldwide Köppen–Geiger (KG) classification system of the major wine producers’ countries for the (a) European Union (EU) countries; (b) Northern Hemisphere (NH) non-EU countries; and (c) Southern Hemisphere (SH) from 2041 to 2060 under SSP2. 
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Figure 6. Worldwide Köppen–Geiger (KG) classification system for the major wine producers’ countries for the (a) European Union (EU) countries; (b) Northern Hemisphere (NH) non-EU countries; and (c) Southern Hemisphere (SH) from 2041 to 2060 under SSP5. 
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Figure 7. Köppen–Geiger climate type percentage of change within the study regions with vineyards (a) EU; (b) other NH countries; and (c) SH countries, for 1970–2000 and 2041–2060 under SSP2 and SSP5 for each climate type (values in Table A5). 
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Figure 8. Köppen–Geiger (KG) climate type percentage of change per country within the study regions with vineyards (a–c) EU, (d–f) other countries in the NH, and (g–i) SH countries for 1970–2000 (left column) and 2041–2060 under SSP2 (middle column) and SSP5 (right column) for each climate type (values in Table A6, Table A7 and Table A8). 
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Table 1. List of the major wine producers by geographical sector (based on [32]).






Table 1. List of the major wine producers by geographical sector (based on [32]).





	Geographical Sector
	Countries (Acronym)





	European Union (EU)
	Italy (IT), France (FR), Spain (ES), Germany (DE), Portugal (PT), Romania (RO), Hungary (HU), Austria (AT), Greece (GR), Bulgaria (BG), Slovenia (SL), Czechia (CZ), Slovakia (SK), and Luxembourg (LU)



	Outside the EU Northern Hemisphere (NH)
	USA (US), China (CN), Georgia (GE), and Switzerland (CH)



	Southern Hemisphere (SH)
	Chile (CL), Australia (AU), Argentina (AR), South Africa (ZA), Brazil (BR), New Zealand (NZ), and Uruguay (UY)
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