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f Institut Català de Recerca i Estudis Avançats (ICREA), Barcelona, Spain 
g European Centre for Medium-Range Weather Forecasts (ECMWF), Bonn, Germany   

A R T I C L E  I N F O   

Keywords: 
Climatic impact-drivers 
Viticulture 
Storylines 
Model uncertainty 

A B S T R A C T   

Under the pressing warming of climate, interpretable and useful-for-adaptation information has become a need 
in society and has promoted rapid methodological advances in climate science. One such advance is the 
development of the dynamical-storyline approach, with which the spread in multi-model scenario projections 
can be represented as a set of physically plausible scenarios (storylines) defined by (a) a global warming level and 
(b) changes in large-scale dynamical conditions that arise from climate forcing. Moreover, if changes in regional 
climate are assessed in such a way that they can clearly inform societal systems or management of natural 
ecosystems, they can potentially aid decision-making in a practical manner. Such is the aim of the climatic 
impact-driver (CID) framework, proposed in the Sixth Assessment Report (AR6) from the Intergovernmental 
Panel on Climate Change. Here, we combine the dynamical-storyline approach with the CID framework and 
apply them to climate services. We focus on CIDs associated with the viticulture sector and the region of the 
South American Andes, where currently both Argentina and Chile produce wine. We explain the benefits of this 
approach from a communication and adaptation perspective. In particular, we found that the CIDs related to 
seasonally aggregated temperatures are mainly dependent on the global warming level although in some regions, 
but they can also be sensitive to changes in dynamical conditions. Meanwhile, CIDs related to extreme tem-
perature values and precipitation depend strongly on the dynamical response. We show how adaptation to 
climate-related compound risks can be informed by a storyline approach, given that they can address compound 
uncertainty in multiple locations, variables and seasons.   

Practical implications. 

Chile and Argentina are two relevant wine-producing countries 
worldwide, positioned in the 6th and 7th place in the ranking of 
2021 (OIV, 2021). Global climate change is driving and has the 
potential to further drive changes in agricultural production 
(Hannah et al., 2013; Jones et al., 2005). In particular, grapevines 
are extremely sensitive to mean climatic conditions as well as 

climate variability (Santos et al., 2020). Despite its potential 
impact, research on how climate change can affect the wine sector 
in Argentina and Chile has not received much attention compared 
to other regions such as Australia, Europe or the United States 
(Webb et al., 2008; Lereboullet et al., 2013; Schultze & Sabbatini, 
2019; Santos et al., 2020 and references therein). 

Climate is not the only factor considered in the complex decision- 
making context of viticulturists, as it is subject to socio-economic 
factors such as changes in the market, competitors, labor and 
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machinery availability, etc. (Resco et al., 2016; Vigo et al., 2021). 
However, decisions on the quality of the wine, phenology, inci-
dence of pests and diseases, as well as phytosanitary treatments 
that the grapevine receives will be affected by changes in climate 
(Cabré & Nuñez, 2020; Mihailescu & Bruno Soares, 2020; Grander 
et al., 2021), and therefore the sector’s decision-making and 
practices require climate information for adaptation. In addition, 
climate information can support the identification of new areas 
with suitable climatic conditions to meet production and quality 
goals in the next decade, as well as the selection of grape varieties 
and rootstocks for planting that could match the expected climate 
(Dell’Aquila et al., 2023; Terrado et al., 2023 and citations 
therein). Moreover, information about future climatic conditions 
will be useful for wineries in their strategies to transition to new 
wine styles that will emerge under changing climate conditions 
(Schultz & Jones, 2010; Fraga et al., 2012). 

Although the viticulture sector is already used to dealing with 
large uncertainties, climate change has put farmers’ adaptive ca-
pacities at stake. In this context, climate services can be a useful 
tool to identify windows of opportunity to inform adaptation ac-
tions. Adaptation planning can be supported in the face of multi-
ple future outcomes by means of a storyline approach, which 
provides a limited number of plausible futures relevant for viti-
culturists. In this article, we show how storylines also offer a way 
of assessing correlated risks, which can be relevant for growers 
with a portfolio of vineyard assets, and who are thus interested in 
changes affecting different locations. The concept of correlated 
agricultural risk has been addressed in the year-to-year variability; 
for example, ENSO teleconnections can affect crop production in 
several sites during the same season (Anderson et al., 2018). The 
same can occur with long-term changes, where one plausible 
outcome of climate change can be dramatic for two regions but 
beneficial for another, and vice-versa. 

The work that has been published to date dedicated to climate 
change impacts in wine production in South America shows that 
there may be potential changes that will require adaptation, as 
well as promising opportunities to expand the viticulture region 
farther south. However, this work has been produced without 
assessing the regional uncertainty related to global climate model 
uncertainty, which the latest IPCC assessment report has identi-
fied as one of the most important sources of uncertainty at the 
regional scale (Doblas-Reyes et al., 2021). With this article we 
adapt the storyline approach to provide climate services for the 
viticulture sector in a manner that takes model uncertainty into 
account and communicates it in a comprehensible way. In 
particular, we show how in the near future climate change can be 
beneficial for wine production in the south of Argentina and Chile. 
In particular, we find that some regions could transition from one 
Winkler zone to the next or even transition from Winkler zone II to 
zone IV. Changes in precipitation in the study region are projected 
to be small. All of this information could be useful information for 
decision-makers who are planning to invest in the production of 
wine in the near term.   

Introduction 

Storyline approach 

Under the pressing warming of climate, the need for interpretable 
and relevant information for adaptation has promoted rapid methodo-
logical advances in climate science. Interpretable climate information 
must be able to deliver a clear representation of the uncertainty in 
climate projections, such as probabilistic forecasts do. When presenting 
climate change projections, there are three sources of uncertainty that 
have to be reported together, namely: (1) the unknown anthropogenic 
and natural external forcings in the future, the former of socio-political 
nature and the latter largely unknowable; (2) incomplete knowledge on 
how the climate system will respond to the external forcings (also known 

as model uncertainty), of epistemic nature; and (3) the internal or un-
forced natural climate variability, which is not only involved in daily to 
seasonal timescales but also in decadal to multi-decadal timescales, of 
aleatoric nature. 

Until the IPCC AR6 report (IPCC, 2023), however, the mainstream 
way of producing regional climate information was either by studying 
regional changes with one regional model nested in a global climate 
model and running experiments with one or more emission scenarios, or 
using an ensemble of global climate models. Many works opted for using 
regional climate models nested in global climate models but have mainly 
focused on model performance and independence for the global climate 
model selection, neglecting the representation of the spread in the 
climate change signal (Di Virgilio et al., 2022). Recently, new methods 
have gained popularity because of the way that they are able to repre-
sent scenario, model and internal variability uncertainty. One of these 
methods has been used under the name of the “dynamical-storyline” 
approach, which consists in representing the spread in multi-model 
scenario projections with a set of physically plausible scenarios (called 
storylines) defined by (a) a global warming level and (b) particular 
dynamical conditions based on the responses of large-scale climate 
phenomena to climate forcing (Shepherd, 2019). This approach is 
grounded in the fact that regional climate change is affected by uncer-
tainty in large-scale circulation (Shepherd, 2014), and the assessment of 
one global climate model is not enough to produce an accurate repre-
sentation of the uncertainty that cascades from the global to the regional 
scale. Large-scale uncertainty is associated with the limitations that 
state-of-the-art models have, which do not agree in the response of 
fundamental features such as the displacements of the jet streams, the 
response of the Intertropical Convergence Zone, and sea surface tem-
perature warming patterns, among others. These large-scale un-
certainties act as remote drivers of uncertainty at the regional level 
(Doblas-Reyes et al., 2021). Moreover, reporting changes for future time 
horizons under two or three emission scenarios has no interpretable 
physical meaning, due to model uncertainty in climate sensitivity. The 
uncertainty in climate sensitivity is compounded with emission scenario 
uncertainty in traditional approaches, whereas in a storyline approach, 
the changes are reported as physically plausible changes per degree of 
warming (Tebaldi & Arblaster, 2014). This move links the uncertainty in 
climate sensitivity to the emissions pathways consistent with a given 
global warming level. Dynamical storylines are further grounded in 
previous knowledge on how the large-scale atmospheric circulation can 
condition regional climate change. The qualitatively different changes 
in large-scale atmospheric circulation, that represent the spread in the 
model responses, can explain qualitatively different regional changes 
(Zappa & Shepherd, 2017; Mindlin et al., 2020). 

So far and to our knowledge, these methods have only been applied 
to study physical climate variables such as regional winds and precipi-
tation or large-scale atmospheric circulation. While a better under-
standing of such variables is deemed necessary, reporting changes in the 
climate system studied from the perspective of physical climate science 
only is not enough for climate information to be actionable (Ruane et al., 
2022; Baulenas et al., 2023). If the changes in the regional climate are 
assessed in relation to their effects either on societal systems or natural 
ecosystems, they can potentially inform decision- and policy-makers in a 
more meaningful way. This resonates with the climatic impact-driver 
(CID) framework in the IPCC’s AR6. This framework builds on years 
of refinement in climate services approaches and can help bridge the gap 
between physical climate science approaches and climate services 
(Ranasinghe et al., 2021). CIDs are defined as “physical climate system 
conditions (e.g., means, events, and extremes) that affect an element of 
society or ecosystems. Depending on system tolerance, CIDs and their 
changes can be detrimental, beneficial, neutral, or a mixture of each 
across interacting system elements and regions” (Ruane et al., 2022p. 1). 

In this work we aim to show how the dynamical-storyline approach 
can be applied to research questions that are relevant for the climate 
services community, using a case study from the viticulture sector. The 
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work is shown in a stepwise manner, explaining the steps that are 
needed to adapt knowledge from the field of atmospheric circulation 
dynamics to the very applied framework of CIDs. 

Climate change projections and viticulture 

Globally, changes in temperatures are expected to have an effect on 
wine production, given that some regions will become too warm to 
continue producing wine at all, or some varietals in particular (Jones 
et al., 2005). The length of the growing season, to which variety is also 
dependent, is expected to change as well as the onset of the growing 
season itself, given that warmer temperatures lead to earlier bud bursts 
(Dinu et al., 2021), and earlier bud bursts might lead to an overlap of the 
frost season with the growing period (Schultze & Sabbatini, 2022). The 
number of growing degree days and therefore the speed of the growing 
phenological phase can affect the wine quality, given that the ripening 
conditions and the time to accumulate sugars will affect the final harvest 
(Mullins et al., 1992; L. B. Webb et al., 2008). At the same time, changes 
in precipitation during spring can affect vineyard vulnerability to pests, 
water supply from rainfall and access to water for irrigation. Recently, 
Verdugo-Vásquez et al. (2023) showed that some valleys in Chile have 
already changed from what are characterized as cool to intermediate 
regions and from intermediate to warm regions. For example, the Valle 
del Elqui changed from intermediate to warm and Valle del Bío Bío 
changed from cool to warm. No such study has been produced for 
Argentina. 

Research on how future climate change can affect the wine sector in 
Argentina and Chile has not received much attention compared to other 
regions. However, the work that has been done has led to the conclusion 
that there could be favorable conditions for wine production in the re-
gion in response to climate change. Rössler & Barbero (2008) first 
proposed that there could be beneficial changes in regional climate in 
Argentina which could lead to the appearance of new wine regions at 
high latitudes. In another study, Cabré et al. (2014) used the MM5 
regional climate model nested in the Hadley Centre global climate 
model to show the plausibility of displacements of areas suitable for 
grapevine production under the SRES A2 climate change scenario. This 
was done using viticultural zoning indices. Additionally, Cabré & Nuñez 
(2020) used the IPSL-CM5A-MR model under the emissions scenarios 
RCP4.5 and RCP8.5 and found that favorable conditions for wine-
growing might arise in new regions in Argentina both for the near and 
far future. However, they point out that adjusting the production to 
these beneficial conditions will require climate-intelligent adaptation 
plans. 

Previous works on regional climate changes relevant for viticulture 
in Argentina and Chile have thus shown promising results. However, 
these studies have been produced using either a single model (Cabré 
et al., 2014; Cabré & Nuñez, 2020) or multi-model ensemble means, 
treating the ensemble probabilistically (Hannah et al., 2013; Nesbitt 
et al., 2022). As mentioned in the previous section, this has been the 
mainstream way of working with regional uncertainty for the last few 
decades. In this work, we want to (1) understand how different sources 
of uncertainty affect the results when working with CIDs based on 
temperature and precipitation changes, (2) show the benefits of using a 
storyline approach to work with climate change projections as opposed 
to the mainstream methods from a climate services perspective, (3) 
contribute to previous work that assessed climate changes and its im-
pacts on the viticulture sector in Chile and Argentina by addressing 
correlated risks (or benefits) with a small set of storylines, and (4) 
expand the ways in which regional adaptation plans can be designed. 

The remainder of the article is organized as follows: Section 3.1 in-
troduces the study domain, Section 3.2 explains how the storyline 
approach was adapted for a climate services study and Section 3.3 in-
troduces the CIDs used. Section 3.4 presents the data used for the study, 
followed by Section 3.5 where the limitations of GCMs are acknowl-
edged and the applied bias adjustments are explained. Section 3.6 

explains how the large-scale remote drivers are defined and how they 
are linked to regional climate change and Section 3.7 explains the cal-
culations performed to apply the storyline approach. Section 4.1 in-
troduces the extreme storylines identified, while Sections 4.2 and 4.3 
analyse the thermal and “hydro’’ CID changes and their uncertainty. 
Section 5 focuses on explaining what the benefits of this approach can be 
from a communication and adaptation perspective, and what are the 
fundamental gains with respect to traditional approaches where un-
certainty is represented and communicated as a spread around a multi- 
model ensemble mean response. Section 6 gives a short overview and 
conclusions. 

Materials and methods 

Study domain 

The study domain is the western south of South America (25S-47S, 
75 W-65 W). Fig. 1 shows the domain, the topography and a number of 
selected locations. The domain comprises Cuyo, Patagonia and the 
northwest of Argentina. Eight wine producing valleys were selected to 
focus on the local changes in different latitudes and on one side and the 
other of the Andes. The locations and grape varieties are summarised in 
Table 1. 

Tailoring storylines to a climate services case study 

The storyline approach has been shown to be useful to represent 
model uncertainty in the Southern Hemisphere (Mindlin et al., 2020). 
However, in the cited study the approach was applied to develop 
storylines of large-scale circulation and precipitation changes without a 
focus on local impacts. The question was framed from a physical climate 
perspective following a top-down approach and served to show how 
propagating the uncertainty in remote drivers’ response to climate 
change (i.e., upper-tropospheric tropical warming and stratospheric 
polar vortex changes) to surface variables could help explain the spread 
in regional climate. That approach led to a particular selection of the 
aggregating months, motivated by large-scale circulation dynamics 
rather than surface climate conditions of interest for a particular sector 
or user. Combining the dynamical-storyline approach with a specific 
climate services question requires a compromise between finding 
physically plausible storylines from a dynamical perspective and 
addressing changes in the relevant variables and timing. Fig. 2 illustrates 
the framework, and how it links the sources of climate change uncer-
tainty to the sector’s variables of interest. Global warming affects both 
large-scale drivers of the climate system and mean warming conditions 
at the regional scale. The changes in circulation can affect moisture 
fluxes into land, precipitation and even temperature variability, which 
combined with regional warming affect regional climate. A set of CIDs 
can be used to study sector-relevant regional climate changes. In order 
to apply this framework, we started by selecting a subset of the relevant 
CIDs for the viticulture sector based on prior analysis of the literature. 

CIDs 

Based on a literature review designed to identify CIDs relevant for 
this specific service (Ruane et al., 2022), we selected eight bioclimatic 
indices as CIDs, which are listed below. These indices have been 
developed and widely used in the literature focused on providing 
climate information for the viticulture sector. The growing season for 
grapes in the Southern Hemisphere (SH) goes from October to April. 

CID definitions 
Mean growing season temperature (GST, Hall & Jones 2009): Mean 

temperature in October-November (ON), December-February (DJF), and 
March-April (MA) separately. This CID can represent a first-order viti-
culture suitability range (traditionally, between 12 and 22 ◦C). 
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Fig. 1. Study region and spatial distribution of vineyard locations. The red dots indicate the vineyard location and the black dots indicate the nearest data gridpoint. 
The reference grid is that of CRU TS v.4.06. Color shading shows topography. The two black squares comprise the northern and southern sectors of the study region, 
which we found are affected differently by large-scale circulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Maximum growing season temperature (maxGST): Daily maximum 
temperature in DJF, which is summer in the SH. This CID can pose a 
suitability limit, given that under very high temperatures, above 35 ◦C 
(photosynthesis limit), the quality of the berry can be affected and it is 
also associated with a higher water demand. 

Growing degree days (GDDs, Winkler et al., 1974): Temperature in 
degrees over 10 ◦C accumulated during the growing season, evaluated 
for ON, DJF and MA separately. This CID can be used to identify suit-
ability changes and opportunities to grow different varieties. In addi-
tion, large changes in GDDs can affect the phenological cycle of the 
plant. 

Winter severity (WS, Winkler et al., 1974): Daily minimum tempera-
ture during the coldest month (July) in the dormant season (JJA). This 
CID can pose a suitability limit, given that if this index is below − 25 ◦C 
conditions are lethal for the plants. In addition, if it is below − 12 ◦C, the 
productivity is affected. Normally, a temperature below − 15 ◦C is 
classified as unsuitable. 

In the SH, the three main phenological stages occur in spring 
(September-October, bud-break), summer (November-December, flow-
ering) and autumn (January-April, véraison and harvest). Water stress or 
excess water in particular moments of the grapevine cycle can affect the 
grape and wine quality in different ways. Therefore, not only the 

accumulated precipitation during the growing season is relevant but also 
how precipitation is distributed (Prichard and Verdegaal, 2001; Cabré & 
Nuñez, 2020). This is of particular interest for our study, as we want to 
address how large-scale circulation can affect viticulture-related activ-
ities, and the effect of circulation can be different across seasons. 
Although water stress can be handled with irrigation (Pérez-Álvarez 
et al., 2021), disease impacts can also be affected by precipitation 
changes and require adaptation (Bois et al., 2017). 

Spring precipitation anomaly (Bois et al., 2017): Change in the mean 
precipitation amount in October-November. Humid conditions com-
bined with warm temperatures during spring can increase the risks of 
pests and diseases and affect bud-break. 

Harvest season precipitation anomaly (Bois et al., 2017): Change in 
mean precipitation amount in March-April. Large precipitation during 
this season can impact the phenology, véraison or berry maturation and 
the harvest labor itself. 

Summer precipitation anomaly (Cabré et al., 2014; Bois et al., 2017; 
Solman et al., 2018): Change in mean precipitation amount in 
December-February. Large anomalies can impact the flowering pheno-
logical phase. 

Accumulated growing season precipitation (GSP) (Bois et al., 2017): 
Accumulated precipitation in October-April. Large precipitation 

Table 1 
Wine producing valleys and study sites for this work. Valley latitude and longitude and nearest grid point in reticulated data (in italics). Principal grape varieties 
produced in each valley: italic font indicates late ripening, bold font indicates early ripening and non-stylized font indicates mid-season ripening. The Winkler region 
and mean growing degree days (GDD) of each valley/region are shown for reference.   

lat lon Wine varieties Mean altitude 
[m] 

Winkler 
Region 

Mean 
GDD 

Cafayate  − 26.07  − 65.98 Malbec, Cabernet Sauvignon, Tannat, Torrontés, Merlot 1550- V 2483  
− 26.3  − 65.75 2020 

Valle del Elqui  − 30.1  − 70.49 Cabernet Sauvignon, Merlot, Carménère, Syrah, Chardonnay, Zinfandel 1000- III 1840  
− 30.3  − 70.3 1200 

Valle Fértil  − 30.63  − 67.46 Malbec, Cabernet Sauvignon, Syrah, Tannat, Torrontes 750- IV 2200  
− 30.8  − 67.3 900 

Casablanca  − 33.3  − 71.42 Merlot, Syrah, Sauvignon Blanc, Chardonnay 290 I 1376  
− 33.3  − 71.3 

Valle de Uco  − 33.72  − 69.06 Malbec, Caladoc, Garnacha, Cabernet Sauvignon, Pinot Noir, Chardonnay, 
Sauvignon Blanc 

860- III 1800  
− 33.8  − 69.3 1620 

Valle del Bío Bío  − 37.41  − 72.63 Chardonnay, Pinot Noir 200 I 1282  
− 37.8  − 72.8 

San Patricio del 
Chañar  

− 38.57  − 68.37 Cabernet Sauvignon, Malbec, Merlot, Pinot Noir, Syrah, Sauvignon Blanc, 
Chardonnay, Semillón, Viognier 

260 IV 2000  
− 38.8  − 68.3 

Sarmiento  − 45.53  − 69.07 Pinot Noir, Merlot, Chardonnay, Malbec, Gewürztraminer, Pinot Gris 250- I 1188  
− 45.3  − 69.3 280 

Trevelin  − 43.05  − 71.28 Pinot Noir, Chardonnay, Gewürztraminer 200- I 865  
− 43.3  − 71.3 270  

Fig. 2. Causal network representing the sources of uncertainty that influence the viticulture-relevant CIDs and their responses to anthropogenic forcing. Global 
warming leads to amplified warming in the tropics, strengthening of hemispheric winds and asymmetric sea surface temperature warming among other elements of 
large-scale remote drivers. Changes in these large-scale remote drivers lead to circulation changes that, combined with the regional thermal response to global 
warming, determine the CID responses. In this study the two sources of uncertainty, dynamical and thermodynamical, represented in the two arrows leading to the 
“Climatic Impact-Driver changes” ellipse, are studied jointly. This provides a tool to understand and communicate the degree to which circulation changes can 
explain part of the uncertainty in CID changes. 
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amounts can impact the phenology and the berry maturation. Suitable 
regions receive less than 700 mm during the growing season. Among 
those regions, if the accumulated precipitation is less than 250 mm/ 
growing season the region is considered dry; sub-humid regions are 
those with 250–500 mm/growing season and humid regions receive 
more than 500 mm/growing season. Although irrigation can overcome 
limitations related to water scarcity, excessive humidity can also restrict 
suitability for growth of the vines. 

The most recent literature also addresses CIDs related to cold and 
warm spells, heatwaves and frost. Given that the aim of this study is to 
evaluate the usefulness of storylines to provide climate services, which 
involves connecting CIDs with large scale circulation changes, we only 
considered well established CIDs based on seasonally aggregated vari-
ables. The exploration of changes in extreme event frequency and in-
tensity under climate projections has not been studied yet by means of a 
storyline approach. 

Coupled Model Intercomparison Project and observational data 

We used historical climate simulations and climate projections under 
the SSP5-8.5 emissions scenario from the 6th phase of the Coupled 
Model Intercomparison Project (CMIP6, Eyring et al., 2016) to evaluate 
climatic changes in the future. This scenario was used in order to capture 
the strongest physical response to forcings, under the premise that the 
circulation storylines will be the same under any transient scenario 
(Zappa & Shepherd, 2017). This premise is anchored in the fact that 
patterns that scale with global warming (as those studied here) also scale 
linearly with the amount of GHG forcing, regardless of the forcing’s rate 
of change unless the scenario stabilizes. The models used were: ACCESS- 
CM2, ACCESS-ESM1-5, BCC-CSM2-MR, CAMS-CSM1-0, CanESM5, 
CESM2, CESM2-WACCM, CMCC-CM2-SR5, CMCC-ESM2, CNRM-CM6- 
1, CNRM-ESM2-1, EC-Earth3, FGOALS-g3, HadGEM3-GC31-LL, 
HadGEM3-GC31-MM, IITM-ESM, INM-CM4-8, INM-CM5-0, IPSL-CM6A- 
LR, KACE-1–0-G, MIROC6, MIROC-ES2L, MPI-ESM1-2-HR, MPI-ESM1- 
2-LR, MRI-ESM2-0, NESM3, NorESM2-LM, NorESM2-MM, TaiESM1, 
UKESM1-0-LL. All of these models have a good representation of the 
main features of South American climate, and furthermore, no bias in 
the observed climate has yet been shown to be significantly correlated 
with future changes (Almazroui et al., 2021). They also show a good 
representation of observed trends over central South America (Rivera & 
Arnould, 2020). Nevertheless, all GCMs have problems representing the 
climate in areas of pronounced topography like the Andes. This is further 
discussed in Section 3.5. Temperature data from the CRU TS v4 dataset 
(Harris et al., 2020) and precipitation data from the GPCP v2.3 dataset 
(Huffman et al., 2009) were used to evaluate the observed changes. 

We analyzed monthly fields of temperature (ta) at 200 hPa, zonal 
wind (ua) at 850 hPa and sea surface temperatures (tos, hereafter SSTs) 
to evaluate the changes in the selected remote drivers of large-scale 
circulation changes. To evaluate the selected bioclimatic indices (the 
CIDs relevant to this case study) we analyzed monthly fields of precip-
itation (pr) and daily surface temperature fields (tas). 

We evaluated climatologies for three periods: a reference period 
(1950–1979), a present period (1989–2018) and a future period 
(2070–2099). The CID responses were evaluated by taking the differ-
ence between the CID values in the future and the reference periods. As 
mentioned before, to separate the uncertainty in the global warming 
level from the circulation uncertainty in the storyline approach, pattern 
scaling was applied to every target field, in this case to each of the CID 
responses (Tebaldi & Arblaster, 2014). Although this is in principle an 
assumption, if it failed badly we would be able to detect it, given that the 
individual model responses would not be reproducible with the linear 
model. The pattern sensitivity to the large-scale remote drivers was 
evaluated with a multiple linear regression (see Mindlin et al., 2020 for 
method details). Finally, the observed change was evaluated as the 
difference between the present period and the reference period. Natural 
climate variability was estimated based on the standard deviation of 

interannual variability in the detrended present period. Detrending was 
done with a simple linear regression with time as the independent 
variable. 

Limitations of global climate models (GCMs) and bias adjustment 

Global climate models (GCMs) are not suited for the production of 
regional information or specific climate services and therefore their use 
for such purposes can lead to uncertainty propagation, even if bias ad-
justments are applied to the data (Prudhomme et al., 2010; Maraun & 
Widmann, 2018). This is especially the case for the region selected in 
this study, which is located over the southern Andes. The Andes produce 
a huge disturbance of the atmospheric circulation over South America 
and over and leeward of the mountain range the models struggle with its 
representation (Gultepe et al., 2014; Pabón-Caicedo et al., 2020). This 
makes the Andes a particular challenge for global models. Significant 
biases in both precipitation and temperature are found in this region, 
and they are difficult to work with, given the lack of observational 
datasets and deficient gridded datasets (Solman et al., 2013) needed for 
a robust bias correction. Moreover, working with a GCM ensemble in 
this region is complex, since the representation of the mountains differs 
between models and the temperature extremes in coarse and fine grid 
models can greatly differ (Tovar et al., 2022). However, GCMs remain 
the main tool for projecting future climate and regardless of all the 
misrepresentation of local processes, regional climate change will al-
ways be conditioned by large-scale circulation changes –- which can 
only be addressed with GCMs. This is why in this work, we do not 
provide a final information product for users. Instead, our aim is rather 
to illustrate the uncertainty range that can be addressed with a 
dynamical-storyline approach and the benefits that it can provide from a 
communication and adaptation perspective. Potentially, the impact- 
relevant dynamical-storylines identified with this approach could be 
used to select the optimal set of GCMs to be downscaled with a Regional 
Climate Model (RCM) or a statistical approach. 

A subset of our CIDs are based on threshold values of accumulated 
temperature, for which the values show great dependence on the 
reference climatology. The climatology differences among models is 
large among models with different grids, especially in regions of com-
plex topology. We therefore applied a first-order bias correction to the 
temperature simulations and appropriate regridding of the model output 
(Maraun & Widmann, 2018; Di Luca et al., 2020). Given that the CIDs 
based on precipitation only involve climatological differences in 
anomalies and no fixed thresholds, and the gridded datasets available 
are not reliable, we did not apply any bias correction to the precipitation 
model output. For temperature, the bias correction was based on the 
“delta change” or “perturbation” method using the daily climatology of 
the gridded dataset CRU TS v.4.06 dataset. The most reliable dataset in 
the region would be the CLARIS LPB dataset (Penalba et al., 2014), but it 
does not fully cover the study region. CRU TS v.4.06 was selected 
instead, because it was found to better adjust to CLARIS LPB over the 
area covered by CLARIS LPB. For the “delta change” approach we 
evaluated the daily climatology using the period 1950–1979. Then, we 
evaluated the temperature anomalies for the whole historical and SSP5- 
8.5 simulation with respect to the reference period in the same model 
and regridded using conservative remapping to the grid of CRU TS 
v.4.06. Finally, the regridded anomalies were added to the reference 
climatology. This simple method guarantees a comparable temperature 
distribution in all models despite the different original resolutions, and 
we work with the hypothesis that this allows us to assess the forced 
response in the CIDs (Diaz-Nieto & Wilby, 2005). For precipitation, the 
model output was regridded to the grid of CRU TS v.4.06 using con-
servative remapping in order to have data in the same locations for the 
two variables. 
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Remote drivers of large-scale circulation change and regional impacts 

To span the vine growing season in the SH we considered the 
dynamical changes in spring, summer, autumn and winter. Given that 
the large-scale circulation is projected to change differently in each of 
these seasons, the influence of each remote driver (RD) on the selected 
CID in each season was assessed separately. This is one of the main 
differences of the implementation of the storyline approach in this study 
with respect to most of the previous applications, as it analyses circu-
lation changes that are relevant for the needs of the specific climate 
service. 

To a large extent, the large-scale circulation change in the SH during 
this century is projected to be characterized by a strengthening and 
poleward shift of the eddy-driven jet. Mindlin et al. (2020) used CMIP5 
models to show that two remote drivers, namely the warming of the 
tropical upper-troposphere (Tropical Warming, TW) and a delay in the 
late-spring polar vortex breakdown in the stratosphere (Vortex Break-
down delay, VBdelay), can explain the spread in modeled eddy-driven jet 
responses in DJF, and that TW and the change in the strength of the 
winter stratospheric polar vortex (SPV) can explain the modeled eddy- 
driven jet responses in JJA. This is also true for CMIP6, and in addi-
tion, zonally asymmetric warming patterns (Central Pacific (CP) and 
Eastern Pacific (EP) warmings) in the tropical Pacific can further explain 
the uncertainty in regional climate change in South America, given that 

these drive asymmetric circulation changes in the SH (Mindlin et al., 
2023). In this study, we use the same remote drivers as in Mindlin et al. 
(2023) for DJF, namely TW, VBdelay, CP and EP, and the same drivers as 
in Mindlin et al. (2020) for JJA, namely TW and SPV. To evaluate the 
whole growing season, we also estimated the changes in ON and MA by 
using the same drivers as for DJF, except for VBdelay, which is only 
relevant for summer. To capture the changes in the stratosphere in ON 
and MA we used the same index used for JJA, namely SPV. 

It is not the purpose of this article to describe in detail the circulation 
responses in ON and MA, which were not analysed in Mindlin et al. 
(2020) or Mindlin et al. (2023), and their links to regional climate. 
However, to confirm that the storylines can be interpreted as physically 
plausible responses of the climate system, we analysed the tropospheric 
circulation changes driven by the RDs for those bimesters, and 
confirmed that they are consistent with the dynamical responses that 
could be expected from previous literature (see supporting information). 

Storyline approach 

To deal with climate sensitivity uncertainty, we first applied pattern 
scaling to each of the CIDs (Tebaldi & Arblaster, 2014), which means 
scaling the CID response in each model (m) by the global warming level 
in that same model (ΔTm). In a second step, to deal with large-scale 
circulation uncertainty, we evaluated the CID sensitivity to each large- 

Fig. 3. Temperature-based CID responses under the low and high PW storylines (see Section 4.1 for storyline definition).  
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scale RD of change using a multiple linear regression (MLR) statistical 
model as in Mindlin et al. (2023): 

ΔCIDm

ΔTm
= βx0 + βx1(

TWm

ΔTm
)′+ βx2(

ΔSPVm

ΔTm
)′ + βx3(

CPm

ΔTm
)′+ βx4(

EPm

ΔTm
)′+ ∊x  

where the independent variables are the standardized (′) RD responses. 
This results in a regional map βxi of CID sensitivity to each remote driver 
(i) at grid point (x), which represents the CID response to one standard 
deviation in the RD changes simulated in the CMIP6 ensemble and per 
degree of global warming. As explained above, for the summer season, 
the remote driver representing the change in the stratosphere is not 
ΔSPV but VBdelay. In the seasons where the remote driver indices are 
correlated, the sensitivities were also evaluated by controlling for the 
remaining RDs as for the winter season in Mindlin et al. (2020). These 
correlations can be addressed by evaluating the CID responses that 
would result from RD values that lie in some confidence region of the 
observed distribution, which takes the correlations into account (Fig. 3). 
Here we follow Zappa & Shepherd (2017) and evaluate the 80 % con-
fidence region of the 4D ellipsoid that characterizes ON, DJF and MA 
and the 2D ellipse that characterizes JJA. 

We evaluated all the physically plausible storylines within the model 
ensemble by sampling the distribution of RD responses (Fig. S3). Then, 
we selected a pool of the driest and wettest 1 % of these storylines in the 
two sectors of active vineyard locations (Fig. 1). Finally, we identified 
which RD combinations lead to the most extreme climate responses in 
the region (this approach is fully described in Mindlin et al. (2023)). 
With this approach, we were able to identify which remote driver re-
sponses lead to the most extreme storylines in terms of precipitation 
changes. The results are presented in terms of the two most extreme 
storylines mentioned above for a 2 ◦C global warming in Section 4 and 
per level of global warming in Section 5. Being able to express storylines 
associated with particular levels of warming and not a time horizon is 
what allows us to address climate sensitivity and scenario uncertainty 
separately. Similar approaches have referenced this as a scenario- 
neutral approach (Prudhomme et al., 2010). 

Results 

Selected extreme storylines based on precipitation changes 

We evaluated the seasonal coherence between the RD responses in 
the four seasons and found that the tropical RD responses are coherent 
across the model ensemble by evaluating the RD index correlation across 
seasons (see supporting information). Although all models show corre-
lation for TW, CP and EP changes across seasons, the response of the 
stratosphere shows more independence between seasons, meaning that a 
model with high SPV response in July does not necessarily project a late 
VBdelay in spring. This was taken into account to build physically plau-
sible storylines and the high and low-impact storylines. Given that the 
spatial distribution of the precipitation and temperature sensitivity to 
RD signals are not homogeneous, we defined two regions to analyze the 
CIDs. The northern region comprises five vineyards: Cafayate, Valle del 
Elqui, Valle Fértil, Casablanca and Valle de Uco, and the southern region 
four vineyards: Valle del Bío bío, San Patricio del Chañar, Trevelin and 
Sarmiento (see boxes in Fig. 1). 

We found that in both regions the combination of RD responses that 
lead to the largest changes in CIDs are the same. These are represented 
with a red and a blue dot in Figure S3. These storylines are characterized 
by a strengthened SPV/low TW/positive CP and EP indices (red) on the 
one hand and weakened SPV/high TW/negative CP and EP indices 
(blue) on the other hand. As mentioned above, the RD responses across 
seasons are not independent, hence we considered the combinations of 
RD responses that are plausible across seasons. This is why for the 
harvest season (MA), the RD response coherent with the spring and 
summer responses has inverted signs, namely, weak SPV is combined 

with low TW and a strong SPV combined with high TW. Considering a 
storyline with opposite signs for MA would have led to representing a 
more extreme regional climate response, but this is not a plausible 
response within the CMIP6 ensemble. We refer to the supporting in-
formation for details on how the calculation is done. 

Figs. 3 and 4 show the temperature- and precipitation-based CID 
responses under these two extreme storylines. The global warming level 
in both storylines is 2 ◦C. Depending on the emissions scenario, this 
warming level can be reached by different time horizons. For simplicity 
we refer to the storyline with positive CP and EP indices as “high Pacific 
Warming (PW)” and the storyline with negative CP and EP indices as 
“low PW”. 

Thermal CID responses under extreme storylines 

Growing degree days 
Panels a and e in Fig. 3 show the spatial pattern for the changes in 

GDDs under the two storylines described in Section 4.1. According to the 
models’ response, regardless of the large-scale circulation response, 
there will be an increase of more than 200 GDDs under 2 ◦C warming. 
However, under a low PW storyline GDDs can locally increase up to 500 
GDDs, and on both sides of the Andes 400 GDD increases can be ex-
pected. In a high PW storyline, the projected increase in GDDs is not 
larger than 350 GDDs. This is interesting because it means that the long- 
term circulation change in the region can modulate the seasonally in-
tegrated temperature changes to a significant extent. 

Maximum and mean growing season temperature 
Panels b and f in Fig. 3 show the change in maximum temperature 

during the growing season under the two storylines described in Section 
4.1, and panels c and g show the same but for the mean growing season 
temperature. According to the models’ responses, the low PW storyline 
shows the largest maximum and mean temperature increase. The largest 
differences between storylines are seen where the topography is more 
prominent. These regions are the most difficult to model, and although 
there is higher confidence in the way that temperature is modeled 
compared to precipitation, temperature responses to climate change will 
be subject to precipitation changes due to the snow-albedo feedback 
(Pepin & Lundquist, 2008). This can be further explained by the concept 
of elevation-dependent warming (Pepin et al., 2022). The interplay 
between thermodynamics and dynamics in orographic regions can result 
in very specific horizontal temperature gradients, given that changes in 
the jet stream affect the lee cyclogenesis. This shows the large role of 
circulation in driving uncertainty at the regional scale. Meanwhile, the 
high PW storyline shows a small change in the maximum temperature, 
near 0 ◦C over the Andes and around 2 ◦C in the rest of the study region. 

Regarding the impacts that this can have for viticulture, a 3 ◦C 
warming increase at the regional level can lead to zoning shifts. Ac-
cording to Hall and Jones (2009), regions can be separated into cate-
gories by the mean growing season temperature: cool (13 ◦C-15 ◦C), 
intermediate (17 ◦C-19 ◦C), hot (19 ◦C-21 ◦C) and very hot (21 ◦C-24 ◦C). 
According to the models’ projections for a 2 ◦C global warming, under a 
low PW storyline, the east of Cuyo could potentially transition to very 
hot conditions, and Cafayate in Salta could be affected by a mean 
growing season warming of more than 4 ◦C, while in a high PW storyline 
we do not find the models responding with large changes. 

Minimum temperature (or winter severity index) 
Panels d and h in Fig. 3 show the minimum temperature response 

under the low PW storyline and the high PW storyline, respectively. 
During the dormant season this index is between 2 and 8 ◦C in areas with 
viticultural activity (Cabré and Nuñez, 2020). These results are consis-
tent with those reported for these regions in previous work. In partic-
ular, Cabré and Nuñez (2020) showed that over San Juan, Catamarca 
and Salta the maximum increase in winter minimum temperature can 
locally reach values between 4 and 6 ◦C. The results are in agreement 
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with other assessments of winter projections for equivalent emission 
scenarios which reported a global decrease in winter chill as a response 
to GHG forcing (Luedeling et al., 2011). When considering the differ-
ences between storylines, we can see that under the low PW storyline the 
temperature increases are smaller than for the high PW storyline. This 
means that overall and during winter the circulation changes in the high 
PW storyline can favor warmer temperatures. The opposite is found 
when assessing the sensitivity in the other seasons. 

“Hydro” CID responses under extreme storylines 

Fig. 4 shows the precipitation changes for spring (ON), summer 
(DJF), the harvest season (MA) and the accumulated growing season 
under the low PW (panels a, b, c, d) and high PW (panels e, f, g, h) 
storylines, respectively. Overall the spatial patterns differ in the same 
way across seasons. The models show that in a low PW storyline the 
precipitation projection is characterized by a relatively small drying 
over the northern section of the study area and a strong drying in the 
southern section. Meanwhile, the high PW storyline is associated with 
large wetting over most of the study area, although a drying pattern in 
the tip of Patagonia affects the southwest of the southern section. 

Spring season precipitation 
Panels a and e in Fig. 4 show the precipitation changes for spring in 

the low and high PW storylines. Overall, the precipitation for this season 
in the region is lower than 100 mm, although locally it reaches more 
than 200 mm. In general, none of the storylines present large changes in 
spring. 

Summer season precipitation 
Panels b and f in Fig. 4 show the precipitation changes for summer in 

the low and high PW storylines. The changes are up to +- 20 mm 
month− 1, but locally can reach more than +- 30 mm month− 1. Consid-
ering that in most of the region the summer precipitation is less than 80 
mm month− 1, this represents more than a 30 % increase/decrease, 
which can represent a large change. The spatial pattern of the high PW 
change shows similarities with the changes for the same CID reported by 
Cabré et al. (2014). However, the authors show the index in absolute 
values, and the level of warming that their model reaches for the time 
horizon (2080–2099) is not reported, which makes the results of their 
study difficult to compare to. 

Harvest season precipitation 
Panels c and g in Fig. 4 show the precipitation changes for the harvest 

season in the low and high PW storylines. We find almost no change in 
the two storylines in the northern section of the study region. In the 
southern section, we see a strong drying signal in the low PW storyline, 
where the changes are larger than − 30 mm month− 1. In the high PW 

Fig. 4. “Hydro” CID responses across different seasons (spring, summer, harvest and growing seasons) under the low and high PW storylines (see Section 4.1 for 
storyline definition). 
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storylines the changes locally reach less than 15 mm month− 1. It is 
relevant to note how different storylines show different signs of change, 
which would lead to very different adaptation strategies. Small changes 
in this season represent favorable conditions for viticulture, given that 
heavy precipitation events can affect the harvest process and the quality 
of the product itself. 

Precipitation accumulated during the growing season 
Panels d and h in Fig. 4 show the change in precipitation accumu-

lated over the growing season. Given that none of the storylines shows a 
strong signal for the spring season, the accumulated precipitation is 
mainly dominated by the changes in summer and the harvest season. 
Indeed, in summer and the harvest season, the low PW storyline is 
associated with drying in the southern sector. Conversely, the high PW 
storyline is associated with a wetting signal over the northern section 
and a drying signal in southern Patagonia. In the northern section, 
seasonal precipitation does not exceed 150 mm in the western side of the 
Andes but reaches 600 mm in the easternmost side, over Cafayate. 
Rainfall is mainly concentrated in the summer (DJF). In the southern 

section, the mean precipitation is around 300 mm, reaching values of up 
to 600 mm in the south west, and is evenly distributed throughout the 
season. This means that changes of around 100 mm in the upper section, 
projected in the high PW storyline, could represent large changes. On 
the other hand, a 100 mm drying in the southern section represents 
almost a 30 % decrease in the growing season rainfall. 

Winter precipitation 
We do not show winter precipitation here given that JJA precipita-

tion was already addressed in Mindlin et al. (2020). However, results 
there showed that all storylines are associated with drying over the 
extratropical Andes, which is one of the most robust regional climate 
responses across the world. This drying trend has been observed for the 
last decades and the region has already been affected by the mega 
drought of the last 13 years (Garreaud et al., 2020). 

Fig. 5. Change in CIDs as a function of global warming and atmospheric circulation storyline uncertainty from the low-impact storyline to the high-impact storyline 
as defined in Section 4.1. a Shows precipitation in ON, b precipitation in MA, c growing degree days and d winter severity. The values are estimated at the nearest 
grid point to the indicated location of Cafayate (red dot in Fig. 1). The dashed blue curve represents one standard deviation in the interannual variability of the CID. 
The solid blue curve shows two standard deviations in the interannual variability. The black curves in the GDD panel show observed changes evaluated with the CRU 
TS v. 4.06 dataset between the reference period and the recent past (1989–2018). The dashed green curves represent suitability thresholds for different wine varieties 
as in Cabré et al. (2014) based on the Winkler index (Winkler, 1974). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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Discussion 

Correlated risk and climate suitability for viticulture 

Overall, the results, especially the changes in CIDs related to changes 
in temperatures, are in agreement with previous results from Aruani 
(2010) showing the potential to expand to new wine areas in Argentina, 
both farther south into Chubut or in altitude, above 2000 m in Cafayate. 
After having evaluated how different dynamical conditions lead to 
extreme and different CID changes, in this section we are interested in 
discussing how the storyline coefficient (deviation from the mean in the 
dynamical conditions) and the global warming level affect the magni-
tude of the CID changes. In addition, we want to find under which 
storylines the thresholds for viticulture suitability could be met and 
discuss how the storyline approach provides a simple set-up to make this 
type of assessment. For this, we evaluated the CID response as a function 
of the storyline coefficient and the level of global warming in the form of 
maps as in Fig. 5. The response was evaluated for the nine grid points 
that are closest to the nine selected valleys where viticultural activity is 
developed in the present (Fig. 1). 

The grid points were selected in order to compare differences be-
tween latitudes and between the two sides of the Andes under the same 
storyline. The maps allow a quick interpretation of future suitability, the 
uncertainty of the response and the differences between regions. If the 
isolines are vertical, the CID shows no dependence to the storyline co-
efficient, and the change depends mostly on the level of global warming. 
If the isolines are curved, there is greater storyline dependence. In order 
to contextualize the results, we show, for each location, the CID’s 
interannual standard deviation in the recent past (1989–2018) as a 
measure of the CID variability that the sector has experienced in the 
past. If the changes are greater than two standard deviations, the 
response to climate change can be considered highly significant and 
interpreted as a change in the conditions and plausible suitability. Pre-
sent GDDs are considered in order to interpret the changes in GDDs in 
terms of the Winkler scale (Table 1). The observed changes (1989–2018 
vs. 1950–1979) were evaluated with the reference observation data and 
shown in each plot. If the sign or magnitude of the observed change is 
such that it does not appear in the map it is reported in the text. 

Cafayate (A) 
Cafayate is the northernmost region with viticulture activity in the 

study area and vineyards are located at a mean altitude of 1650 m.a.s.l. 
(Table 1). The present climatological accumulated precipitation in the 
growing season is 480 mm, 80 mm in spring (ON), and 100 mm in the 
harvest season (MA). We find that precipitation changes have a strong 
dependence on the circulation storyline. Under high PW conditions and 
a 3 ◦C global warming storyline, precipitation can increase between 25 
and 35 mm/month in ON and up to 40 mm/month in MA. This means 
that CMIP6 projects either a small drying or wetting depending on the 
storyline index (Fig. 5a,b). On the other hand, the GDD index has a weak 
dependence on dynamical conditions and is largely independent of the 
RD responses. In a 2 ◦C global warming storyline, the region can shift 
from Winkler region V to a region of low suitability, according to the 
Winkler scale, exceeding 2778 GDDs. The risks associated with low 
temperatures (Winter Severity, WS) will decrease regardless of the 
storyline, although extreme winter temperatures are much higher in the 
high PW storylines, given that the index shows a high dependance on the 
level of warming (Fig. 5). 

Valle del Elqui (C) and Valle Fértil (A) 
In Valle del Elqui the rainy season is winter and during the growing 

season precipitation does not exceed 1 mm. In Valle Fértil the rainy 
season is summer whereas in spring and harvest season the mean pre-
cipitation is 100 mm. We find no projected changes in growing season 
precipitation over Valle del Elqui, at the west side of the Andes. On the 
east side, a storyline shows a maximum wetting of 10 mm month− 1 

under a 3 ◦C warming, which is not a big change relative to the recent 
past observed variability (Fig. 6a,b). However, the decrease in precipi-
tation in winter under all storylines (Mindlin et al., 2020) can lead to 
impacts in viticulture, as winter precipitation is the main source of water 
supplies in the region (Fuentes et al., 2021). 

From a climate services’ perspective, the differences found between 
one side and the other of the Andes can be relevant for decision-making 
and cannot be addressed in a correlated manner with a traditional 
approach. Under the same storyline, namely a high PW and a global 
warming of 3 ◦C, Valle del Elqui presents no change in spring (ON) 
precipitation while in Valle Fértil we find a drying of 15 mm month− 1 

(Fig. 6a,b). These precipitation changes might not have a large impact. 
However, differences might be more relevant for temperature-based 
indices such as the GDD. We find that under that same storyline, 
GDDs can increase by 300 degree days in Valle del Elqui and between 
600 and 800 degree days in Valle Fértil (Fig. 6a,b). Under a global 
warming of 2 ◦C, Valle del Elqui would still be suitable for wine pro-
duction, transitioning from being a Winkler region III to a Winkler re-
gion IV, while Valle Fértil could become too warm, reaching extreme 
values of GDD of around 2600 (Fig. 6a,b). 

Casablanca (C) and Valle de Uco (A) 
In these latitudes, near the southward edge of the steepest sector of 

the Andes, the precipitation and GDD responses show agreement be-
tween the valleys. However, the winter severity shows more sensitivity 
on the Argentinian side (Fig. 6c,d). Casablanca and Valle de Uco have 
comparable climatology. The climatological precipitation is 150 mm 
month− 1 in Casablanca and below 100 mm month− 1 in Valle de Uco. 
Under 2 ◦C warming storylines the precipitation changes could reach 
one standard deviation of the climatological variability. With respect to 
GDDs, we find that the dynamical storyline has a larger influence in 
Valle de Uco than in Casablanca. GDDs increase more rapidly in Casa-
blanca than in Valle de Uco and Valle de Uco shows greater dependence 
on the dynamical storyline (Fig. 6c,d). Under a global warming of 2 ◦C 
Casablanca would shift from being a Winkler region II to a Winkler re-
gion III and Valle de Uco from III to IV. 

Valle del Bío Bío (C) and San Patricio del Chañar (A) 
These two valleys in Patagonia are almost at the same latitude. 

However, because of the strong differences between west and east of the 
Andes in terms of precipitation changes, we find diverging results for the 
two valleys. These complex responses become interpretable in terms of 
correlated risk when addressed with a storyline approach. While in Bío 
Bío a high PW storyline is associated with weak negative precipitation 
changes in ON and MA, San Patricio del Chañar (SPdC) shows weak yet 
positive changes. The opposite is true for the low PW storyline. In terms 
of temperature changes, Bio Bío shows larger GDD changes in a high PW 
storyline than in a low PW storyline, while in SPdC the GDD index be-
haves in the opposite way (Fig. 7a,b). Under 2 ◦C of global warming both 
regions could transition to the next Winkler region. 

Trevelin and Sarmiento 
Trevelin and Sarmiento are the southernmost wine producing valleys 

in the study region, with a very small number of vineyards each. 
Although Sarmiento is farther south, Trevelin is subject to the climate of 
the Andes, and hence has a cooler climate. These two locations were 
included in the analysis in order to assess the viticulture suitability in 
high latitudes. In both regions we find weak drying trends in a low PW 
storyline, and overall, the storylines show an increase in GDDs which 
could favor the growth of grapevines in these latitudes, making them 
more suitable for wine production. We found that GDDs and winter 
severity are not independent from the dynamical conditions in Sar-
miento and this dependence is even higher in Trevelin. Under a global 
warming of 2.5 ◦C Trevelin could reach Winkler region I and Sarmiento 
could reach Winkler region II (Fig. 7c,d). 

In agreement with previous works, these results overall confirm that 
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suitability for viticulture may increase in higher latitude and possibly in 
higher altitudes both in Argentina (Aruani, 2010; Cabré et al., 2014; 
Cabré and Nuñez, 2020) and in Chile (Hannah et al., 2013). However, 
some regions that are warm in the present can be negatively impacted by 
future warming, since too warm conditions in summer can lead to poor 
grape quality (Pons et al., 2017). These changes have also started to 
show in the observed records; Verdugo-Vásquez et al. (2023) analyzed 
viticulture CIDs based on station data in the valleys of Chile and showed 
that Coquimbo and Central valleys (Valle del Elqui and Casablanca) 
have already changed from warm to hot climates and Quilaco (Valle del 
Bio Bio) has changed from a cool climate to a warm one. In terms of 
precipitation changes for the rainy season, which is winter for this re-
gion, all storylines show a decrease in precipitation (Mindlin et al., 
2020), a trend that is already being observed and causing hydrological 
drought impacts (Rivera et al., 2021). This can be aggravated in the 
future by the projected precipitation decrease that one of the storylines 
shows in the growing season, even though this is not the main source of 
water supply (Fuentes et al., 2021) and the changes are small. No sta-
tistically significant changes have been observed in this season (Ver-
dugo-Vásquez et al., 2023). 

Planification will therefore require more research and understanding 
of present and future climate in the Argentinian side of Patagonia, where 
suitability may increase. In Patagonia, many aspects of climate vari-
ability and change are still unknown (IPCC, 2023) as well as how other 
environmental threats can affect or limit viticultural activities, which 
will require complex adaptation strategies (Straffelini et al., 2023). For 
example, Patagonia is a particularly windy region; windiness changes in 

future projections have not been addressed at the local scale and should 
be evaluated in order to know if this will continue to be a hazard, as it 
has already been shown in other regions that strong winds have effects 
on vineyards (Alonso et al., 2024). In addition, fire weather is an 
important part of the Patagonian ecosystem, which is affected by human 
agricultural interventions and activities which can increase wildfire 
risks (Iglesias & Whitlock, 2014) and could also affect potential vineyard 
development. It would then be relevant to develop CIDs related to wind 
and fire meteorology to understand their future changes and associated 
impacts in the context of anthropogenic climate change. Moreover, our 
results show that although mean temperature depends mainly on the 
level of global warming, temperature extremes and precipitation depend 
on circulation changes and this is the case for windiness and is likely to 
be the case for fire weather as well. 

Given all of the above, it becomes clear that further research is 
necessary to underpin adaptation strategies and planning for agriculture 
activities in the region, and although the CIDs used for this study suggest 
a suitability increase, expanding this agricultural activity to Patagonia 
poses new challenges which require an interdisciplinary understanding 
of this ecosystem’s dynamics and climate. 

Conclusions 

The analysis of different climate variables has shown that the CIDs 
related to seasonally aggregated temperatures are largely dependent on 
the global warming level and, depending on the region, they can also be 
sensitive to the future large-scale dynamical conditions. Meanwhile, 

Fig. 6. Same as in Fig. 5 but for Valle del Elqui (a), Valle Fértil (b) Casablanca (c) and Valle de Uco (d).  
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CIDs related to extreme temperature values and precipitation strongly 
depend on the dynamical response as well as the global warming level. 
This points out once again that one-model or ensemble mean assess-
ments are not suitable for climate services aimed for long-term 
decisions. 

Applications related to agriculture, and viticulture in particular, 
require the analysis of climate-related compound risks, since grape 
growers and wine producers need to assess changes in different climate 
processes and/or variables that may occur at the same time in different 
regions. This is why there is value in communicating a set of physically 
plausible dynamical scenarios if oriented according to the sectoral needs 
and context. Using this type of information, adaptation plans for the 
sector should consider the different regional impacts that can occur 
simultaneously and select the plausible ones. 

Moreover, given their capacity to relate societal impacts with the 
level of global warming, recently developed storyline approaches are an 
alternative to the traditional emission scenarios for communicating 
uncertainty in climate services’ studies. We illustrated how storylines 
can show the qualitatively different changes that may occur in several 
relevant variables at the same time in a physically meaningful way. 
Therefore, they can provide climate information that feeds directly into 
a particular decision-making context. 

Our results show that, overall, global warming could favor viticul-
tural activities in the south of South America, in particular in Patagonia 
and in high altitude valleys in both Chile and Argentina. Given that the 
main goal of this article was to test the benefits of the storyline approach 
while assessing the impacts of climate change in viticulture for Chile and 

Argentina, the analysis was developed based on conservative indices 
that have been extensively used in literature. However, the suitability of 
new regions in high latitudes and altitudes is subject to new challenges 
and threats related to the nature of changes such as late frosts and the 
climate conditions of the new suitability area, Patagonia, which is 
already affected by strong windiness and active fire weather. Therefore, 
a future and more detailed analysis should be focused on assessing the 
threats related to frosts, fire weather, windiness and changes in ex-
tremes, which based on the results of this article are likely to depend on 
the circulation changes and therefore need to be addressed with a 
storyline approach. 
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Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. 
Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. 
Yu, & B. Zhou (Eds.), Climate Change 2021: The Physical Science Basis. Contribution 
of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change (pp. 1363–1512). Cambridge University Press. doi: 10.1017/ 
9781009157896.012. 

Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, B., Stouffer, R.J., Taylor, K.E., 
2016. Overview of the coupled model intercomparison project phase 6 (CMIP6) 
experimental design and organization. Geosci. Model Dev. 9 (5), 1937–1958. 
https://doi.org/10.5194/gmd-9-1937-2016. 

Fraga, H., Malheiro, A.C., Moutinho-Pereira, J., Santos, J.A., 2012. An overview of 
climate change impacts on European viticulture. Food Energy Secur. 1 (2), 94–110. 
https://doi.org/10.1002/fes3.14. 

Fuentes, I., Fuster, R., Avilés, D., Vervoort, W., 2021. Water scarcity in central Chile: the 
effect of climate and land cover changes on hydrologic resources. Hydrol. Sci. J. 66 
(6), 1028–1044. https://doi.org/10.1080/02626667.2021.1903475. 

Garreaud, R.D., Boisier, J.P., Rondanelli, R., Montecinos, A., Sepúlveda, H.H., Veloso- 
Aguila, D., 2020. The central chile mega drought (2010–2018): a climate dynamics 
perspective. Int. J. Climatol. 40 (1), 421–439. https://doi.org/10.1002/joc.6219. 

Grander, G., Ferreira da Silva, L., Gonzalez, D.R.SE.., 2021. Precision viticulture: the 
state of the art. World Patent Inf. 66, 102061. https://doi.org/10.1016/J. 
WPI.2021.102061. 

Gultepe, I., Isaac, G.A., Joe, P., Kucera, P.A., Theriault, J.M., Fisico, T., 2014. 
Roundhouse (RND) mountain top research site: measurements and uncertainties for 
winter alpine weather conditions. Pure Appl. Geophys. 171 (1–2), 59–85. https:// 
doi.org/10.1007/s00024-012-0582-5. 

Hall, A., Jones, G.V., 2009. Effect of potential atmospheric warming on temperature- 
based indices describing Australian winegrape growing conditions. Aust. J. Grape 
Wine Res. 15, 97–119. https://doi.org/10.1111/j.1755-0238.2008.00035.x. 

Hannah, L., Roehrdanz, P.R., Ikegami, M., Shepard, A.V., Shaw, M.R., Tabor, G., Zhi, L., 
Marquet, P.A., Hijmans, R.J., 2013. Climate change, wine, and conservation. Proc. 
Natl. Acad. Sci. 110 (17), 6907–6912. https://doi.org/10.1073/pnas.1210127110. 

Harris, I., Osborn, T.J., Jones, P., Lister, D., 2020. Version 4 of the CRU TS monthly high- 
resolution gridded multivariate climate dataset. Sci. Data 7(1), Article 1. https://doi. 
org/10.1038/s41597-020-0453-3. 

Huffman, G., Adler, R., Bolvin, D., & Gu, G. (2009). Improving the Global Precipitation 
Record: GPCP Version 2.1. Geophysical Research Letters - GEOPHYS RES LETT, 36. 
doi: 10.1029/2009GL040000. 

Iglesias, V. and Whitlock, C. (2014) Fire responses to postglacial climate change and 
human impact in northern Patagonia (41–43◦S), Proceedings of the National 
Academy of Sciences, 111 (51), doi: 10.1073/pnas.1410443111. 

IPCC, 2023. Lee, H., Romero, J. (Eds.), Climate Change 2023: Synthesis Report. 
Contribution of Working Groups I, II and III to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change [Core Writing Team]. IPCC, Geneva, 
Switzerland, pp. 35–115. https://doi.org/10.59327/IPCC/AR6-9789291691647. 

Jones, G.V., White, M.A., Cooper, O.R., 2005. Climate Change and Global Wine Quality. 
Clim. Change 73, 319–343. https://doi.org/10.1007/s10584-005-4704-2. 

Lereboullet, A.-L., Beltrando, G., Bardsley, D.K., 2013. Socio-ecological adaptation to 
climate change: a comparative case study from the Mediterranean wine industry in 
France and Australia. Agr Ecosyst Environ 164, 273–285. https://doi.org/10.1016/j. 
agee.2012.10.008. 

Luedeling, E., Girvetz, E.H., Semenov, M.A., Brown, P.H., 2011. Climate change affects 
winter chill for temperate fruit and nut trees. PLoS One 6 (5). https://doi.org/ 
10.1371/journal.pone.0020155. 

Maraun, D., Widmann, M., 2018. Cross-validation of bias-corrected climate simulations 
is misleading. Hydrol. Earth Syst. Sci. 22 (9), 4867–4873. https://doi.org/10.5194/ 
hess-22-4867-2018. 

Mihailescu, E., Bruno Soares, M., 2020. The influence of climate on agricultural decisions 
for three european crops: a systematic review. Front. Sustainable Food Syst. 4, 64. 
https://doi.org/10.3389/fsufs.2020.00064. 

Mindlin, J., Shepherd, T.G., Vera, C.S., Osman, M., Zappa, G., Lee, R.W., Hodges, K.I., 
2020. Storyline description of Southern Hemisphere midlatitude circulation and 
precipitation response to greenhouse gas forcing. Clim. Dyn. 54 (9), 4399–4421. 
https://doi.org/10.1007/s00382-020-05234-1. 

Mindlin, J., Vera, C.S., Shepherd, T.G., Osman, M., 2023. Plausible Drying and Wetting 
Scenarios for Summer in Southeastern South America. J. Clim. 36 (22), 7973–7991. 
https://doi.org/10.1175/JCLI-D-23-0134.1. 

Mullins, M.G., Bouquet, A., Williams, L.E., 1992. Biology of the Grapevine. Cambridge 
University Press. 

Nesbitt, A., Dorling, S., Jones, R., Smith, D.K.E., Krumins, M., Gannon, K.E., Dorling, L., 
Johnson, Z., Conway, D., 2022. Climate change projections for UK viticulture to 
2040: A focus on improving suitability for Pinot noir. OENO One 56 (3), Article 3. 
https://doi.org/10.20870/oeno-one.2022.56.3.5398. 

Pabón-Caicedo, J.D., Arias, P.A., Carril, A.F., Espinoza, J.C., Borrel, L.F., Goubanova, K., 
Lavado-Casimiro, W., Masiokas, M., Solman, S., Villalba, R., 2020. Observed and 

J. Mindlin et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.cliser.2024.100480
https://doi.org/10.1016/j.cliser.2024.100480
https://doi.org/10.1007/s41748-021-00233-6
https://doi.org/10.1007/978-3-031-51325-1_12
https://doi.org/10.1007/978-3-031-51325-1_12
https://doi.org/10.1016/j.agrformet.2018.07.2023
https://doi.org/10.1002/gch2.202200183
https://doi.org/10.20870/oeno-one.2017.51.2.1780
https://doi.org/10.20870/oeno-one.2017.51.2.1780
https://doi.org/10.1007/s10113-020-01607-8
https://doi.org/10.1016/j.cliser.2023.100346
https://doi.org/10.1016/j.cliser.2023.100346
https://doi.org/10.1016/j.wace.2020.100255
https://doi.org/10.1029/2021EF002625
https://doi.org/10.1029/2021EF002625
https://doi.org/10.3390/foods10112769
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1002/fes3.14
https://doi.org/10.1080/02626667.2021.1903475
https://doi.org/10.1002/joc.6219
https://doi.org/10.1016/J.WPI.2021.102061
https://doi.org/10.1016/J.WPI.2021.102061
https://doi.org/10.1007/s00024-012-0582-5
https://doi.org/10.1007/s00024-012-0582-5
https://doi.org/10.1111/j.1755-0238.2008.00035.x
https://doi.org/10.1073/pnas.1210127110
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1007/s10584-005-4704-2
https://doi.org/10.1016/j.agee.2012.10.008
https://doi.org/10.1016/j.agee.2012.10.008
https://doi.org/10.1371/journal.pone.0020155
https://doi.org/10.1371/journal.pone.0020155
https://doi.org/10.5194/hess-22-4867-2018
https://doi.org/10.5194/hess-22-4867-2018
https://doi.org/10.3389/fsufs.2020.00064
https://doi.org/10.1007/s00382-020-05234-1
https://doi.org/10.1175/JCLI-D-23-0134.1
http://refhub.elsevier.com/S2405-8807(24)00035-9/h0160
http://refhub.elsevier.com/S2405-8807(24)00035-9/h0160
https://doi.org/10.20870/oeno-one.2022.56.3.5398


Climate Services 34 (2024) 100480

15

Projected Hydroclimate Changes in the Andes. Front. Earth Sci. 8, 61. https://doi. 
org/10.3389/feart.2020.00061. 
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