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16 Quote: 

17 “What I hear, I forget. What I see, I remember. What I do, I understand.” (Xunzi, ~300 BC)

18 Abstract

19 Complex interactions involving climatic features, socio-economic vulnerability or responses, and long 
20 impact transmissions are associated with substantial uncertainty. Physical climate storylines are 
21 proposed as approach to explore complex impact transmission pathways and possible alternative 
22 unfolding of event cascades under future climate conditions. These storylines are particularly useful for 
23 climate risk assessment for complex domains, including event cascades crossing multiple disciplinary or 
24 geographical borders. For an effective role in climate risks assessments, practical guidelines are needed 
25 to consistently develop and interpret the storyline event analyses.

26 This paper elaborates on the suitability of physical climate storyline approaches involving climate event 
27 induced shocks propagating into societal impacts. It proposes a set of common elements to construct 
28 the event storylines. In addition, criteria for their application for climate risk assessment are given, 
29 referring to the need for storylines to be physically plausible, relevant for the specific context, and risk-
30 informative. 

31 Six examples of varying scope and complexity are presented, all involving the potential climate change 
32 impact on European socio-economic sectors induced by remote climate change features occurring far 
33 outside the geographical domain of the European mainland. The storyline examples illustrate the 
34 application of the proposed storyline components and evaluates the suitability criteria defined in this 
35 paper. It thereby contributes to the standardization of the design and application of event-based climate 
36 storyline approaches.

37

38 Keywords: climate change, physical climate storylines, climate risk assessment, risk transmission
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39 1. Introduction

40 In the modern, highly connected and globalized world, the assessment of impacts of past and projected 
41 climate change on nature and society needs to extend beyond the local perspective in which adverse 
42 climate features are linked to immediate, localized consequences (Hedlund et al., 2018). Impacts from 
43 fast (extreme weather) and slow-onset events (van der Geest and van den Berg, 2021) at any location on 
44 the planet can be transmitted to remote areas via various physical and socio-economic pathways 
45 (Benzie et al., 2019), including trade (exchange and transportation of goods and services), finance 
46 (private and public capital), biophysical transfers (such as spatially extensive hydrological systems), and 
47 people’s behavioral responses. The societal impacts are not only governed by the physical hazard and 
48 the resulting effect cascades, but are also strongly linked to the societal risk response (Simpson et al., 
49 2021). The COVID-19 pandemic has contributed to a growing awareness of transboundary implications 
50 and considerable complexity of systemic risks (Phillips et al., 2020; Ringsmuth et al., 2022), including 
51 climate change (Challinor et al., 2017; Gaupp, 2020; IPCC, 2022). 

52 Assessment of impacts resulting from remote climate change features requires an analysis framework 
53 that embraces a “systemic risk” approach (Hochrainer-Stigler et al., 2020) and acknowledges complex 
54 interactions between risk attributes (Simpson et al., 2021). Globalized, systemic shocks originating from 
55 extreme weather or climate conditions have been documented and analyzed for a wide range of events, 
56 for instance the 2003 and 2010 breadbasket disruption (Gaupp et al., 2020; Falkendal et al., 2021), 
57 global supply chain interruptions (Abe and Ye, 2013; Haraguchi and Lall, 2015) and financial exposure 
58 (Woo, 2019; Tesselaar et al., 2020). A systemic risk approach includes the need for a comprehensive 
59 definition of the system boundaries, relevant climate features, the risk propagation mechanism, 
60 quantitative hazard impact evaluation, and specification of alternative scenarios (Carter and et al., 
61 2021).

62 However, a generalization of complex cascading events, in order to evaluate societal risk or 
63 preparedness, is not trivial (Cutter, 2018, 2021). The topic is complicated by the nearly unlimited spatial 
64 extent over which risk transmission can take place, and the numerous pathways, triggers, event 
65 cascades and dependencies on boundary conditions. A formal probabilistic assessment of the associated 
66 risk is virtually impossible: impacts of climate events propagate through a complex and dynamic network 
67 of highly conditional cause-effect chains, and quantitative analysis of signal strength and cascading 
68 probabilities is conceptually far from being straightforward (Dessai and Hulme, 2004; Stainforth and 
69 Calel, 2020). 

70 Alternatively, the exploration of specific risk-transmission pathways can provide useful information on 
71 socio-economic sensitivities to remote and cascading climate events, especially when interactions are 
72 very complex and subject to many conditional dependencies, which is a form of deep uncertainty (also 
73 framed as “radical uncertainty”; (Kay and King, 2020)). For this, well-designed physical climate storylines 
74 triggered by specific climate events (Shepherd et al., 2018; Lloyd and Shepherd, 2020; Sillmann et al., 
75 2021) offer a helpful framework for analyzing how impacts can be reduced and resilience to climate 
76 change can be enhanced. A description of selected historic events that have been experienced by 
77 individuals can give more meaningful insights than a quantitative uncertainty assessment across a 
78 complex chain of causes and effect (Shepherd and Lloyd, 2021). Event-oriented physical climate 
79 storylines (or in brief: climate event storylines) generate insights that can lead to better preparedness, 
80 for instance by developing stress-tests conditioned on plausible and verifiable boundary conditions, or 
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81 by revealing previously unexplored risk propagation pathways or responses to emerging risks (Baldissera 
82 Pacchetti et al.; Albano et al., 2021). 

83 However, similar to probabilistic approaches an effective application of climate event storylines requires 
84 a credible and traceable approach to construct them (Stainforth et al., 2007). The number of potential 
85 event-chains that could be chosen is infinite, and also the underlying assumptions, tools and metrics 
86 require an explicit documentation and justification in order to be useful as resource for climate risk 
87 assessments. Therefore, some standardization of storyline construction guidelines and evaluation 
88 criteria is desirable.

89 In this paper we outline a development protocol for climate event storylines that is designed to map 
90 impacts of global climate features on selected European socio-economic sectors. We propose a generic 
91 structure for the definition, engagement and quantitative analysis of the climate event storylines, and 
92 include examples of the use of such a protocol in various contexts. The approach is not free of ethical 
93 considerations reflecting stakeholder’s perspectives and values as they refer to choices of events, 
94 impact transmission pathways and analysis protocol (Baldissera Pacchetti et al.). Stakeholder inputs are 
95 addressed here in the scoping of the climate event storylines, but a detailed analysis of the ethical 
96 aspects is out of scope of this study. However, to facilitate the societal uptake of this scientific 
97 information, a set of criteria ( “realistic”, “relevant” and “risk-informative”) has been formulated and 
98 evaluated, broadly similar to those proposed by (Cash et al., 2003) for climate services.

99 We first outline the criteria and core ingredients of the analysis framework and processing steps, 
100 arriving at a description of case-specific storylines, the involved data and modelling approaches, and the 
101 role of alternative realizations of the storylines, referred to as “counterfactuals”. The storylines are 
102 constructed using different types of sources of evidence (e.g., models, data, expert judgement) that can 
103 be manipulated (perturbed) such that the result assesses the particular context at hand (i.e. societal risk 
104 to climate change). The collection of case studies illustrates different methodologies for selection, 
105 modelling and perturbing the specific storyline components. We conclude each storyline description 
106 with an evaluation of the criteria, and provide further outlooks to the future development of these and 
107 related event-based climate storylines.

108

109 2. Criteria for climate event storylines

110 In order to be a useful source of information supporting the assessment of climate change implications 
111 for a specific target domain, the criteria realism, relevance and risk-orientation are used as guidelines. 
112 The construction of “realistic” storylines is promoted by using historic event chains that demonstrated 
113 the European exposure to worldwide climatic features in practice, or events generated by models with 
114 epistemic reliability (Baldissera Pacchetti, 2021). The description of the impact transmission pathway is 
115 guided by the use of observations and witness testimonials focusing on key indicators and processes 
116 that characterize the storyline. We use or adapt fit-for-purpose modelling concepts that are evaluated 
117 for their ability to reproduce the relevant processes and interactions, and set up experiments that allow 
118 reproduction, verification and comparison (see (Baldissera Pacchetti et al., 2020) for a discussion on 
119 quality dimensions for forward looking regional climate information).
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120 The “relevance” (or “salience”) of the event storylines is promoted by a number of design principles. 
121 First, a storyline scoping and selection process is carried out involving stakeholder insights, 
122 documentation of drivers and direct and indirect sectoral impacts of historic events, and screening the 
123 relative importance of subjects in the socio-economical domain of interest. To allow analysis of the 
124 effect of remote climatic features on European sectors, we compare the outcome of multiple versions of 
125 constructed storylines with a reference configuration, and one or more “counterfactuals” with 
126 perturbed characteristics derived from predefined climate and socio-economic scenarios. A level of 
127 standardization across these scenarios is imposed by making explicit linkages to global warming levels 
128 and Shared Socio-economic Pathways (SSPs), matching the boundary conditions used in many national 
129 or European-wide climate risk assessments (see e.g. (Talebian and et al., 2021)). Finally, the 
130 representativity of the storylines for stakeholders can be enriched by adding “micro-stories”, illustrating 
131 impacts by responses of specific actors related to the stakeholder community.

132 The climate event storylines are not designed to quantify the probability of the occurrence of impact 
133 pathways, which is duly impossible given the complexity of events and their consecutive impact cascade 
134 (Sillmann et al., 2021). Rather, the approach focuses on the plausibility (being not demonstrably 
135 inconsistent) of the event chains conditioned on specified climatological and socio-economical boundary 
136 conditions. They are still designed to be “risk-informative” by revealing or understanding the 
137 (sometimes hidden) relationships between climatic hazards and their remote impacts. Also the 
138 storylines support the discovery element in exploratory foresight studies designed for informing present 
139 day policy making on future implications (Termeer et al., 2017; Wiebe et al., 2018). The assumptions 
140 used to select the storyline components need to be documented in order to allow evaluation of the 
141 realism of the findings, and reproduction of the storyline in other contexts and by different analysts. In 
142 addition, probabilistic context can be added by quantifying the (conditional) occurrence frequency of 
143 large-scale climate features giving rise to the hazard event included in the storyline (Shepherd, 2019).

144

145 3. Construction of event-based climate storylines

146 We define climate event storylines as “physically self-consistent unfolding of past events, or of plausible 
147 future events or pathways” (Shepherd et al., 2018; Sillmann et al., 2021). In our context, a sequence of 
148 events with an underlying causal relationship forms a logical narrative that links climate hazards at a 
149 given location in the world with a socio-economic impact materialized in Europe. The storyline is 
150 captured in an analysis framework (using models, data or expert judgment) that can be interpreted, 
151 perturbed and explained in the context of a societal risk due to global climate change. 

152 The climate event storylines described here connect geographical domains (of climate hazards and 
153 (remote) impacts), time scales (for precursors, events, impacts and response actions), process cascades 
154 (combining the physical, economic, ecological and social domains) and actors (including those that are 
155 directly impacted in the region of climate hazards, contributing to the impact transmission, and 
156 experiencing or responding to remote impacts). (Carter and et al., 2021) identified similar connecting 
157 elements while exploring an analysis framework for remote climate impact chains. In our study, these 
158 elements are brought together in the construction of climate event storylines in order to identify a 
159 common structure that spans the entire chain between the remote climatic hazards and the final (socio-
160 economic) European impact. The common elements are illustrated for each of the selected storyline 
161 examples below. They consist of (see also Figure 1):
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162

163  

164
165 Figure 1: Design steps for climate event storylines (see text for details)

166 1. A scoping process: from the diversity of historic events, societal sectors and physical and socio-
167 economic transmission pathways, a selection of individual storylines is made that reveal 
168 relevant and recognizable impact transmission pathways. This includes an inventory of 
169 interested societal stakeholders, analysis of macro-economic global networks and 
170 supply/demand chains, inspiration from recent climate events and evidence of shock 
171 propagation in the globalized world. Stakeholder feedback by means of interviews and 
172 workshops is sought to collect relevant information on impacts, vulnerabilities and non-climatic 
173 drivers that are of interest for climate event storylines. This feedback is subsequently analyzed 
174 in conjunction with evidence from “top-down” climate and socio-economic scenario information 
175 archives (Berkhout et al., 2013; Cairns et al., 2013);
176 2. The remote climate hazard region (also referred to as the climate hotspot): the geographical 
177 area where the initial triggers are manifested. The selection of climate hotspots is guided by 
178 historical evidence or extractions from model projections. Their description includes their causal 
179 drivers, hydrometeorological variables aggregated to an appropriate time and space scale, and 
180 an assessment of the level of scientific understanding (LOSU) of the link between climate change 
181 and their plausibility of occurrence. The climate hotspot can be a region where the climate 
182 hazards of interest are common features, but are expected to change in intensity/frequency, 
183 timing or domain in future climate conditions. Sometimes the assessment of the likelihood of 
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184 occurrence in the region is enriched by exploring alternative event realizations using ensemble 
185 techniques to create so-called “downward counterfactuals” (Woo, 2019). However, the hazard 
186 occurrence at that location may be unprecedented due to an uncommon hazard pathway, 
187 atmospheric circulation pattern or combination of precursors. Multiple hotspot regions can 
188 emerge simultaneously, for instance by a common large-scale driver such as ENSO or other SST 
189 anomaly patterns. The climate hazards have a locally disruptive impact that eventually affects 
190 the European impact;
191 3. The impact transmission pathway (also labeled as the socio-economic pathway): the process 
192 chain that links the climate hotspot to the impact on European stability, growth or resilience. 
193 This can consist of trade networks, supply/demand chains of food and commodities, financial 
194 exposure portfolios (by investors, insurance or liability configurations), or geophysical 
195 teleconnections (sea level rise induced by remote ice mass loss, or impacts cascading across 
196 transboundary watersheds) (Benzie et al., 2019). Input for this step is provided by the 
197 stakeholder feedback during the scoping phase, or statistical data on, for instance, historic trade 
198 records;
199 4. The socio-economic impact of the transmitted disturbances evolving from the remote climate 
200 hazard: this can be a qualitative description (changes in public perceptions or diplomatic 
201 relationships) or a quantitative measure of consequences for a specified set of societal actors 
202 (financial damage, anomalies in volume of trade or consumption). The overall impact is strongly 
203 conditioned on the socio-economic structure of the sector where the impact is emerging: 
204 different socio-economic boundary conditions will generally lead to (potentially very large) 
205 differences in the impact. The combination of the remote climate hazard region, the 
206 transmission pathway and the European socio-economic impact metric represents the reference 
207 configuration, in which present day (adverse) climate features can be linked to socio-economic 
208 impacts;
209 5. The climate perturbation: the purpose of our climate event storylines is to identify impacts of 
210 remote climate change. For this the comparison between different climatic background states is 
211 organized, by construction of a so-called (climate) counterfactual evolution of the event chain. 
212 In fact, the selection of hotspots in step 2 and the stakeholders input to this process are partly 
213 based on the perceived or expected climate anomalies in the region of interest. The comparison 
214 of different unfoldings of events is inherent to various techniques for climate event attribution 
215 (Hannart et al., 2016; van Oldenborgh et al., 2021), including the analysis of the attribution of 
216 impacts of these events (see for instance (Mengel et al., 2020)). The construction of perturbed 
217 climate event storylines is supposed to describe the change of the physical characteristics of the 
218 climate feature(s) in the climate hotspot as a plausible response to changing levels of global 
219 warming, for which a reasonable LOSU exists (Hazeleger et al., 2015). This can be an observed 
220 analogue (for instance in an historic, cooler, climate episode), or a perturbation applied to a 
221 modelled representation of the event, for instance by applying a temperature-based scaling (Te 
222 Linde et al., 2010), regional modelling (Lenderink et al., 2021), model nudging (Van Garderen et 
223 al., 2021), conditional sampling of circulation patterns (Zappa and Shepherd, 2017) or analogue 
224 hazards (Hegdahl et al., 2020; Schaller et al., 2020), statistical resampling (Ward et al., 2014; Li 
225 et al., 2018) and other techniques. The application of a perturbation to the climate feature in 
226 the event storylines is triggering a chain of responses across the impact transmission pathway 
227 up to the target socio-economic impact metric;
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228 6. A socio-economic perturbation: the change of remote event-impact relationships under different 
229 climate change scenarios is not necessarily restricted to a changing physical climate. Scenarios of 
230 future climate conditions, for which impact assessments are usually carried out, also represent 
231 changes to the socio-economic background state. Shared Socio-economic Pathways (SSPs) have 
232 been constructed (O’Neill et al., 2014) that sketch the global evolution of macro-economic and 
233 social indicators (such as GDP, population, industry, land use) following a set of narratives on 
234 global cooperation, technology and energy consumption. In many national or regional 
235 assessments of future socio-economic developments these SSPs are interpreted for the local 
236 context, feeding into projections of spatial developments, employment, mobility, economic 
237 structure and other attributes (Frame et al., 2018; Talebian and et al., 2021). These downscaled 
238 projections usually don’t include recursive or planned responses to environmental or socio-
239 economic developments (Andrijevic et al., 2020; Chen et al., 2020). Responses to socio-
240 economic impacts arising from (remote) climate pressures, such as implementing adaptation 
241 policies or changing exposure or vulnerability to high-impact shocks may be included in the 
242 socio-economic perturbation that is part of the counterfactual event-based storyline;
243 7. Comparison between reference and counterfactual(s): the comparison of the reference storyline 
244 and the counterfactual(s) in which climate features and/or socio-economic structures have been 
245 perturbed allows the formulation of the “climate change narrative”, describing the implications 
246 of these changing conditions in the event-impact cascade. Quantitative and qualitative 
247 understanding can be derived from following the altered background state through the storyline 
248 components: a perturbation of the triggering climate features (an imposed link to global 
249 warming) may or may not lead to significant changes in the local impact, downstream 
250 transmission, or socio-economic impact, depending on specific properties of the causal network 
251 chain and its dynamic responses. The perturbations to create the counterfactuals can be applied 
252 without explicitly considering the probability of occurrence of the climate hazards or the climate 
253 change impact on this occurrence. This comparison thus provides insights in potential plausible 
254 pathways of the event-impact relationship and its details, conditional to the assumptions made 
255 to create the storyline. This requires a careful selection of data and models used, a thorough 
256 documentation of conditions and assumptions, and a targeted experimental (model) design to 
257 generate the reference and counterfactual storylines;
258 8. Accompanying micro-stories: these are complementary narrative elements to enrich the climate 
259 event storylines by providing additional detail or context. The event storylines usually contain 
260 events, transmissions and impacts whose selection is highly conditional, rendering for 
261 alternative representations, sensitivities to choices, and diversity in perspectives. “Micro-
262 stories” can be helpful to make occasional excursions from the main storyline narrative, for 
263 instance to explore the sensitivity of the processes in the event-cascade to subtle changes in the 
264 used assumptions. Also inputs from individuals and stakeholders, for instance “witness reports” 
265 from people affected by historic event impacts, or stakeholders involved in the design in impact 
266 assessment or adaptation, may be added as micro-stories to the storyline package (see for 
267 instance (Jack et al., 2020; Coulter and et al., 2021)). 

268

269 4. Overview of the illustrative storylines
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270 In the following section we describe six different storylines and their counterfactuals. Each storyline 
271 describes sector-specific socio-economic impacts of remote climate change features (see Figure 2) and 
272 the insights derived from it. We present two storylines related to food production, three storylines 
273 featuring tropical cyclones, and one storyline addressing (extreme) sea level rise. 

274 Each of the protocol steps is briefly presented, and the variety of storyline designs is presented and 
275 discussed (see Table 1 below). Each description concludes with an assessment of the potential 
276 application domain. Criteria for their applicability are also summarized and discussed in the next sub-
277 section (Table 2). Methodological details on the storyline construction are found in the Annex.

278

279 Figure 2: Geographic overview of remote climate change features affecting European socio-economic sectors used 
280 in the storyline illustration.

281

282 Storyline example 1: soybean production for European food supply

283 1. Rationale of the storyline

284 A vast majority of all soybean consumed and processed in Europe is produced in areas concentrated in 
285 the mid-west US, Brazil and Argentina, together accounting for over 90% of the total global soybean 
286 export (Wellesley et al., 2017). These main soybean production areas are exposed to varying patterns of 
287 climate variability and trends, having pronounced impacts on regional production volume and world 
288 trade volumes (Anderson et al., 2017; Torreggiani et al., 2018). 
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289 In addition, various societal responses to climate and environmental change affect the sector strongly. 
290 Rainforest conservation policies in importing countries impose additional criteria on the spatial extent of 
291 soybean exploitation and are considered to constrain options of producers to expand or transfer 
292 production regions (Gibbs et al., 2015; Bager et al., 2021). Also changes in dietary preferences in 
293 importing countries may affect demand and hence trade volumes and prices (Willett et al., 2019; Ortiz 
294 et al., 2021).

295 The climate event storylines explore the potential climate change impact on temporary production 
296 declines in major soybean producing areas in the US and South America. It reconstructs a number of 
297 recent drought-induced soy yield losses and their impacts on global and European prices, trade and 
298 consumption patterns, and explores how these events could unfold in a future warmer world. In 
299 addition, counterfactual storylines are exploring impacts of diet changes towards less meat consumption 
300 and forest conservation policies. The resulting impact cascades are highly conditional on climatic and 
301 socio-economic features, and the combination of these multiple factors introduces a significant 
302 uncertainty in the ultimate socio-economic impact in Europe.

303 2. Storyline elements

304 The scoping process was guided by a consultation with NGOs representing local soybean producers, 
305 shaping the analysis of local climate impacts and the various counterfactuals. A survey of global climate 
306 hotspots for agricultural drought in major food production areas (Ercin et al., 2019) contributed to the 
307 selection of the remote target regions and identification of climatic drivers of yield losses in South 
308 America and US. We focused on the 2011/2012 growing season which displayed an unprecedented 
309 impact that resulted from a combination of low precipitation and high summertime temperature in US 
310 domains (Goulart et al., 2021). Future analogues of the 2011/2012 yield shock are used to analyse the 
311 transmission of yield deficits on socio-economic impacts in Europe and other continents. The socio-
312 economic impacts include trade and economy (changes in trade patterns, imports and prices), 
313 production and consumption (of food, feed and other products, changes in calorie intake) and 
314 environment (changes in land use, production area, carbon and water footprints).

315 In this complex network of physical and societal processes and interactions, many stories can be told. 
316 Here a reference situation is defined as the anomaly of the 2011/2012 season relative to a 30-yr time 
317 series of selected metrics. The climate perturbation is applied by selecting analogues from climate 
318 projections following global warming levels of 2.5 and 3C by 2050. Also a socio-economic perturbation 
319 is imposed by using indicators such as trends in population, land use and technology. The comparison of 
320 the SSP-counterfactual to the reference situation is expressed quantitively using metrics for soybean 
321 yield, production area and volume, trade volumes with Europe, European consumption, and price. In 
322 particular, the effect of the yield deficit shock on these metrics is quantified and visualized.

323 In parallel to the SSP-counterfactual, two additional counterfactuals are processed: one in which the 
324 meat and dairy consumption in Europe, and subsequently the demand for soy as a feedstock, is reduced 
325 by 50%, and one where in tropical forest areas conversion of primary forest into cropland is not allowed. 
326 This set of reference simulations and counterfactuals allow an insightful illustration of the resilience 
327 against temporary climate-driven anomalies in soybean yields, and the degree to which this resilience is 
328 affected by a reduced dependency on specific hotspot regions through conservation policies and/or 
329 adjusted consumption patterns.
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330 Micro-stories can be used to describe specific implications for one of the many actors in this sector, for 
331 instance addressing conflicts on water use in soybean production areas with other sectors under 
332 sustained drying (Flach et al., 2020), shifts in employment in the agri-food business both in production 
333 areas and within Europe, drought impacts on domestic transportation (Marengo et al., 2021), risk of 
334 depreciated investments (Chain Reaction Research, 2018), trends in predictability of climatic and 
335 technological impacts on yields, the interactions between regional deforestation and increased 
336 magnitude and frequency of soybean losses (Flach et al., 2021) and the role of carbon pricing to reduce 
337 deforestation pressures.

338 3. Application domain

339 The soy market has many actors, including soybean producers, traders, food processing companies, but 
340 also consumers, policy makers, financing industry and NGOs in addressing environmental or social 
341 wellbeing aspects. The relevance of the storyline is supported by the large economic value, the 
342 contribution to food supply in Europe, evidenced exposure to climatic pressures, and societal attention 
343 to efficient land allocation and environmental impacts of soybean production and consumption. The 
344 illustration of the impact of changing characteristics of climate extremes and socio-economic 
345 interventions in well-constrained climate event storylines are used in policy simulations to support for 
346 instance development of international policies on land management or food security (van Meijl et al., 
347 2020). It also serves as a stress-test in activities aimed at preparing for global shocks in one or more 
348 major food sectors, both for public and private company responses. And it can assist in shaping the 
349 communication and intervention policies of NGOs active in the field.

350

351 Storyline 2: Concurrent drivers of disrupted food security in the Horn of Africa

352 1. Rationale of the storyline

353 Beneath conflict and social instability, many countries in the Horn of Africa are facing frequent drought- 
354 or pest-induced domestic harvest failures, which, in combination with relatively small grain reserves 
355 (Laio et al., 2016), makes them dependent upon grain imports, or even food aid in crisis situations 
356 (ICPAC and WFP, 2018). Food security and humanitarian wellbeing in African (and other) countries are 
357 relevant to a wide range of European policies concerning development aid and humanitarian support 
358 (such as the formal partnership agreements with the African, Caribbean and Pacific states, ACP (Hurt 
359 2003)). However, potential impacts of climate change are very strongly intertwined with compounding 
360 pressures and responses, and an analysis of the “net” impact of climate change on food security is far 
361 from straightforward. Therefore, a storyline is developed that analyses the food security crisis during the 
362 2019/2021 locust outbreak in the region, jointly with counterfactuals referring to potential climate 
363 induced local and global food crises such as experienced during the 2007/08 simultaneous hikes of the 
364 world market prices for the main food crops wheat, maize, and rice, which pushed an estimated 63 to 80 
365 millions of people into food insecurity (Tiwari and Zaman, 2010). A second counterfactual storyline is 
366 included that explores the impact of export restrictions by drought-affected export nations or 
367 precautionary buying of rich, import-dependent countries (Trostle et al., 2011; Challinor et al., 2018).

368 2. Storyline elements
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369 The scoping process is driven by analyses of food security statistics (see Annex), revealing national and 
370 regional cereal import dependency indicators in response to major disruptions in the food production 
371 and trade chains. Long-term drivers of food crises include population growth, changing diets in emerging 
372 economies (Headey, 2011), low investments in research and development since the 1990s (von Braun, 
373 2008), and the policy-induced demand for biofuels (Fraser et al., 2015). Year-to-year weather variability 
374 (including multi-breadbasket failures) and uncoordinated unilateral policy measures are singled out as 
375 the two main short-term drivers of these recent crises (Trostle et al., 2011). In 2019/20 desert locusts 
376 found ideal breeding conditions at both sides of the Red Sea due to three landfalling tropical cyclones 
377 bringing unusual amounts of precipitation. Additionally, response measures were delayed by the COVID-
378 19 pandemic, and large swarms were able to form that spread not only across the Horn of Africa region 
379 but also across the Arabian Peninsula and Southeast Asian Countries. The climatic counterfactual 
380 storyline involving a global food supply failure does not have a single climate hotspot, but is linked to 
381 modes of climate variability with the potential to disrupt near-simultaneously cereal production in the 
382 major breadbasket regions around the world, specifically El Niño-Southern Oscillation, the Indian Ocean 
383 Dipole, Tropical Atlantic Variability, and the North Atlantic Oscillation (Anderson et al., 2019; Gaupp et 
384 al., 2020). The impact transmission of the regional food security crises to the EU is governed by 
385 historically grown trade dependencies (d’Amour et al., 2016) and development corporations (Langlois, 
386 2014). For instance, in 2020 and 2021 the European Union has allocated nearly €200 million for a broad 
387 humanitarian-development approach, from which more than €20 million were mobilized to support the 
388 United Nations and partner countries in fighting the locust infestation (European Commission). The 
389 socio-economic impact is measured with various metrics: 1) world market price volatility (a potential 
390 precursor for insufficient accessibility to food); 2) impaired supply at the national level arising from the 
391 harvest failures and export restrictions (which urges countries to tap into their reserves or rely on 
392 international markets or humanitarian aid); and 3) the ratio of impaired supply to reserves (an indication 
393 for risk to limited food availability at the national level).

394 The climate perturbation is applied by combining the food trade and production conditions in the region 
395 where the locust infestation was dominant with the implications of the multi-breadbasket failure 
396 experienced during the 2007/08 major food crisis. (Gaupp et al., 2019) analyzed potential impacts of 
397 further global warming to 1.5 or 2C on the likelihood of simultaneous crop failures, and found that 
398 particularly global wheat production failures are sensitive to the degree of global warming. In the 
399 current storyline set-up these future warming levels are not explicitly imposed, but the counterfactual 
400 combining a factual 2019/21 reference scenario with the 2007/08 global production failure serves as an 
401 indication of event cascades impacted by global warming. A socio-economic perturbation is addressed in 
402 a second counterfactual, where the impact of uncoordinated export restrictions is implemented. The 
403 comparison of counterfactuals allows the evaluation of the effectiveness of regulating these unilateral 
404 policy responses on the food security indicators. The analyses show that substantial mitigation potential 
405 exists in better coordinating policy responses in times of global food crises (Falkendal et al., 2021). 
406 Micro-stories allow assessing food security implications at the sub-national level using the INFORM 
407 severity framework (Poljanšek et al., 2020). This framework also allows analyzing the impact of 
408 compounding crisis situations such as the ongoing conflict in Ethiopia as well as the efficacy of different 
409 humanitarian response options.

410 3. Application domain
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411 The storyline provides information on cascading food security triggers, including the potential 
412 implications of major climate-induced global cereal production declines. The World Food Program 
413 enriches their subnational food shock impact assessments with global drivers of these impacts. The 
414 INFORM risk framework is used by the European Commission to prioritize humanitarian and emergency 
415 assistance and anticipate, prevent and prepare for famines and food crisis, including through 
416 development agreements such as the new EU-OACPS (Organisation of African, Caribbean and Pacific 
417 States (OACPS) Partnership Agreement). Evidence on trends in risk for humanitarian crises can support 
418 policy formulation on risk management building on enhanced climate attribution of hazards and impacts 
419 (see (IPCC, 2021, 2022)), and initiatives to protect people displaced across borders in the context of 
420 disasters and climate change, such as the Platform on Disaster Displacement (PDD). Causal event 
421 pathways similar to the one explored can serve as blueprint for mapping impacts of geopolitical 
422 disruptions like the Russian-Ukraine 2022 war on African food security, as illustrated by (Gbadamosi, 
423 2022).

424

425 Storyline example 3: Impacts of tropical cyclones on the European Union Solidarity Fund (EUSF)

426 1. Rationale of the storyline

427 An extraordinary active Atlantic hurricane season in 2017 (Klotzbach et al., 2018) directly affected the 
428 European Union’s outermost regions in the Caribbean. Particularly the island of St Martin (French 
429 overseas collectivity) and Guadeloupe were strongly hit by hurricanes Irma and Maria, with severe 
430 damage to human life, property and mangrove ecosystems (Walcker et al., 2019). The events in the 
431 Caribbean and mainland Europe are connected via the European Union Solidarity Fund (EUSF) 
432 (Hochrainer-Stigler et al., 2017) which arranges payouts to member states (including their overseas 
433 territories) in response to large disasters following extreme natural hazards such as floods, forest fires, 
434 earthquakes, storms and droughts. In 2017 payouts following disasters in the Caribbean and 
435 (particularly) mainland Europe led to a negative EUSF capital position, compensated by allocations from 
436 2016 and 2018. This occasion triggered the question whether alternative, unprecedented yet plausible, 
437 realizations of past hurricane events could have compromised the EUSF. If so, this may reveal weak 
438 spots in the system impact causal chains and serve as guidance for further stress-testing under climate 
439 and socio-economic changes. This question is not readily answered by following generic probabilistic 
440 climate attribution approaches (Frame et al., 2020), but acknowledges the highly conditional problem 
441 statement required for this particular context.

442 2. Storyline elements

443 During the scoping process procedures for the assessment of risk for compromising the EUSF capital 
444 position were explored. Alternative hurricane trajectories (or “downward counterfactuals”, (Woo, 
445 2019)), generated with  natural catastrophe assessment models were used to develop storylines of 
446 spatial and temporal compound events (Ciullo et al., 2021). The climate hotspots for these storylines are 
447 the hurricane-prone territories of the Caribbean, Macaronesia and the West Indian Ocean. The annual 
448 number of hurricanes in these areas varies considerably (Knapp et al., 2010), and overall there is no 
449 clear trend in the observed frequency of hurricane development. However, an increasing trend in 
450 intensity with global warming is becoming apparent (IPCC, 2021). The impact transmission of the intense 
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451 hurricane season in these hotspots reaches the European continent via (among others) the payout 
452 scheme of the EUSF. 

453 For the current storyline the main impact indicator is the capital availability of the EUSF fund, 
454 particularly the possibility of the fund to not have enough capacity for coping with requested payouts. 
455 Climate perturbations are applied in two steps. First storylines of consecutive hurricane seasons are 
456 constructed by selection of tracks from the catalogue of historic events and their alternative trajectories 
457 that cause maximum damage in one of the target regions, and combine multiple high damage seasons in 
458 target regions of the EUSF. The second step addresses impacts of global warming. The level of scientific 
459 understanding of the relationship between ambient atmospheric and oceanic temperatures and 
460 hurricane intensity justifies the exploration of intensified hurricanes and their potential damage via an 
461 adopted hurricane intensity range (Knutson et al., 2021) setting up a range of climate counterfactuals. 
462 Socio-economic perturbations are applied by adopting different levels of (future) GDP of any of the 
463 overseas target regions, which affects the value of exposed objects to extreme events and the 
464 calculated EUSF payouts. In addition, policy changes are explored by changing the capitalization of the 
465 EUSF.

466 The comparison of counterfactuals allows mapping the boundaries of the tolerable operating space of 
467 the EUSF. The counterfactuals incorporate a range of hurricane intensity levels (considered to be 
468 increasing with global warming), and GDP (representing varying socio-economic conditions), all applied 
469 as perturbations to a reference storyline with multiple consecutive hurricane seasons. Critical EUSF 
470 capital conditions will occur when in subsequent years rare (and high-damage) events are combined.

471 Large (but plausible) events would have a tremendous impact on the communities living in the affected 
472 territories, whose long-term social and economic sustainability is not reflected by whether or not the 
473 EUSF is solvent. In addition, territories can suffer longer-term impacts coming from indirect losses (such 
474 as trade interruptions, long-term employment or environmental impacts). Potential micro-stories can 
475 relate to the longer-term impact on these small islands of such large worst-case events, and focus on the 
476 long-term sustainability of these regions.

477

478 3. Application domain

479 The storyline is used to stress-test the EUSF, which is to be merged with a newly formed European 
480 emergency aid fund, the European Support Instrument. It provides support to choices regarding the 
481 fund capitalization and pay-out protocols. However, major hurricane event cascades have the potential 
482 to affect other European policies and regulations , including financial disclosure schemes, national 
483 catastrophe financial protection  and solvency ( e.g. stress and sensitivity tests performed by the 
484 European Insurance and Occupational Pension Authority (EIOPA, 2021)), and identification of remote 
485 climate risks in national and European climate risk assessments and adaptation strategies.

486 A similar storyline approach was applied to the analysis on Caribbean Catastrophe Risk Insurance Facility 
487 ((CCRIF, 2009)), an insurance framework backed by EU and other international entities. By examining the 
488 impacts of storm damages and CCRIF payout on the fiscal performance of local governments, the CCRIF 
489 study indicates that such a fast payment insurance mechanism is effective in providing urgent liquidity 
490 to target countries. 
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491

492 Storyline 4: Impact of TC landfalls in US on European consumption and trade

493 1. Rationale of the storyline

494 Major tropical cyclones (TCs) making landfall – besides causing devastating local damages and economic 
495 losses (direct impact) – can result in macro-economic trade shocks and ripples through trade loss 
496 propagation (indirect impact) (Lenzen et al., 2019). Earlier work on the New York/New Jersey landfall of 
497 hurricane Sandy (2012) analyzed the potential indirect impact on global (final) consumption, showing 
498 that both downstream and upstream interactions can result in losses or gains of consumption in other 
499 parts of the world that are not directly affected (Middelanis et al., 2021). 

500 The storyline concentrates on the shock propagation in the trade network induced by the direct effects 
501 from the landfall of TC Harvey (2017) and its global indirect economic repercussions, including impacts 
502 onto the European economy. These effects are linked to climate change due to the (highly variable) 
503 response of frequency, intensity and size of TCs to global warming. Propagation and cumulative impacts 
504 of TC induced shocks are very specific to many attributes of the event cascade. Due to the large inherent 
505 uncertainty of the topic a storyline approach is chosen over probabilistic modelling. An event storyline is 
506 built using a trade network modelling framework using a selection of counterfactuals of the Harvey 
507 landfall cascade under climate change.

508 2. Storyline elements

509 A scoping process carried out by interviews with European trade organizations and an estimate of the 
510 business interruption of the local economy using reported unemployment claims were used to map 
511 direct and indirect impacts. Harvey disrupted the globally important and strong economy of Texas and 
512 Louisiana, which is situated in a main Atlantic TC landfall area, identified as our climate hotspot. The 
513 impact transmission was expressed by modelled distributed production declines and subsequent price 
514 anomalies in a time window of up to one year in the aftermath of the TC landfall, and downstream and 
515 upstream interactions resulting in losses or gains of consumption and production in other parts of the 
516 world that are not directly affected, including Europe (Middelanis et al., 2021), which define the socio-
517 economic impacts. 

518 Similar to the EUSF storyline climate perturbations are applied by changing the rainfall intensity of the 
519 TC, motivated by the attribution of climate warming as one of the drivers of unprecedented 
520 precipitation volumes (Van Oldenborgh et al., 2017). At the same time, although still uncertain (IPCC, 
521 2021), also an expansion of the effective size of the tropical cyclone due to future global warming was 
522 investigated (Li and Chakraborty, 2020; Knutson et al., 2021), which gives rise to an increase of the 
523 regional GDP that is exposed to the damaging event. These modifications to the TC characteristics were 
524 scaled to the duration and extent of the business interruption in the affected area in counterfactual 
525 Acclimate simulations.

526 Specified socio-economic perturbations are used to explore various assumptions underlying the analysis 
527 of the shock propagation throughout the network. First, transfer of direct impacts (from local 
528 disruption) to indirect impacts (e.g. on remote consumption and production levels) is strongly 
529 dependent on the baseline economic structure. Alternative baseline characteristics of technology, GDP 
530 or distribution of trade volume over actors can be expected to modulate the transfer of direct to indirect 
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531 impacts. For example, the previous work on TC Sandy (Middelanis et al., 2021) suggests a non-linear 
532 impact on consumption losses or gains as a function of the magnitude of the actor’s baseline trade 
533 volume to the directly affected actors, giving unequal relative impacts for larger and smaller regions. 
534 The comparison of counterfactuals is using various metrics (including trade volume) to isolate the 
535 climate change impact on time-varying regional and sectoral shock impacts. Comparing the reference 
536 situation with climate counterfactuals with perturbed TC characteristics isolates the potential impact of 
537 global warming on the impact of similar events. Earlier studies with a similar structure (Kuhla et al., 
538 2021) demonstrated that the joint occurrence of multiple hazards of different types within a given time 
539 window triggers a socio-economic feedback that leads to a resonance effect on the economic ripples 
540 that exceeds the combined effect of the separate hazards. Regions cannot produce enough to satisfy the 
541 demand as a consequence of the hazards, resulting in a subsequent overproduction and associated non-
542 linear price increases. Micro-stories can isolate the dynamics of specific sectors and regions from the 
543 aggregated analysis, or highlight the role of manufacturing agents involved in transfer of production 
544 capacity from the affected area to remote regions, or industry involved with disaster recovery 
545 operations.

546 3. Application domain

547 The many regions and sectors affected, and the many expected and unexpected non-linear responses 
548 make the analysis of interest for European policies on trade (via e.g. biannual trade reviews carried out 
549 by the European branch of the World Trade Organization), access to strategic materials and technology, 
550 and disclosure of climate risks by major financial institutions (Ünüvar, 2019). The storyline approach 
551 provides an instrument to the required toolkit for stress testing major socio-economic interruptions 
552 similar to those that have been demonstrated in the COVID19 pandemic situation (Ringsmuth et al., 
553 2022). Recent studies using the Acclimate model have proven to produce realistic and useful results in 
554 disaster impact analysis (Willner et al., 2018; Kuhla et al., 2021).

555

556 Storyline example 5: Flood-induced displacement caused by Tropical Cyclone Idai

557 1. Rationale of the storyline

558 (IPCC, 2022) concluded with high confidence that climate and weather extremes in all world regions are 
559 increasingly determining human displacement and contributing to humanitarian crises where hazards 
560 overlap with high vulnerability. The report projects displacement to increase in a further heating world 
561 as heavy precipitation and associated flooding, tropical cyclones, drought and, sea level rise increase in 
562 vulnerable regions. In Mozambique an average of 1.5 Tropical Cyclones (TCs) make landfall per year 
563 (JBA, 2019; Warren, 2019). TC Idai (2019) caused massive damage to housing and infrastructure, 
564 resulting in 639,000 human displacements in the countries of Mozambique, Malawi and Zimbabwe 
565 (IDMC, 2019). The costs associated with managing (internal) displacement may overwhelm national 
566 capacity and may even lead to fiscal collapse of already fragile states (Hochrainer-Stigler et al., 2019). 
567 European disaster relief funds and humanitarian aid provided by European agencies and NGOs are major 
568 tools to support affected populations and ease stress on partner countries’ adaptive capacities. The 
569 European Institute for Security Studies (ISS) produces foresight reports, addressing potential conflicts to 
570 come (Commission, 2020) and consequences of stagnation of foreign aid to Africa (EUISS, 2021, 2022). 
571 Beyond financial considerations, the EU’s responsibility to protect people from vital threats also requires 
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572 that displacement risk, and the means to reduce it, is factored into EU policymaking. Displacement can 
573 lead to a cascade of mutually reinforcing effects, increasing urbanization stress and fueling internal or 
574 transboundary conflicts (Desai et al., 2021).

575 A tool to assess different drivers of humanitarian risk is the INFORM Risk Severity Index (Poljanšek et al., 
576 2020). An analysis of the Idai crisis shows a high risk to local humanitarian threats which triggers 
577 national and international disaster relief funding and interventions of NGOs including the International 
578 Red Cross Red Crescent Movement. Apart from COVID19 and various reasons for blocking the access to 
579 humanitarian relief resources, the effect of climate change features on the specific INFORM risk 
580 assessment can be analyzed using dedicated event storylines. This example explores to what extent the 
581 associated crisis may already have been amplified by past human-induced climate change. A set of 
582 historical counterfactuals is created by removing the effects of anthropogenic climate change on storm 
583 intensity and sea level, which are main drivers of coastal flooding and its consequences.

584 2. Storyline elements

585 The scoping process is guided by the need to provide information on risks of humanitarian crises, and 
586 the role of climate change as driver for these crises, to European security and foreign cooperation 
587 agencies. The selected historical event is one of the largest recent disaster-induced displacement events 
588 and draws attention to the role of climate change in this type of crises. The climate hotspot is the region 
589 of the landfall of Idai, and impacts of TC landfall are related to climate change features by the 
590 dependence of TC intensity and frequency on ambient temperature, and by the impact of sea level rise 
591 on the exposure to storm-induced surge (Knutson et al., 2019; Walsh et al., 2019; Dube et al., 2021). The 
592 impact transmission consists of a response of European governmental and non-governmental 
593 organizations to the disaster relief and development aid to disasters striking in the risk-prone south-east 
594 African area with a lack of financial relief resources. The socio-economic impact consists of the land area 
595 affected by the flood caused by the 2019 Idai landfall, and the consecutive number of people that were 
596 displaced out of the affected region, either for a temporary shelter in a nearby region or in the form of 
597 long-term migration to other settlements. These impact metrics are calculated in a series of models and 
598 remote sensing data representing the storm surge, coastal and riverine flooding and the fraction of 
599 people that are displaced from the flooded area, dependent on flood depth.

600 Two climate perturbations were applied, separately as well as in combination. Trends in the fraction of 
601 global and regional sea level rise that is attributable to human-made climate change (Dangendorf et al., 
602 2017; Strauss et al., 2021) and the TC intensity (derived from IBTrACKS observations, (Knapp et al., 
603 2010)) were used to represent a counterfactual climate state without the effects of global warming. In 
604 the INFORM risk analysis framework a number of socio-economic perturbations were explored, such as 
605 the impact of the ongoing COVID-19 pandemic, and the limited access to humanitarian relief. A direct 
606 impact of trends in population density and exposure could in principle be included in the landfall 
607 storyline but this example focuses on the role of climate change. The comparison of counterfactuals is 
608 carried out by comparing the current value of the INFORM risk severity index report of the Idai landfall 
609 to situations where climate conditions were set to early 20th century conditions, by recomputing the 
610 flooded area and the corresponding number of displaced persons. Note that this is evaluating the 
611 impact of past rather than potential future climate-induced changes to TC intensity and sea level, but 
612 still allows isolating a climatic driver of the disaster extent. Micro-stories can be targeting different 
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613 displacement routes (short/long-term migration), cost of migration, assumptions in the model 
614 configuration, or combinations with other terms in the INFORM risk index.

615 3. Application domain

616 The INFORM risk severity index operated by the European Joint Research Centre is an established risk 
617 evaluation framework in use by various policy domains of European foreign affairs, security and 
618 humanitarian divisions. A shift of a risk index value from “medium” to “high” (as resulted from 
619 comparing the early 20th century sea level and wind factors to present day conditions) implies a 
620 heightened alert level and a reprioritization of policy interventions. Exploration of different 
621 combinations of main features in the storyline allow disentangling socio-economic from climatic drivers, 
622 and even highlight the complex event-cascade in complex situations such as conflict or systemic shocks 
623 such as a the global COVID19 pandemic. Information gauged by catastrophe models or risk indices such 
624 as INFORM can inform policies that foster coherence of EU external actions (e.g. Global Strategy for the 
625 EU's foreign and security policy (EUISS, 2016)). This includes the consideration of support for policy 
626 options such as enhanced risk pooling and social protection schemes for vulnerable regions and 
627 countries as being considered by expert groups on displacement and risk management under the 
628 Warsaw Mechanism on Loss and Damage and the Platform on Disaster Displacement (Mechler et al., 
629 2019; UNFCC, 2021b, 2021a). The ‘Joint Communication on Resilience’ specifies how a strategic 
630 approach to resilience can support EU’s development and humanitarian commitments, while better 
631 protecting it from external threats. It places emphasis on a number of pressures in partner countries 
632 including protracted crisis, environmental degradation, climate change, migration and forced 
633 displacement.

634

635 Storyline 6: Impacts of Storm Xaver on infrastructure damage in German Bight

636 1. Rationale of the storyline

637 Global warming and sea level rise will continue to increase the frequency and severity of flood hazards 
638 across European coastal regions. Together with continued development of the coastal floodplains, 
639 coastal risk is projected to grow by a factor of two by 2050 (Jongman et al., 2014). Storm Xaver made 
640 landfall in the German Bight on 6 December 2013. The coinciding surge and tide created “record 
641 breaking water levels for large parts of the southwestern German North Sea coastline” (Dangendorf et 
642 al., 2016), which boosted the estimate of the water level with a 1:200 year probability exceedance by 40 
643 cm. Although the storm led to large direct damage in United Kingdom (UK), Netherlands, Germany and 
644 Denmark (Wadey et al., 2015; Rucińska, 2019), the considerable improvements in coastal protection and 
645 disaster risk reduction management significantly reduced the total damage and number of people 
646 affected compared to a similar storm in 1953 (Spencer et al., 2015; Wadey et al., 2015). Both the large 
647 anomaly of the storm and the complex cascade of impacts (particularly relating to the macroeconomic 
648 losses from long-term business interruption, damage to transportation networks and other critical 
649 infrastructure) create deep uncertainty that is difficult to assess using probabilistic approaches. The 
650 storyline approach used here enables the local direct physical damages to critical infrastructure and the 
651 (indirect) macroeconomic losses due to infrastructure failure to be explored. The primary counterfactual 
652 consists of Xaver reaching the coastal zone when mean sea level has risen, increasing the potential 
653 damage assuming coastal protection is left unaltered.  Additional storylines are evolved by incorporating 
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654 the consideration of alternative adaptation strategies and developments in the spatial extent of risk 
655 prone assets are included as additional counterfactual storylines.

656 2. Storyline elements

657 The scoping process was guided by a combination of event reports and analysis and engagement with 
658 national policy leads and infrastructure owners around different aspects of the storyline development.   
659 In particular, information was collected on both the implications for the local settlements and assets, 
660 and for the economic development of a wider area triggered by a range of cascading impacts resulting 
661 from the failure of service provision by critical infrastructure. 

662 The storyline enables the assessment to move beyond standard assessments of SLR and include the 
663 influence of (remote) ice masses on Greenland and Antarctica and their potential contribution to (large) 
664 sea level rise (Le Bars et al., 2017; IPCC, 2021), which is transmitted to coastal regions by increasing the 
665 impact of storms like Xaver. The socio-economic impact consisted of direct damage and wider economic 
666 losses as a result of storm-induced inundation of critical infrastructure and power outages in 
667 surrounding areas of the Hamburg port area (Kettle, 2020). 

668 The simulation of the direct and indirect impacts of the 2013 Xaver landfall is complemented with the 
669 simulation of the counterfactual occurrence of the same storm event under a climate perturbation 
670 represented by a mean sea level that is elevated by 2.25m; a hypothetical sea level rise for 2120 
671 assuming a high climate forcing and substantial instability of the Greenland and Antarctica ice masses. 
672 Apart from a climate counterfactual, simulations with socio-economic perturbations are applied by 
673 altering the regional density of critical infrastructure – and thus the exposure to the storm damage – 
674 derived from selected Shared Socio-economic Pathways (SSPs). Also dedicated counterfactuals are 
675 designed addressing various adaptation strategies altering the potential impact of coastal flooding in 
676 Europe. The comparison of counterfactuals is expressed by quantitative differences in the spatial extent 
677 and inundation depth of the flooded area, the exposure of the critical infrastructure, the physical 
678 damages caused by the flood, and the consequences for the macro-economic production and 
679 substitution in the multiregional network. The wider-economic impacts quickly diminish with increasing 
680 spatial aggregation scale, revealing high absolute negative impacts for the affected region and lower 
681 (sometimes positive) impacts in connected European regions as a result of substitution possibilities 
682 between producers and consumers. Micro-stories are focusing on e.g. the impact of surge and winds on 
683 port operations, or the emergency management of infrastructure assets such as the electricity or road 
684 networks.

685 3. Application domain

686 The storyline allows evaluation of cascading impacts of local infrastructure disruptions, which is a 
687 relevant input to national and pan-European climate risk assessments and contingency plans in the 
688 context of the European Climate Adaptation strategy. Comparing different adaptation strategies, and 
689 climate (sea level) and socio-economic (expansion of spatial extent of exposure) conditions allows 
690 stress-testing regional infrastructure functioning and assessing of asset exposure for financial risk 
691 assessments. The evaluation of this combination exposes potential impact pathways and cascades for 
692 unprecedented extreme conditions that are within reach of the planning horizon of relatively near-term 
693 regional infrastructure design decisions (McEvoy et al., 2021). A strategic view on changing vulnerability 
694 patterns of European ports is of relevance to the prime objectives of the Trans-European Transport 
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695 Network (TEN-T), which include an improved use of infrastructure, reduced environmental impact of 
696 transport, enhanced energy efficiency and increased safety (e.g. European Commission, 2021).

697

698 Storyline overview

699 The overview in Table 1 lists each of the storyline development steps for the six examples. The scope of 
700 each of the storylines refers to historic events that had a major impact, and where an explicit or implicit 
701 connection between remote event triggers and a European impact exists. The climate hotspots have 
702 been identified in different ways. For the soy and African food security storylines a systematic survey of 
703 production areas under drought risk conditions was executed, while for other storylines a geographically 
704 constrained event location identified the remote hazard region. The impact transmission occurs via 
705 trade and supply/demand paths (storylines on soy and the Harvey landfall), financial exposure of 
706 damaged assets (EUSF and German storm) or development and humanitarian interaction (African food 
707 security and storm-induced displacement). For the trade and financial impact transmissions, network or 
708 financial risk models were used to express the impact of the remote hazard on the European sector. The 
709 humanitarian and development aid transmissions are expressed as risk categories in the INFORM risk 
710 assessment. The socio-economic impacts are diverse, including direct (financial) damage of events to 
711 European stakeholders, positive and negative anomalies in European productivity, and humanitarian 
712 risks associated with disrupted food security due to rapid price fluctuations or human displacement in 
713 response to remote climate disasters. Climate perturbations are applied to the climatic background of 
714 the remote climatic events, by relatively simple scaling procedures (for the tropical cyclone storylines 
715 EUSF, Harvey and Idai landfall), exploring climate projection archives (drought characteristics in the soy 
716 storyline; sea level rise in the European and Mozambique storm events) or combining climatically driven 
717 global breadbasket failures with non-climatic locust outbreaks (African food security storyline). The 
718 climate perturbations both serve the purpose to expand the range of plausible events under current 
719 climate conditions (“downward” counterfactuals) and the expression of the impact of global climate 
720 change on the intensity, extent or impact of the baseline events. Socio-economic perturbations include 
721 potential measures to reduce the potential impact of the climate hazards (for instance coastal defense 
722 infrastructure, or capitalization of the EUSF), changes in the socio-economic background state which 
723 affects the impact of shocks in trade or supply/demand networks, or compounding impacts from socio-
724 economic response actions such as export restrictions. The comparison between reference and 
725 counterfactuals allows the assessment of the impact of the climate perturbation on the socio-economic 
726 metric of interest. The comparison generally includes a display of quantitative indicator values for 
727 different storyline counterfactuals, a visualization of the alternative event-impact chains, and a textual 
728 guidance to attribute the main changes to key nodes in the event-impact chain. Finally, micro-stories are 
729 used to elaborate on specific storyline choices for parameter settings or boundary conditions (for the 
730 soybean and the various tropical cyclone landfall cases), or to highlight impacts for specific sectors 
731 affected in the remote or European region (Harvey and European storm landfall).

732

733 Table 1: Overview of approaches followed in the climate event storylines for each of the development steps

Storyline development 
step

Soybean 
production

Africa food 
security

European 
Solidarity Fund

Major TC Landfall 
in USA

Flood-induced 
Displacement

European Storm

Electronic copy available at: https://ssrn.com/abstract=4090562



Storylines for assessing socio-economic impacts from remote climate features 20

1. Scope Importance of 
remote 
production 
declines for 
European food 
system and 
economy

African regions 
dependent on 
local 
production and 
import

Damage by 
tropical 
cyclones in 
overseas 
European 
territories

Global trade 
balance & 
consumption 
effects of TC 
landfalls in the USA

Displacement 
caused by coastal 
flooding in 
Mozambique

Storm damage to 
critical 
infrastructure 
under elevated sea 
level 

2. Identification of 
climate hotspots

Overlay global 
production areas 
and drought risk 
maps

Crop growing 
conditions in 
main 
production 
areas 

Cyclone tracks 
within 
European 
domain

Harvey landfall 
region

Intensification of 
tropical cyclones in 
the South Indian 
Ocean basin

Ice caps (source of 
sea level rise); 
German North Sea 
coast (storm 
conditions)

3. Impact transmission European socio-
economic metrics 
(trade, 
employment, 
food production)

Partnership 
agreement on 
trade, 
humanitarian 
aid and 
sustainable 
development

Payout by fund Indirect effects of 
landfall on 
European 
consumption 

Humanitarian aid Global distribution 
of sea level rise

4. Socio-economic 
impacts

Food price, 
volume food 
production

Humanitarian 
implications of 
remote food 
insecurity, 
social 
instability

Risk of fund to 
be 
compromised

Consumption 
effects, trade 
balance

Humanitarian 
implications of 
remote people 
displacement

Local economy 
disruptions, 
transfer via 
demand/ supply 
network

5. Climate perturbations Perturbation of 
2011/2012 
drought event 
using climate 
projections

Joint 
occurrence of 
global 
breadbasket 
failure and 
local locust 
outbreak

Construction 
alternative 
cyclone 
sequences, and 
upscaled 
intensity

Scaling 
precipitation and 
spatial extent with 
temperature

Removal of sea 
level rise and 
amplification of 
wind speeds

Sea level rise

6. Socio-economic 
perturbations

Trade and 
production 
restrictions

Food export 
restrictions, 
stock policy

Varying GDP 
levels

Alternative 
baseline socio-
economic scenarios 

None Alternative socio-
economic 
configuration and 
flood protection 
measures

7. Comparison 
reference/counterfactua
l

Value of 
collection of 
socio-economic 
indicators under 
different warming 
levels

Food insecurity 
status for 
different 
counterfactual
s

Fund status for 
range of TC 
intensity and 
GDP levels

European 
production effects 
for different TC 
landfall scenarios

Number of local 
displacements for 
different 
counterfactuals

Direct and indirect 
flood damage 
under different 
adaptation and sea 
level scenarios

8. Micro-stories Variety of changes 
in local and 
remote 
parameters

Future climate 
versions of 
locust 
outbreaks (tbc)

Adjacent 
financial 
facilities

Compounding 
effects of TC 
landfall; illustration 
of impact on 
specific sectors

A set of water level 
impact thresholds

Adaptation 
strategies; port 
and infrastructure 
functioning

734

735

736 5. Discussion and summary

737 This gallery of climate event storylines illustrates the wide diversity of impact-pathways of climate 
738 change features. These pathways connect locations separated by long distances via complex physical 
739 and socio-economic cause-effect chains propagating over multiple time scales. Diagnosing the impact of 
740 climate change on the impact cascades involves a methodological approach that generally involves 
741 synthetic model outcomes, and makes the (inevitably) subjective choices on assumed boundary 
742 conditions, uncertainty estimates and analysis tools explicit.
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743 To make the construction of the storylines and its climate analyses transparent and reproducible, we 
744 have introduced a methodological protocol that distinguishes a set of predefined storyline development 
745 steps, and have applied this protocol to six examples (Table 1). The purpose of this inventory is to 
746 illustrate the practical implementation of the physical climate event storylines (Shepherd et al., 2018; 
747 Sillmann et al., 2021), and discuss concrete choices made to include stakeholder views, select analysis 
748 tools, interpret findings, represent uncertainty and provide useful information to societal actors.

749 For each of the storylines a number of criteria were evaluated assessing their potential to facilitate 
750 societal uptake (Table 2). All six storylines are built on historic events, and have used impact mapping 
751 tools that have either been shown to give realistic results in earlier applications, or show good 
752 correspondence with observed impacts. The counterfactuals are rooted in historic climate trends or 
753 apply well-documented climate projections or physical scaling protocols, which provides realism to the 
754 storylines. Apart from a broad societal interest in the topic of analysis most storylines have gained 
755 relevance by concrete contributions by stakeholders. An explicit analysis of potential adaptation 
756 strategies is included in a few storylines, and standard risk reporting tools are used to support risk-
757 assessments. Risk-oriented information is derived from the exploration of expected future climate 
758 and/or socio-economic conditions.

759 Table 2: Evaluation of the criteria for societal uptake of the climate event storylines

Criterion Soybean production Africa food 
security

European 
Solidarity Fund

Major TC Landfall 
in US

Flood-induced 
Displacement

European Storm

Realism Historic event and 
subsequent 
impacts; 
stakeholder reports; 
physically based 
climate projections; 
documented 
agronomy models

Evidence of 
plausible joint 
occurrence of 
multiple drivers 
of local food 
security

Historic event 
selection; 
evidence of 
consecutive 
active hurricane 
seasons

Based on data and 
model framework 
that have proven to 
be realistic in 
earlier disaster 
impact analyses

Observation-based 
estimates of 
changes in sea 
level and wind 
intensity; impact 
mapping tools 
proven to be 
realistic

Good reproduction 
of observed flood 
extent; well-
documented sea 
level scenarios

Relevance Societal attention 
for environmental 
impacts, land 
allocation and forest 
conservation

Broad concern 
of food security 
and societal 
instability and 
displacement

Stakeholder 
participated in 
storyline 
development

Evidence of impact 
cascade affecting 
many sectors 

Meaningful effect 
of past climate 
trends on local 
impact detected

Considerable 
development of 
coastal area within 
near future

Risk-informativeness Visualization of 
illustrative metrics 
on soy 
consumption, trade 
and prices

Exploration of 
future 
resilience and 
mitigation 
strategies

Explore 
different GDP 
and climate 
conditions

Exploration of 
future event 
disruptions

Physical and 
societal 
dimensions of 
human 
displacement 
integrated in risk 
assessments in 
humanitarian 
policies

Revealing 
potentially 
unexpected yet 
credible impact 
cascades; 
exploration of 
adaptation 
strategies

760

761 The storylines explored in this paper are intended to map risks to the European socio-economy that 
762 emerge from an immensely complex cascading set of event-impact chains (triggered by remote climate 
763 features), which cannot be analysed without a very stringent set of constraints imposed on available 
764 projection outputs from climate and impact assessment models. The concept does not rely on a 
765 standardized climate modelling toolset such as CMIP6 (Touzé-Peiffer et al., 2020), but instead combines 
766 stakeholder evidence, historic events and a mix of data analysis and model experiment techniques to 
767 arrive at evidence based narratives of “unfoldings of events and their hypothetical future 
768 counterfactuals” (Shepherd et al., 2018). As such it combines quantitative and qualitative elements 
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769 (Shepherd and Lloyd, 2021), where the quantitative information gives a meaningful contribution to the 
770 risk assessment from complex climate change processes, and the qualitative elements provide insights 
771 in relevant pathways of risk transmission. By exploring a range of present-day or future counterfactual 
772 conditions in most storylines, crucial climatic elements in the storylines are complemented with a 
773 quantification of the underlying uncertainty. However, given that the event cascades and a large 
774 number of compounding boundary conditions or contextual settings are prescribed, any probabilistic 
775 statement on the outcome of the storylines is highly conditioned on these assumptions, and thus heavily 
776 constrained. Storylines like these may serve as a stress-test for particular critical societal functions, or 
777 contribute to exploratory foresight analyses of future societal developments (Wiebe et al., 2018). 
778 However, a review of storyline applications in the climate change domain is out of scope of this paper 
779 (Baldissera Pacchetti et al.).

780 The prime purpose of this paper is to document a methodological protocol to construct storylines that 
781 can contribute to the exploration of potential implications of climate change for a collection of societal 
782 topics. The steps in the protocol are organized around a central narrative of the chosen storyline, which 
783 is segmented into more or less standard scripting building blocks. Surrounding this central narrative the 
784 communicative power of the storylines can be promoted by a carefully designed visual and textual 
785 language (Jack et al., 2020), application of story maps (Vollstedt et al., 2021), enhancing personal 
786 context by use of personas or actors (Moezzi et al., 2017), and other attributes.

787 The synthesis of a collection of storylines does allow extraction of generic principles, calibration of 
788 crucial parameters in for instance macro-economic supply-demand interaction models (Robinson and 
789 Roland-Holst, 1988; Partridge and Rickman, 2010; Otto et al., 2017), or build conceptual system 
790 dynamics or Bayesian network models (Bala et al., 2017) exploring key dynamics, vulnerabilities and 
791 adaptation options under specific sets of assumptions. Also integrated or cross-sectoral climate change 
792 assessments carried out by these approaches rely on explicit or implicit choices on scope, boundary 
793 conditions and interactions between drivers and impacts. As such, a storyline structure as described 
794 above can also be applied to this cross-sectoral climate impact assessment. 

795

796 6. Conclusions

797 A methodological protocol is proposed to construct climate event climate storylines, designed to analyse 
798 and document complex cascading event-impact chains contributing to societal climate risk. The protocol 
799 distinguishes a number of standardized steps in the narrative, connecting a (remote) climate hotspot 
800 region to a particular socio-economic impact to be explored for a baseline and one of more alternative 
801 realizations of the storyline. It includes stakeholder input to define the scope, allows for the exploration 
802 of alternative response options, and mixes qualitative and quantitative components to construct the 
803 storyline.

804 Baseline versions of the storyline are usually rooted in historic events where documented hazards and 
805 consecutive impacts are captured in data analysis and modelling tools that are able to represent 
806 essential dynamics of the event evolution. Climate change perturbations and alternative societal 
807 configurations are derived from plausible projections and scenarios, and resulting impacts are mapped 
808 for one or multiple counterfactual realizations of the storyline.
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809 A set of criteria is defined to promote the societal relevance and uptake of the storylines. They should 
810 be expected to be realistic, relevant and risk-informative. A list of six example storylines is described and 
811 explored in this paper, to illustrate the protocol and the application of the criteria.

812 The protocol and criteria checklist are shown to enable covering a wide range of storylines for a diverse 
813 set of sectoral applications, and help to standardize the design and application of climate event climate 
814 storylines.

815

816 Annex: Description of methodologies, data and models

817 The storylines described in this paper are constructed with varying tools and instruments. For Storyline 1 
818 (soybean yields) a combination of trade statistics, climate reanalysis archives and hydrological water 
819 resource modelling is used to generate spatial distributions of soybean production areas, water 
820 footprints (water use intensity) and agricultural drought, following (Mekonnen and Hoekstra, 2016; 
821 Ercin et al., 2019). Future analogues of yield shocks were created with a hybrid model configuration 
822 combining a large ensemble of climate projections (Van Der Wiel et al., 2020) aggregated to different 
823 levels of global warming taken as drivers for the global biosphere management model GLOBIOM (Havlík 
824 et al., 2014; Soterroni et al., 2018; Jägermeyr et al., 2021). Alternative socio-economic scenarios are 
825 imposed by driving the GLOBIOM model with SSP2-4.5 forcing scenarios.

826 For Storyline 2 (Africa food security) statistics on food security and trade are released by FAOSTAT 
827 (FAOSTAT, 2021), World Bank (Worldbank, 2021) and USDA (USDA, 2021). Simulations are carried out 
828 using a combination of a global model for world market prices of staple crops accounting for trade 
829 policies and storage (Schewe et al., 2017) and a food supply network model (Falkendal et al., 2021). The 
830 World Food Program operates a subnational food shock impact model SISMOD (WFP, 2017), and is 
831 working on inclusion of shock propagation procedures.

832 For Storyline 3 (EU Solidarity Fund) use is made of natural catastrophe assessment models such as 
833 CLIMADA (Aznar-Siguan and Bresch, 2019), forced by an extended present-day hurricane climatology 
834 with large numbers of synthetic storms calibrated on forecast ensembles (Bloemendaal et al., 2020). For 
835 Storyline 4 (Harvey landfall) the trade, production and consumption model Acclimate (Otto et al., 2017) 
836 was used to simulate deviations of sectoral production and trade decisions around a baseline state in 
837 268 regions and 27 sectors across the globe. The Acclimate trade network relies on information on 
838 agent’s decisions on production, consumption and pricing, which are assumed to be governed by 
839 rational considerations and perfect yet myopic knowledge. The indirect impact of Harvey landfall on 
840 remote (European) consumption is quantified by the time-varying deviation of aggregated European 
841 regional production levels relative to baseline equilibrium values.

842 For Storyline 5 (Idai landfall) a numerical wave propagation model (LeVeque and George, 2008; Berger et 
843 al., 2011) is used to simulate coastal surge resulting from a given storm intensity and underlying sea 
844 level. Observed wind speeds and present-day local sea level are used to estimate the extent and depth 
845 of coastal flooding, which serves as the baseline event. Regarding the sea level rise assumption in the 
846 counterfactual simulations, we conservatively assume a value 10cm lower without anthropogenic 
847 climate change. For maximum wind speed we adopt an increase of 0.25 knots (0.13 m/s) per year over a 
848 period of 50 years, based on local data from the IBTrACS database (Knapp et al., 2010). This results in a 
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849 10% reduction of maximum wind speeds in the counterfactual without climate change. For Storyline 6 
850 (European storm landfall) modelling of coastal inundation over dry land and buildings was carried out 
851 with the 2D-Hydrodynamic model ANUGA, also capable of simulating effects time-varying coastal 
852 defense infrastructure such as dam/dyke breaks (Roberts et al., 2015). Using OpenStreetMap data a 
853 spatial expression of the damage to multiple categories of critical infrastructure was generated 
854 (Nirandjan et al.). The wider economic losses and gains for 270 NUTS2 regions in the European Union 
855 (Thissen et al., 2018) are assessed using a macro-economic Multiregional Impact Assessment (MRIA) 
856 model (Koks and Thissen, 2016), including production inefficiencies resulting from damaged industries 
857 and the substitution of production in regions not affected by the direct impact.

858
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