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The Norwegian Centre for Climate Services (NCCS) has developed a production chain for climate information with the aim of delivering a knowledge base for climate change adaptation suitable for use by planners at various administrative levels in Norway. This process consists of two main steps: First, climate and hydrological projections are produced at a local scale (1 × 1 km resolution) using available results from global and regional climate models (GCMs and RCMs). In a second step, climate factsheets with abridged information relevant for individual counties in Norway have been co-produced with users and county authorities. Projections were produced by using a climate–hydrological modeling chain driven by downscaled simulations from 10 GCM–RCM combinations and two climate scenarios in which temperature and precipitation were first downscaled and bias-adjusted to a 1 × 1 km resolution. Bias-adjustment was necessary, partly due to biases in the RCMs. These results were published in the Norwegian climate assessment report “Climate in Norway 2100.” The results have then been disseminated through various formats, such as reports, dataportals, visualizations and factsheets (available at https://klimaservicesenter.no/). NCCS has issued climate factsheets for 17 counties in Norway and Svalbard. The county-wise climate factsheets have become the most extensive product issued by NCCS. A challenge when developing information about climate change for use in adaptation is the issue of uncertainty, and the trade-off between robustness vs. precision in the numerical values given should guide the dissemination of climate information. Based on our experiences, we also recommend that climate information is developed in collaboration with users because this ensures that it will be understood by a wider audience. Most climate-related challenges for infrastructure are related to extreme events. For technical applications in Norway, climate change allowances are now available for heavy precipitation, floods, and storm surges as a tool for design analyses of buildings and infrastructure. This paper describes the production chain for the presently available climate projections following the release of IPCC AR5 (CMIP5), our experiences of the dissemination process, as well as our plans for further development of the next national climate assessment report based on IPCC AR6 (CMIP6).
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1. INTRODUCTION TO CLIMATE CHANGE ADAPTATION IN NORWAY

The Norwegian Centre for Climate Services (NCCS) is a collaboration between the Norwegian Meteorological Institute, the Norwegian Water Resources and Energy Directorate (the national hydrological services), the Norwegian Research Centre (NORCE) and Bjerknes Centre for Climate Research. The main goal of NCCS is to provide a knowledge base for climate change adaptation to decision makers and planners at various administrative levels in Norway. Since counties and municipalities are largely responsible for climate adaptation in Norway, delivering useful information at these scales is an important part of NCCS' mandate. The three main goals of NCCS are 1) to provide climate and hydrological data for the past and future in Norway, 2) to be the preferred supplier of knowledge about climate change and hydrology and the effects of climate change on natural hazards, and 3) to be one of Europe's leading national centers for knowledge on climate and hydrology for climate adaptation and impact research. The center is funded by the Norwegian Environment Agency, the Ministry of Climate and Environment and the collaborative partners.

Norway has a complex geography with large gradients in topography and climate, and challenges vary between regions and even within municipalities. The western parts of southern Norway receive the largest amounts of precipitation, up to 5,000 mm/year in coastal regions. In the rain shadow, approximately 100 km further inland, precipitation amounts are less than a tenth of this. Winter precipitation is commonly stored as snow, which melts in spring (in the lowlands) and early summer (at higher elevations). The country has approximately 5,400,000 inhabitants (Statistics Norway, 2021), distributed across the whole country. This decentralization policy results in a sparse population distributed over many small municipalities.

Although challenges resulting from climate change differ across the country, the most common natural hazards are related to water: an increase in heavy rainfall, rainfall-generated floods and rainfall-induced landslides, and for coastal regions: an increase in storm surges. It should be noted, however, that because land masses are still rising after the last ice age, the relative sea level rise is largest in the southwestern regions of Norway. The above-mentioned hazards impact different sectors and communities in various ways. In 2018, a national climate adaptation conference summarized central topics into four conference sessions: i) water and more water; ii) nature, land-use and cultural heritage; iii) civil protection in a changed climate; iv) holistic management. These topics are regarded as relevant climate adaptation challenges across Norway (Neby, 2019).


1.1. Climate Change Adaptation Policy and Guidelines

The White Paper on Climate Change Adaptation in Norway (Norwegian Government, 2012) states that all sectors have a responsibility for climate adaptation in their respective sectors, and further that municipalities carry the main responsibility for adaptation, for example through local land use planning. The Norwegian Planning and Building Act (Norwegian Government, 2013), requires that municipalities perform a risk and vulnerability assessment (RVA) for development plans. National authorities facilitate and guide the climate adaptation work undertaken by the municipalities. In 2018, the Norwegian government adopted new guidelines on climate change adaptation (Norwegian Government, 2018). These new guidelines impose heavier responsibilities on municipalities than before, for example through explicit requirements to take climate change into account in planning and to consult and take into use existing knowledge on climate change. Climate factsheets (Hisdal et al., 2021) issued by NCCS have been a core reference for climate adaptation in these governmental guidelines. They are discussed more thoroughly in section “Step 2.” A survey by Klemetsen and Dahl (2020) found that 91% of municipalities in Norway have started work on climate change adaptation. The awareness of climate-related hazards is high; among the respondents, 97% expected the occurrence of an extreme weather event in their area. They further found that 76% of municipalities that have developed risk and vulnerability assesments (RVA) used a knowledge base on climate change. Of those, 61% responded that they used climate factsheets from NCCS (Klemetsen and Dahl, 2020). More details on how climate adaptation is coordinated in Norway can be found in e.g., Hanssen et al. (2013), Wejs et al. (2014), and Hauge et al. (2020).

As recommended in the White Paper on Climate Change Adaptation for Norway (Norwegian Government, 2012), a high emission scenario should be considered when assessing consequences of climate change, in line with the precautionary principle. Risk levels for riverine flooding, storm surges, landslides and avalanches are defined in the Norwegian Planning and Building Act and the associated technical regulations (Norwegian Government, 2017). Buildings in safety class 2 (e.g., a residential area) must be sited, designed or protected against the 200-year flood and the 200-year storm surge height. For the highest safety class, the 1,000-year return interval applies. Four principles for climate change adaptation have been formulated in Hamarsland (2015, our translation):

  i) Buildings and infrastructure with a short lifespan (10–20 years) are designed on the basis of the current climate.

 ii) Buildings and infrastructure with a long lifespan are either built to withstand projected climate change or designed based on the current climate, but which are also suitable for reinforcement at a later date.

iii) Measures should be climate-resilient, that is, they should function as intended even if the climate develops differently from what is projected.

iv) Climate adaptations contributing to achieving several goals are considered win-win adaptations and should be given a high priority.”

Extreme events pose challenges for infrastructure and the built environment in Norway. To cope with the expected changes, climate change adaptation can be set into practice by making allowances for climate change in risk assessments and planning. Such climate change allowances have therefore been developed from climate projections for heavy precipitation, floods and storm surges for use in the design of buildings and infrastructure with a long lifespan, and in hazard mapping. These climate change allowances, requested by users and developed in collaboration between researchers and public management, recommend a buffer to account for increases in heavy rainfall, floods and storm surges. The Norwegian Water Resources and Energy Directorate issued the first generation of climate change allowances for floods in Lawrence and Hisdal (2011), and have refined the recommendations since then. NCCS have formulated these recommendations in general as follows: “To increase resilience to climate change, it is recommended to make allowances for climate change in risk assessments of heavy rainfall, floods and storm surges when planning long-term infrastructure and residential areas. A climate change allowance states how much the current design value (that is, an extreme value such as the 200-year value) should be increased to account for future climate change, specifically: at the end of this century, under the high emission scenario.” The allowances are also used as a basis for the design of protection measures related to existing infrastructure and buildings, although additional cost-benefit considerations need to be made before making a decision. Specific formulations for heavy rainfall, floods and storm surges, respectively, are given under the relevant sections below, and in the climate factsheets.



1.2. Interacting With Users

Climate change adaptation needs to be integrated into all relevant policy fields and planning, according to the White Paper on Climate Change Adaptation (Norwegian Government, 2012), which broadens the potential user group of NCCS from scientists, via the private and public sector to the general public. NCCS has defined the prioritized user groups as listed in Table 1. Users are engaged through meetings and workshops initiated by both NCCS and other organizations. NCCS has been invited by intermediaries, such as the Norwegian Environment Agency and the Norwegian Association of Local and Regional Authorities (KS), to present information at courses and webinars, most of them aimed at municipal officers and consultants who implement climate change adaptation into municipal plans. In total, researchers affiliated to NCCS gave 340 presentations from 2015 to 2021. Web site statistics and participant lists at seminars NCCS have attended indicate that NCCS have also reached users ranging from international climate researchers, educational institutions, the energy sector, municipal engineers, consultants, municipal planners, and the general public. Spatial planning plays a critical role in climate adaptation and municipalities are therefore one of the main target groups. Municipalities best know their local situation and needs, and therefore, the White Paper on Climate Change Adaptation points them out as being the most appropriate authority level to develop adaptation policies (Hanssen et al., 2013). Land use plans represent an important part of climate change adaptation through their ability to shift new developments away from vulnerable, hazard-prone regions. Robust and climate-adapted spatial plans thus require information about future climate and further effects on e.g., natural disasters. In addition, several impacts of climate change depend on responses in e.g., ecological systems, or factors affecting human health. Providing useful climate datasets for scientists studying such impacts is therefore an important task for NCCS, in addition to providing municipalities with refined end products. During the past 10–15 years, the government has developed learning networks related to climate change. Two such networks, “Framtidens byer” (“Cities of the future”) and iFront (“aHead”) have been established between the largest cities. The mandate of iFront has been to facilitate the “tricle down” of knowledge from national networks to the networks that participating cities were encouraged to form with their neighboring municipalities, and in turn, that participating regional municipalities were encouraged to form with their neighboring municipalities and so on. The Norwegian Environment Agency and the Norwegian Association of Local and Regional Authorities initiated the first climate network in 2015 and now organizes the 4th generation climate network (Wang and Grann, 2019). A series of novel problem-oriented collaborative workshops, Klimathon (Kolstad et al., 2019; Neby, 2019; Kvamsås et al., w2021), can also be considered to be a type of learning network. These hackathon-inspired seminars gather planners from the municipal and county levels, intermediaries and knowledge providers with the aim of co-producing knowledge for use in climate change adaptation. Through dialogue, different practitioners create a common understanding of a case. Although the questions discussed are not real-life problems, the participants build on experience from local, regional and national adaptation work (Neby, 2019).


Table 1. Prioritized user groups.
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2. STEP 1: CLIMATE PROJECTIONS FOR NORWAY

The climate assessment report “Klima i Norge 2100” (Hanssen-Bauer et al., 2015; hereafter abbreviated KiN), and the shorter English version “Climate in Norway 2100” (Hanssen-Bauer et al., 2017a), present historical climate change and climate projections toward the end of this century. The Arctic islands of Svalbard were not included in the national Norwegian report, as they lie outside the EURO-CORDEX domain (Jacob et al., 2014). Therefore, a special assessment report “Climate in Svalbard 2100” (Hanssen-Bauer et al., 2019; hereafter abbreviated CiS) was published in 2019. Here, we describe the climate–hydrological modeling chain used in the 2015 version of KiN. An update of the report “Climate in Norway 2100,” planned to be issued in 2024, is briefly described under “Future work.”

The climate assessment reports KiN and CiS were based on coupled atmosphere–ocean general circulation models (GCMs) from phase 5 of the Coupled Model Intercomparison Project (CMIP5). Atmospheric variables were downscaled to Norway from the output of the World Climate Research Programme (WCRP) Coordinated Downscaling Experiment-European Domain (CORDEX), see Figure 1. Projected temperature and precipitation were computed from regional climate models (RCMs) directly, i.e., without further downscaling or bias-adjustment, at a spatial resolution of 12 × 12 km (2071–2100 relative to the reference period (1971–2000). These data were used to estimate projected changes for counties (Figure 2) and as spatially distributed, gridded maps. All projections were produced from ten GCM–RCM combinations from CMIP5 (Table 2), downscaled for EURO-CORDEX, i.e., CORDEX models for the European domain. At the time the selection of EURO-CORDEX models were done, these ten GCM–RCM combinations consisted of all EURO-CORDEX at a 0.11 ° resolution, EUR-11, that were available at the time for two emission scenarios (RCP4.5 and RCP8.5), see Table 2. These simulations were later re-gridded and bias-adjusted into 1 × 1 km resolution. In addition, empirical-statistical downscaling was used to produce temperature projections for the full multi-model ensemble of GCMs from CMIP5.


[image: Figure 1]
FIGURE 1. Modeling chain from climate model output to climate information.
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FIGURE 2. Historical and projected annual mean temperature for one county, Hedmark. The historical development is shown as single years (blue dots), smoothed 10-year variations (full red line), trends (dotted red line). The future development is shown for the high emission scenario, RCP8.5, as the median of the model ensemble (full gray line) and low and high model simulations (dotted gray lines), for the middle of this century (the period 2031–2060 is plotted at 2045) and the end of this century (the period 2071–2100 is plotted at 2085).



Table 2. GCM–RCM combinations used in KiN from the EURO-CORDEX ensemble and CiS for the Arctic-CORDEX ensemble (see page 144 in KiN and page 192 in CiS for references and details).
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In addition to climate model simulations for historical and future projections, observation-based datasets were used to present the development of the climate in the historical period, as well as for bias-adjustment and for calibrating and validating the hydrological models. The main historical meteorological dataset used was a gridded dataset from the web portal http://senorge.no/ (hereafter senorge v.1.1; Tveito et al., 2005; Mohr, 2008), with a daily temporal resolution, and a spatial resolution of 1 × 1 km. Senorge v.1.1 interpolates temperature and precipitation from observation stations, using various geographical information (e.g., longitude, latitude, altitude, distance from coast; see Mohr, 2008 for details).


2.1 Climate–Hydrological Modeling Chain

Projections of hydrological variables (runoff, snow, groundwater, evapotranspiration and soil moisture deficit) were simulated with hydrological models, taking temperature and precipitation as input. Simulations were driven by bias-adjusted temperature and precipitation from the 10 EURO-CORDEX simulations. This approach consisting of using downscaled, bias-adjusted climate data to simulate hydrological variables is often referred to as the climate–hydrological modeling chain.

Ideally, climate model output should be used directly in hydrological models. However, the spatial resolution of regional climate model ensembles, such as the EURO-CORDEX simulations, is still too coarse for local assessments, especially in a country with rugged topography, such as Norway. In addition, global and regional climate models can produce somewhat biased output (e.g., Frei et al., 2003), which unfortunately prevents their direct use in impact studies. As a result, bias-adjustment of climate model output variables has become a fairly standard procedure in climate change impact studies (e.g., Hempel et al., 2013; Dankers and Kundzewicz, 2020), despite its limitations and the additional challenges it can introduce (see for example the discussion in Ehret et al., 2012). For this work, the main challenges were related to the volume of data (10 models × 320 000 grid cells × 130 years), which favored a computationally efficient method. Temperature and precipitation were regridded from approximately 12 × 12 km to 1 × 1 km and thereafter bias-adjusted for each grid cell separately, using senorge v.1.1 as the reference dataset, see Wong et al., 2016) for details. Wong et al. (2016) also presents some reasons for bias-adjustment, e.g., cold biases for Norway in the historical period leading to an unrealistic prolonged snow season if bias-adjustment was not implemented. For a more detailed discussion of the trade-offs please see Section Discussion.


2.1.1. Hydrological Modeling

For the hydrological simulations, the HBV hydrological model (Bergström, 1995; Sælthun, 1996; Beldring et al., 2003) was selected. This model has been widely used for hydrological simulations in the Nordic region (Bergström, 2006), and is used both operationally and for research (e.g., Lawrence and Haddeland, 2011; Wong et al., 2011; Huang et al., 2019). The HBV model is a conceptual hydrological model that computes the water balance in response to hydro-meteorological forcing, including storages and depletion in snow, soil moisture and groundwater, and simulates the associated runoff. Two versions of the HBV model were used: a) a catchment-based version with height zones for snow modeling (Sælthun, 1996); and b) the gridded HBV model developed by Beldring et al. (2003). Both versions employ temperature-index methods for snow accumulation and melting and for evapotranspiration. Thus, the model can be run with temperature and precipitation time series as the only driving variables. The hydrological model includes different land cover types, e.g., lake, forest, bedrock, and urban, which specifies the percentage of the given land cover type within the gridcell.

The catchment-based HBV model was calibrated and validated for 115 unregulated catchments for use in generating hydrological projections suitable for flood analyses in these catchments (Lawrence et al., 2009; Lawrence, 2016). Multiple parameter sets were calibrated for each catchment to quantify the uncertainty in HBV model parameterization (Lawrence and Haddeland, 2011; Lawrence, 2020). Bias-adjusted precipitation and temperature time series were created for each catchment for each of the 10 EURO-CORDEX RCMs by applying two bias-adjustment methods. The bias-adjusted time series were used as forcing data to run multiple hydrological simulations for each catchment, and this was also done for each of the 25 parameter sets for each catchment. The annual maximum flood series was extracted from each simulation for 30-year time slices for estimating changes in the average annual flood, the 200- and 1,000-year floods and the predominant flood season. Due to the relatively short time periods for analyses (annual maximum series consisting of 30 years for the reference and future periods), a two-parameter Gumbel distribution was used for estimating flood return levels. Percentage future change in flood discharge was calculated by comparing estimates for the flood quantiles for the reference and future periods.

A gridded version of the HBV model was implemented with a daily time step and 1 × 1 km spatial resolution for mainland Norway (Beldring et al., 2003) to study changes in hydrological variables. The model was calibrated using precipitation and temperature from senorge v1.1 as forcing data. The results from this historical run represents the reference data for the hydrological variables at 1 × 1 km. The model was thereafter run using downscaled and bias-adjusted climate model data from the ten EURO-CORDEX models, resulting in daily gridded hydrological time series spanning the period 1971–2100. Svalbard was not included in the national Norwegian report KiN, as it is outside the EURO-CORDEX domain. A special assessment report “Climate in Svalbard 2100” (CiS) was published in 2019, based on downscaled and bias-adjusted models from the Arctic-CORDEX ensemble treated in a similar way as described for KiN. Eight models were available for RCP8.5, five for RCP4.5, all with a 50 km resolution. Because of the coarse spatial resolution in Arctic-CORDEX, an additional regional downscaling to 2.5 km resolution was performed using one model, COSMO-CLM.





3. RESULTING PROJECTIONS AND ALLOWANCES

In the KiN and CiS reports, results are computed for two emission scenarios, for the mid-century period (2031–2060) and the end-century period (2071–2100) relative to the reference period (1971–2000). To satisfy the precautionary principle, the high emission scenario at the end-century period is most often used as a basis for climate adaptation in Norway. The summary of results below are valid for mainland Norway for the end-century period compared to the reference period, under the high emission scenario RCP8.5, unless otherwise stated. Model spread in the KiN report is presented as the 10 percentile, median and 90 percentile of the model ensemble. In this paper as well as in the climate factsheets, the ensemble median is presented, in some cases with the 10 percentile and 90 percentile in parentheses.


3.1. Temperature

The mean temperature for mainland Norway has increased by approximately 1°C in the period 1900–2014. The projections toward the end-century for high emissions show a 4.5°C warming for mainland Norway (3.4–6.0°C). Figure 2 shows how this information is conveyed graphically through a climate factsheet. For the intermediate emission scenario, RCP4.5, the temperature increase is estimated to be 2.7°C (1.6–3.7°C). As expected from Arctic amplification, the projected warming is larger for the northernmost counties (Finnmark: 5.5°C), and especially for Svalbard: 9.8°C, according to the report CiS. The projected warming in winter exceeds that of the other seasons.



3.2. Precipitation, Including Climate Change Allowance

Historically, the mean annual precipitation has increased by approximately 18% in the period 1900–2014. Annual precipitation is in general projected to increase at high latitudes. By the end of this century, annual precipitation is estimated to increase by 18% (7–23%) for the high emission scenario and by 8% (3–14%) for the intermediate emission scenario. Precipitation intensities during short-term heavy showers increase more than daily values because air has the capacity to hold more precipitable water when it is warmer. Heavy rainfall may lead to widespread stormwater runoff with traffic disruptions and material damage. Climate change allowances have therefore been developed to mitigate damages from increases in precipitation intensity during heavy rainfall. A climate change allowance for heavy rainfall states by which factor or percentage the current design rainfall (taken from an IDF curve NCCS, 2022b) should be increased to account for future climate change. The resulting climate-adjusted value is used to design infrastructure on a local, urban scale. These climate change allowances are not themselves climate projections, but are derived from climate projections of precipitation. The climate change allowance for heavy rainfall was defined on the basis of projected precipitation amounts for the end of this century (2071–2100) relative to the reference under the assumption of a high emission scenario. Initially, the allowance was formulated as “at least 40% increase,” independent of storm duration or return period. In the current version of the climate factsheets (Hisdal et al., 2021), this is expanded: “If a more refined approach is desired for different durations and return values, the climate change allowance as shown in the table below (Table 3) may be used.”


Table 3. Recommended climate change allowance for heavy rainfall (modified from Dyrrdal and Førland, 2019).
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At Svalbard, the relative increase in annual precipitation is projected to be larger than that for mainland Norway, i.e., approximately a 65% increase; however, the absolute values of precipitation are low (approximately 400 mm/year at Ny Ålesund) (CiS).



3.3. Snow

Changes in temperature and precipitation influence snow coverage. Higher temperatures in autumn and spring lead to a shorter snow season. A shorter snow season does not necessarily mean less snow, however. For regions with sufficiently low temperatures in a future climate (at elevations exceeding 1000 m a.s.l.; Skaugen et al., 2012), snow amounts are expected to increase due to an increase in precipitation, at least toward the middle of this century. The cryosphere is an important part of nature at Svalbard, with almost 60% of the land area of Svalbard covered by glaciers. The snow season is expected to become shorter, and the loss of glacier mass will change the landscape (CiS).



3.4. Runoff

Changes in precipitation and snow regimes will alter runoff in different ways for the different seasons. In winter, runoff is projected to increase (substantially for relative values but only modestly for absolute values) due to a smaller fraction of the precipitation being stored as snow. The timing of snowmelt is shifted to earlier in the year. In spring, this shift toward earlier snowmelt leads to a diverse picture, with an increase in runoff at high altitudes, where snowmelt continues into summer months (June–July) in the present climate. In the same season, a decrease in runoff is projected in the lowlands, where snowmelt ends during April–May in the present climate. In summer, runoff in general is projected to decrease. This expected decrease is mainly due to an increase in evapotranspiration outweighing the increase in rainfall. In autumn, runoff is projected to increase at most locations due to an increase in rainfall. An exception are the lowlands of South Norway where higher evapotranspiration may even reduce autumn runoff.

For Svalbard as a whole, runoff is expected to increase in summer as a response to glacier melt, and in the other seasons as a response of more precipitation falling as rain rather than snow.



3.5. Floods, Including Climate Change Allowance

Although rainfall is projected to increase, flood risk depends on several factors in addition to rainfall (see Hodgkins et al., 2017; Sharma et al., 2018). In Norway, rainfall floods are projected to increase, but snowmelt floods are not (Vormoor et al., 2015, 2016; Lawrence, 2016, 2020). This difference depends on the characteristics of the river catchment, particularly related to the potential for snow accumulation. Figure 3 shows changes in the 200-year flood by the end of the century under high emissions. The green dots correspond to catchments that are dominated by a snowmelt flood in today's climate, where the flood magnitude is projected to be unchanged or reduced. Blue dots correspond to catchments that are dominated by a rainfall flood or a combination of rainfall and snowmelt floods in today's climate, where the flood magnitude is projected to increase. The daily (24 h) time step does not allow resolving the flood peak in catchments that respond quickly to rainfall; however, more recent studies with 3-h input have shown that the flood magnitude in these catchments have larger increases (Lawrence, 2018). The largest increases in flood magnitude are expected in small, steep catchments and in other catchments in which excess rainfall accumulates and is transferred rapidly through the catchment. In larger catchments, snowmelt and evapotranspiration occurring over longer timescales (i.e., days rather than hours) have a greater effect in mitigating the impact of increases in short-term precipitation intensities as compared with smaller catchments (Sharma et al., 2018).
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FIGURE 3. Percentage change in the 200-year flood between the reference period 1971–2000 and projection period 2071–2100 for RCP8.5. The estimates are based on the ensemble median of 500 simulations for each of the two emission scenarios (RCP 4.5 og 8.5). For each of 115 catchments, 10 climate models (see Table 2) have been downscaled and bias-adjusted using two methods. In addition, the 25 best parameter sets calibrated for each catchment were used in successive runs of the hydrological model for that catchment (From Lawrence, 2016).


Recommendations for a climate change allowance for floods were developed based on the median projections illustrated in Figure 3 for the projected change in 200-year flood values by the end of this century (2071–2100) under the assumption of a high emission scenario. For this purpose, three classes are distinguished: 1) no change or an expected decrease in flood hazard (0%); 2) an expected moderate increase in flood hazard (20%); and 3) an expected large increase in flood hazard (40%). Individual catchments are placed in one of these classes based on catchment characteristics, particularly related to location, potential for snow accumulation and the dominant flood season in the current climate. Due to the high degree of uncertainty in projected flood magnitudes and the large spread in the ensemble projections for each catchment, these three classes are used (rather than more precise values) to ensure robustness in the recommendations. At present, a hydrological assessment is performed for each catchment where a climate change allowance is required. However, a national map illustrating the recommended climate change allowance for all river reaches in Norway will be published in 2022. This allowance is particularly used in design flood analyses and in flood hazard mapping throughout Norway, i.e., they are targeted for the more advanced users of climate change information. Mapping of flood hazard is performed by the Norwegian Water Resources and Energy Directorate for some exposed river reaches, and these mapped river reaches are listed in the climate factsheets, together with the recommended climate change allowance for the reaches. At Svalbard, flood magnitudes are expected to increase, both as a response to increasing rainfall amounts and snowmelt and glacier melt (CiS).



3.6. Landslides and Avalanches

Landslides and snow avalanches cover many types of mass movements, see chapter 7.3 in CiS for an overview of types. Weather triggers certain types of slides and avalanches, and climate change may thus affect their future frequency. For mainland Norway, it is expected that in steep terrain, climate change may lead to an increase in the frequency of landslides, debris flows and slush avalanches associated with heavy rainfall (Hisdal et al., 2021). Increased erosion could trigger more quick-clay slides. The risk of dry snow avalanches is expected to decrease, while the risk of slush slides is expected to increase, and may occur in areas where they have not occurred previously. The climate factsheets describe how different types of landslides are expected to change based on changes in climate. In particular, earth slides, floodslides and slushflows are sensitive to climate change because of increased precipitation (Hisdal et al., 2021). The climate factsheets list existing hazard maps and highlight the importance of further hazard mapping because of the expected increased frequency of landslides and avalanches. Climate change allowances are, however, not used in hazard mapping and other assessment related to landslides and snow avalanches.

Landslides and avalanches can be classified according to the water content. Floodslides and earth slides are rapid mass movements in steep slopes, but the former has a higher water content than the latter. Both types of landslides are expected to become more frequent because they are triggered by rainfall. We differentiate snow avalanches into slushflows, wet snow avalanches, dry snow avalanches. A slushflow is a “mudflow-like avalanche composed of slush–very saturated snow” (European Avalanche Warning Services, 2022). Slushflows are, similar to earthslides and floodslides, triggered by precipitation, and the hazard is therefore expected to increase. The hazard of wet snow avalanches, an “avalanche of wet snow masses,” is expected to increase in hazard-prone areas because the snowline will shift to higher altitudes and rain will fall on snow-covered ground more frequently. For the same reason, the occurrence of dry snow avalanches can be expected to be reduced. A quick-clay slide is a “very rapid to extremely rapid flow of liquefied sensitive clay” (Hungr et al., 2014). Quick-clay slides are often triggered by construction work, but increased erosion due to larger flood magnitudes may trigger quick-clay slides more frequently in the future. Rockfall is defined as “Detachment, fall, rolling, and bouncing of rock […] fragments" (Hungr et al., 2014). Frost action influences rockfalls, which are often triggered by increased pore pressure during heavy rainfall. More frequent heavy rainfall events may increase the frequency of rockfall. Hungr et al. (2014) defines a rock slide (rock avalanche) as an “Extremely rapid, massive, flow-like motion of fragmented rock from a large rock slide or rock fall." This type of landslide is mainly caused by long-term, geological processes and are less influenced by weather events. Permafrost thawing may contribute to triggering rockslides; however, there is no scientific evidence that indicates that climate change will increase the frequency or magnitude of large rockslides. In addition to the above-mentioned processes, Svalbard will also experience changes related to thawing of near-surface permafrost in coastal and low altitude areas, and and increase in erosion and sediment transport. This is thoroughly described in the report CiS.



3.7. Sea Level Rise, Including Climate Change Allowance

The global mean sea level is rising as a response to thermal expansion and loss of land ice (Simpson et al., 2015). The relative sea level, that is, the sea level relative to land, will increase less for Norway than the global mean sea level rise. The reason for this is the vertical uplift of the land after the last ice age. Because the ice sheet was thickest around the Bay of Bothnia, this region experiences the strongest uplift. In coastal regions farthest from the Bay of Bothnia, i.e., the southwestern regions of Norway, the crust rebounds at a slower rate. Therefore, the relative sea level rise is largest in these regions. Storm surges are extremely high sea levels resulting from very low pressure and high winds. Simpson et al. (2015) provide projected sea level changes and estimates of projected storm surges for municipalities. They project more frequent storm surges and more frequent inundations. In planning long-term infrastructure, allowances for storm surges should be considered. The climate change allowance for storm surges is defined on the basis of the projected sea level change from 1986–2005 to 2081–2100, for RCP8.5, and the 95th percentile of the ensemble spread (see Table A.2.3 in Simpson et al., 2015). In Svalbard, the relative sea level is projected to fall because of continued loss of local ice masses. Storm surges are not expected to become worse because of sea level rise. However, thawing of permafrost makes coastal erosion more of a challenge.




4. STEP 2: DISSEMINATION OF CLIMATE INFORMATION IN NORWAY

National climate reports such as KiN are useful for documentation of knowledge status and for providing a comprehensive and consistent picture of climate developments in an area. For many users of climate information, however, the report has little practical usefulness, and NCCS has therefore developed several products aimed directly at different user groups (see examples in the bottom panel in Figure 1). Some climate projection products are published online through http://klimaservicesenter.no/, for visualization as well as for download. For less advanced users, summaries of the most important findings for each county have been compiled into climate factsheets, and maps of projected changes are presented on the web (30-year mean values). For more advanced users, the climate and hydrological projections at 1 × 1 km are made available as daily time series in netCDF format.


4.1. Climate Factsheets

Because scientific reports are generally not read by decision-makers and municipal planners and because key information from the reports has to be combined with legal regulations and guidelines on climate change adaptation, NCCS has issued climate factsheets for each county (Hisdal et al., 2021). They describe current conditions as well as the most important changes from the reference period to the end-century, under the high emission scenario following the precautionary principle (ref. Section Discussion). Physical climate hazards summarized in the climate factsheet include heavy rainfall and stormwater runoff; floods, droughts, landslides, avalanches and storm surges. In the summary table, relevant natural hazards are assigned to one of four categories: “Increased probability” (red), “Possible increased probability” (orange), “No change or less probability” (green) and “uncertain” (blue) (Figure 4). In addition to presenting projections and climate change allowances, the climate factsheets list climate adaptation regulations, outline natural climate risks for the county and give links to hazard maps for floods and landslides produced by the Norwegian Water Resources and Energy Directorate. The climate factsheets were updated in February 2021 and are now available both online and as printable PDF documents.


[image: Figure 4]
FIGURE 4. Example factsheet for one county. The factsheet shows a summary of projected changes in hydrological conditions and natural hazards relevant to the county for the period from 1971–2000 to 2071–2100.


The idea of a climate factsheet was conceived during a multi-level governance network project, “Climate project Troms” (Hanssen et al., 2015), where the goal was to integrate climate change adaptation into municipal planning according to the Planning and Building Act and the associated technical regulations. The project involved participation from multiple governance levels, from the local level to the national. The county of Troms led the project, which also involved selected municipalities, the county authority, the Norwegian Directorate for Civil Protection (DSB) and NCCS. The county authorities and municipalities requested a short summary of climate change information relevant for various planning processes in the municipalities. A prototype 8-page, condensed climate factsheet for Troms county was developed and issued in January 2015, and was intended to be used alongside a report describing how to integrate climate change adaptation into municipal plans (Norwegian Directorate for Civil Protection, 2015).

After this pilot project, climate factsheets have been published for all counties in mainland Norway as well as Longyearbyen, Svalbard on request from local authorities. This co-production, where practitioners were heavily involved in developing the climate factsheet Troms, continued during work with the other counties. The content was inspired by the factsheet for Troms, but was adjusted in dialogue with county authorities. Local representatives were given the opportunity to comment and make suggestions to early drafts of the factsheet. For example, a coastal municipality in Nordland requested information about wave action, which was included in later factsheets for coastal counties. Further, the county authorities in Sogn og Fjordane, who had built up competence on climate change adaptation, asked for uncertainty ranges, whereas other county representatives did not prefer that such information be included. Prior to publication, NCCS asked county authorities to promote the climate factsheet at political meetings at the county level in order to obtain political anchoring among local politicians. Decisions on e.g., which scenario to use for climate change allowances and planning is a political question. The municipal practitioners in the pilot project stressed that political anchoring was necessary to get political support for the adaptation measures they suggested. Through dissemination on websites and in seminars and later via the implementation of governmental regulations, the public gradually became familiar with the factsheets, both their availability and their use. In addition, government organizations and county administrations have distributed the factsheets locally.



4.2. Use of Climate Factsheets

Climate factsheets are a core reference in the government guidelines on climate change adaptation (Norwegian Government, 2018) and are widely used in RVAs by municipalities (Klemetsen and Dahl, 2020). Some municipalities have developed a climate adaptation strategy (Handberg and Pedersen, 2018), where background information on local climate change was based on the factsheet for the given county, among other sources. A few municipalities have in addition developed climate vulnerability analyses. County municipalities, such as Vestland, used climate factsheets as a knowledge base when developing their adaptation planning strategy. The Norwegian Agency for Local governments has developed a portal for local climate risk in each municipality which presents Table 1 from the factsheets. An example can be seen for e.g. Lillestrøm (The Norwegian Agency for Local Governments, 2022).

According to a survey by KS (Wang, 2018), climate factsheets are the most frequently applied service provided by NCCS. Comments on climate factsheets in such surveys point to too general information (Rusdal and Aall, 2019; Hauge et al., 2020), a need to translate knowledge on climate change into climate change adaptation (Rusdal and Aall, 2019) and a lack of capacity to use the information (Wang and Grann, 2019). Published surveys of climate change adaptation are discussed more thoroughly in Section Discussion.


4.2.1. Evaluation of the Climate Factsheets

NCCS has evaluated the use of climate factsheets and other products through a survey and workshops described in the following paragraphs. This section illustrates how NCCS use the results of the evaluation to define new user needs and inform future development of our services.

During two workshops in November 2019, NCCS gathered comments on climate factsheets. The first workshop was co-arranged with a research project, and aimed at collecting user suggestions for future climate factsheets (unpublished internal notes). Here, specific indices for the land use sector were suggested. The second workshop was co-arranged with the Norwegian Association of Local and Regional Authorities (KS) and was aimed at collecting user comments on the climate factsheets (unpublished internal notes). The comments about the climate factsheets can be summarized as follows:

- The factsheets raise awareness about climate change adaptation.

- The factsheets are too general to be used for local decisions, such as detailed land use planning. Translation of technical knowledge to the downstream user is required, in particular from recommended climate change allowances to design in practice. Examples are requested.

- Municipal officers use other data formats than researchers. They requested data as maps.

- Which status do the recommendations have? Are they legally binding?

Some of the municipalities had not used climate factsheets in their planning strategies, and they explained that their planning strategy is changed every 4th year such that the climate factsheet was not published in time to incorporate it into the planning strategy. One participant had not heard about the climate factsheets before the workshop.

In one survey of the NCCS website, it was requested that NCCS make projections available through existing web portals such as http://senorge.no/ (unpublished, internal notes). A user from the hydropower sector requested projections aggregated for catchments, similar to the Swedish Meteorological and Hydrological Institute's portal Hypeweb (SMHI Hypeweb, 2022).


4.2.1.1. Klimathon

The climate factsheets from NCCS were a topic for discussions at a so-called Klimathon events targeting a variety of practitioners, aiming in particular at municipal planners (Neby, 2019; Kvamsås et al., 2021). Discussions were prepared as group posters and presented in a common poster session, in addition to reflective notes and evaluations. One group working on “Nature, land-use and cultural heritage” devoted their time to addressing how the climate factsheets could be used in conjunction with other knowledge bases, and listed the following possible solutions: check lists, local knowledge in map formats, political anchoring in land use plans and a database of example measures (Neby, 2019). The authors point out that challenges and barriers were addressed rather than solutions. Although most participants knew about the climate factsheets and/or used them regularly, some participants did not know where to find local climate information (Neby, 2019). The numbers given by Klemetsen and Dahl (2020) in the introduction to this paper can therefore be interpreted as follows: 24% of the municipalities that have developed RVA analyses have not used a knowledge base about climate change. The potential for disseminating climate factsheets to a wider audience is therefore present.




4.3. Dissemination of NCCS Data on the Web

Maps of 30-year means are presented on the NCCS web portal https://klimaservicesenter.no/climateprojections. Web portals allow for displaying additional information (e.g., more maps) than that which is presented as figures in the KiN report. This web portal displays projected changes for the mid-century period (2031–2060) and end-century period (2071–2100) relative to the reference period (1971–2000) for two emission scenarios (RCP4.5 and RCP8.5) as well as the reference period average. It also contains a few variables that have been computed after the report was issued: projected changes in days with snow depth exceeding 30 cm, and zero-degree crossings. The latter was calculated from bias-adjusted maximum and minimum temperatures (Nilsen et al., 2021). On the web, only the ensemble median is shown, whereas in the KiN report, model spread is shown using the 10 percentile, median and 90 percentile.

The bias-adjusted climate variables and hydrological simulation results (mean temperature, maximum temperature, minimum temperature, precipitaton, runoff, snow, groundwater, evapotranspiration and soil moisture deficit) for 101 GCM–RCM combinations are available as daily values for the period 1971–2100 at the 1 × 1 km spatial resolution. They can be downloaded from the NCCS website (nedlasting.nve.no/klimadata/kss), for two emission scenarios (RCP4.5 and RCP8.5). These data are freely available for research and other purposes in accordance with the Norwegian Licence for Open Government Data (NLOD). The whole or parts of the dataset has been downloaded by e.g., students, scientists, consulting companies and energy companies. The dataset has been applied in research projects to estimate impacts of climate change for agriculture (e.g., Haugen et al., 2019) and for societal risks (e.g., the project Klima 2050 Klima 2050, 2022).

Based on requests from users, NCCS recently created maps of projected changes that can be accessed from the web portal through an application programming interface (API). More specifically, these maps are available as figure files, through the Web Map Service (WMS) standard. This standardized technical solution has the advantage of providing the most updated version of a map automatically, without having to actively search for updates. Users such as the Norwegian Environment Agency and the Norwegian Directorate for Civil Protection can display these WMS maps on their websites. Metadata will be searchable through Geonorge, Norway's national website for map data and location information (Geonorge, 2022).

On the web portal for climate scenarios, maps of 30-year means are not presented as zoomable, interactive maps. Instead of developing yet another web portal that contributes to the abundance of information, maps will be presented on an existing web portal, http://senorge.no/, that contains state-of-the-art functionality for map presentations and data download. The senorge web portal displays gridded maps of weather and water conditions at a daily resolution and lower. This open portal is widely used by the general public and media. The web portal has been user-tested for user groups ranging from ski tourists, hydropower companies and emergency preparedness institutions as well as students and the media (unpublished internal notes). Recent developments in senorge include webpages adapted for use on mobile phones, and the availability of a subset of 30-year means (temperature, precipitation, runoff and snow). All maps are accessed from the API described above.


4.3.1. Dissemination in Collaboration With the Media (NRK)

NCCS have recently disseminated climate projections for each municipality in Norway through a collaboration with the Norwegian Broadcasting Corporation (Norwegian Broadcasting Corporation, 2020). The feature article has reached 900 000 page views and has been used as reference for reader's letters to local newspapers confronting local politicians (personal communication with the journalist, Mads Støstad, 4. November 2021). There are several examples of Norwegian climate projection being used in outreach through the media. The TV meteorologists from Norwegian Meteorological Institute have successfully communicated climate information on national television, in association with the weather forecast, where climate projections are one source of information (European Meteorological Society, 2022).






5. DISCUSSION

Here we discuss what NCCS can improve to assist in overcoming some common barriers for implementing climate change adaptation measures. We first explain how uncertainty is considered, and second, how the trade-off between robustness and precision guides the dissemination. This second point is relevant when providing more local products on a gridded or averaged scale, when allowing users to zoom in to the actual numbers in the 1 x 1 grid cell, and when giving more detailed climate change allowances. This discussion is structured around a few core requests from Norwegian climate data users and barriers that are documented as hindrances to climate change adaptation (e.g., Hauge et al., 2020; Klemetsen and Dahl, 2020). Through presentations at meetings and workshops, climate factsheets have been promoted to widely different sectors, ranging from land use planning, sewage/stormwater management, and emergency preparedness to agriculture. Whereas, advanced users often request direct access to data in formats that comply with the existing workflow of the user (e.g., time series and map formats made available through API), the non-technical audience tends to prefer simple visualizations, zoomable maps and guidance (Hanssen-Bauer et al., 2017b). When issuing data to a wider audience, NCCS has considered the trade-off between robustness and precision: a robust estimate takes uncertainties into account, e.g., by including an uncertainty range or by rounding, whereas a seemingly precise estimate under-communicates the underlying uncertainties. Advanced users request uncertainty estimates to a larger degree than less advanced users and it remains a challenge to present these uncertainties in a clear manner that can be understood by the various user groups. Uncertainties in the climate projections can be separated into i) uncertainty related to natural variability, ii) uncertainties related to future emission scenarios, i.e., which is most likely, and iii) model uncertainty related to global and regional climate models and hydrological models.

In most climate factsheets, point i) is explicitly addressed, by presenting changes between two 30-year means and smoothing decadal variations in plots. Further, climate factsheets present time series and numbers aggregated for counties. On the web portal https://klimaservicesenter.no/climateprojections, point ii) are shown by presenting the intermediate, RCP4.5, as well as the high, RCP8.5, emission scenario, while point iii) is illustrated by showing not only the ensemble median, but also the 10 and 90 percentiles. The report KiN describes these uncertainties and states that we partly cope with the uncertainties by presenting median values, for different emission scenarios, as well as intervals including 10 to 90 percentile model spread for various climate variables. In KiN, point iii) was addressed further by downscaling temperature from all available CMIP5 models by empirical statistical methods (ESD; Benestad, 2021). The median of the annual temperature projections were rather similar, and the 10 to 90 percentile spread for the most only slightly higher in the large ensemble ESD projections than in the EURO-CORDEX-based projections. This adds credit to the temperature projections. Regretfully, the ESD models for precipitation were not very skillful at the time. The KiN report states that the illustration of the uncertainty maps only parts of the total uncertainty, and that the results therefore need to be considered in relation to their application. The climate factsheets also discuss uncertainty, and recommend the use of the median model result as this is the most robust estimate given the available ensemble. Only the factsheet for Sogn og Fjordane states the model spread (point iii). On that portal, gridded precipitation and temperature is shown at a 12 × 12 km resolution.

Ideally, the climate–hydrological modeling chain should include multiple bias adjustment methods and multiple hydrological models, in addition to a large GCM–RCM ensemble. Previous studies have shown that the bias adjustment has an impact on the climate change signal (e.g., Hagemann et al., 2011), as does the choice of climate model and hydrological model (e.g., Schewe et al., 2014). The results by Schewe et al. (2014) and Hagemann et al. (2013) indicate that the choice of hydrological model impacts the results the most in water-scarce areas. This knowledge is behind the motivation of including an additional bias-adjustment method and two evapotranspiration parameterizations in the distributed hydrological model in ongoing research projects (see Section 6). However, difficult decisions have to be made regarding feasibility when it comes to the number of model setups and simulations.

Reaching out to practitioners in the target groups in a comprehensible, but non-technical manner is crucial for an effective climate adaptation because these practitioners are responsible for implementing climate adaptation measures in practice. Handling uncertainties becomes even more important when presenting results for less advanced users. Feedback from these users reveals a wish for even more tailored information, either directed toward a specific sector or with a higher spatial resolution. Surveys of climate change adaptation have found that respondents request more local and specific information than what is given in e.g., the climate factsheets (Hauge et al., 2017; Rusdal and Aall, 2019; Kvamsås et al., 2021). At a meeting with NCCS, a representative for the county governor Agder requested information for the town hall entrance, which illustrates what Neby (2019) call a seemingly “insatiable need for local information.” Maps of gridded climate projections at a 1 × 1 km grid (Wong et al., 2016) are usually sufficiently detailed for research purposes, but not necessarily for local planning. In its current form, the uncertainty inherent in the climate and hydrological projections, make them unsuitable for literal interpretation when zooming to the nearest 1 × 1 km. This issue has become relevant because gridded maps will be published at http://senorge.no, which allows zooming to very fine detail. On senorge.no, precipitation and temperature is shown at a 1 × 1 km resolution. Currently, users are prevented from zooming too much, but in the future, NCCS will strive to prepare local information that will be sufficiently robust to be presented at fine resolutions.


5.1. From Regional to Local Information

Many tools and web portals present Europe-wide climate information, e.g., Copernicus Climate Change Service (C3S) Copernicus Climate Change Service, 2022), IMPACT2C (IMPACT2C, 2022), and Climate-ADAPT (Climate-ADAPT, 2022). Although they provide very comprehensive information, they are likely not being used by local practitioners in Norway, who prefer information in Norwegian (Copernicus Climate Change Service, 2017; Hanssen-Bauer et al., 2017b). Further, regional climate projections are too coarse-scaled to be used for local climate adaptation, which makes downscaling necessary. The complex topography of Norway makes this point very relevant. For example, the highest mountain of Norway is 2469 m a.s.l. At a 1 × 1 km grid resolution, this mountain is represented with a grid cell of elevation 2260 m a.s.l. At 12 × 12 km resolution, however, the highest grid cell in the CORDEX EC-SMHI model is 1646 m a.s.l. Temperature, precipitation and thus climate variables derived from these variables are sensitive to altitude. Even though relative changes may not be sensitive to altitude, relative changes are influenced by thresholds such as the 0°C threshold. We therefore stress the need for bias-adjustment, in addition to downscaling, before hydrological modeling (Wong et al., 2016) and when analyzing absolute values (e.g., Nilsen et al., 2021). Limitations of bias-adjustment methods are being discussed in the scientific community (e.g., Ehret et al., 2012; Maraun and Widmann, 2018). Since the bias-adjustment procedure is applied to each 1 × 1 km2 grid cell (over 320 000 in total) and to ten precipitation and temperature projections, each containing over 130 years of data, the chosen method must be computationally efficient. Empirical quantile mapping method (Gudmundsson et al., 2012) was selected because this is a method that does not assume a theoretical distribution and that corrects each variable individually. However, this type of univariate bias-adjustment method cannot correct potential biases in precipitation-temperature dependency in climate model data. In addition, the bias-adjusted datasets basically reproduce the spatial correlation structure of the climate model, and this can differ significantly from the observed one. Similar concerns can also be raised about the temporal biases that exist in the climate model outputs, such as the length of wet and dry spells.

Bias-adjustment was performed e.g., for the Swiss climate assessments (National Centre for Climate Services, 2018). Not all national climate assessments contain bias-adjusted output, however. NCCS' advice to practitioners who want to download climate projections in order to do their own calculations, depends on their application. If absolute temperature and precipitation is essential, our advice is to use our post-processed datasets; if not, our advice is to use the projections without bias-adjustment. For the interested reader, the British climate assessment provides guidance on bias-adjustment (Fung, 2018).



5.2. Municipal Averages

Norwegian counties are diverse, most counties span from coastal to high-elevation regions, which introduces a need to specify local data. Information on a municipal level has been requested and generated as average values. This local dataset provides data tailored toward a smaller area, for example, municipalities inland will not be presented with information on sea level rise. However, municipalities are also diverse; therefore, a municipal average does not necessarily solve the problem of too general information. After NCCS provided climate projections aggregated to municipalities for the feature article written by the Norwegian Broadcasting Corporation, representatives from two municipalities on the west coast of Norway commented that the information given for the historical climate did not align with their experience. The west coast of Norway is characterized by steep topographical gradients from the coast to the mountains, with most of the population located in the lowlands. An average value of all grid cells within the municipality therefore corresponds to an average altitude, and is not representative for the altitude where people reside. No inhabitant or decision-maker feels the average of a grid cell or a municipal average. One municipality having a relatively dry local microclimate objected that they were presented as being among the third wettest municipalities in Norway. When including higher altitudes into the averaging, however, this municipality does not come out as a particularly dry one. The higher altitudes within the municipality in fact include glacierized areas. When these higher altitudes are weighted in the municipal average without further comment, the result seems counterintuitive. In retrospect, an explanation of the discrepancies between what is experienced locally and simulations aggregated for a larger area would have been helpful. For the next generation of climate projections, NCCS considers aggregating results based on e.g., catchments or altitude zones. Aggregation of climate information within representative altitude zones (e.g., 0–400 m a.s.l., 400–800 m a.s.l., and above 800 m a.s.l.) is a possible way of post-processing data to provide robust estimates, not necessarily precise estimates. In addition to local information, users request more specific and detailed information (Hauge et al., 2020), e.g., tailored products and indices such as indices for heatwaves, frost in the growing season and drought. Klemetsen and Dahl (2020), however, found this barrier to be ranked as the least important among 10 barriers to climate change adaptation. Municipalities that have more experience with climate change adaptation, and thus know what to look for, ranked it higher than those with little experience. More specific information can be provided through guidance on translating climate information into action. Still, many questions from practitioners remain unanswered, for example: “What does a 4 degree warming within this century mean for ecology? How does it influence construction standards (e.g., choice of material, air conditioning) or agriculture (e.g., harvesting time, crop yield)”? Assessing the impact of a warmer, wetter climate is an active field of research, and NCCS strives to provide relevant datasets for impact research (e.g., Haugen et al., 2019 and the project Klima 2050).



5.3. Barriers to Uptake and Use of the Climate Information
 
5.3.1. Capacity and Resources

One of the most commonly cited barriers for climate change adaptation in Norway is a lack of capacity and resources (e.g., Rusdal and Aall, 2019; Selseng et al., 2019; Wang and Grann, 2019; Hauge et al., 2020; Klemetsen and Dahl, 2020). This is particularly true for small and medium-sized municipalities, that is, municipalities with fewer than 50 000 inhabitants (Rusdal and Aall, 2019; Klemetsen and Dahl, 2020). Since many municipalities are small, there are limited possibilities to form robust professional environments outside of the networks described above. It is commonly stated that municipal planners do not have the time or capacity to read reports, nor even to search for such literature. Providers of climate information can alleviate these challenges in capacity by providing data in a format that can be readily used in e.g., Geographic Information Systems or other planning systems, ranging from text-based to map-based and numerical services. Until now, NCCS has provided maps as .png figures on web platforms and as WMS, but plan to extend this service for the next round of KiN through co-production with users. The aim is to design a map service based on user needs and requirements.



5.3.2. Detailing of Allowances

The use of three classes for a climate change allowance for flooding (i.e., 0, 20 and 40%) rather than more precise estimates represents a strategy for simplifying recommendations for climate change adaptation. At present, guidance for the use of the classes is available on a regional basis and requires an assessment by a practitioner as to which class is most suitable for a given catchment. Amongst practitioners, there is a clear wish for a more detailed approach. NCCS are aware that more guidance is needed, and this is being addressed in other projects involving the NCCS consortium. In addition, the current recommendations do not distinguish return periods although recent work has shown this to be relevant (Lawrence, 2020), and further work is also in progress on this issue.



5.3.3. Abundance of Information

Much guidance material for climate change adaptation is available nationally and internationally. Whereas, national climate services tend to concentrate on a few climate variables (Samaniego et al., 2019), NCCS combines climate and hydrological projections, including snow, runoff and floods, with information on e.g., landslides and avalanches. Other services are more comprehensive. C3S presents an impressive web portal, visualization tool and guidance. The abundance of information can make it hard to navigate through the various alternative sources of information. In a study of guidance material for climate change adaptation in Norway, Hauge et al. (2017) evaluated 84 guidance reports and web portals. They concluded that information in the form of reports, websites and tools is abundant, but not used to a large degree is not used by practitioners. Having an abundance of information seems to be an advantage, but can also become a barrier when users do not know where to begin reading.

This problem can be alleviated by making the information available in formats and workflows already used by the practitioners (e.g., in APIs and Geographic Information Systems). Municipalities access public maps from the map catalog geonorge.no. WMS maps from NCCS will therefore be searchable on Geonorge when they become available. Another way of reaching the practitioner in their workflows is to continue disseminating information through popular web portals, such as http://temakart.nve.no/ and http://senorge.no/. Finally, the Norwegian Directorate for Civil Protection has developed a one-stop shop for public data on risk and vulnerability for natural hazards (https://kunnskapsbanken.dsb.no/). Ephemeral services are not of much use for long-term municipal planning. For climate services developed through short-term research projects, it would be particularly relevant to collaborate on transferring the ownership to a national database when the research project is completed. There are a few examples that short-term projects have been given a longer life time and granted long-term support and continuity by being transferred to governmental agencies (e.g., www.ovase.no). Overlapping information from different sources can result in contradictory results. Different authorities such as the public road authorities and Oslo municipality issue their own recommendations for a climate change allowance (The Norwegian Public Roads Administration, 2018). In some cases, the assumptions underlying the information and the areas for their use differ between sources, but if this is not clearly specified it can be a source of both confusion and frustration amongst practitioners. In other cases, multiple sources for information on projected climate change impacts can mislead practitioners to take into use erroneous results. For example, when studies of future changes in flood hazard are undertaken in large-scale projects (e.g., European-wide or larger), the resulting projections often indicate a future reduction in flooding throughout the country. This can result from a variety of factors, but is generally related to the simulation of snow accumulation, melting and their consequences for flood generation. This can be due to, for example, scale issues, the need for bias correction or simply the performance of the chosen hydrological model. For example, EDgE, a prototype project related to C3S, simulated too much snow under the current climate in many catchments in Norway, with the consequence that simulated flood magnitudes decrease in the future in those catchments (Samaniego et al., 2019). This resulted from a “cold” bias in the model ensemble and confirms a need for local analyses (Vormoor et al., 2015, 2016; Lawrence, 2016, 2020) and local verification, also in larger-scale projects. The web portal Climate information (Swedish Meteorological and Hydrological Institute, 2020) also disseminates information regarding projected changes in flood hazard in Norway that do not agree with local analyses. For example, if one enters the coordinates for a point located in a catchment in the northernmost region of Norway (Karasjok in Finnmark “69.47 / 25.51”) the portal states an increase in the 50-year return value of annual maximum discharge. This point is an area with a significant seasonal snow cover, for which ensemble projections developed by the Norwegian Water Resources and Energy Directorate (Lawrence, 2016, 2020) clearly indicate a decreased flood hazard by the end of the century. The differences again can be due to a range of differences in the modeling and analysis setups. Nevertheless, such obvious contradictions in projections can both lead to confusion and undermine the credibility of information generated by climate services.

We therefore stress the need for national and international collaboration to avoid creating conflicting results and/or guidance as to which results are most trustworthy and reliable for different regions or sectors. We have no clear vision of this collaboration, but a few ideas are put forward here. When developing guidance material, there is much to learn from best practices and standards (e.g., ISO-14091, 2021). Different user needs range from the large-scale to local. International climate service providers (C3S) fulfill a Europe-wide need, but to fulfill a local need, these providers could benefit from a collaboration with national climate services. Norwegian users have the advantage that the Norwegian Environment Agency systematically collects and disseminates sector-specific information on their web pages (NEA, 2022). In particular, national and international climate service providers can benefit from a closer collaboration, both regarding data products and translation into local languages.





6. FUTURE WORK

An update of the report “Climate in Norway 2100” has been ordered by the Norwegian Environment Agency to ensure that the national knowledge base on climate adaptation is updated based on the most recent global and regional climate projections. Even though climate projections from the new CMIP6 ensemble are available on the global scale, NCCS requires a sufficient number of downscaled simulations from EURO-CORDEX (Gutowski et al., 2016; Jacob et al., 2020) to be available before CMIP6-based simulations can be used for new analyses. The updated report will therefore be issued in 2024. The climate community has delivered many new developments during the years since KiN was issued in 2015. In CMIP6, new Shared Socio-Economic Pathways (SSPs) replace RCPs as emission scenarios driving the GCMs. Several novel datasets will be used to describe the historical development of atmospheric variables, including a gridded dataset for wind, and an homogenized gridded dataset developed for trend studies. In addition to RCMs at the 12 × 12 km scale, simulations from a convective-permitting model will be run at finer spatial and temporal scales. These simulations are expected to increase our knowledge of climate change effects on heavy rainfall, stormwater runoff and rapid flooding in small catchments. The complexity of the modeling chain has increased since the production of the previous generation of hydrological simulations. Previously, gridded hydrological variables were simulated using temperature index methods for calculating evapotranspiration.The new generation of hydrological projections will be simulated using an updated version of the gridded HBV model, which allows for two alternate evapotranspiration schemes: the traditional temperature index method and the Penman-Monteith method (Huang et al., 2019). Hence, more climate variables need to be bias-adjusted. The bias-adjustment method is also improved, both by introducing a second bias-adjustment method, and by introducing a post-processing technique (Mehrotra and Sharma, 2019). Catchment-based simulations will apply both the HBV model used for previous work and the DDD model (Skaugen and Onof, 2014). The DDD model uses simplified energy balance methods for evapotranspiration (Skaugen et al., 2020) and snow modeling (Skaugen et al., 2018). In addition, it will be used for simulations with a 3-h timestep, with the aim of improving our estimates for climate change effects in catchments that respond quickly to rainfall (e.g., Lawrence, 2021).

New climate projections may differ from previous projections, which can pose challenges when communicating updated results. For example, the reference period has changed from 1971–2000 in KiN to 1991–2020 in the updated report, whereas the end period is 2071–2100 in both cases. The absolute value of changes can seem smaller than in KiN, because an 80-year period is used instead of a 100-year period, and the standard normal period 1971–2020 is warmer and wetter than the reference period 1971–2000 (NCCS, 2022a). Further, different emission scenarios in CMIP5 and CMIP6 are not necessarily comparable. The model ensemble in KiN had a cold and wet bias (Wong et al., 2016), and the ensembles are based on relatively few global models (both in the new and previous projections). Thus, there are reasons to believe that new climate projections may differ from the previous projections.

A separate report for sea level rise will be updated based on Simpson et al. (2015). The report is planned to be issued in 2023, and will focus on sea level, wave action, and storm surges. No new simulations are planned for Svalbard because Arctic-CORDEX simulations are not available for CMIP6 yet, and this would require a parallel production line for a different domain. Instead, a summary of CiS and a literature review of recent research will be included.



7. CONCLUSIONS AND ACTIONABLE RECOMMENDATIONS

This paper describes the production of climate factsheets in two steps, step 1: the production of background information through a climate–hydrological modeling chain used in the reports Climate in Norway 2100 (KiN) and Climate in Svalbard (CiS) and step 2: co-production of knowledge leading to the continual development of climate factsheets and dissemination of climate data from NCCS.

- NCCS' experiences in developing and disseminating climate and hydrological projections are valid for Norway, however, many experiences may be relevant for climate service providers in other countries. We propose the following recommendations:

- The trade-off between robustness and precision should guide the dissemination of climate information. Both the climate information and recommendations for their use should be understandable by a wide audience, preferably available in the local language.

- We recommend collaborating with users on developing the climate service. The first climate factsheets were developed through a multi-level governance network, and all subsequent climate factsheets have been reviewed by local representatives and later discussed in fora such as a Klimathon. If possible, coordination of the long-term operation of a service should be done in partnership with national authorities.

- Downscaling of regional climate model data for use in local climate change adaptation, as well as bias-adjustment of the climate output variables is often necessary. We recommend a strategy that involves both providing as local information as possible, but at the same time ensuring the quality of the information relative to the downscaled model simulations it is derived from. This involves considering the trade-off between robustness and precision, such as given by the example of a climate change allowance that differentiates between a small number of distinct classes, rather than detailed values which individually are highly uncertain.

- An abundance of climate information is available, which can make the climate change adaptation landscape hard to navigate between alternatives to find the most relevant and reliable sources. To guide users to the appropriate information, it is helpful to provide data in established web portals and APIs in formats that comply with the existing workflow of the user, preferably in the user's mother tongue. We stress the need for national and international collaboration to avoid creating conflicting results and to provide guidance as to which results are most trustworthy and reliable for different regions or sectors.

Climate change adaptation measures should be implemented for buildings and infrastructure with a long lifespan. This is formulated into the following climate change principles: For buildings and infrastructure with a short lifespan, the design can be assessed on the basis of the current climate. Buildings and infrastructure that have a long lifespan are either built to withstand projected climate change or designed based on the current climate, but prepared for reinforcements later.
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CCNRM-CERFACS-CMS-SMHI-RCA4
ICHEC-EC-EARTH-CCLM4-8-17
ICHEC-EC-EARTH-HIRHAMS
ICHEC-EC-EARTH-RACMO22E
ICHEC-EC-EARTH-SMHI-RCA4
MOCH-HadGEM2-ES-SMHI-RCA4
IPSL-CM5A-MR-SMHI-RCA4
MPI-ESM-LR-CCLM4-8-17

10 MPI-ESM-LR-SMHI-RCA4

CiS: GCM-RCM realization

CCCma-CanESM2-SMHI-RCA4
ICHEC-EC-EARTH-SMHI-RCA4-SN*
ICHEC-EC-EARTH-SMHI-RCA4
ICHEC-EC-EARTH-DMI-HIRHAMS
MPI-M-ESM-LR-MGO-RRCM*
MPI-M-ESM-LR-SMHI-RCA4-SN*
MPI-M-ESM-LR-SMHI-RCA4
NCC-NorESM1-M-SMHI-RCA4
COSMO-CLM*™

Stars indicate models that were not available for RCP4.5, only RCP8.5. The double star
indicates that a dynamical downscaling was performed with COSMO-CLM for Svalbard.
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