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SUMMARY

Overhead lines (OHLSs) are typically designed according to the current or historic climate, based on
national codes derived from historic observations or model simulations. With global warming, the
frequency and severity of extreme weather events as well as the mean state of the atmosphere will
change, affecting the basis for design parameters. Quantitative information about the effects of climate
change on these design parameters is therefore of great interest to utilities and other power grid
companies responsible for OHL design.

The objective of this work is to quantify changes in design ice loads over all of Norway with the
associated uncertainty. This is achieved by creating high-resolution model datasets for future climate,
applying dynamical downscaling of global climate models, using a regional model with a limited
domain. Two different global climate models with a relatively large spread in climate sensitivity are
chosen based on their skill in reproducing the historic climate over Northern Europe. Three different
climate change scenarios are also chosen, resulting in the total of six model simulations for the future
climate. This results in a span for future ice load estimates, where the spread can be used as a basis for
estimation of uncertainty.

The downscaled climate data generally shows an increase in temperature everywhere, except for a
relatively small cooling over the North Sea with CESM2 data for the less extreme scenarios. This, and
a general increase in warming from west to east is due to the North Atlantic Warming hole (deficit in
warming over North Atlantic), which is more prominent in CESMZ2. The signal in precipitation is less
clear, and there are large differences between the two models. For the most extreme scenario where
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the signals are most prominent, the downscaling of CESM2 shows precipitation decrease over most of
Norway (except southernmost and eastern) while the downscaling of MPI shows an increase over all
of Norway. There is stronger agreement in the cloud water signal, where there is a general increase
over elevated terrain and decrease in the low land.

Preliminary results of the wet snow icing calculations indicate that change in annual wet snow load
total will follow the pattern of precipitation to a large extent, however for coastal, low altitude areas
the increased temperature seems to have the largest impact on the total wet snow loads in terms of a
reduction. Given that the signal in precipitation is so different between the models, the signal in wet
snow load is also varying. Generally wet snow totals are decreasing for terrain below about 400
m.a.s.l. and increasing above, though not true everywhere with CESM2 data, which shows cooling to
the west and drying in the western mountains.

The signal in maximum rime ice loads is also very different between the models, despite the
agreement in cloud water. The downscaling of CESM2 projects a general increase and of MPI a
general decrease in maximum load. This is probably connected to the stronger warming in MPI, which
creates more melting episodes.

Further work includes calculation of return values, for both wet snow and rime ice, and investigate the

future change. The results will be compiled as maps of change in OHL design ice loads for different
future lead times, including uncertainty estimates.
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1. Introduction

Overhead lines (OHLSs) are typically designed according to the current or historic climate, based on
values provided in national codes derived from historic observations or model simulations. With
global warming, the frequency and severity of extreme weather events as well as the mean state of the
climate will change. Considering that OHLSs are designed with the expected lifetime of about 70 years,
climate change impacts on the design parameters should be considered.

In Norway, loads due to atmospheric icing is one of the main meteorological design parameters for
OHLs due to the country’s northerly location and its topography, including high elevation mountains
and a long and exposed coastline. Norway has experienced some of the world’s highest recorded ice
loads on overhead power lines with measured values exceeding 300 kg/m [1].

There are two types of atmospheric icing that mainly impact the transmission lines in Norway; in-
cloud or rime icing due to supercooled liquid cloud droplets that freeze once in contact with the cable;
and wet snow icing, which is caused by heavy precipitation in the form of wet snow or sleet at
temperatures just above freezing that sticks to the cable [1]. Rime icing typically occurs on elevated and
exposed mountains, and particularly close to the coast where moist air masses are advected over land
where temperatures are below freezing in winter. The mountainous regions along the western coastline
of Norway are particularly exposed as moist air of the westerly North Atlantic flow is lifted over the
topography, creating large amounts of clouds in the mountains. Wet snow icing typically occurs in the
lowlands for temperatures just above freezing during winter storm events.

In Norway, IPCC projections generally show rising temperatures and more humidity and precipitation
in winter [2]. It is though difficult to project future ice loads based on available global- or coarse-scale
climate projections, as the loads depend on meteorological variables in combination, and due to the
high geographic dependence. For areas experiencing wet snow icing, projections of warming could
imply that more winter precipitation will fall as rain. Though, for the same areas, projections of

more intense precipitation might indicate larger maximum wet snow loads if temperature stays close
to 0°C during extreme events. Cloud water and rime ice is highly dependent on topography and
distance to the coast. Projections of more available moisture in the air might indicate larger ice

loads and/or more frequent icing. At high altitude mountainous sites extreme ice loads might
accumulate over weeks, months or even during a whole winter season if temperature never

drops below 0°C. If temperature will exceed 0°C more often in a future climate though, maximum ice
loads could decrease. For these reasons, it is clear that climate projections of high spatial resolution as
well as detailed treatment of cloud and precipitation physics are needed to meet the objective of
assessing the future development of atmospheric ice loads on a regional scale, and furthermore to take
this into account in OHL design.

This research is carried out within the Icebox R&D project, led by the Norwegian TSO, Statnett, under
the work package concerning mapping of ice loads in historic and future climates. The objective is to
guantify changes in design ice loads over Norway with associated uncertainty. The ultimate goal is to
create a map of future 50-year return period ice loads, for wet snow and rime ice, to be used by OHL
design engineers.

In this paper we will present the methodology used to achieve this objective, as well as some
preliminary results. The methodology involves regional downscaling of global climate model data, to
obtain the necessary degree of resolution and detail. Two global climate models and three
socioeconomic/concentration pathways are used to obtain a spread in climate sensitivity and future
realizations, and thereby an estimate of uncertainty. The paper is structured as follows: Section 2
presents the methodology, including selection of climate models, the regional model configuration and
downscaling, and a description of the atmospheric icing models. Some preliminary results of the
analysis are shown in section 3. Section 4 describes further work.



2. Methodology

Global climate models (GCMs) are the only source available for predictions of future climate. Because
they represent the whole globe and are computationally very expensive to run, their resolution is
relatively coarse (on the order of 100 km). This causes an unrealistic representation of topography and
climate predictions which are averages for large geographic areas. Due to the strong topographic and
geographic dependence of atmospheric icing, the GCM data is dynamically downscaled to a finer
resolution. It is performed by using a regional atmospheric model with a limited domain, where the
GCM data is used as initial and lateral boundary conditions. The regional model used here is WRF
(Weather Research and Forecast) [3]. Dynamical downscaling ensures a full representation of physical
and dynamical processes, which is important for the relevant meteorological variables here. However
dynamical downscaling of GCM data to the required resolution is computationally demanding, and it
is not feasible to perform such downscaling for all available GCM data. Therefore, a selection of GCM
models and/or climate change scenarios subject to dynamical downscaling have to be made.

Two different GCMs are chosen. Three different climate change scenarios (with emissions resulting
from different assumptions of politics, population growth, technological development, etc.) are also
chosen, resulting in the total of six model simulations for future climate. Time dependant ice
accumulation models are applied with the data, resulting in a span of estimated future ice loads
including their geographical distribution. Below is a more detailed description of the methodology.

2.1 Chosen climate models

As atmospheric icing occurs due to moisture, precipitation, temperature and wind, we hypothesize that
there is a strong connection between icing and the westerly North Atlantic Storm tracks, at least over
the southern half of Norway. The storm tracks are to a large extent controlled by the North Atlantic
Oscillation (NAO), which is the leading mode of atmospheric variability in the North Atlantic sector
[4]. The NAO index is a measure of the relative strengths of the Icelandic low and Azores high pressure
systems. During a positive NAO, low pressure systems typically hit Norway’s south-west coast, causing
plentiful precipitation and moisture, and relatively mild temperatures. During a negative NAO, storm
tracks are typically positioned south of Norway, leaving the country north of the polar front, implying
dry and cold weather.

We therefore want to choose GCMs which represent the NAO relatively well and have performed a
correlation analysis between available CMIP5 and CMIP6 [5] GCMs and reanalysis data (not shown
here). The models AWI-CM-1-1-MR and MPI-ESM1-2-HR (CMIP6) stand out with the highest
correlation coefficients, but other models also perform well and reproduce the spatial NAO pattern (e.g
CESM2).

We also want to choose GCMs which give a span in climate sensitivity. Climate sensitivity is the global
mean surface temperature response to a doubling of atmospheric CO2 concentrations since pre-industrial
times. Since impacts of climate change (e.g., on atmospheric icing) are largely determined by how much
the Earth warms for a given increase in greenhouse gases, it would be beneficial to choose GCMs that
span a range of climate sensitivities.

To obtain an even larger span in future warming, three future realizations, based on a combination of
Shared Socioeconomic Pathways (SSPs) and the Representative Concentration Pathways (RCPs), are
downscaled with WRF, namely SSP1-2.6, SSP2-4.5 and SSP3-7.0 [6].

Based on the above criteria, as well as suitability for downscaling with WRF, the two GCMs chosen are
CESM2 [7] and MPI-ESM1-2-HR [8]. The two models also compare relatively well against ERA5
reanalysis of Arctic surface temperature during 1979-2014 [9]. Their effective climate sensitivity is 5.15
K and 2.98 K for CESM2 and MPI-ESM1-2-HR respectively [10] and this difference is reflected in
future projections of global mean surface temperature (Fig. 1, top), where CESM2 projects stronger
global warming than the CMIP6 ensemble mean and MPI-ESM1-2-HR projects weaker warming.
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However, over our region of interest, the temperature evolution in MPI-ESM1-2-HR is closer to the
ensemble mean while the CESM2 is among the models with weakest warming (Fig. 1, bottom). The
reason for the weak warming in CESM2 is a phenomenon called the North Atlantic warming hole, which
is linked to a slowdown of the Atlantic meridional overturning circulation [11]. The warming hole in
CESM2 is strong [12] and one of the strongest among the CMIP6 models.
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Figure 1: Global (top) and regional (bottom) mean evolution of 2 m temperature anomalies relative to the mean
of 1990-2009 (yellow shaded area) for the ensemble mean (black line) and individual (grey and colored lines)
CMIP6 models for three different SSP/RCP combinations. Each line shows 10-year moving averages for the
winter season only (DJF). The regional means are approximately averaged over the WRF domain shown in
Figure 2.



2.2 Regional model configuration and downscaling

WREF version 4.1.2 is used for dynamical downscaling of the GCM data. The model is set up with one
domain with a horizontal resolution of 12 km (Fig. 2) and 32 vertical levels. No cumulus
parameterization is used so convection is resolved explicitly. Model parameterization choices are
listed in Table 1. The Thompson and Eidhammer microphysics scheme is chosen due to its explicit
development and extensive testing for winter conditions [13,14], in addition to its successful use in
simulating atmospheric icing conditions [15, 16, 17, 18, 19, 20]. A modification has been made to the
microphysics scheme regarding the representation of melting snow, to ensure accurate predictions of
wet snow icing, which is documented in [21].

Boundary conditions are updated in WRF every 6 hours and spectral nudging to the data from CESM2
and MPI-ESM1-2-HR is applied for temperature, horizontal winds and geopotential height. Sea-
surface temperatures were also from the GCMs and updated daily in WRF.

The historical simulations are initialized on September 1, 1988, and the first 16 months are considered
spin-up and not part of the analysis. The future simulations are initialized on January 1, 2015,
restarting from the historical simulations. Other than changing the meteorological initial and boundary
conditions and the greenhouse gas volume mixing ratios in the radiation schemes, no other changes,
such as land cover changes, are made in the WRF simulations for the future time periods.
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Figure 2: Spatial extent and terrain height of the 12 km x 12 km resolution WRF domain.

Table 1: Parameterization scheme choices for the WRF model configuration.

Type of scheme Name

Microphysics Thompson-Eidhammer aerosol-aware [14]
Boundary layer MYNN2 [22]

Radiation RRTMG [23]

Land surface Noah [24]




2.3 Icing model

Hourly outputs from the WRF simulations are used to generate time series of both wet snow and rime
ice accretion for each WRF grid point. Calculations of ice accretion are based on the model described
in [25] which yields ice accretion rates on a reference collector!. The two icing types are calculated
separately. Our icing models also include melting and sublimation processes, and other features
developed through extensive research and testing (see below).

For rime ice, the key WRF output variables on which the icing calculations are based include
temperature, wind speed, cloud water content and cloud droplet number concentration. For this icing
type an adjustment to the accretion model regarding the cloud droplet size distribution has been made,
based on research within the Icebox project [26].

For wet snow, the key WRF input variables to the model include temperature, air humidity,
precipitation and wind speed. The temperature and air temperature are combined into one single
variable, the wet-bulb temperature. This ice accretion model is also based on research by [17], with
updates in several features from the ongoing Icebox project. The model now also allows for dry snow
to accumulate, provided that the conductor is already covered with a layer of wet snow.

3. Results

In the following subchapters, data resulting from the downscaling of the global models, CESM2 and
MPI, with the regional model WRF, and the icing calculations are presented. The datasets are hereafter
referred to by WRF-CESM and WRF-MPI, and when relevant, with the associated SSP scenario. The
analysis work is ongoing, and so preliminary results are presented.

3.1 Validation of historic climate

A validation of the simulated historic period (1990-2014) temperature and precipitation is performed
with gridded observational data (E-OBS) [27]. As can be seen in Figure 3, both datasets are mostly
colder than the observations over Norway, WRF-MPI more so than WRF-CESM. WRF-CESM
displays a cold bias of about -0.5 — -2.5 °C, but a small warm bias over East Norway (Fig. 3, top right
panels), and WRF-MPI a bias of about -1.5 — -4 °C. WRF-CESM temperature validates relatively well
for winter, spring and fall (Fig. 3, top left), when atmospheric icing mainly occurs. WRF-MPI is too
cold throughout the year. For precipitation, both models are mostly too wet compared to the
observations, WRF-CESM more so than WRF-MPI (Fig. 3, bottom right panels). WRF-CESM show a
wet bias of 1 — 150%, with the largest bias occurring over elevated areas. WRF-MPI show mostly a
wet bias of about 1 — 100%, where the largest bias occurs over the northernmost part of the map. The
wet bias over other elevated areas is restricted to about 75%. There is a relatively small (0 — 40%) dry
bias along the coastline. For the icing seasons, it is clear that WRF-MPI validates best for precipitation
(Fig. 3, bottom left). It should be noted that the E-OBS data is particularly uncertain in elevated areas
during winter months, due to challenges in measuring precipitation as snow in typically high wind
conditions.
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Figure 3: Comparisons of the WRF-CESM and WRF-MPI historical periods (1990-2014) with gridded
observations (E-OBS) of temperature (2 m) and precipitation [28]. The graphs in the left panels are averaged
over the spatial region (land only) shown in the maps.

3.2 Future changes
3.21  Wetsnow

Figure 4 shows the change in mean wet-bulb temperature (the “wet” temperature, which is used in the
wet snow icing model) (left) and winter precipitation total (right) between the historic and future 30-
year periods, 1990-2019 and 2070-2099, respectively. WRF-MPI shows a higher degree of warming
than WRF-CESM2. This is due to the the North Atlantic warming hole (NAWH) being more
prominent in CESM2 (as mentioned in section 2.1). For the ssp126 scenario, WRF-CESM2 is even
cooling (less than 1 °C) off the coast of west-central Norway. For both models, warming is increasing
from west to east, also due to the cooling effect of the NAWH. Warming is also increasing with the
severity of the future scenario.

The pattern of change in winter (Nov-March) precipitation is less consistent among the projections
compared to temperature. WRF-CESM2 generally shows a precipitation decrease over large parts of
western and northern Norway (down to -30%), and an increase along the westernmost and southern
coastline, and over eastern Norway (up to about 20%). For ssp245 this pattern is less prominent and
there is a relatively small (less than 5%) increase over south-western Norway and Nordland County.
For WRF-MPI ssp126 there is a west-east divide in the signal sign. For ssp 245 there is no clear
signal, and for ssp370 there is a precipitation decrease over all of Norway.
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Figure 4: Change in winter (Nov-March) mean wet-bulb temperature (°C) (left) and winter precipitation total
(%) (right) between the future period 2070-2099 and the historic period 1990-2019, for the models WRF-
CESM2 and WRF-MPI and the scenarios ssp126, ssp245 and spp370.

Figure 5 shows the change in total annual wet snow load. It seems like this pattern of change to a large
extent is influenced by the change in precipitation. In WRF-CESM2 ssp126 and ssp245 there is
increased wet snow total along the westernmost coastline, consistent with the precipitation increase. In
the most elevated western mountains, wet snow is decreasing, consistent with the precipitation
decrease. Though, for WRF-CESM2 ssp370, there is a tendency towards a decrease along the same
stretch of coastline (also evident for a few of the lowest lying grid points in ssp245), indicating that the
precipitation will fall as rain more often in these low-lying areas. In areas experiencing increased wet
snow, but decreased precipitation, temperature is the most influential parameter, shifting the local
climate in favour of wet snow. WRF-MPI shows a general pattern of increased wet snow total above

about 400 m.a.s.l., where the precipitation effect dominates, and decrease below, where the
temperature effect dominates.
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Figure 5: Change in total annual wet snow load (%) between the future period 2070-2099 and the historic period
1990-2019, for the models WRF-CESM2 and WRF-MPI and the scenarios ssp126, ssp245 and spp370.



3.2.2 Rimeice

For rime ice, temperature and cloud water are the most influential variables. The signal for (dry)
temperature (Fig. 6, left-) is similar to that of the wet temperature (Fig. 4, left). For cloud water there
seems to be a consensus between the models of a general increase over elevated terrain and a decrease
in the low land (Fig. 6, right). WRF-CESMZ2 also shows increased cloud water along the west coast,
and a tendency of a decrease in the north-western mountains (coinciding to some extent with the area

of precipitation decrease (Fig. 4, right)).
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Figure 6: Change in winter (Nov-March) mean temperature (°C) (left) and winter cloud water total (%) (right)

between the future period 2070-2099 and the historic period 1990-2019, for the models WRF-CESM2 and
WRF-MPI and the scenarios ssp126, ssp245 and spp370.

Figure 7 shows the change in maximum rime ice load (kg/m) between the historic and future periods.
This does not give insight into the change in icing frequency but indicates the maximum loads that are
able to accumulate, which is decisive for the OHL designers. There is disagreement between the
models, where WRF-CESM2 projects mostly increased maximum ice loads and WRF-MPI reductions
in many areas, particularly northern Norway. The signal is not as clear over the southern half of the
country in WRF-MPI, but there might be a signal of increased maximum ice loads along the most
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elevated west-facing mountain slope (not evident for ssp370 where increased temperature might be
dominating the signal). Even though there generally is a larger increase in cloud water over land in
WRF-MPI, the associated stronger warming seems to dominate the signal in maximum rime ice loads.

Warmer temperatures imply more frequent melting episodes, shorter periods of ice accumulation, and
hence smaller ice loads.
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Figure 7: Change in period maximum rime ice load (kg/m) between the future period 2070-2099 and the historic
period 1990-2019, for the models WRF-CESM2 and WRF-MPI and the scenarios ssp126, ssp245 and spp370.
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4. Summary and further work

The downscaled climate data generally shows an increase in temperature everywhere, except for a
relatively small cooling over the North Sea in WRF-CESM2 for the less extreme scenarios. This, and
the general increase in warming from west to east is due to the North Atlantic Warming hole, which is
more prominent in CESM2. The signal in precipitation is less clear, and there are large differences
between the two models. For the most extreme scenario (ssp370) where the signals are most
prominent, WRF-CESM2 shows decreased precipitation over most of Norway (except southernmost
and eastern) while WRF-MPI shows an increase over all of Norway. There is stronger agreement in
the cloud water signal, where there is a general increase over elevated terrain and decrease in the low
land.

Preliminary results of the wet snow icing calculations indicate that change in annual wet snow load
total will follow the pattern of precipitation to a large extent, however for coastal, low altitude areas
the increased temperature seems to have the largest impact on the total wet snow loads in terms of a
reduction. Given that the signal in precipitation is so different between the models, as described, the
signal in wet snow load is also varying. Generally wet snow totals are decreasing for terrain below
about 400 m.a.s.l. and increasing above, though not true everywhere for WRF-CESM2 which shows
cooling to the west and drying in western mountains.

The signal in maximum rime ice load is also very different between the models, where WRF-CESM2
projects a general increase and WRF-MPI a general decrease. This is probably mostly connected to the
stronger warming in WRF-MPI, which creates more melting episodes.

4.1 Further work

Further analysis will investigate signal-to-noise ratios and statistical significance of the climate change
signals in icing.

As we now possess continuous timeseries of atmospheric ice loads from 1990 to 2099, we can also
perform extreme value analyses to estimate ice loads with specified return period for different time
horizons. We aim at calculating 50-year return period ice loads for 30-year time chunks, where the
historic period constitutes 1990 — 2019.

Given a historic 30-year period and three future 30-year periods with estimated 50-year return period
ice loads, we are able to investigate the future change. Given the total of six model simulations (two
climate models and three scenarios) we will possess a span in the estimated 50-year return period ice
loads, where the spread can be used as a basis for estimation of uncertainty. This will be used to
create maps of the change in 50-year return period loads for rime ice and wet snow for the three future
periods. The level of uncertainty can for example be added as a new layer to the map.
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