Wetsnow accumulation
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Abstrach On 10 September 2012 and 30 December 2012, two Wetsnow accretion on overhead conducisnsarticularly
severenortheasterly wetsnow storms causeextreme ice load on effective due to the strong adhesive forces within the compact
many transmission and distribution lines in North Iceland. The  gnow sleeve which forms on tieenductor as it rotates or the
wet-snow accretionwas combined with strong winds, resultingn accreted mass slides arounéit The accretion process itself
broken woodenpoles and Hframe towers. The September event o isica|ly sensitive to small variations in the wind speed and

was exceptional because oéxtreme snowfall soearly in the . . L .
autumn. The snowfall wasassociated with average wind speeds in direction, surface characteristics of the conductor, atmospheric

excess of 20 m/s, causing widespread accumulation of wet snoyvater mass loading as well as the liquid water content of the
within a certain altitude interval in North Iceland. In the latter ~ falling snow which, among other thingslepend on the (wet
event, heavy snowfall and gakéorce winds, as wdlas extremewet-  bulb) temperature in the lowest layers of the atmosphiées.

snow loading, were more localizedoccurring mostly in the lee of snow loading has traditionally been parameterized based on
the complex orography ofNorthwest Iceland The wet snow data gbservationatlata(e.g.,[1], [8] and[9]). Such methods suffer

are based on: 1) detailed irsitu inspection of accumulated wet from the lack of accurate estimates of atmospheric parameters
snow on conductors of transmission and distribtion li nes in th_e that are not routinely observed, but it has been shbatrbetter
affected areas.2) accurate measurements of accumulation with results can be gained based on output from -statee-art

load cells installed in suspensioiowers of operating overhead | ¢ heri dels 100, A t d
transmission linesand special test sparin the areas where the mesoscale atmospheric models.g(, [10]). Accurate an

most extreme accumulation occurredThe collectal load data are  Physically sound parameterizations of thet-snow loading are
unique in the sense that they describe in detail both the exactneeded to aid in forecastiget-snav evens and estimating
timing and magnitude of the wet snow accumulation. climatological and regional design loads with regard to a given
Meteorological observations of wind, temperature and return periodThese loads must by necessity be based on output
precipitation are moreoveravailable from synoptic and automatic  from atmospheric models instead of observational data and are
weathe_r stations in the areas.The atmosph(_eric flow d_uring _the critically dependent on correct represdiota of the
ev‘f].mf] IS a”f"yzem?ﬁed O”Neathﬁrqbse”aat'logi and S'T“'%“gns atmospheric flow in complex terrain as well accuratewet

at high resolution with an atmospheric model. The simulated data o\, “5ccretion parameterization. Systematic and extensive

are subsequently used as inputfor a cylindrical wet-snow b fi duri ¢ h
accretion model. The measured and simulated wesnow loading observations during wanow events are however necessary

are analyzed and put in relation with the weather during the event, for verifying the accretion methods, as was dorjd @, based
highlighting several key aspects of the flow and icing process thatOn simulated andbserved climatology of wetnow events in
needs further attention. Southeast Iceland

This paper presents an analysis of weather anesmmt
. INTRODUCTION accumulation during tweevere wesnow stormccuring in

Wetsnow accumulation on overhd structures is of northern Icelandn 2012.Both storms caused extremeet
particular interest to both the scientific and engineerimow loadingon transmission and distribution lines in the
communities asuch accumulationauses external mechanicabffected regionsThe wetsnow accretiorwas combined with
load on the structurd$], and is needed fdheir safe operation strong winds, resultingh manybrokenwoodenpolesin the
and designlin this context, the accretion on overhead powetistribution systenand 132 kV Hframetransmissiortowers,
lines has received special attention due to the vulnerabilityas well as e.g., significant damage to property and loss of
the system to the accretion and the societal impacts of faliltestock.Unique and detailed data of accumulated wet snow
and blackoutsThis vulnerability was in particular evident inon conductors during the events as well as extensaather
the wet snow storm of 2B in Germanywhere82transmission observations, are used to investigate the wet snow
towers collapsed and 250 000 peopleengithout electricity accumulation and highlightingn particulay the differences in
for days[2]. Severe events have been documented in other high spatial extent of accretion as well as several key aspects
latitude and/or high altitude regions of the worklg., in  requiring special attention.
Europe€[1] and[3], Japari4], and Iceland as documented5i,
[6] and [7], as well as reported here for two severe events [I. THE ATMOSPHERIC SITUAION

share some similarities with each other, as well as with other



significantwetsnow everg in northern IcelandBoth events largescale wind direction was close to north at the start of the
occur in relationto a northward moving and deepeningvetsnow eventand close to northwesterly at its end and
extratropical low dof the east coast of Iceland, as s@ethe immediately after the event.

atmospheric analysisF{g. 1) from the European Centre for  The pecember event iNorthwest Icelandccurred in far
Mediumrange Weather Forecasts (ECMWHJhe strong more complex orography than the event in Septeniies. is
pressure gradients gave rise to the very strong nythed (eflected by the strongest winddeing associated with
northwesterly flow ovemlNortheast Icelandn the September downslope windstorms in the lee of mountains; these winds
event, and the northeasterly flow over NorthWeetang in the (10-minute) were as great as 40 m/s and exceeded 30 m/s at
December event, as observed above the Keflavik tgipermany |ocations, with far stronger guggssecond) Mountain
station in Southwesteland (not shownas well as at many o winds were on average close to 30 m/s and not as gusty,
automaic weather stations (example giverFiiy. 2). while far weaker winds were in general observed close to the
Vi PN upstream sideof the mountainsThe wind direction varied
o somewhat between the stations as can be expected in complex
---- ' orography, but thiarge-scalewind direction was close to being
northeasterly during the event, bgtadually turned more
towards northlt should be oted that wind observations may
in general be expected to be severely affectedveysnow
accretion slowing, or even stopping, the anemometers, but to a
lesser extent duringret-snow accretiotthan incloud icing.
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Fig. 1. Mean sea level pressure andngtertemperatue at 12 UTC on 10
September 2012 (and at 6 UTC December 2012 according to the analysis

of ECMWEF.Also shown is the pressure simulated at 9 km horizontal resolution
(thick solid lines), as well as the 9, 3 and 1 km domain bounds (dashed lines
and location of extratropical low (L).

10-minute meanwinds at10 meers exceeded 20 m/s at Dashed: Obs. - Solid: Sim.
many locations inNorth Icelandduring the period of most Blue: Temp. - Red windsp.
active wetsnow accretion on 10 September, and were as gree 1fw 00:00 06:00 12:00 18:00
28 Dec 29 Dec 29 Dec 29 Dec 29 Dec

as 25 m/s at several stations, which can also be considered Date

be the Iargfscale wind ft in the boundary Iayer and away{ig. 2. Observed(dashed) and simulated (solid)-frietermeanwind speed

from complex OrOQraphyWFj'aker winds were observed afreq), as well as 2netertemperature (blyeatPeistareykirin Northeast Iceland
several more sheltered locationdNiartheast Icelands well as (a) and abroskuldarin Northwest Icelangb). Also shown with dashed vertical

away from the most affected region, while at the same tiries is the approximate timing oftae wet-snow accretion.

there was a severe northerly windstormSoutheast Iceland A packward trajectory analysis reveals the southern origin

The winds were slowly turning anticlockwise from they ihe relatively warm and moisir massmmediately to the
northeast as the low approached and winds increddes.




east of Iceland, while to the north of Iceland the air was cold|||. NUMERICAL SIMULATIONS OF THE ATMOSPHERIC
and of arctic origin (not shownjThis contributed to the FLOW

deepening of the lows and the extreme amounts of precipitation
that fell during the eventd’he September event was in fact

associated with unprecedented snowfall for the time of year ?]). The model is initialized and forced at its boundaries with

widespreadwet-snow accretiorin a certain &itude interval X X . A
while in the latter eventthe most extreme accretion wasthe ECMWEF analysisThe simulations are done at a resolution

confined to locations on the immediate leeside of the comp%&g' 3 and 1 km withrespectively 95x90, 205x157 and

; 0x175grid pointsin the 2way nested domains (locations in
orographyin Northwest IcelandThe unprecedented snowfall_: ) h X
in September further disrupted traffic, and caused thedbs{'g' rls) Lht?]em Sgﬁi'ctfjp\,'vsitﬁth?ghr;f?eggﬁntigi isr;IT;rljleaflc?vcgﬂl;DSae >0

thousands of sheep still grazing in the highlands when the sto e troposphere compared to further alGfie model is run

hit, which were consequently buried undeick layer ofsnow. the whol " iod indicated by th t
Fences for livestock fell or were greatly damaged throughdgf the whole accretion period as indicated by the wet snow
goservations, with a delay afpproximatelyl2 hours before

the region, and in the relatively small and few forested are . ; :
there was great damagettee growthin an elevation interval Starting the nested domains at 3 and 1 km, which allows for at
least24 hours of total sphup time before the time of interest.

associated with the wettest and heaviest srfngcipitation
observations during the events were very unreliable due to Two most relevant parameterizations employed are those
undercatchof snow during such strong wind®uring the for boundary layer processes and atmosphere moisture physics.
December evensynoptic observations of the snowfall wereThe boundarjayer parameterization uses the Meli@mada
nevertheless 460 mm (vaterequivalent) in 1215 hours in the Janjic scheme (ETA12]), which is centered on the prognostic
accelerated flow in the lee of the mountains ardegenerdly —equation for the turbulence kinetic energy and is frequently
far smaller in weaker winds on the upstream ditecipitation used for both operational and research simulatiortse
was more intense and @gspread during the September everfitructure and magnitude of the atmospheric water content is
with up to 40 mm of rain in 24 hours observed at sea lével.particularly dependent on the parameterization of atmospheric
the most affected region the observed precipitation wa@ter and precipitation physicsThis is done with the
approdmately 50-130 mm (vaterequivalent) in 24 hours of Thompson schem 3], which predicts mass mixing ratios of
what was described as very wet and heaons cloud water, cloud ice, graupDGRAUP), snow '(QSNO.W)

In the presence of enough precipitation, but away frofpd rain (QRAIN), as well as number concentrations of ice and

complex orography, the largescale (wet bulb) temperature fiéf- The graupel, snow and rain phases are reldoastudies

(Fig. 1) is decisive for the possibility ofietsnow accretion © wet snow and have been converted to mass coriiaat.
The temperature must beteapproximate range oftd 1.5°C | '0mpson scheme has previously been reportggiveogood

in some elevation internvain the region, as was the case iheSUlts in studies of atmospheric icing agli].

large areas iNorth Icelandn September 201Xemperatures ~ Considerablework was dedicated to optimizing and
dropped shalp from 4-8°C in approkmately 8 hours improving the simulations based on several different sensitivity
preceding the event and were in general bedpproximately tests The main points that needed addressing,dditeon to
0.5°C when the most intense precipitation ametsnow careful considerations regarding the simulation setup described
accretionstarted. Temperature observations from automatigbove, include:

weather stations are unreliable at mostteé wet snow q |mproved laneuse classification for the whole of Iceland
locations, as shortly after the onsetwd#t-snow accretiorthe based on the Corirgataset from 2007 and a et®one

strong winds drove the intense precipitation into the projection to the prescribdend usecharacteristis of the
thermometer shelter, after which the sensors showed 0°C whilegriginal 30" dataset from the United States Geological

covered in melting snow for at least 24 hours before gyryey.

temperatues dropped sharply agaim. complex orography, asq an additional correction to the langse classification

in Northwest Icelandthe response of the atmospheric flow t0 pased on the best representation of the outlines of the
the orography is an additional factor which can cause localized |ce|andic glaciersA significant erroiin this is present in the
enhancement ofvet:snow accretionn spite of for example USGSdataset, as well as in all the global atmospheric
the larger scale meperature and/or precipitation fields not gatasets available for Iceland, including those from the
being optimal for accretion on a larger sc@lbservations from  cMWE.

the December event reveal this with lowland temperatures correction of errors related to skin temperatures and land
slowly decreasing from-2°C at the start of the eventand being ga5 mask in the ECMWanalysis in some coastal regions
at or below 0°C at its enth this temperature range, widespread ¢ |celand. The error $ presumably related to pest

wetsnow accretiosould be expected, butin fact only occurred  ocessing and interpolation of skin temperatures in the
in the lee of the mountains where the precipitation was gcpwEdata.

concentrajcgd. ) A better representation of skin temperatures of inland water
In addition to the example data presentedrig. 2, data bodies which have previously often been initialized with
from a large number of automatic and synoptic weather stationsskin temperatures of the closest ocegaid point which can
spread throughput !celand have b_een_ used _in analyzing the twdbe very wrong for inland bodies in complex orography.
events and validating atmospheric simulations of the events. 1 ase modifications lead to improvements in, but are not

The data. from all the stations Is stored apd ch(_ecked fﬁ’lrnited to: 1) A more correct representation of surface
systematic errors at the Icelandic Meteorological Office. roughness and hendeetter reproducedurface winds2) A

Both events are simulated with the HAoydrostatic
soscale Advanced Research WR&del (ARWV3.4.1



better r@resentation of moisture fluxes from the surface amdhter to reach the lowlands in the lee. This appears to introduce
hencebetter reproducesurface temperature and energy budgatnew method to enhance the amount of atmospheric water and
3) More accurate surface temperatures and significatstliquid water fraction in the lee of mountains. Previouily
modifications to low-level atmospheric stability. The was only the melting of the larger scale snowfall below the 0°C
modifications affect the surfa@nd lowlevel flow throughout isotherm which was considered to introduce the necessary
Iceland. liquid water content of the snow, as is presumably the case in
In addition, after careful verification of the general validitgeneral during the September eveand as can be deduced
of the simulation of each event, simulated data at relevai@m the ®ction inFig. 4. The gravity wave mechanism of
locations were pogirocessedby comparison with available €nhancing the atmospheric water flux on the leeside needs more
observationsThis was done in der to correct (mostly small) investigation and observations to be verifiedwever it is
errors in the simulated datasets and make them more accutdRPorted by observations of leeside precipitation maxima
and suitable for input into theret:snow accretiormodels.In ~ during orographic precipitation events.
light of the previously mentioned sensitivity of wsiow a) g | et as
accretion to small variations in atmosphesiater contentand "7 |y § 1 1 AL AL Y, i
temperature, a single atmospheric simulation cannot b ' 0
expected to correctly capture all the relevant atmospheri
variables with sufficient accurac¥ven in the presence of
perfect input data, inaccurate model parameterizations an
surface characteristics are only a few of the important source
of model errors 66°N L

Overall, the largescale fields are well represented by the
atmospheric simulations, as is for example seen for the surfac
pressure fieldwhere errors are on average well belbvaPa
(Fig. 1). The errors are greatest in the leerafuntainsas can
be expected since the relatively coarse resolution of th
ECMWFdata is not sufficient to corcdly represent thiarge
scale orography.Simulated surface winds and temperatures
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have been validated for the relevant regions in northern Icelan ;;;;;J[/;;;;/ﬁ 7 /55

using observations from a large set of automatic weathe b) ST T R R 0y

stations.The biggest errors, both in temperatarel wind, are 55555(;5// 2

found in locations of complex orography, for examatethe e 4

December event in several locations in the lee of large ... (2~~~ 7~ /5

mountains. Errors are generally smaller for the simulated Z’/‘fﬁf S AN oA
September events, presumallyesult obetter representation 5;55/ /"l, 7/ 2 / -
of the topography by the mod&urface winds at 10 m are in TN .. ﬁ? %

general very well captured away from complex orography witl j///, O 4 7}é/ /§ ; / 4 -
mean errorsof less than 2 mjsand peak winds are well 65.5oN 2L p 5 74 vd’;
representedHig. 3). Errors are somewhat greater at locations™" /// / -‘-f-/ 97RO - /_;{ f, A 120
downstream from high and complex orographgwever the S LIt sl A Lt DY Ak
observations are well represented if the high spatial variabilit 55;;;;;;;;;;55;:\‘(@%/ 5 5»'/ Y 15
in the simulated winds is taken into accouetg(, Fig. 2). P YNy W /5/ 87/ Y
Observed temperatures are slightly overestimated (less th: jjjjjjjj/j;’j’” < ’fﬁ?,?{; 10
1°C) at several stations but gen&radccurately captured at  85°N[>o- : ‘ RO
others.This error appears to be related tooesrin the forcing S Ay 5
data or the vertical heat flux from the surface, and is greate: /¢)5-£2" sl :'-,z J

over the ocean or near water bodies. VALY

0
22°W 21°W

The flow aloft is revealed to be strongly affected by ﬂﬁg. 3. Simulated 1l@meter meanwind speed [m/s] and wind vectors at a

complex orographyGravity wave activity is particularly strong norizontal resolution of 1 km, as well as observed wiatiautomatic weather

in the Decerher event, as revealed by the isentropes (isentrop@sions (5 m/s each half barb, 25 m/s each flag) at 0600 UTC on 10 September
can considered to be equivalent to streamlines) in a sectibiorth Iceland(a) and on 29 December Morthwest Icelandb). Contours
across the Snaefellsn®eninsula in Westceland Fig. 4). A g(faczﬁc()nzrilg bzt)cl)dm/s are indicated by dashed lines, coastline and location of
dramatic gravity wave resembling a hydraulic jump is set up '

above the peninsula when the flow impinges on the mountain

barrier.Large amounts of supeooled cloud and/or rain water

form when the low level upstream flow is lifted over the

mountairs, and are subsequently carried down the lee slopes of

the mountains in the fast plunging flow below the wduee to

the strong descending flow, there is very small simulated

evaporation and scavenging by snowflakes, allowing

significant amounts of thisymamically created atmospheric



25 T Sedo A e D surface flow, or when it was lifted by small scale topographic
a) ,\ A N9 features in the immediate vicinity of the power lines.
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O\ THE EVENT OF10 SEPTEMBER2012

\ Thewetsnow evenin September 2012 was most severe in
2‘5 W » the easte part of North Iceland(Fig. 5). Active wetsnow
oo B\ accretionstarted aapproxmately 0100 UTC during the night
e\ , of 10 September, as is seen from operational observations with
0 =S/ 283 [, @ suspended load cell in a 132 K81 transmission line on
Reykjahedi, approximately20 km south of the coasthe line
at this site isapproximatelyperpendicular to the prevailing
northerly and northwesterly winds, at an elevation of
i ; 2 gpproximately275 m above sea level, and a relatively short
79 f : distance downstream fromnaapproximately 700 m high
| ‘ ' mountainridge The topography at the site is flap to2 km
0.5\9_399\ i &;‘0 8 o

! 2
o

Height [km]

281
0600

|
o

from the measuring towerBased on observations and
simulated data, mean winds are expected to have peaked at the
site early in the night at 27 m/s, with gusts exceeding 40 m/s.
At approximatelyl145 UTC the total measured load was 2600
kg with 150 mweight spanand the towers on both silef the
tower withsuspended load cell broKehe load measurements
indicate thatwet-snow accretiorcontinueduntil at least 1445
UTC and possibly longer, but the actual load cannot be
calculated after the failur@ig. 7). At the time of the failure the
equivalent ice load is estimated to be
145 kg/m, which with a mean density of 750 kg/m3s
characteristidor similar events in Iceland, gives an equivalent
meandiameter of 16.2 cmA total of 23 wooderH-frame
towers broke or fell at this site during the event, with the
1% damage in general limited to the upper parts of the towers, i.e.
crossarns and X-braces (sample photos ifrig. 6b). Slightly
farther the south and west in the same regieight similar
towers broke in a 132 kV transmission lindost of the wet
snow Ell off the conductors in the afternoon of 11 September.
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Fig. 4. Wind speed contours [m/s] tolor, isentropes [K] (thin, black) as well

as isolinesf atmospheric water [kg/m3] (blue=snow, green=rain and cloud)
content in sections at 0600 UTC on 10 September 2012 (a) and on 29 December
2012 (b).White dashed lines are the 0°C isotheWind is from the left and
follows the isentroped.ocations of setions are shown iRig. 3. Approximate
projections of locatiasof wet snow sites on to the section are indicted in bold:
Reykjaheidi (R), Gessafjoll (G), Myvatn (M)andBlafeldarhraun (B).

IV. WET SNOW ACCUMULATION

Observations of the wet snow accumulatituming the two . Overview of wstimatedw loadi I .
| Iar es atial differences in the extent Of {a% 5. verv_lewo me_asure stimatedwet-snow loadingas well as main
events reveal large sp ons of failures during the eveon 10 September 2012 iNorth Iceland
affected regions during the events. The event of 10 Septemiagilies shows median (max) loadirdso shown are approximate locations of
was associated with widespreadetsnow accretionon themeasuring sitesroReykjahedi (R), Geesafjoll (G) as well as that béke
overhead conductors in @ertainelevation interval inNorth ~Myvatn (M).

Iceland(cf. Fig. 5). However during the December event, the

greatest accumulatiomas observed at locations in the lee, and

close to mountains of significant height and in very complex

topography (cfFig. 9). Furthermorethere wee indications of

smallscale topography enhancing the accretion proeegs,

through drifting snow associated with locally accelerated









