Silva Fennica vol. 48 no. 3 article id 1120
Category: research article

SIVA FENINICA

www.silvafennica.fi

ISSN-L 0037-5330 | ISSN 2242-4075 (Online)
The Finnish Society of Forest Science

The Finnish Forest Research Institute

llari Lehtonen, Petri Hoppula, Pentti Pirinen and Hilppa Gregow

Modelling crown snow loads in Finland: a comparison
of two methods

Lehtonen I., Hoppula P., Pirinen P., Gregow H. (2014). Modelling crown snow loads in Finland:
a comparison of two methods. Silva Fennica vol. 48 no. 3 article id 1120. 30 p.

* A new method to model crown snow loads is presented and compared with a previously
published simpler method.

*  The heaviest crown snow loads in Finland are found to typically occur in the eastern parts
of the country.

*  The relative importance of different snow load types varies between different regions of
Finland.

The spatial occurrence of heavy crown snow loads in Finland between 1961 and 2010 is studied
by using for the first time a model that classifies the snow load into four different types: rime, dry
snow, wet snow and frozen snow. In producing this climatology, we used meteorological observa-
tions made at 29 locations across Finland. The model performance is evaluated against classified
daily images of canopy snow cover and with the help of two short case studies. The results are
further compared to those achieved with a simpler method used in previous studies. The heaviest
crown snow loads are found to occur typically in eastern Finland. The new method reveals that
this holds not only for the total snow loads but also for the different snow load types, although
there are certain differences in their geographical occurrence. The greatest benefit achieved with
the new method is the inclusion of rime accretion. The forests most prone to heavy riming are
those located on tree-covered hills in northern Finland, but as the terrain elevation affects riming
efficiency greatly, these small-scale variations in the snow load amounts could not be described
in this study in great detail. Moreover, the results are more inaccurate in northern Finland where
variations in the terrain elevation are greater than elsewhere. Otherwise, the largest uncertainties
in this study are related to wind speed measurements and possibly partly because of that, we were
not able to detect any significant trends in the crown snow-load amounts over the study period.
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1 Introduction

Although snow-induced damage is not usually considered to be among major natural disturbances
affecting forest ecosystem dynamics on a global scale (e.g. Seidl et al. 2011), it has regional
importance in Central and Northern Europe, for instance. It is estimated that in Europe almost one
million cubic metres of wood are on average damaged by snow annually (Schelhaas et al. 2003).
In Finland, stand quality of 2.3% of the productive forest land was reduced due to snow damage,
according to a survey conducted by the Finnish Forest Research Institute from 19861994 (Sevola
1999). Individual trees may carry a snow pack of more than three times the weight of the tree
(Jalkanen and Konopka 1998). In addition to forest damage, snow, rime and hoarfrost (deposit of
ice crystals on objects exposed to the free air at temperatures below freezing) accretion on power
lines causes problems in power transmission (Lahti et al. 1997; Bonelli et al. 2011), which can
lead to great economic losses (e.g. Zhou et al. 2013). Atmospheric icing also causes performance
losses in wind- energy production (Homola et al. 2012).

Common forms of snow-induced forest damage include stem breakage and bending or leaning
of stems, but trees can also be uprooted if the soil is unfrozen (Petty and Worrell 1981; Valinger
et al. 1994; Nykénen et al. 1997). Tree and stand characteristics (e.g., crown type, stem taper and
strength and stand density) control the resistance of trees to snow, and some tree species are thus
more vulnerable to snow damage than others (Valinger et al. 1993; Nykénen et al. 1997; Peltola
et al. 1997, 1999; Valinger and Fridman 1997, 1999; Paitalo 2000). For example, Norway spruce
(Picea abies (L.) Karst.) is usually considered to be more resistant to snow damage than Scots pine
(Pinus sylvestris L.) because of its more symmetrical crown and lower centre of gravity (Nykénen
et al. 1997). Furthermore, coniferous forests tend to be in most cases more severely damaged by
snow than birch-dominated forests (Nykéanen et al. 1997; Paitalo 2000). However, birches (Betula
spp.) are susceptible to bending (Martinik and Mauer 2012) and can thus easily cause blackouts
by bending over power lines. Most severe heavy snow-load events with ice accretion can cause
serious damage even to power transmission line towers (e.g., Bauer 1973; Thorkildson et al. 2009;
Zhou et al. 2013).

The risk of snow damage depends on meteorological factors that are further modified by
topography. The optimal temperature range for the accumulation of snow on tree branches and
trunks is relatively narrow, approximately from -3 °C to +1 °C (e.g., Solantie 1994). The accu-
mulation of snow is most efficient when temperature at the time of precipitation is just above 0
°C and then falls below 0 °C. In that case, heavy and slightly wet snow attaches tightly to the
branches when frozen. According to Solantie (1994), snowfalls of 2040 cm under temperatures
near the freezing point produce low to moderate and snowfalls of about 60 cm very high risk for
snow damage in forests. However, wind speed exceeding 9 m s! is expected to dislodge most of
the snow from the tree crowns. On the other hand, frozen snow is dislodged from the crowns less
effectively by wind, so strong winds associated with heavy frozen snow loads may cause stem
breakage (Valinger and Lundqvist 1992).

Topography is known to have a significant effect on the risk of snow damage. In general,
forests at high altitudes accumulate the heaviest snow loads (e.g., Jalkanen and Kondpka 1998;
Jalkanen and Mattila 2000). Already Heikinheimo (1920) noticed that forests damaged by snow
in Finland are mainly located at over 300 metres above sea level. The main explanation for this is
that the intensity of rime accumulation is strongly correlated with the height. According to Ahti
(1978), riming occurs in northern Finland regularly at heights over 200 metres above sea level
and above 500 metres the riming is already very intense. This accords with the conclusion of
Jalkanen and Konopka (1998) that the weight of crown snow loads in Lapland increases linearly
with the terrain elevation. It is further argued that tree breakage under extreme snow loading is
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the major limiting factor at timberline in northern Finland (Marchand 1987). There are two main
reasons for the effectiveness of riming at high altitudes. Firstly, clouds hit the ground more often
at high altitudes, enabling in-cloud icing. Secondly, wind speeds at high altitudes are on average
higher than in valleys due to lesser surface friction and the intensity of rime formation is known
to be closely correlated with wind speed (Ahti and Makkonen 1982). However, Makkonen and
Ahti (1995) pointed out that in fact, in-cloud ice loads correlate much better with the elevation in
relation to the mean level of the surrounding terrain than with the elevation in relation to the sea
level. In addition, it has been demonstrated that icing increases with elevation more rapidly on the
windward than on the leeward sides of hills (Zavarina and Lomilina 1976; Lomilina 1977). The
dependence of icing rate upon elevation also varies between different regions. For example, in
New England, ice accretion has been found to increase exponentially with elevation above about
800 metres (Ryerson 1990). In Central Europe, altitudes of 500-900 metres are associated with
the highest incidence of snow damage while in Northern Europe, snow damage is more common
above 100 metres (Nykénen et al. 1997).

In addition to the enhanced rime formation, topography affects snow loads due to orographic
addition to precipitation under suitable conditions. For example, in the region of Uusimaa in south-
ern Finland, the orographic addition to precipitation can be as high as 40-60% during onshore
winds (Solantie 1994). Increasing wind speed with height further enhances the accumulation of
snow on trees until wind speed is so high that snow removal due to wind starts to dominate.

Previously, studies have been conducted to search for favourable meteorological conditions
for ice, rime and heavy snow accretion (e.g., McKay and Thompson 1969; Ahti and Makkonen
1982; Solantie 1994) and to model the risk for snow damage due to single snowfall episodes or
to single trees and stands with different characteristics (Peltola et al. 1997, 1999; Valinger and
Fridman 1997; Paétalo et al. 1999; Jalkanen and Mattila 2000; Padtalo 2000; Hlasny et al. 2011;
Zubizarreta-Gerendiain et al. 2012). Methods to model ice, rime, hoarfrost and wet snow accretion
on stationary structures, including power lines, have been developed as well (Makkonen 1981,
1984, 1989, 2000, 2013; Sakamoto 2000; Drage and Hauge 2008; Makkonen and Wichura 2010;
Wang and Jiang 2012; Nygaard et al. 2013). Less work has been done to simulate snow and rime
accretion on trees. Recently, Rustad and Campbell (2012) and Nock et al. (2013) performed experi-
mental studies on the effect of heavy freezing rain on hardwood forests in eastern North America,
but ice storms of that intensity are extremely rare in Finland. Gregow et al. (2008) presented a
novel method to estimate snow-induced forest damage based on cumulative snow-load calculations
and studied the spatial and temporal occurrence of heavy snow loads in Finland between 1961
and 2000. The method presented by Gregow et al. (2008), referred to hereinafter as GO8 method,
estimates the amount of crown snow load cumulatively by applying precipitation, temperature
and wind speed observations as input. The amount of snow load is increased only by precipita-
tion, so the model excludes the effect of rime and hoarfrost accumulation and the effect of wind
speed in enhancing snow accretion. However, as mentioned before, riming is the most important
factor inducing the altitude dependence on the crown snow-load amounts and, for instance, most
of the earliest studies related to crown snow loads concentrated almost exclusively on riming (e.g.,
Heikinheimo 1920). In this study, we estimate the spatial occurrence of heavy crown snow loads
in Finland on the basis of a crown snow-load model developed and run operationally at Finnish
Meteorological Institute (FMI). This model, henceforth referred to as the FMI model, also takes
riming into account and divides the snow load into four classes: rime, dry snow, wet snow and
frozen snow. To our knowledge, this is the first attempt to classify modelled crown snow loads into
different types. Rime can be further classified into hard rime, soft rime and glaze largely on the
basis of the formation conditions (e.g., Wang and Jiang 2012). In the FMI model, however, these
different types of rime are not distinguished, but hard rime is usually the most important rime type
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with regard to the crown snow loads. Based on the model results, we further study the seasonal
distribution of different snow-load types over different regions of Finland. We also study how well
the spatial distribution of modelled heavy crown snow loads can be explained by the frequency of
days with favourable conditions for accumulation of snow or rime. As Gregow et al. (2008) stated
that the occurrence of heavy crown snow loads in Finland increased in the 1990s, we also try to
estimate trends in heavy crown snow loads of different types over our study period, 1961-2010.
The model performance is evaluated against classified daily images of canopy snow cover at the
Hyytiéla forestry field station located in the region of Pirkanmaa. We further demonstrate the model
performance with the help of two short case studies. Differences in the results obtained from the
FMI model and GO8 method are discussed.

2 Data
2.1 Meteorological data used in kriging interpolation

To study the spatial distribution of heavy crown snow loads, we used meteorological observa-
tions conducted by FMI during the period 1961-2010. We selected 27 stations where continuous
measurements of air temperature and relative humidity at 2-metre height, 10-minute average wind
speed, and liquid water equivalent of precipitation were available for at least 40 years within the
study period (Fig. 1). More information about the stations and data deficiencies is presented in
Table 1. Two additional stations with shorter time series in Lapland were included as well because
the 27 stations did not satisfactorily represent variations in the terrain elevation in northern Finland.
These two shorter time series were extended to the end of June 2013. Air temperature, relative
humidity and wind speed were measured every three hours and precipitation sums once a day at 06
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Table 1. Stations involved in this study along with their altitude above sea level and the geographical coordinates. The
periods that have been excluded from the analyses because of missing data are listed as well. More information about
the changes in measurement sites and data deficiencies are mentioned in the footnotes.

No. Station Alt. (m) Lat. (°N) Lon. (°E) Missing data

1 Marichamn D 5 60.12 19.90

2 Ut 9 59.78 21.37

3 Vantaa 51 60.33 24.96

4  Rankki? 11 60.38 26.96 Oct 2006

5 Pori? 13 61.47 21.79

6  Turku® 49 60.52 22.27

7  Jokioinen 104 60.81 23.50

8 Uttid 99 60.89 26.94 Dec 2010

9  Lappeenranta 9 106 61.04 28.15 Jul 2006 — Jun 2008

10 Niinisalo 124 61.84 22.46

11 Halli? 145 61.86 24.79 Jan 1961 — Dec 1964

12 Jyviskyld 139 62.40 25.68

13 Valsorarna 4 63.44 21.06 Jan 2009 — Dec 2010

14 Kauhava ® 42 63.12 23.04

15 Kuopio ? 99 63.01 27.80

16 Joensuu 19 121 62.66 29.61

17 Kajaani 'V 147 64.28 27.67

18 Oulu ? 14 64.93 25.35

19 Suomussalmi 13 220 64.90 29.01 Jan 1961 — Aug 1970

20 Kemi ¥ 19 65.78 24.58 Jun 1995 — Nov 1999

21 Kuusamo !9 264 66.00 29.22

22 Rovaniemi 195 66.56 25.83

23 Sodankyld 179 67.37 26.63

24 Salla 10 221 66.82 28.67

25 Alamuonio 7 252 67.97 23.67 Nov 1982 — Jan 1983

26 Ivalo '® 147 68.61 27.41

27 Kevo ! 107 69.76 27.01 Jan 1961 — Dec 1961

28 Kaunispii 20 430 68.43 27.44 Jan 1961 — Oct 1995, Jul 2005 — Oct 2005,
May 2008 — Oct 2008

29 Kilpisjérvi 2D 480 69.05 20.79 Jan 1961 — Dec 1978

Measurement site for precipitation changed on 1st Oct 1995. All data is missing and replaced with data from a nearby station

between Ist Oct 1995 and 3rd Sep 1999, 19th Dec 2003 and 5th Jan 2004, 31st Mar and 18th Jul 2005, 29th Dec 2008 and 7th

Jan 2009, and 20th and 23rd Mar 2009. Most of these replacement time series have only four or three observations per day,

depending on the variable.

2 Measurement site for precipitation changed on 1st Nov 2006.

3 Measurement site for precipitation changed on 1st Jan 2000 and 1st Jan 2010.

4 Measurement site for precipitation changed on 1st Jul 2006.

) Measurement site for precipitation changed on 1st Jul 2009.

9 Measurement site for precipitation changed on 13th Jun 2008. All data is missing and replaced with data from a nearby station
between 1st Oct 1995 and 27th Jun 1996. From 28th Jun 1996 until 29th Oct 1998 21 and 00 UTC observations are missing.

7) Measurement site for precipitation changed on 17th Jun 2009.

8) Measurement site for precipitation changed on 16th Nov 2009.

9 Measurement site for precipitation changed on 1st Jan 2005 and 1st Jan 2006.

10) Measurement site for precipitation changed on 1st Jan 2000. From 1st Jul 1996 until 28th Feb 1998 21 and 00 UTC observations
are missing and from 1st Mar 1998 until 2nd Nov 1998 21, 00 and 03 UTC observations are missing.

D) Measurement site for precipitation changed on 1st Aug 2000.

12) Measurement site for precipitation changed on 1st Jun 2000, 1st Jul 2006 and 1st Jan 2008.

13) Measurement site for all variables changed on 1st Nov 2000. Relative humidity measurements are missing from 24th Oct 2005
until 1st Feb 2006.

14) Measurement site for precipitation changed on 1st Jun 1995 and 2nd Sep 2009.

15) Measurement site for precipitation changed on 30th Jun 2000.

10) Measurement site for all variables changed on 1st Aug 1999. Wind speed measurements are missing from 1st Jan 1968 until 19th
Jan 1968.

17) Wind speed observations are available only four times per day between st Jan and 30th April 1961, and 1st Nov 1968 and 31st
Jan 1969.

18) Measurement site for precipitation changed on 4th April 2000 and 1st Jan 2007.

19) All observations are available only three times per day in January 1962 and four times per day from 1st Feb 1962 until 31st Dec
1962.

20) Time series is extended to 30th Jun 2013. Precipitation is measured at a nearby station located at an altitude of 302 metres above
the mean sea level.

2D Time series is extended to 30th Jun 2013. Until March 1998 most of 21 and 00 UTC observations are missing.
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Coordinated Universal Time (UTC). More recent observations are available with higher temporal
resolution and already during the previous decades, precipitation had been measured at some of the
stations twice a day. However, we used the observations made every three hours for temperature,
relative humidity and wind speed and daily precipitation sums for all stations throughout the study
period in order to produce uniform time series.

Precipitation measurements were discontinued during the early 2000s at many stations,
particularly at most of the airport weather stations. At these locations, the measurement site for
precipitation was accordingly changed, for some places even two or three times. This likely had
little influence on the results because the compensatory stations are located close to the original
measurement sites, and winter precipitation events causing heavy snow loads are mainly large-
scale phenomena. Two stations included in the analyses, Suomussalmi and Salla, were completely
closed down during the study period, and the time series of these stations were continued with the
observations from new stations established close to the original ones. Additionally, discontinuities
in the time series of Mariechamn and Lappeenranta were gap filled with observations from nearby
stations. More detailed information about the changes in precipitation measurement sites and the
replacement time series used for the other variables are presented in the footnote of Table 1. In
addition, the time frames that were completely omitted from the analyses because of serious lack
of data are likewise listed in Table 1.

There is also some missing data in the periods included in the analyses. For example, many
stations had missing data in April 1986 due to a civil servant strike, and short data breaks have
become increasingly common after the 1990s because of automatised measurement systems. The
missing data was treated as follows. Firstly, at some stations, observations were made only three,
four, five, or six times per day during certain periods, which are mentioned in the footnote of
Table 1. These periods were first gap filled. At the stations where six observations per day were
conducted, 21 UTC and 00 UTC observations were missing, and they were replaced simply with
the nearest observations made at 18 UTC and 03 UTC, respectively. When five observations per
day were available, 03 UTC observations were missing in addition to 21 UTC and 00 UTC obser-
vations. In that case, the 21 UTC observations were replaced with the 18 UTC observations; the
03 UTC observations were replaced with the 06 UTC observations; and the 00 UTC observations
were replaced with the average of 18 UTC and 06 UTC observations. Four observations per day
were available when measurements were conducted every six hours and in that case, every second
measurement missing compared to the three-hour observation interval was replaced with the aver-
age of the two nearest available observations. When only three observations per day were available
the measurement times were 06 UTC, 12 UTC and 18 UTC. In that case, the missing 00 UTC
observations were replaced with the average of 06 UTC and 18 UTC observations; the remaining
missing values were gap filled similarly as in the case of the six-hour observation interval. During
the second step of gap filling, all individual missing values were replaced with the average of the
two nearest available observations, i.e., the observations made three hours before and three hours
after the occasion of missing data. When at least two consecutive observations were missing,
neither was replaced.

The amount of missing data after the gap filling and omitting of defective periods from the
analyses varied among the stations and variables (Table 2). Clearly, most missing data existed at
Kaunispié, where the proportion of missing data was 0.2% for precipitation and 2.6—4.0% for other
variables. However, most of the missing data at Kaunispéa occurred during summer. Precipitation
time series generally had the fewest missing observations; for the other variables, the proportion of
missing data was less than 0.5%, except for relative humidity at Suomussalmi and wind speed at
Mariehamn. On average, wind speed observations showed the most missing data. In the cumulative
crown snow-load calculations, the remaining missing data was treated so that the snow load was
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Table 2. Proportions of missing data (%o) after gap filling at each sta-
tion for temperature (7), relative humidity (RH), wind speed (U) and
precipitation (P) within the periods included in the analyses.

No. Station T (%o) RH (%) U©%) P (%)
1 Marichamn 2.9 4.2 14.0 0.0
2 Uto 0.2 0.7 2.2 0.0
3 Vantaa 1.6 1.7 1.7 0.0
4 Rankki 0.0 0.0 4.8 0.0
5 Pori 0.9 2.1 2.0 0.0
6  Turku 0.5 0.6 0.7 0.0
7  Jokioinen 0.0 0.1 0.6 0.0
8 Utti 0.1 0.2 1.1 0.1
9  Lappeenranta 0.7 24 2.4 0.0
10 Niinisalo 0.0 0.0 0.0 0.0
11 Halli 0.5 1.1 0.8 0.0
12 Jyvéskyld 0.1 0.6 0.5 0.0
13 Valsorarna 0.0 1.3 2.1 0.0
14 Kauhava 0.5 0.7 1.4 0.0
15 Kuopio 0.2 1.0 1.0 0.0
16 Joensuu 0.1 1.7 1.7 0.0
17 Kajaani 0.1 1.1 1.7 0.0
18 Oulu 0.6 1.6 1.8 0.2
19 Suomussalmi 0.2 7.4 0.8 0.0
20 Kemi 2.2 34 3.5 0.0
21 Kuusamo 0.3 1.3 1.6 0.0
22 Rovaniemi 0.0 0.3 0.3 0.0
23 Sodankyld 0.0 0.9 0.8 0.0
24 Salla 0.0 0.0 1.1 0.0
25 Alamuonio 0.0 3.8 33 0.0
26 Ivalo 0.6 1.7 1.8 0.0
27 Kevo 0.3 0.3 0.8 0.0
28 Kaunispéd 37.6 259 40.1 2.4
29 Kilpisjérvi 0.0 2.2 3.1 0.0

not allowed to increase while relevant weather information was missing, but the snow load was
allowed to decrease, for instance, due to strong wind even without the temperature information
and vice versa. To exemplify, snow load types not dependent on relative humidity were allowed
to increase even while relative humidity data was missing and so on.

For our purposes, the quality of observations was substantially worse for wind speed than
for other variables. That is because the wind speed observations are not necessarily comparable
between different stations or times. Wind speed is usually measured routinely at 10 metres in an
open location. At some stations, the wind speed measurements are conducted over forest, and in
that case, the measurement height is typically approximately ten metres above the forest canopy.
Measurement heights and locations have also changed at some stations even several times during
the study period, and some of the earliest changes were not documented. In addition, wind condi-
tions have slowly changed at many measurement sites because of forest growth and changes in
other factors affecting the local wind climate. Therefore, we decided not to apply any correction
to wind measurements, as it would be impossible to produce truly homogenous wind statistics.
At least in one case, wind speeds were systematically reduced simultaneously with a documented
increase in measurement height. Thus, correcting the observations by, for example, assuming the
logarithmic wind profile, would have led only to an increase in the error.
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Some inhomogeneity exists also in the time series of other variables in addition to wind
speed. For instance, precipitation observations are known to be sensitive to wind-induced under-
catch, particularly in the case of solid precipitation (Yang et al. 1999; Sugiura et al. 2006). In order
to reduce this undercatch, wind shields of all FMI rain gauges were changed in the 1980s from
Wild to Tretyakov. These restrictions in data quality have to be kept in mind when interpreting
the results of this study.

2.2 REFI-B data

In addition to the above-described data set, we used an observational 30-year data set prepared in
the context of the Climatological Test Years in Finland for Building Physics (REFI-B) research
program (Ruosteenoja et al. 2013). The REFI-B data set consists of years 1980-2009 and includes
meteorological observations interpolated to an hourly interval at four locations: Vantaa, Jokioinen,
Jyviskyld and Sodankyld. The REFI-B data originates essentially from the same data that is
described above, but it additionally includes global radiation, and daily precipitation sums are
divided very approximately to an hourly interval based on surface synoptic observations made
every three hours.

2.3 Data from the Hyytiéli research station

In assessing the model performance, we used daily digital images of canopy snow cover from the
Hyytiéla forestry field station. The location of Hyytila in Finland is shown in Fig. 1. The images
encompass three consecutive winter seasons (2008/09—2010/11) and were classified visually into
six classes. The classification criteria of canopy snow are originally presented by Kuusinen et al.
(2012). The canopy snow classes are as follows: 0 =canopies are snow free; 1 =most of the canopy
is snow free; 2=nearly equal amounts of snow-covered and snow-free surfaces are visible in the
canopy; 3=most of the branches and needles are covered with snow, but some are bare; 4=no
snow-free branches or needles are visible in the canopy; and 5 =canopies are snow free but covered
with rime or hoarfrost. As discussed by Kuusinen et al. (2012), the classification is subjective and
thus approximate, not exact.

To model the crown snow loads at Hyytidld, we used temperature, wind speed, global radia-
tion and precipitation observations from the Station for measuring ecosystem—atmosphere relations
(SMEAR II) (Hari and Kulmala 2005) averaged over 30-minute time steps and achieved through the
SmartSearch online tool (Junninen et al. 2009). For relative humidity, we used observations from
the weather station of FMI at Hyytidlad because the relative humidity measurements at SMEAR 11
proved to be flawed. At SMEAR I, wind speed is measured in a measurement tower situated in
a pine forest approximately 15 metres high. Because in the crown snow-load calculations wind
speed is intended to be measured at 10-metre height in an open place, we estimated wind speed at
10 metres above the forest canopy (i.e., a 25-metre height) on the basis of measurements conducted
at 16.8- and 33.6-metre heights by applying the logarithmic wind profile under neutral conditions
(Holton 2004):

U(z):u—*lni
K

M

20

where U is wind speed (m s!) at height z (m), u= is the friction velocity (m s!), x is the von
Kérman’s constant (=0.4) and z, is the roughness parameter (m). On average, the estimated wind
speed at 25-metre height proved to correspond closely the observed 10 metres wind speeds at the
nearest airport weather stations at Halli and Jyvaskyla.
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2.4 North Atlantic Oscillation

In the results section, we compare the modelled occurrence of different snow-load types with North
Atlantic Oscillation (NAO) index values. The NAO indices were obtained from the Climate Predic-
tion Center at the National Centers for Environmental Prediction (http://www.cpc.ncep.noaa.gov/).
The NAO basically describes fluctuations in the difference of atmospheric pressure at sea level
between Iceland and the Azores. It has been frequently used to illustrate the effect of large-scale
circulation anomalies on winter weather in Europe. In Northern Europe, strong positive (nega-
tive) phases of NAO tend to be associated with above (below) normal temperatures in winter. The
connection between NAO and winter weather is discussed in more detail by Visbeck et al. (2001).

3 Methods

3.1 Crown snow-load calculations

We estimate the amount of crown snow loads based on the FMI model and the GO8 method. The FMI
model is based on the experimental work and knowledge of several experts. The model has been
used operationally at FMI to predict heavy crown snow loads since 2006, and during this time, the
parameters of the model have been tuned based on the experience of model performance in different
weather situations. The model parameters are thus empirical and based on statistics, not physics. The
model is still by no means perfect, and definitive improvement of the model would require a thorough
measurement campaign of actual crown snow loads in different environments and weather situations.

The FMI model assumes an exemplar tree that has a cone-shaped crown with a projected
catchment area of one square metre from above and from the side in the direction of the wind. For
example, a cone-shaped spruce crown with a height of 1.77 m and a bottom circle radius of 0.56
m fulfils that assumption. It is further assumed that a 1-mm water layer of melted snow load on a
horizontal surface corresponds to a 1-kg m~2 snow load on the tree crown.

The FMI model uses a time step of one hour, and the model works as follows. First, part
of the existing snow load is transformed into a different type according to weather conditions if
needed. The snow load is classified into four types in the model: rime, dry snow, wet snow, and
frozen snow. After that, the snow load is increased and decreased because of snow accretion and
removal. Decrease of the snow load in the model is due to dropping and melting induced by wind
and thaw. In addition, high solar radiation decreases the load because solar radiation can warm up
the branches and needles of trees above the freezing point and induce dropping of snow even with
cold air temperatures. Increasing the snow load is caused by accumulation of rime and snowfall.
Finally, the calculations are repeated for the next time step. Appendix A in the supplementary
material contains a detailed description of the calculation procedure, including equations. Weather
variables needed in the calculations are air temperature and relative humidity measured at 2-metre
height, 10-minute average wind speed measured at 10 metres, precipitation, global radiation, and
cloudiness. In addition, the elevation of terrain above sea level affects the riming efficiency in the
model. In this study, the effect of cloudiness is omitted. Cloudiness affects only the calculation
of rime accretion, and this is thus assumed to have little effect on the results because the weather
situations favourable for riming (high relative humidity, moderate or high wind speed and air
temperature mostly between 0 and —5 °C) are in any case cloudy by a large majority. Moreover,
solar radiation has only a limited effect on the modelled crown snow loads as it decreases the snow
loads virtually only in late winter and spring as discussed in the next section. Hence, and because
global radiation time series are available only from a few stations, we also omitted the effect of
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solar radiation in most of the calculations. We note that in reality, cloudiness controls the outgoing
radiation and can thus also affect freezing of wet snow.

In calculating the crown snow loads based on the data described in Section 2.1, the values
of weather variables observed every three hours were linearly interpolated to an hourly interval
during the calculation procedure. The daily precipitation sums were uniformly distributed for each
24-hour period. The effect of this smoothing of precipitation on the results is discussed in Section
4. The interpolation method used for temperature, relative humidity and wind speed observations
is the same that was applied in the preparation of the REFI-B data set.

The G08 method to calculate the crown snow loads presented by Gregow et al. (2008) is
simpler. It has a 3-hour time step and uses as input variables 2-metre air temperature, average wind
speed measured at 10-metre height and precipitation. In this model, the snow load is changed by
loss of snow due to wind removal and melting and by accumulation of snowfall, sleet and even
rain when the temperature is below 2.3 °C. The expression for the loss of snow load (%) by melt-
ing is as follows:

Snow loss (T)=100, when T >2.3 °C,
= 11.502726361  when 0 °C <T <2.3 °C, and 2)
= 0,whenT< 0°C

where 7'is the 2-metre air temperature (°C). The snow removal by wind (%) is calculated as follows:

Snow loss (U) = 0.0338U3 —0.217U2 + 0.8065U 3)

where U is the 10-minute average wind speed (m s!) at 10-metre height. The snow load (kg m2)
is calculated for every time step n based on Egs. 2 and 3 and the amount of precipitation (P) in
liquid water (mm) as follows:

Snow load,, = P, + snow load,_; {1 —[snow loss,, (U)+ snow loss, (T)]/ 100},
when T < 2.3 °C, and 4
= 0, whenT =22.3 °C

In Eq. (4) are included every form of precipitation which can vary between wet snow, graupel, sleet,
drizzle and rain in temperatures slightly above the freezing point. That is because the wetter the
snow becomes, the heavier the load gets and even rain can thus increase the weight of the snow load.

3.2 Number of risk days for heavy riming and snow loading

In addition to the modelled crown snow-load amounts, we defined the numbers of potential days
for heavy rime and total snow load accretion across Finland on the basis of observed daily mean
values of air temperature, relative humidity, wind speed and precipitation. The aim was to find out
how closely the geographical distribution of risk days favourable for heavy rime and snow accre-
tion determined based on the daily means of the above-mentioned weather variables corresponds
with the modelled heavy rime and total crown snow-load amounts.

To derive the connection between the number of risk days and daily means of weather
variables, we used the REFI-B data and the FMI model. First, we determined the limits on daily
increases of modelled total crown snow and rime loads occurring on average twice a year. The
daily increases were calculated by comparing the modelled maximum loads on two consecutive
days. Within the period 19802009, this limit for the total snow load varied in Jokioinen, Jyvaskyla,
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Table 3. Threshold values of daily mean 2-metre air temperature (7eqn),
2-metre relative humidity (RHpean), 10-metre wind speed (Uyeqn) and total
precipitation (Pyg) that are used to determine the risk days favourable for
heavy snow loading and riming.

Snow-loading Riming

—3.42 °C < Thpean < 1.05 °C —5.19 °C < Thpean <—0.16 °C
RHinean > 89.44% RHpean > 95.50%

207ms ! <U,pqn <5.63ms! 200ms ! <Uppen<4.54ms!
Piay> 6.41 mm Piay < 1.11 mm

Sodankyld and Vantaa between 5.0 and 6.1 kg m2 and for the rime load between 1.4 and 2.0 kg
m2, depending on the location. The average values were 5.35 kg m2 for the total crown snow
load and 1.72 kg m™2 for the rime load. Next, these average values were used to search for typical
weather conditions prevailing in days with heavy snow loading or riming. For each of the four
stations, we determined the range of daily mean values for air temperature, relative humidity, wind
speed and precipitation, separately for each variable, on which 90% of days with increases in the
load exceeding the limit value (i.e., 5.35 or 1.72 kg m2) fell within. Finally, all the days when the
daily means for all of those variables fell within the 90% interval were considered as risk days. The
final threshold values shown in Table 3 for daily mean temperature, relative humidity, wind speed
and precipitation to determine the risk days were defined as an average of those for Jokioinen,
Jyviéskyld, Sodankyld and Vantaa.

Not on every risk day do the crown snow loads actually increase substantially. At each
location, during less than half of the risk days for heavy snow loading, the total crown snow load
increase exceeded 5.35 kg m 2, but during most of the risk days for heavy riming, the increase in
rime load indeed surpassed 1.72 kg m~2. On the other hand, heavy snow loads occur occasionally
also on days that do not meet the above-described criteria for a risk day. Hence, these thresholds
values should not be used to detect exact heavy snow-load events, but the criteria are rather suited
to locate the geographical areas with the highest risk. It should also be noted that the events of
which frequency the numbers of risk days are intended to describe are fairly common, occurring
approximately twice a year, whereas the crown snow loads heavy enough to cause actual forest
damage are much more rare and coincidental. According to Solantie (1994), the snow loads suf-
ficient to break individual large tree stems occur in Finland every 3 to 17 years depending on the
location. For example, in the region of Uusimaa, which is recognised as one of the most susceptible
regions for snow damage in southern Finland, severe snow damage has occurred in recent decades
during the winters 1958/59, 1984/85 and 1991/92 (Solantie 1994).

3.3 Kriging interpolation

To create nationwide spatial analyses of the parameters describing the crown snow-load conditions
in Finland, we applied the kriging interpolation method (Goovaerts 1997). Kriging is a widely used
method for creating gridded spatial analyses of meteorological and climatological variables from
point values. It has been applied both in regional (e.g., Vajda and Venéldinen 2003) and nationwide
studies (e.g., Aalto et al. 2013) as well as in creating continental-scale gridded analyses (Hofstra
et al. 2008). In kriging, point values are interpolated into areas between observation stations based
on the observational data and the spatial autocorrelation of the observations, as well as on the
environmental factors affecting the parameter in question. In this study, we applied kriging with
external drift (Aalto et al. 2013), and the environmental factors taken into account in the inter-
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polation were the mean elevation above sea level and the percentages of lake and sea cover in a
grid square. The interpolation was performed on a 10 km zzz 10 km grid covering Finland. The
accuracy of the interpolation is affected by the density of the observation network and the terrain
complexity. Because we performed the interpolation based on only 29 stations, small-scale spatial
features could not be described in great detail. Particularly in Lapland, where altitude variations
are greater than elsewhere, the interpolation is inaccurate.

4 Model performance
4.1 Model evaluation against the canopy snow classification

In this section, we evaluate the capability of the FMI model to reproduce realistic crown snow
loads. The model performance is further compared with the GO8 method. The daily course of the
simulated crown snow loads by both methods at Hyytidld during the three consecutive winters
2008/09-2010/11 is presented in Fig. 2, with the canopy snow classification simultaneously. In
Fig. 3, we illustrate the variability of the modelled snow loads among individual canopy snow
classes. Here, we also present the statistics for the modelled snow loads when daily averages of all
the needed weather variables have been used in the calculations as input instead of hourly values,
because the GO8 method has been previously implemented in climate change studies applying the
daily mean values (Gregow et al. 2011).

Fig. 2 shows that during the 2008/09 winter, both the modelled and visually estimated crown
snow loads were on average clearly smaller than during the next two winters. The winters of
2009/10 and 2010/11 were, in general, both characterised with cold and snowy weather in Finland.
Abundant crown snow loads were observed during both of these winters but particularly from late
December 2009 until mid-February 2010, the crown snow loads remained very large. This is a
particularly interesting period for the model verification, since this episode has been documented
to cause forest damage in the area (Vastaranta et al. 2012). Based on the FMI model, the crown
snow loads varied at around 20 kg m2 throughout the episode. The maximum loads exceeded 20
kg m2 also on the basis of GO8 method, but the load decreased below 10 kg m~2 in mid-January
based on that method, although in reality, the snow loads remained stable. Temperature varied at
Hyytiéla in January 2010 mostly between —5 and —30 °C, winds were mainly weak and virtually
any notable precipitation did not occur for weeks. Under these conditions, the FMI model seemed
to maintain the snow load better because even weak winds gradually reduced the snow load calcu-
lated by the GO8 method, whereas in the FMI model, wind speed has to exceed a certain threshold
in order to reduce the load.

Another specifically interesting period was the first fortnight of December 2009. During this
period, very favourable conditions for riming prevailed for several days but the tree canopies were
at the same time almost entirely free from fallen snow. As the GO8 method does not take riming
into account, the crown snow loads were low based on that method. Notwithstanding, the FMI
model suggested the snow load increase simultaneously up to 20 kg m~2 almost exclusively due
to rime accretion. Though during the second week of December, the tree branches were clearly
bent down due to heavy rime loads, the total crown snow loads were admittedly clearly lower
than later in January when the modelled loads were still close to 20 kg m~2. Thus, the FMI model
most likely somewhat overestimated the rime accretion. This is, furthermore, the general feeling
among the duty forecasters at FMI that the model usually slightly overestimates the rime accre-
tion. It can also be noted that the exclusion of the effects of cloudiness in the calculations did not
affect the results in this case because overcast conditions prevailed throughout the riming period.

12



Silva Fennica vol. 48 no. 3 article id 1120 - Lehtonen et al. - Modelling crown snow loads in Finland...

(a) 2008/2009
40
G08 method
— e M| model
~
£ 0 no rad
(7]
5 .
> daily prec
5 lass 0
= Class
s 20
2 e Class 1
w
; e Class 2
<
o Class 3
Class 4
1 Class 5
Oct Nov Dec Jan Feb Mar Apr
40
G08 method
- e F M| model
~
£ 0 no rad
oo
é— "
e daily prec
S lass 0
= Class
2 20
2 Class 1
w
g e Class 2
2 10
o Class 3
Class 4
0 Class 5
Oct Nov Dec Jan Feb Mar Apr
(c) 2010/2011
40
G08 method
- e FMI model
~
£ 0 no rad
oo
5 o
= daily prec
S lass O
. Class
s 20
g Class 1
§ Class 2
2 10
o Class 3
e Class 4
0 Class 5

Oct Nov Dec Jan Feb Mar Apr

Fig. 2. The daily total crown snow loads (kg m2) at Hyytidld on 12 UTC calculated by
the GO8 method (thick grey line) and the FMI model (thick black line) during the winter
(a) 2008/2009, (b) 2009/2010 and (c) 2010/2011. The crown snow loads calculated by the
FMI model but excluding the effect of solar radiation (thin solid line) and by using daily
precipitation sums instead of hourly sums in the calculations (thin dashed line) are shown
as well. The classification of days into six canopy snow classes is presented with colour
bars along the x-axis.

During the third winter of 2010/11, the modelled crown snow loads at Hyytidld were mostly
even larger than during the 2009/10 winter, especially on the basis of the FMI model. Both the
winters of 2009/10 and 2010/11 were, furthermore, slightly unusual in that regard considering
that the majority of the total crown snow load simulated by the FMI model consisted of rime. The
modelled crown snow-load amounts were more or less realistic as snow loads of ~20-30 kg m—
are known to be able to cause uprooting in pine forests and stem breakages in unmanaged stands
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Fig. 3. Box plots showing the distribution of calculated crown snow loads among the different canopy snow classes
at Hyytidld during the period from April 1, 2008 to April 30, 2011. The boxes indicate the central 50% range and the
median of the distribution of calculated crown snow loads on days falling into a canopy snow class in question. The
whiskers extend to the fifth and 95th percentiles of the distribution. The results are presented for (a) the FMI model and
(b) the GO8 method. We also show the statistics for the snow loads when daily mean values of all needed input variables
are used in the calculations for (c) the FMI model and (d) the GO8 method.

(Paatalo 2000). Furthermore, it is likely that riming played a critical role in causing the snow
damage because the damage that occurred at Hyytiéld in 2010 were restricted to the areas with an
elevation of at least 160 metres above sea level (Vastaranta et al. 2012).

Based on Fig. 3, it is not obvious whether the FMI model or the GO8 method performs better
in simulating the crown snow-load amounts. The simulated loads by both methods increase, on
average, with increasing canopy snow amounts. This feature is still visible when daily averages
are used as input, although variability among individual snow classes greatly increases in that case.
The snow loads simulated by the FMI model are, on average, slightly larger than those based on
the GO8 method. This is partly because two of the three winters used in the verification exhibited
relatively heavy rime loads. On the other hand, located at a rather high altitude when compared to
the surrounding areas, the rime loads at Hyytidld are also, in general, relatively large. The clearest
difference between the two methods occurs on days classified into Class 5 when the canopies are
snow free but covered with rime. In that case, heavier loads were, on average, simulated with the
FMI model than by the GO8 method because the latter does not take riming into account. On days
classified into Snow Classes 2 and 3, the variability among the simulated snow loads was higher
for the FMI model than for the GO8 method and vice versa on the days classified into Class 4.
However, a large majority of the days classified into Class 4 was due to a single episode and hence,
the result may not be generalised. The lower tail of distribution of simulated crown snow loads on
the days classified into Class 4 is shorter for the FMI model than for the GO8 method because the
GO8 method slowly decreased the snow loads in January 2010.

Furthermore, we can see from Fig. 2 that omitting the effects of solar radiation in the cal-
culations only has an effect in late winter and spring. On average, the simulated afternoon crown
snow loads at Hyytidld were 2%, 25% and 7% larger in February, March and April, respectively,
when the effect of solar radiation was omitted in the FMI model. Thus, we think that omitting the
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effect of solar radiation does not have a significant effect on the results when the spatial occurrence
of heavy crown snow loads over Finland is studied. Another aspect that can be seen from Fig. 2
is that the results are even surprisingly similar, irrespective of whether hourly or daily precipita-
tion sums are used in the calculations. Approximately 5% of lower snow loads were simulated on
average when daily precipitation sums were used instead of hourly ones. Of course, the effect can
be much greater on individual cases, but also in the REFI-B data set, the correlation between the
crown snow loads calculated with daily and hourly precipitation sums proved to be 0.99, although
the hourly sums in that data set are already smoothed. When daily mean values of all the weather
variables needed as input data in the FMI model were used, the correlation between the snow loads
calculated based on the hourly values was, on average, 0.82 in the REFI-B data. This proved to still
be a somewhat higher value than the correlation between the snow load amounts calculated with
the FMI model and the GO8 method. The use of daily mean values as input gave better estimates
for rime and dry snow loads than for wet snow and frozen snow loads.

4.2 Case studies

Here, we briefly exemplify the performance of the FMI model in operational use with the help
of two real cases when snow damage had occurred. In the operational use, the model is run both
based on the forecasted and observed weather data. The observation-based analysis is performed
applying an operational mesoscale analysis system called Mesan (Haggmark et al. 2000). The
Mesan produces a gridded analysis of several weather parameters combining information from all
available different kinds of observations that include manual and automatic station observations,
as well as satellite and weather radar imagery. This observational analysis of the modelled crown
snow loads then provides initial conditions for snow-load forecasts. The forecasted snow loads
are further calculated based on the output of a numerical weather prediction (NWP) model that
has been edited first by a duty forecaster. The NWP models that are frequently used at FMI are the
High Resolution Limited Area Model (Undén et al. 2002) and the Integrated Forecast System of
the European Centre for Medium-Range Weather Forecasts (ECMWF 2014).

The first exemplified case occurred in the turn of October and November 2008 when heavy
wet snow leaned and bent trees over power lines causing a lot of blackouts in the region of Kainuu.
Based on the forecast, crown snow loads should have surpassed 20 kg m2 on the evening of
October 31 locally in Kainuu (Fig. 4). Authorities were, for the first time, informed about the risk
of snow damage on the previous day and the forecast was amended on October 31. Altogether,
about 3000 customers suffered power cuts in Kainuu (Fig. 4e) within this episode between October
31 and November 2. During this episode, precipitation widely exceeded 20 mm and at the most
approximately, 35 cm of wet snow had fallen on the ground. Within the areas that suffered most,
the temperature was mostly between 0 and 0.5 °C during the snowfall enabling the effective lodg-
ing of wet snow on trees.

The second example is from January 2012. During this case, forest damage caused by heavy
crown snow loads that were both because of wet snow and rime accretion inflicted interruptions
in the electricity supply at many locations in southern and central Finland. In the central parts of
the country, the situation was made worse because crown snow loads were already relatively high
before the event. On the basis of the FMI model forecasts, authorities were warned about the case
on January 10. On January 12 and January 13, emergency centres received numerous notifications
concerning snow damage from the regions of Satakunta, Pirkanmaa, Péijat-Hame and Kymenlaakso
in southern and south-western Finland. Observational analysis of the situation reveals that the FMI
model was able to locate these areas with the greatest risk well (Fig. 5).
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Fig. 4. Total crown snow loads (kg m2) forecasted by the
FMI model for (a) 12 UTC on October 31; (b) 00 UTC
on November 1; (c) 12 UTC on November 1; and (d) 00
UTC on November 2 in 2008. The snow loads exceed-
ing 20 kg m2 are shown with yellowish colours. (¢) The

Fig. 5. Total observational crown snow loads (kg m=2)
municipalities where snow damages caused power cuts simulated by the FMI model for (a) 12 UTC on January
are shown in light red. 11; (b) 12 UTC on January 12; (¢) 12 UTC on January 13;
and (d) 12 UTC on January 14 in 2012. The snow loads
exceeding 20 kg m2 are shown with yellowish colours.
Images of canopy snow at Hyytidld on the corresponding
moments are presented as well. The location of Hyytidld
is shown on the maps with a black dot.

5 Spatial and temporal occurrence of heavy crown snow loads

Based both on the FMI model and the GO8 method, the crown snow loads achieved in Finland
once a year are, on average, greatest along the Russian border (Fig. 6), whereas, the smallest crown
snow loads are experienced in the coastal areas of southern and western Finland. The maximum
loads based on the FMI model are consistently somewhat larger than those on the basis of the
G08 method, although the situation is locally opposite in north-western Lapland. It is furthermore
visible that the area of heaviest snow loads is concentrated more or less farther north based on the
G08 method than based on the FMI model.

The spatial distribution of different crown snow-load types (Fig. 7) resembles the distri-
bution of heavy total snow loads. For every snow load type, the heaviest loads seem to occur in
eastern Finland on average. Nevertheless, some differences are visible in the spatial patterns of
different snow-load types. For instance, the heaviest wet snow loads are concentrated farther south
than the heaviest dry snow loads. In addition, it can be noted that the dry snow loads obtained on
average once a year are clearly lower than the loads of other snow types occurring with an equal
frequency over most of the country. Consequently, dry snow is obviously the least important snow
type with regard to snow damage. However, when compared to Fig. 6b, we see that among the
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(a) FMI model (b) G08 method

Fig. 6. The spatial distribution of the crown snow-load amount (kg m2) achieved on average on one
day per year within the period 1961-2010 on the basis of (a) the FMI model and (b) the GO8 method.

different snow types, the spatial pattern of dry snow resembles most closely that of heavy crown
snow loads modelled by the GO8 method. Lastly, we note that the spatial distribution of heavy rime
loads seems to have more small-scale features than the distributions of other snow types. This is
admittedly because riming is strongly affected by the local topography.

The numbers for risk days for heavy rime and total snow-load accretion are displayed in
Fig. 8. For the accretion of the total snow load, the spatial pattern of risk days resembles noteworthily
the geographical distribution of heavy wet snow loads (Fig. 7e). Among the stations involved in
this study, correlation between these two variables proved to be 0.81 while it is only 0.68 between
the total crown snow loads occurring on one day per year, on average, and the number of risk
days for heavy total crown snow-load accretion. Thus, the number of risk days for heavy total
snow load accretion best describes the specific risk for snow damage caused by wet snow. This
is understandable because the wet snow hazards are typically swift events that can escalate even
during the same day when the accumulation of snow begins. The spatial pattern of the number
of risk days for heavy rime accretion does not follow as closely the spatial pattern of heavy rime
loads (Fig. 7a). Most risk days are found in the inland regions of south-western Finland (Central
Finland, Pirkanmaa, Kanta-Hame and Piijat-Hame), whereas the heaviest rime loads were modelled
to occur in north-eastern parts of the country (regions of North Karelia, Kainuu and Koillismaa).
This discrepancy is possibly related to the fact that heavy rime loads usually develop over relatively
long periods of time and thaw periods that dislodge the load are more common in the southern and
western parts of the country.

In Fig. 9, we further illustrate the connection between the number of risk days and the days
when snow load has actually increased. The number of risk days for heavy total snow load accre-
tion has a strong positive correlation with the number of days when the modelled total snow loads
have actually increased substantially. Between the number of risk days for heavy rime accretion
and the number of days with modelled increase in the rime loads, there is more scatter. A more
detailed inspection reveals that at most of the locations, the numbers for risk days and accretion
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Fig. 7. The spatial distribution of (a) rime; (b) dry snow; (c) wet snow; and (d) frozen snow-load
amount (kg m~2) achieved on average on one day per year within the period 1961-2010 on the basis

of the FMI model.
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Fig. 8. The annual average count of risk days for (a) heavy snow loading and (b) heavy riming within
the period from 1961-2010.
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Fig. 9. Number of risk days for (a) heavy total snow-load accretion as a function of the number of days
with modelled heavy total snow load accretion; and (b) heavy rime load accretion as a function of the
number of days with modelled heavy rime accretion.

days for the rime loads correspond closely but at the maritime locations, and especially at those
stations in northern Finland that are located at high elevations, the numbers for risk days are
notably underestimated. The number of days when strong rime accretion was modelled is clearly
highest at Rovaniemi and Kaunispéé, two stations in northern Finland located at a high elevation
as compared to the surrounding areas. Because maritime stations (Rankki, Utd and Valsérarna)
also exhibited too few risk days for heavy riming, it can be concluded that the threshold values
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Fig. 10. Annual average number of days by month when (a) the modelled daily maximum total snow load has increased
at least 5.35 kg m2 as compared to the maximum of the previous day; and (b) the modelled daily maximum rime load
has increased at least 1.72 kg m2 as compared to the maximum of the previous day. Statistics are shown separately for
southern (stations 1-9), central (stations 10-19) and northern (stations 20-29) Finland.

determined for the risk days for heavy riming in this study are not very suitable at windy locations.
More specifically, the modelled rime accretion at Kaunispié was at its own level as compared to
other locations: the greatest modelled daily increase in the rime load was there even 9.0 kg m—2
while 1.72 kg m~2 was used as a threshold value for the heavy daily rime load increase. This is
why Kaunispéi is the one station that also sticks out in Fig. 9a because riming solely increases
occasionally even the total crown snow loads there enough to surpass the daily threshold used to
detect the days with heavy snow loading. However, on average the modelled rime loads were not
largest at Kaunispaé because high winds frequently dislodge the load in the model.

The occurrence of heavy snow-loading events in Finland has discernible seasonality. Riming
events concentrate strongly on late autumn and early winter, but the number of days when the
total crown snow load increases substantially has a bimodal seasonal distribution peaking both
in early and late winter (Fig. 10). This is because these events are usually associated with wet
snow accretion that can only occur when the temperature is close to 0 °C. The early winter peak is
still much greater than the one in late winter. In northern Finland, heavy snow loads occurs most
in October, in central Finland in November and in southern Finland from November to January.
Heavy riming occurs rather similarly in the north most already in October and in the south from
November to January. In the north, a few heavy riming events occur even during late winter and
spring but almost exclusively only at Kaunispdé, which is located on a fell top.

In Table 4, we present the correlation coefficients between the annual wintertime (Novem-
ber—March) mean weather variables and the occurrence of different snow load types. Wind speed
is found to correlate negatively with the occurrence of all kind of snow load types throughout the
country and, contrary to that, relative humidity seems to correlate positively with the occurrence of
every snow-load type. Most significant these correlations are between relative humidity and rime
loads and between wind speed and dry snow loads. This is unsurprising, as riming efficiency in the
model is directly proportional to wind speed and dry snow is most easily blown away by wind. The
amount of precipitation has the strongest positive correlation with the wet snow loads. Particularly
in central and northern Finland, temperature also correlates positively with the wet snow loads.
The rime and frozen snow loads correlate differently with temperature between the southern and
northern parts of the country. In the south, heavier loads occur during cold winters and in the north
during mild winters. Furthermore, we present the correlation coefficients between the wintertime
NAO index values and the occurrence of the snow-load types. These correlations are relatively
weak and they more or less follow the correlations between temperature and the occurrence of the
snow-load types. This is because NAO is positively correlated with winter temperatures in Finland.
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Table 4. Correlation coefficients between the annual November—March mean temperature
(7), relative humidity (RH), wind speed (U), precipitation (P) and NAO index values and
the modelled annual number of days with rime (NVine), dry snow (Mg, snow), Wet snow
(Nyvet snow) and frozen snow (Ngozen snow) loads exceeding the value achieved on average
on ten days a year. The correlations are shown as an average of the stations in southern
(stations 1-9), central (stations 10-19) and northern (stations 20-27) Finland as well as
an average of all stations excluding the short time series of the stations 28 and 29. On
individual stations, correlations above 0.3 and below —0.3 are statistically significant.

Southern Central Northern National
T & N,ime -0.3 -0.1 0.1 -0.1
T & Ny snow -0.3 -0.1 -0.1 -0.1
T & Nyet snow 0.1 0.4 0.3 0.3
T & Njozen snow —0.1 0.1 0.3 0.1
RH & Nyime 0.4 0.5 0.5 0.5
RH & Nysy snow 0.2 0.2 0.1 0.2
RH & Nyt snow 0.3 0.2 0.1 0.2
RH & Nyozen snow 0.2 0.1 0.1 0.2
U & Nyime -0.4 -0.3 -0.1 -0.3
U & Ny snow —0.6 -0.5 -0.5 -0.5
U & Nyet snow -0.2 -0.1 -0.2 -0.2
U & Nfozen snow -0.3 -0.3 -0.2 -0.3
P & Nyipe -0.2 0.0 0.1 —0.1
P & Nyyy snow 0.1 0.2 0.3 0.2
P & Nyer snow 0.3 0.5 0.5 0.4
P & Njozen snow 0.1 0.2 0.3 0.2
NAO & N,ime -0.3 -0.1 0.0 -0.2
NAO & Niyy snow -0.2 0.0 0.1 0.0
NAO & Nyer snow 0.2 0.3 0.2 0.2
NAO & Nyozen snow 0.0 0.1 0.1 0.1

To conclude, in southern Finland, somewhat heavier crown snow loads seem to typically occur
during relatively cold winters than during mild winters and vice versa in the north.

Lastly, we explore possible trends in the crown snow-load amounts over the period 1961—
2010. Because most of the observational time series were corrupted due to inhomogenities in
wind measurements and the crown snow loads are, on average, negatively correlated with wind
speed, we confine this exploration only to those stations where no significant trend in November—
March average wind speed could be detected. In addition, Kaunispia and Kilpisjarvi were ruled
out because of their short time series. This only restricts the inspection to eight stations, which
are Vantaa, Turku, Utti, Niinisalo, Halli, Kauhava, Salla and Kevo. The time series for several
variables describing the heavy crown snow loads are presented in Fig. 11. All of the time series
that are shown exhibit a slight increasing trend, but the trend is not statistically significant for any
variable. In individual locations, some of the trends nevertheless proved to be significant. Statisti-
cally significant increasing trends were detectable in 0-3 locations out of eight, depending on the
variable. Decreasing trends were apparent only at Vantaa and for the total snow loads. However,
among the eight stations included in this analysis, wind measurements were most questionable
at Vantaa as the increasing trend in wind speed there just failed to be statistically significant. It is
likely the case that the expansion of the airport area in the 1990s has affected the local wind climate
there. Moreover, the heaviest snow loads simulated at Vantaa occurred in December 1961 during
the very first winter of the time series.
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Fig. 11. Temporal variation of modelled heavy snow loads in Finland within the winters between 1961/62—-2009/10
as an average of those eight stations where no significant trend in November—March wind speed was apparent during
the same period. Variables that are presented are as follows: (a) the maximum annual crown-snow load (% of average)
based on the FMI model (black line) and the GO8 method (grey line); (b) the annual number of days with the total
crown snow load exceeded the value achieved on average on ten days per year at an each station based on the FMI
model (black line) and the GO8 method (grey line); (¢) as in (b) but for the rime load and the FMI model only; (d) as in
(c) but for the dry snow load; (e) as in (c¢) but for the wet snow load; (f) as in (c) but for the frozen snow load; (g) the
annual number of risk days for heavy total snow-load accretion (% of average); and (h) as in (g) but for the risk days
for heavy rime accretion.
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While no clear trends are visible in the modelled crown snow-load amounts in Finland
over the past half a century, significant changes in weather variables needed for the snow-load
calculations are still apparent. Both November—March mean temperature and precipitation time
series proved to show, on average, a statistically significant increase of 1.2—1.4 standard devia-
tions from 1961 to 2010. For temperature, the increase was very uniform among the different
stations throughout the country, whereas changes in precipitation were slightly more variable.
When averaged over all of the stations, also the relative humidity time series proved to show an
increasing trend, but the trends were occasionally dissimilar even between nearby locations. This
implies that the relative humidity observations used in this study might be less accurate than the
temperature observations. This is most likely at least partly due to the inaccuracies related to the
conventional relative humidity measurements in freezing temperatures (Makkonen and Laakso
2005). Nevertheless, the increasing trend in relative humidity is probably linked to the increasing
trend in temperature, and it is thus likely that it is real. The reason is that in meteorological meas-
urements relative humidity is expressed relative to supercooled water with sub-zero temperatures.
Then relative humidity cannot reach 100%, and the theoretical maximum relative humidity is the
lower, the cooler is the temperature.

6 Discussion

Inaccuracies related particularly to wind speed measurements inflicted inaccuracy on the construc-
tion of the spatial distribution of the heavy crown snow loads. Because of that, and due to the
relatively small number of stations included in the analyses, only large-scale features of the spatial
variability could be captured satisfactorily. Particularly in Lapland, where variations in the terrain
elevation are greater than elsewhere in Finland, the analyses were affected greatly by the selection
of the stations. This holds specifically true for rime loads. Many long-running stations in Lapland
are situated close to villages located mainly in valleys. At those locations, the rime loads are sub-
stantially smaller than on nearby highlands. To exemplify this, the two stations located closest to
each other, namely Ivalo and Kaunispéd, proved to exhibit, on average, one of the lowest and one
of the largest rime loads of all the stations, respectively. From our stations in the northern parts of
the country, only Suomussalmi, Rovaniemi and Kaunispai are located at a higher elevation than the
surrounding areas. Although we used in the kriging interpolation elevation as one of the determin-
ing variables, the effect of elevation to the rime loads could not be accurately determined because,
as demonstrated by Makkonen and Ahti (1995), the riming efficiency is more closely correlated
with the elevation in relation to the mean level of the surrounding terrain than with the elevation in
relation to the sea level. In addition, station values were in some cases considerably smoothed in
the interpolation due to the relatively coarse station network, which was, on the other hand, partly
desirable because of the uncertainties related to the wind speed measurements.

It should also be kept in mind that neither the FMI model nor the GO8 method can accu-
rately simulate the amount of the crown snow loads. The actual weight of the snow load is affected
much by tree characteristics, and hence, the values of the modelled crown snow loads should be
understood only as approximate estimates. Moreover, in northern Finland, especially spruces are
adapted to heavy snow loads and thus they tolerate heavier snow loading than spruces in the south.
Some typical characteristics of the crown snow loads are shown in Fig. 12. Candle-shaped spruces
growing in northern Finland become typically heavily loaded by snow and rime at high altitudes. As
the trees become tightly snow-packed, they may not lose the snow load, for instance, due to wind,
as easily as trees with broader canopies. Furthermore, the snow load of candle spruces is centred
relatively low with respect to the tree height in order to prevent the trees from snow damage but
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Fig. 12. (a) Spruces heavily loaded by snow and rime in eastern Lapland in January 2014 showing the typical character-
istics of the crown snow loads near the alpine timberline. Photo: Teuvo Hietajérvi. (b) Birches bent under heavy crown
snow loads in south-western Finland in January 2010. Photo: Ilari Lehtonen.

it also prevents the snow load from becoming dislodged. In southern Finland, trees typically have
broader canopies and the canopies of pines and birches catching the snow loads are particularly
centred near the tree tops. In the model calculations, however, wind dislodges the snow loads with
similar efficiency everywhere. Consequently, it can be supposed that the models may underestimate
the cumulative snow loads in northern Finland, at least in spruce-dominated forests, where the
snow loads are typically tightly and symmetrically attached. Moreover, rime loads are removed too
effectively in the FMI model due to high winds when the main load type is hard rime. In practise,
this is an issue particularly on the fells in northern Finland and probably the main reason for, on
average, apparently too small crown snow loads at high elevations in the north.

At least with the GO8 method, which does not separate different snow load types and does
not take riming into account at all, the dependency of the snow loads on the terrain elevation could
not be properly described. The only directly altitude-related dependency in the snow loads simu-
lated by that method can be the decrease of the loads with increasing altitude due to the enhanced
wind removal of snow. While temperature conditions at high elevations are often more suitable
for snow accretion, the GO8 method still seems to produce, on average, the heaviest snow loads
over the highest areas (Fig. 6b). The capability of the GO8 method to model reasonably the crown
snow loads was illustrated by Gregow et al. (2008). They compared the simulated snow loads at
Rovaniemi and Sodankyl4 in Lapland during the winter of 1993/94. The simulated loads were
substantially heavier in Sodankyld than in Rovaniemi, because wind speeds were generally higher
in Rovaniemi. That is because the measurement site in Rovaniemi is more open and is located at
a higher elevation than the one in Sodankyl4, especially when compared to the surrounding areas.
In Sodankyla, the simulated snow loads were heavy until late February and Gregow et al. (2008)
therefore concluded that the GO8 method provided reasonable results since the winter is known
for widespread snow-induced forest damage in Lapland. However, in Rovaniemi, the crown snow
loads were virtually entirely blew away by wind by that time based on the GO8 method. In real-
ity, the crown snow loads were very heavy still in March and particularly at high altitudes (Jal-
kanen and Kondpka 1998). Hence, it is evident that the GOS8 method would have been unable to
simulate the heavy crown snow loads reported by Jalkanen and Kondpka (1998) in March 1994
in the Kivalo research area near Rovaniemi, as this site is located at an even higher altitude than
the weather measurement station in Rovaniemi, and the area most likely consequently experi-
ences even higher wind speeds. Nonetheless, based on our results, the FMI model did not prove to
perform any better in simulating the heavy crown snow loads during that winter in the area. One
possible reason for this is that the accumulation of ice related to a freezing rain event in November
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1993 had bent the tree tops south-west, thereby promoting further accumulation of snow later in
winter (Jalkanen and Kondopka 1998).

Hoarfrost accumulation is particularly enhanced when the surface is colder than air. Because
of this, crown snow loads increase most effectively when weather quickly becomes milder and
more humid. Then, all surfaces, including tree branches, might still be colder than the dew point
of air and humidity is effectively transformed into hoarfrost. This effect is not directly included
in the model calculations, although riming is possible in the FMI model until the air temperature
exceeds 1 °C.

Compared to the previous study of Gregow et al. (2008) where the GO8 method was applied
to study the spatial patterns of heavy crown snow loads in Finland, the more sophisticated FMI
model suggested, on average, somewhat heavier snow loads. Moreover, the area with the heavi-
est snow loads is centred in eastern rather than northern Finland, although the GO8 method also
produces usually heavier snow loads in the eastern rather than the western parts of the country.
Overall, the results accord well with the statement of Solantie (1994) that the region of Kainuu is
the area most prone to snow damage in Finland.

Gregow et al. (2008) furthermore proposed that the risk for heavy snow loads had been
increasing after the 1960s. This conclusion could not be confirmed in this study, although we noted
that wintertime temperature, precipitation and probably relative humidity as well have all manifested
increasing trends during the last half of the century. Inhomogeneity in wind speed measurements
severely hampered the evaluation of trends in the crown snow loads and though Gregow et al.
(2008) performed corrections to the original wind speed measurements, it is unclear whether the
procedure produced truly homogeneous wind data. Nevertheless, they concluded that the claimed
increase in the occurrence of heavy snow loads resulted at least partly because of the weakening of
winds in the 1990s. It is further noteworthy that the stations with no significant wind speed trend
in this study are concentrated in southern and western Finland. Moreover, the observed increasing
trend in wintertime precipitation, which should result in increasing crown snow loads, is possibly
partly artificial, caused by changes in the precipitation gauges in the 1980s. In any case, Kilpeldinen
et al. (2010) projected that the risk for snow-induced forest damage in Finland would decrease a
little, though not very significantly, already during the period of 1991-2020 when compared to the
period 1961-1990. Our results do not suggest that this kind of reduction in the risk would have
either occurred by 2010.

7 Conclusions

We have introduced the model used to predict heavy crown snow loads at FMI and produced a
description of the spatial variability of the heavy snow loads in Finland with the help of this model.
The snow load is divided into rime, dry snow, wet snow and frozen snow within this study. In
addition, the results are compared to those received with a simpler method presented previously
by Gregow et al. (2008). Based on our results, the heaviest crown snow loads occur, on average,
in eastern Finland. Some geographical differences exist in the occurrence of different snow load
types, but for every type, the areas with the heaviest loads are found from the eastern parts of the
country. This is despite the fact that weather conditions most favourable for riming occur most
frequently in the interior of western Finland apart from the hills and fells in the north.

Both for rapid snow load accretion, which is typically related to wet snow, and especially for
heavy riming, seasonal distribution peaks in early winter. In northern Finland, conditions are most
favourable for heavy snow and rime loading in October, and in southern Finland from November
to January. During late winter and spring, heavy riming is very rare except on fells in Lapland but
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relatively large increases in the total snow load become slightly more common again when the
temperature, on average, crosses 0 °C in spring.

Over the period from 1961-2010, we could not detect any clear trends in the crown snow
load amounts. However, studying the trends was difficult because of inaccuracies related to wind
speed measurements. These inaccuracies further somewhat inflicted studying the spatial distribu-
tion of the heavy snow loads. Otherwise, the relatively small number of stations that could be
included into the analyses restricted the accuracy of the results. However, we could select a wider
set of stations than Gregow et al. (2008), as we also accepted all of the stations where precipitation
was measured only once a day. As we demonstrated that, on average, the results change only a
little, even if hourly precipitation observations are used, we do not believe that the use of 24-hour
precipitation sums instead of 12-hour sums that were used by Gregow et al. (2008) would have
had any notable effect on the results. In addition, we studied the effect of solar radiation in the
results applying the FMI model and found that based on the model results, crown snow loads are
decreased due to solar radiation only in late winter and spring, most substantially in March. Hence,
we could, in fairly good conscience, omit the effect of solar radiation as this variable is obtainable
only from a few stations.

Furthermore, we noted that the crown snow-load values calculated with the daily means
of needed weather variables as input, as has been done in some previous studies where the effect
of climate change on the crown snow loads have been evaluated, are on average overestimated
but have usually some resemblance to the values calculated with hourly input data. Nonetheless,
some indirect measures of conditions favourable for snow and rime loading can be also utilised
in assessing the risk for snow damage if only the daily means of weather variables are available.

In the future, the FMI model could be improved in several ways. Firstly, the rime load in the
model could be divided into soft rime and hard rime as these two rime types have fairly distinct
characteristics. For example, soft rime is much more easily removed due to wind as compared
to more tightly attached hard rime. This more detailed classification would probably increase the
model performance, particularly in the areas where riming is the main cause for crown snow loads
and high wind speeds occur frequently. Moreover, the formation of glaze due to freezing rain and
the formation of hoarfrost could be included in the model. However, a thorough measurement
campaign to measure actual snow loads on trees would be required to comprehensively improve
the model parameters. So far, the FMI model has proved to provide satisfactory results in predict-
ing the heavy crown snow loads.
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