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of extreme events.

Figure 5.2: Mean daily precipitation from Hopen in the period (1998 2015) in mm/day cor-
rected with the formulation of Wolff et al. (2013)

5.2 Hindcast bias

A scatter plot of the precipitation in NORA10 and the observed precipitation gives an
indication of how well NORA10 is able to capture the true precipitation. As seen in
Figure 4.1, the hindcast does not do an impressive job at estimating the precipitation
in a given time step. The most intense precipitation rates in the observations were only
minor events in the hindcast, and vice versa. This also means that the precipitation
data from NORA10 is not very well suited to investigate a particular historical snow
event. This is not, however, critical when trying to estimate return values; as long as
NORA10 displays the same behavior, that is, same variability, magnitude, frequency
and statistics of events, as the true conditions, it is still applicable to use data from
NORA10 in the analysis.

The histograms in Fig. 4.3 show that the distribution of precipitation is similar
for NORA10 and the observations. NORA10 tends to overestimate the proportion
of lower precipitation rates (0.5 to 10 mm/12h) and underestimates the proportion of
higher precipitation rates. NORA10 also has a higher number of wet days. We have to
keep in mind that NORA10 is model data which estimates the precipitation within a
grid cell, while the observations are precipitation at a specific point. The precipitation
is hence, ’smeared’ out in the model, which gives more frequent small precipitation
events in NORA10 compared to the observations, but also can underestimate the in-
tensity of high point precipitation.

This continuous precipitation of NORA10 compared to the probable real pre-
cipitation on a structure, will bias the calculated snow load and return levels using
NORA10. To investigate how large the effect of the wet bias is, we calculated 10-
day snowfall sums and 10-day precipitation using observational data and NORA10 to
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Table 5.1: Estimated 100-year return values using the SGEV distribution. The 10-day snowfall
model was used to estimate snow loads with uncorrected observations (Obs) and NORA10 data
as input. All values are in kg/m2.

Fruholmen Fyr Bjørnøya Hopen
Obs (kg/m2) 111 62 112

NORA10 (kg/m2) 83 74 78

estimate 100-year return levels of snow load. Histograms of the 10 day precipitation
are shown in Figure 5.3. The observations have a much larger frequency of events in
the range 0 mm to 10 mm of 10 days accumulated precipitation at all locations, while
NORA10 overestimates the number of events around 15 mm to 40 mm. This can
be explained by the high number of low intensity events in NORA10; a continuous
rainfall of 2 mm per day will accumulate to 20 mm in 10 days. These values, how-
ever, are too small to affect the extreme value distribution and the hindcast can still be
applicable to estimate large events as only yearly maxima affect the GEV distribution.

NORA10 underestimates the extreme 10 day precipitation at Hopen and Fruhol-
men. At Bjørnøya however, the hindcast overestimates the 10 day precipitation. This
strongly influences the return levels, which are shown in Table 5.1. The 100-year
return levels are about 40 % larger for the observations than NORA10 at Hopen and
Fruholmen Fyr while at Bjørnøya the return level for the observations are 16 % smaller
than NORA10. This shows how sensitive the extreme values are to both the shape of
distribution of the yearly maxima and to the variation. At both Fruholmen Fyr and
Hopen, the magnitude of the most extreme events are similar for NORA10 and the
observations, except for two outliers in the observations. However, the observed dis-
tribution of 10 day precipitation has a flatter tail than the tail of the NORA10 distri-
bution of 10 day precipitation. The result is a much higher 100-year return level from
the observations than NORA10 even though they have similar yearly maxima.

This analysis indicates that the distribution of precipitation in NORA10 will un-
derestimate extreme precipitation events, however the uncertainties of observed ex-
treme precipitation are too high to be able to predict how much. This is a reason to be
conservative when using the hindcast to estimate extreme snow loads.

5.3 Duration of extreme snow events and choice of ac-
cumulation period

As seen in Fig. 4.6, the 15-day snowfall model predicts similar yearly maximum snow
loads as the energy balance model; during winters when the energy balance model
predicts low snow loads, the x-day snowfall sum also mostly predicts lower snow
loads. The choice of accumulation days is important, and the x-day model needs to
accumulate snow for over 15 to have similar yearly maxima as the energy balance
model predicts. The variation of yearly maxima is however much higher for the en-
ergy balance model, and this also leads to much higher estimated 100-year snow load
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(a) Data from Hopen

(b) Data from Bjørnøya

(c) Data from Fruholmen fyr

Figure 5.3: Histogram of 10 day accumulated precipitation at Hopen (a), Bjørnøya Meterolog-
ical station (b) and at Fruholmen Fyr (c). The y-axis has a logarithmic scale, and the histogram
is scaled to show the number of events during the period of study.
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5.3 Duration of extreme snow events and choice of accumulation period

(245 kg/m2 for the energy balance, and 106 kg/m2 for the 15-day snowfall sum at Jo-
han Castberg). The energy balance model estimate larger snow loads because it does
not have an upper limit to the number of days it is possible to accumulate snow, which
clearly the x-day snowfall sum has. As an example, if a location has a cold spell with
negative temperatures for a month, very little of the snow would melt away. This re-
sults in a maximum snow load that would be close to the 30-day snowfall sum. This
can be seen in Fig. 4.7a, where many of the most extreme events accumulated over 20
days at Johan Castberg and for over three months at Hopen and Barents South-East.

The real snow loads accumulating on a platform will not be this large because
wind will blow away some snow. However, the results show that the conditions in
the Barents Sea can allow for extended periods without any significant melting, and
snow can accumulate to large loads on sheltered parts of a structure if not moved op-
erationally. Waiting for snow on a shielded roof to melt might not be an option and
operational measures should be available to remove snow from these areas. When de-
signing an offshore structure in the Barents Sea, snow accumulation during downtime
of snow removing mechanisms should thus be accounted for.

Including the effect of drifting snow has a significant impact on the results. We
can see in Fig. 4.7b that the duration of a snow event is drastically reduced when the
snow is allowed to drift off the platform. This is expected as the wind drift will only
reduce the total amount of snow. The plot suggests that if we include drifting snow,
the snow from single storms will be dominating the design loads of a structure, in
contrast to accumulation over a month or two. This has the consequence that to be
able to accurately estimate the true snow loads in the Barents Sea, any model needs
input data which can resolve single storm events, like polar lows.

The yearly maxima from the 5-day snowfall model match well the maxima from
the energy balance model with wind drift. The 5-day snowfall model has less variance
than the energy balance with wind drift, which makes it underestimate return levels
at some locations. This suggests that to be conservative, a 10-day snowfall model
can be used to estimate extreme snow loads on exposed parts of a structure, however
the wind drift model needs validation in an offshore environment to investigate if the
transport rates are accurate.

In this analysis we assumed a flat helicopter deck with no influences from other
parts of the structure. This is a non-conservative assumption for total snow loads the
the platform as a real structure can have leeward zones like gabble roofs or roofs at
different levels, which can accumulate drifting snow. The estimated snow loads from
the energy balance model with snow drift will thus only be representative for exposed
parts of a structure. In the Norwegian standard NS-EN-1991-1-3 (2008) snowdrift on
a step roof can increase the ground snow load four times. The overall snow load will
thus be higher than estimated from the energy balance with drift.

It is difficult to recommend an optimal value for number of accumulation days in
the x-day snowfall model. On exposed parts of a platform, the extreme snow events
can be expected to happen within a few days, and it can be tempting to choose two
or three days to accumulate. However, the ability of hindcast data to replicate sin-
gle events is not very reassuring. Further, wind drift can increase the snow load on
shielded parts of a structure, but snow drift will reduce the total load on a structure as
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at least some snow will drift off the platform. The data in the present report suggest
that choosing a shorter or equal accumulation period than 5 days will underestimate
the possible extreme snow loads on a structure. The wind drift model presented in the
present report can give some estimates of wind drift on exposed parts of the structure,
but validation of the model in an offshore environment is needed before the model can
be trusted fully. Because of uncertainties in both the precipitation from the hindcast
and the snow drift model, we recommend to use a 10 day accumulation period without
drifting snow to estimate possible extreme snow loads.

5.4 Comparison of return values from the SGEV model
and the Threshold model

As seen in Figure (4.10, 4.14, 4.16, 4.17), both the SGEV model and the threshold
excess model work well and are able to accurately fit the data. The SGEV model
shows some deviation from the data at the Barents South-East location, but not enough
to throw away the model. In the case of Johan Castberg, the two models display
different behavior: The predicted ξ in both models are negative, but ξ is very close to
zero in the SGEV model. This implicates that the SGEV model estimates the snow
load to be very close to unbounded, while in the threshold model, the snow load
is bounded. The estimated 100-year values are almost identical. The difference in
10 000 year values can largely be attributed to different estimates of the ξ parameter.
It is hard to tell which model represents the truth most accurately; both models seems
to fit the data, however their behavior is quite different. Because the models use
different input data (the threshold model uses more events than the SGEV model), it is
not straightforward to compare the models using the estimated maximum likelihood.

The negative ξ parameter estimated at Barents South-East and Johan Castberg is
also found in the rest of the Barents Sea with the exception of three areas. That the
extreme values of snow load are bounded by a maximum possible value is at first
thought reasonable. However, both theoretical studies (Koutsoyiannis, 2004), and
studies of observed precipitation (Koutsoyiannis, 2004; Papalexiou and Koutsoyian-
nis, 2013; Serinaldi and Kilsby, 2014) indicates that daily extreme precipitation fol-
lows an unbounded distribution, that is ξ ≥ 0. No such studies have been done for
longer precipitation periods like 10 days precipitation, but the tail should be thinner
(smaller ξ) than for 1 day precipitation.

Comparing the 100-year values in the Barents Sea from the SGEV model and the
threshold model in Figure 4.22, we can see that the values are very similar. This
suggests that the time period of 58 years is sufficient to estimate the return values,
and the extra data points used by the threshold model does not change the results
significantly.

The advantage of the threshold model is that we can use more of the data available
than only the yearly maxima. In these two case studies, 166 and 160 of the events were
over the selected threshold and used in the further analysis at Barents South East and
Johan Castberg respectively, compared to 59 yearly maxima using the GEV model.
This can be especially valuable if only shorter time series are available. However,
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declustering events and selecting a threshold can lead to unknown biases which are
not easily diagnosable. This is not an issue when using the GEV model, and it can be
easier to set up automated routines to do the statistical analysis.

Consequences of including snow drift
As seen in Figure 4.15, including a simple empirical formula for snow drift signifi-
cantly decreases the snow load, and also the 100-year return value is reduced. Inter-
estingly, the estimated 10 000 year return value is larger using the yearly maxima of
snow load with drift, than without drift. This is due to the different shape parameter,
ξ = 0.087 using snow drift, and ξ = −0.16 without snow drift, which leads to an un-
bounded distribution and a bounded distribution, respectively. The difference should
not be viewed as a weakness of the GEV-model, but rather as part of the uncertainties
when extrapolating to long return periods.

As discussed in Chapter 3.2.3, there is no universal empirical formula for transport
rate of snow drift, and the current models yield very different rates for a given wind
speed. There is no field data of snow drift transport rate in an marine environment,
which makes validation of the formula difficult. The snow loads estimated for the
helicopter deck, and with the drift model in general, are only representative for very
exposed parts of a platform.

The prevailing wind direction leading up to a yearly maximum snow load without
snow drift is from north-northeast. When including snow drift the prevailing wind
direction is from the southeast, associated with warmer air from the south. Because
wet snow does not drift in the model, it is expected that temperatures around 0 ◦C is
favorable to accumulate snow in the drifting model. This is seen as the mean temper-
ature in the 10 days before a yearly maximum is -5.0 ◦C without snow drift and only
-0.3 ◦C with snow drift. This means that probably a large part of the snow loads with
the wind drift model turned on is wet snow. Wet snow can stick to vertical surfaces, ef-
fectively increasing the area of snow accretion. Appendix B presents a short study on
wet snow in the Barents Sea. With the wind drift model turned on, the yearly maxima
are much more dependent on single storms lasting a couple of days than continuous
accumulation over a longer period as seen in Chapter 4.2. This has the consequence
that the yearly maxima can occur in every month from October to June, compared to
the yearly maxima without snow drift which only occur in November through April,
with a majority in December to February.

5.5 Extreme snow loads in the Barents Sea

Fig. 4.22 shows that the estimated 100-year snow load in the part of the Barents Sea
that is opened for petroleum activity is higher than 70 kg/m2, which corresponds to
a total load of 63 ton on a 30 m helicopter deck. The maximum estimated 100-year
snow load in the Barents Sea is 127 kg/m2 using the SGEV model, and is located
at 72.5◦ N, 28◦ E, which is about half way between mainland Norway and Svalbard
and inside the area opened for petroleum activity. Both the SGEV model and the
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threshold model estimate very similar return values, both in magnitude and spatial
pattern, which increases our trust in the results. However, the return values from
the extreme value distributions are only as accurate as the input time series of snow
load. We note that the 100-year snow loads estimated using observed precipitation and
temperature were much higher at Fruholmen Fyr and Hopen, but lower at Bjørnøya,
than 100-year snow loads estimated using the NORA10 hindcast, which can indicate
that extreme values estimated using the NORA10 hindcast may be non-conservative..

The mean yearly precipitation in the Barents Sea is on average around 700 to
1000 mm w.e., a large fraction of this is snow. The amount of precipitation decreases
closer to, and north of the ice edge. This results in a maximum of mean yearly snow
in the middle to eastern part of the Barents Sea, where the balance between cold
temperatures yielding a higher fraction of solid-to-wet precipitation and amount of
total precipitation is optimal. Interestingly, the 100 year return values are also very
high further south along the Norwegian coast, where the mean of the yearly maxima
is smaller. This is because the variation is much higher here, with some years having
very high snow loads, while others barely have snow at all. This will lead to a thicker
tail of the SGEV distribution, increasing the estimates of return values.

The contour maps show a large spatial variation of the calculated extreme snow
loads which are present using both types of extreme value models. The fact that
the 100-year snow load is varying 50 % within a couple of tens of km does not
seem reasonable. A very high value (> 0.3) of the estimated ξ-parameter, indicat-
ing an unbounded distribution, is common for the very high extreme snow loads. This
shows some of the difficulties encountered when extrapolating extreme values; slight
changes of the input data can yield notably different results. In the case of e.g. Jo-
han Castberg, we can see that the estimated 100-year snow load at the location is
85 kg/m2, while 120 km to the west the estimated 100-year snow load is 126 kg/m2.
The mean yearly maxima is however very similar at the two locations (see Fig. 4.21a).
The main reason for the difference in extreme values is therefore less variation in the
yearly maxima at the location of Johan Castberg and a different estimated shape pa-
rameter. This shows that investigations of snow loads at a specific location should
study multiple grid points in the vicinity of the desired location.

5.6 Cause of decreasing extreme snow loads in the Bar-
ents Sea

Trying four different models at the Johan Castberg location, we found that a NSGEV
with a µ parameter varying linearly with time explained most of the variance in the
data. The negative slope indicates that the extreme values have decreased in the obser-
vation period, which can have numerous complex and coupled explanations, however
with the simple 10-day snowfall model it is reduced to less precipitation within 10
days and fewer days under 1.5 ◦C. To explain why the yearly snow loads have de-
clined, correlation between the yearly maximum snow load and four selected proxies
were studied. The parameters of interest were the sum of winter precipitation, the
number of 3-hour intervals with precipitation larger than 3 mm during the winter,
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the mean of the winter temperature and the number of days with temperatures below
1.5 ◦C. A winter is defined as the time between November 1 and May 1, which is the
time period when all winter maxima were observed without wind drift. Correlation
plots between all the parameters are found in Figure 5.4. The figure shows that the
yearly maximum snow load shows the strongest correlation with the sum of winter
precipitation, with a correlation coefficient of 0.47. The yearly snow load also shows
some correlation with temperature, both with mean temperature (-0.37) and number
of days with temperatures under 1.5 ◦C (0.41). Interestingly, the sum of winter pre-
cipitation does not correlate with mean winter temperatures.

At the Johan Castberg location, the 2 m temperature in NORA10 has a linear
trend of +0.2 ◦C per decade. This has further decreased the yearly number of days
with temperatures below 1.5 ◦C by an average of 8 days per decade. In Figure 5.4
there is a weak correlation between the yearly number of days with temperatures
below 1.5 ◦C and the maximum snow load in the same year. This indicates that part
of the reduced snow load can be explained by a decreased number of cold days due
to an increase in air temperatures. There is also a correlation between both the sum
of total winter precipitation and number of large precipitation events with maximum
yearly snow load. However, the precipitation does not show any trends during the
time studied, and a decrease in precipitation is thus not a probable explanation of the
reduced extreme snow loads at the Johan Castberg locations.

The decreasing trend at Johan Castberg is also found throughout the southern parts
of the Barents Sea. The estimated trend in the µ parameter in Figure 4.23 shows
a decrease of the return levels in the southern Barents Sea of around 2 to 4 kg/m2

per decade . This decrease in extreme snow loads does not come from increasing
temperatures alone; the highest temperature increase is in the northern Barents Sea
(not shown) and a much slower temperature increase further south. This is opposite
of the trend in extreme snow loads. However, further north in the Barents Sea, the air
temperatures are much colder than 0 ◦C most of the year, and an increased temperature
from, e.g. -10 ◦C to -8 ◦C will not have a large impact on the amount of snow. An
increase from 0 ◦C to 2 ◦C will have a more profound effect. A better proxy for the
decreasing trend in extreme snow loads is the number of days in a season with daily
temperatures below 1.5 ◦C. This trend matches much closer the spatial trend in snow
loads as seen in Figure 5.5a. As seen earlier, there was a correlation between the
yearly maxima and the number of days with sub-zero temperatures at Johan Castberg.
With further increase in temperatures, and thereby less days with possibility of solid
precipitation, a decrease in snow loads can be expected.

The northern parts of the Barents Sea has seen a large decrease in the number
of days with temperatures below 1.5 ◦C without having a decrease in extreme snow
loads, which indicates other mechanisms are also driving the extreme snow loads.
At Johan Castberg we showed a correlation between the winter precipitation and ex-
treme snow load. An area southwest of Svalbard and an area south of 74◦ N and east
of 20◦ E has seen a decrease in winter precipitation of around -1 to -2 mm/year as
seen in Figure 5.5b. The decrease in extreme snow loads can thus probably be related
to a change in precipitation in addition to fewer days with sub-zero temperatures. It is
important to note that the trends here are based on NORA10. Observational precipita-
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Figure 5.4: Correlation between different parameters at the Johan Castberg location. Sum of
precipitation is the the sum of winter precipitation, large precipitation events is the number of
time steps with precipitation larger than 3 mm, mean temperature is the mean winter tempera-
ture, days under 1.5 ◦C is the number of days with temperatures below 1.5 ◦C and Load is the
yearly maximum snow load calculated with the 10-day snowfall model
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(a) Linear trend in number of days with cold temperatures

(b) Linear trend in winter precipitation

Figure 5.5: Linear trend in number of days with air temperature below 1.5 ◦C in (a) and linear
trend in the winter precipitation (accumulated precipitation from November 1st to May 1st) in
(b).
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tion has been found to increase in the period at Bjørnøya when NORA10 estimated an
increase in precipitation. An increasing trend in precipitation has also been observed
at meteorological stations on Svalbard (Førland et al., 1997; Førland and Hanssen-
Bauer, 2000) and models have predicted an increase in winter precipitation over the
Arctic due to higher atmospheric vapor content and poleward water transport due to
increasing air temperatures (Serreze et al., 2000). It is not clear how the combination
of increasing temperatures (lower solid to liquid fraction of precipitation) and more
precipitation will affect extreme snow loads. Depending on the relative magnitude
of the trends, both increasing or decreasing snow loads can be expected in different
regions.

5.7 Uncertainties in the snow model

Even assuming the meteorological data are correct there are some simplifications and
uncertainties in the snow model. The energy balance melt model is pieced together
from a parameterization to model the energy flux of the Arctic Ocean. Different pa-
rameterizations lead to different estimated heat flux. In a study of 90 different pa-
rameterizations, Simonsen and Haugan (1996) found the total yearly heat loss of the
Barents sea in the range from 42 to 162 TW based on identical climatological data.
Another concern is that the turbulent heat fluxes are bulk formulas which assumes a
very large snow surface. In reality, can turbulence induced by the offshore structure
lead to a higher sensible and latent heat flux than estimated by the chosen parameter-
ization. This is however a problem dependent on the geometry of the structure and is
hence neglected in this study in favor of more general results. Measurements of heat
fluxes from a snow pack on an offshore structure are not available in the literature,
which makes it currently impossible to validate any parameterization of heat fluxes
without further field studies.

Sensitivity of snow loads to assumed threshold temperature for solid
precipitation
In the snow model, a threshold temperature decides if the precipitation falls as snow
or rain. Rain-on-snow events, which can both add weight and melt the snow pack,
are ignored as mentioned in the theory. To estimate how sensitive the extreme snow
loads are to the choice of threshold temperature, we estimated 100-year values in the
Barents Sea for a range of threshold temperatures, Tt = (0, 0.5, 1.5, 2.0) using the
10-day snowfall model without snowdrift. The mean difference in 100-year value of
using a threshold temperature of 0 ◦C and 2.0 ◦C was 16 %, however there is a strong
spatial pattern. In the area east of 20◦ E, the 100-year return levels are much less
sensitive to the threshold snow temperature, with a mean difference of 11 %. This
shows that most of the analysis in the present study is not very sensitive the the choice
of the selected threshold temperature, however, further south along the Norwegian
coast the 100-year values are more sensitive to when precipitation falls as snow or
rain due to air temperatures during winter often vary around 0 ◦C. In these areas a
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more sophisticated model which accounts for atmospheric conditions should be used
to select precipitation events as liquid or solid.

Sensitivity of snow driftability assumptions
Snow drift is only possible if the wind speed is over the threshold wind speed, which
depends on the properties of the snow. In the model in the present study, a single
threshold wind speed of 4.5 m/s is used. Empirical investigations have found a ma-
jority of threshold wind speeds in the range 4 m/s to 11 m/s for dry snow (Li and
Pomeroy, 1997). We therefore estimated extreme snow loads with a 10-day snow-
fall model including snow drift, but with five different threshold wind speeds of
(4.0, 6.0, 8.0, 10, 11) m/s. The results showed that the 100-year return level changed
very little: The maximum 100-year return level was around 7 % higher than the mini-
mum 100- year return level. This is not a surprise as high wind speeds are frequent in
the Barents Sea, e.g. at Johan Castberg, NORA10 estimates wind speed above 11 m/s
in 20 % of the model time steps. Lowering the threshold wind speed from 11 m/s
to 4.5 m/s will result in more time intervals where the snow can drift, but as seen in
Equation 3.10, a doubling of the wind speed leads to a 14-fold increase in transport
rate. So even if lowering the threshold wind speed increases the number of time in-
tervals in which the snow pack can drift, the snow transport during these intervals is
small.

The snow is allowed to drift for 3 days in the present study. To estimate the
sensitivity of extreme snow loads to this assumption, we calculated 100-year return
levels with the snow allowed to drift in 1 day and 10 days. The results showed a
marginal impact on return levels. The 100-year return levels using drift in 1 day were
around 2 % higher than return levels were the snow is allowed to drift for 10 days.

The snow drift model also assumes that the snow pack is unable to drift if the air
temperatures exceeds 0 ◦C. In reality, snow drift at higher temperatures is possible,
DeGaetano and O’Rourke (2004) found around 1 % of drifting events occurred with
air temperatures over 0 ◦C. Because of high cohesive forces the threshold wind speed
will be higher for this wet snow, and the transport rate will probably be affected. How-
ever, as seen in the last paragraph, the return levels are not too affected by threshold
wind speed, and there is no data available to estimate the transport rate in a wet co-
hesion regime. We therefore assumed a constant threshold speed of 4.5 ◦C and the
transport rate in Equation 3.10 as before and estimated 100-year snow loads using the
10-day snowfall model including wind drift, but varied the temperature at which drift
can occur from 0 ◦C to 5 ◦C. This shows that the return levels are more sensitive
to change in temperature than threshold wind speed; changing the temperature from
0 ◦C to 1.5 ◦C, yields a decrease of 50 % to 70 % of the 100-year return value. For
higher lock-off temperatures, the return levels stays around the same level as 1.5 ◦C.
The decrease from 0 ◦C to 1.5 ◦C can be explained by that precipitation falls as snow
below 1.5 ◦C. Thus, when selecting a lower lock-off temperature, snow can accumu-
late without a chance of blowing off, which significantly increases the snow loads.
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The snow conditions in the Barents Sea have been studied, with emphasis on ex-
treme snow loads on offshore structures to develop recommendations for design loads.
Snow loads offshore are largely unquantified, even though accumulated snow will add
weight to a platform, can reduce stability, block equipment and valves, and reduce op-
erability of the structure. The present study aimed to

• Estimate 100-year snow loads for the entire Barents Sea
• Characterize how quickly extreme snow loads accumulate in order to select a

long enough accumulation period for the x-day snowfall model.
• Investigate if the hindcast archive NORA10 is applicable to estimate extreme

snow loads offshore.

Time series of snow load for the entire Barents Sea were found by using a 10-
day snowfall model with precipitation and temperature from NORA10 as input. With
the use of two extreme statistics models we found 100-year return levels of snow
loads. Large variation in the 100-year return levels were found. The area opened to
petroleum activity has the largest return levels which are between 70 kg/m2 (0.68 kPa)
and 120 kg/m2 (1.17 kPa). This is 40 % to 140 % higher than the current recom-
mended value (0.5 kPa) in NORSOK (NORSOK N-003, 2007), which based the snow
load on a 2-day accumulation period. Further north in the Barents Sea the extreme
snow loads are as low as 50 kg/m2 (0.49 kPa) to 60 kg/m2 (0.59 kPa) because of less
precipitation, even though the solid-to-wet ratio of precipitation type is higher. There
is also large variations in the estimated 100-year return levels over relatively short dis-
tances which shows that future studies of snow conditions at a specific location should
check several NORA10 grid points in a larger area. This is further supported by the
fact that NORA10 underestimates 100-year return levels of 10-day snowfall compared
to observed 10-day snowfall at Fruholmen and Hopen, but slightly overestimates the
return levels at Bjørnøya.

The estimated snow loads using a 10-day snowfall model should be looked at as
operational snow loads where snow is actively removed off the platform by personnel
and wind drift. As seen when using an energy balance model to estimate snow loads,
there is very little melting during the winter in the Barents Sea, and if not artificially
removed, snow loads on sheltered parts of a structure can accumulate over several
weeks or months. The snow load on exposed parts of a platform is significantly re-
duced by wind drift. A 5-day snowfall model estimates similar yearly maximum snow
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loads as the energy balance with drift, which are representative for exposed parts of
a structure. However, due to the possibility of NORA10 underestimating extreme
precipitation events, a longer accumulation period should be used.

Two methods to calculate extreme values have been implemented; using block
maxima to fit the stationary generalized extreme value distribution (SGEV) and using
the generalized Pareto distribution to model threshold excess. Both methods yield
similar results, but the SGEV-model is simpler and by utilizing yearly maxima we do
not have to worry about variables being dependent. The threshold model can have an
advantage if the data available do not span enough years to make meaningful infer-
ences using the GEV-model, as the threshold model can make use of more than only
block maxima. However, if the data is dependent on short time scales, which is the
case of snow loads, a declustering algorithm is needed to select independent events.
This declustering can lead to unknown biases which are not easily diagnosable.

A non-stationary GEV (NSGEV) model was used to investigate any trends in the
extreme snow loads, which is the first time this methodology has been used on snow in
an offshore environment. The study assumed linear trends in the location parameter of
the GEV distribution, and found that the extreme snow loads in the southern part of the
Barents Sea has decreased by around 3 to 5 kg/m2 per decade, which corresponds to a
20 % to 30 % decrease in 100-year return level of snow load from the beginning of the
period of study (1957) to the end (2015). We found that this decrease can be related to
increasing temperatures, which has decreased the number of days with temperatures
below 1.5 ◦C by around 8 days per decade in the region around Johan Castberg,
and also a decreasing trend in winter precipitation. The results should be looked
at with care, as the trends are based on data from NORA10 and both observational
evidence and model simulations have shown increasing precipitation in the Arctic
while NORA10 shows decreasing precipitation.

We have used the hindcast archive NORA10 (Reistad et al., 2011) for key input
meteorological data as there is a sparse network of meteorological stations in the
Arctic. The uncertainty in hindcast precipitation is not well understood even though
it is common to use hindcasts to investigate precipitation offshore (Syversen et al.,
2015). To investigate this uncertainty, a comparison with observations at Fruholmen
Fyr, Bjørnøya and Hopen was done.

We found that time series of precipitation from the NORA10 hindcast do not
match the time series from the observations, and thus, the hindcast cannot be used
to study a particular historical event. The hindcast also has a higher number of wet
days, but this does not affect the extreme 10-day precipitation much, which has a sim-
ilar distribution in NORA10 and the observations. The combination of undercatch
and blowing snow, however, makes the observed precipitation uncertain. Correcting
for undercatch makes the tail of the observed precipitation distribution thicker, which
will increase the extreme values compared to NORA10. Thus, it is probable that
NORA10 underestimates extreme precipitation, but an investigation in how blowing
snow affects the observations at Bjørnøya and Hopen is necessary to make definite
conclusions.

The main concern throughout the present study is how accurate the precipitation
from the NORA10 hindcast is. We have investigated this based on comparison with
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standard meteorological observations, but the uncertainties of these are poorly quan-
tified. This shows the importance of new offshore field data. Further studies should
especially examine how undercatch and wind drift affects observation of extreme pre-
cipitation at the Arctic stations of Bjørnøya and Hopen. Controlled precipitation mea-
surements and snow observations from offshore structures would also contribute with
very valuable information. Snow transport offshore by blowing snow is another poorly
understood mechanism which requires more data to better understand the limitations
of the current model and provide validation for new, more complex models.

Snow loads offshore in the Barents Sea have not been granted much attention in
the open literature and records of snow events on offshore structures have not been
systematically collected over time. Based on NORA10 hindcast data, the present
study has established a regional picture of design snow loads in the Barents Sea which
can be valuable for planning of new field developments in the region. We have also
shown that users of the NORA10 should be aware of a wet bias in the hindcast, and a
possible underestimation of extreme precipitation.

75



Chapter 6. Conclusions and further work
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A | Algorithms to calculate time se-
ries of snow load

Figure A.1 and Figure A.2 show flowcharts of the algorithm used to estimate time
series of snow load using the energy balance melt model and x-day snowfall model,
respectively. The energy balance model is fairly simple. If the temperature is lower
than 1.5 ◦C, the model will add precipitation as snow. Then the model estimates the
melt rate according to Equation 3.2. The total amount of snow in the time step will
then be M i∆t, where ∆t is the time step in seconds.

In the x-day snowfall model, we need to do a check if snow drift is turned on.
If it is, we need to adjust the amount of precipitation to remove to compensate for
snow which already has drifted off the platform. This is done by estimating drift from
Equation 3.11, based on when snow is allowed to drift or not.
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is T ia < T is?

Add precipitation as snow

Calculate the amount of
melt from Equation 3.2

Melt the snow Si = Si −M i∆t

Snow drift?i = i+ 1

Find how much snow
is availible for drift

Calculate drift by Equation 3.11

if Di>availible snow
set Di = availible snow

Remove drifted snow
Si = Si − Di

yes

no

no

yes

Figure A.1: Diagram showing the algorithm used to calculate snow loads when using the
energy balance melt model. See the text for description of variable names.
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Calculate time series of snow load

Snow drift?

Calculate how much of
the snow which fell x-

days ago has drifted away

Calculate the new snow load
according to Equation 3.13

Set di−xfd = 0

Snow drift?i = i+ 1

Find how much snow
is availible for drift

Calculate drift by Equation 3.11

if Di>availible snow
set Di = availible snow

Remove drifted snow
Si = Si − Di

yes

no

no

yes

Figure A.2: Diagram showing the algorithm used to calculate snow loads using a x-day snow-
fall model. See the text for description of variables.
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B | A condition for wet snow accre-
tion

When snow is falling when temperatures are higher than 0 ◦C, the snowflakes can be
partially melted. This is characterized as wet snow, and can stick to vertical walls and
surfaces and freeze to ice if air temperatures drops. Wet snow storms are often related
to an unstable atmospheric boundary layer (Matsuo et al., 1981; Makkonen, 1989)
with snow flakes falling from colder air masses at higher altitudes to a warmer layer
near the earth’s surface. The exact meteorological conditions suggested for wet snow
vary in the literature, but based on theoretical considerations and available meteoro-
logical parameters, we use an energy balance method based on Makkonen (1989) to
estimate when precipitation falls as wet snow. This study only aims to qualitatively
investigate wet snow loads, and the extreme snow loads presented here should not
be used as possible wet snow loads on vertical faces of structures without first doing
a detailed study of aerodynamic effects, sticking efficiency, etc., of the structure in
question.

Snow particles will only start melting if there is a heat flux to the snow’s surface.
Because snowflakes have a low termal inertia and so a positive heat flux will start
melting promptly, this is also a sufficient requirement for wet snow (Makkonen, 1989).

Thus, snow will accrete on vertical surfaces as wet snow when the heat balance
to the snow particle surface is positive. Using the parameterization in 3.2.2 we can
easily calculate

Q = Qsh +Qlo +Qse +Qla, (B.1)

with the parameters available in NORA10 and check if the heat flux is positive. During
a snow storm, radiative heat fluxes are generally small, and if we assume they are
negligible compared to the turbulent heat fluxes, the condition for wet snow is

Qla +Qse > 0. (B.2)

If we assume the snow surface to have temperature 0 ◦C when melting and use the
parameterization in Equation 3.6 and Equation 3.7, we can rewrite the condition to

Ta >
0.622Lw
cp,air

(
611

p− 231
− e(Ta)

p− e(Ta)

)
, (B.3)
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where the atmospheric pressure p is in Pa. If we note that relative humidity is rh =
e(Ta)/es(Ta), where es(Ta) is the saturated water vapor pressure at temperature Ta,
and using appropriate values for the constants the equation becomes

Ta > 1.75× 103
(

611

p− 231
− rh es(Ta)

p− 0.378rh es(Ta)

)
. (B.4)

This provides a simple conditions for wet snow based on air temperature and relative
humidity. The relative variation of atmospheric pressure is so small that is has negli-
gible effect. Equation B.4 shows that the lower the relative humidity, the higher the
temperature at which wet snow can occur.

Using the condition for wet snow in Equation B.4, estimates for mean annual wet
snow accumulation in the Barents Sea were calculated with data from NORA10. A
contour plot of the annual wet snow is shown in Figure B.1. The annual wet snow
is around 10 % compared to the annual accumulated snow of any type. The spatial
variations are very similar to the variation in total annual snow. There is also a band
of high annual wet snow stretching from the south cape of Spitsbergen to the east and
south in the Barents Sea and another maximum off the west coast of Spitsbergen.

Interestingly, there is very little wet snow in the southeastern part of the Barents
Sea. Wet snow forms when the temperature is between 0 ◦C and 1.5 ◦C with high
enough relative humidity. Thus, there is only a narrow set of conditions for which
wet snow can form. Southwest in the Barents Sea, the winter is relatively short and
therefore there is less chance for the right conditions during a winter.

This is shown in Figure B.1 is the mean number of wet snow events every year.
The area between Bjørnøya and Hopen sees the most frequent number of wet snow
events, with between 27 to 30 events annually. There is a very high gradient southwest
of Bjørnøya, and off the west coast of mainland Norway, south of 72◦ N there are less
than 3 events annually. The spatial variability is very similar to the total annual wet
snow accumulation. This shows that wet snow events are frequent in the southern
Barents Sea, with over 9 events annually, and more frequent further north and east.

Time series of wet snow load was calculated by a 10-day wet snowfall model, and
100-year return level of wet snow load was calculated with the SGEV model (Fig-
ure B.2). The loads are aroun 10 kg/m2 to 30 kg/m2 in the area opened for petroleum
activity in the Norwegian sector of the Barents Sea. There is a northeasterly gradient
with the highest 100-year return values in the northeastern Barents Sea. This is in
contrast to the extreme snow loads of any type of snow, which showed highest return
levels further south.
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(a) Mean annual accumulated wet snow

(b) Yearly number of wet snow events

Figure B.1: Mean annual accumulated wet snow (a) and mean number of wet snow events per
year (b). Wet snow is characterized from Equation B.4 with NORA10 as input.
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Figure B.2: 100-year values of wet snow load estimated with the SGEV model. Yearly maxima
from a 10-day snowfall model for wet snow has been used as input to the SGEV model
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