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Ship icing = ice accumulation on ships

Barents Sea
KV Nordkapp
Coast guard

Photo: Sveinung Løset

Outside Alaska
Miller Freeman
Research vessel

Photo: Captain R. A. Pawlowski, NOAA. Source: Wikimedia Commons.
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Different types of ship icing
I Marine/Sea-spray icing (saline water)

I Wave-ship-interaction icing
I Wind-driven icing (ripping-off droplets from wave crest)

I Atmospheric icing (fresh water)
I Snow
I Freezing rain
I Supercooled fog

I Combination of both saline and fresh-water icing

Freezing temperature dependent on salinity:

Tf = −54.1126
(

Sb
1000− Sb

)
, for Sb ∈ [0, 124.7] ppt

Tf = −2.0 ◦C, for Sb = 35 ppt
Tf = −7.1 ◦C, for Sb = 117 ppt
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Risk factors
I Small ships

I 100 ships capsized
1942-1970 (Sawada, 1968;
Shellard, 1974)

I N-Norway 1999 (3),
Eastern USA 2007 (4),
Alaska 2017 (6)

I Large ships
I Slippery decks
I Slippery ladders
I Slippery handrails
I Disabled life boats
I Hamper radio

communication

I De-icing with heat
→ energy consuming

Stairboard walk/railing
KV Nordkapp

Photo: Sveinung Løset
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Overland (1990): the most applied model

Peter Guest, Naval Postgraduate School
http://www.met.nps.edu/˜psguest/polarmet/vessel/predict.html

Prediction from NOAA
http://polar.ncep.noaa.gov/marine.meteorology/vessel.icing/

Icing climatology
Moore (2013)

Qc = ρacpCHV (Tf − Ta)
Qd = cwRw(Tf − SST) = cw

0.06Ri(Tf − SST)

dh/dt ∝ V (Tf−Ta)
1+0.3(SST−Tf ) Accuracy?
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KV Nordkapp icing data

Above view/side view KV Nordkapp.

37 icing events

Median values obs:
Ta = −10.2 ◦C
V = 15.4 m s−1

Hs = 3.0 m (vis.)
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Model dev.: wave-ship-interaction icing
I Spray flux (Rw ) → empirically derived and adj. for ref. ship
I Heat balance at a specific position of the ship (Qf =

∑N
i=1 Qi )

I Icing flux (Ri = nRw )

Sketch of wave-ship-interaction icing process
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Verification of icing rates
I Physics-based models:

1. Overland (1990), n = 0.06 (const)
2. Over bulk2 (CH , n = 0.5, Qe,r )
3. Mod. Stall. (Stallabrass, 1980;

Henry, 1995).
4. MINCOG (Samuelsen et al., 2017)

I 3 nomograms (Mertins (1968),
Lundqvist and Udin (1977), and
Sawada (1962))

I 3 data sets applied:
I KVN (Samuelsen et al. (2017))
I P&C (Pease and Comiskey, 1985)
I R&M (Roebber and Mitten, 1987)
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Categorical verification
Modelname KVN with no-icing (N = 67) All data (N = 114)

PC HSS PSS GMSS PC HSS PSS GMSS

New category definition

Ref. (unif.)† 0.34 0.11 0.13 0.19 0.32 0.09 0.09 0.14
Ref. (obs.)†† 0.42 0.13 0.13 0.14 0.37 0.10 0.10 0.10

Over 0.21 0.05 0.07 0.28 0.25 0.07 0.08 0.22
Over bulk 2 0.30 0.07 0.08 0.22 0.42 0.16 0.15 0.24
ModStall 0.19 0.05 0.06 0.26 0.25 0.10 0.12 0.29
MINCOG 0.40 0.17 0.18 0.30 0.45 0.20 0.20 0.26

Mertins 0.34 0.14 0.16 0.39 0.37 0.18 0.19 0.32
LU 0.18 0.02 0.03 0.26 0.21 0.03 0.03 0.20
Sawada 0.19 0.04 0.04 0.28 0.27 0.09 0.10 0.24

MINCOG best for most scores.
Mertins quite good with new def. derived from distribution of
icing-rate observations
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High Hs and low Ta rarely coexist
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Weather situation during icing
I Uncertainties in

wave-ship-interaction
icing modelling

I More general
approach: large scale
weather ↔
icing/no-icing (RS)

I Simple model from
upper-air parameters
for long-term
predictions
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Anomaly maps: mean(Obs. − monthly mean)
∆MSLP and ∆T850
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Questions?

Background photo: The Norwegian Army/Håkon Kjøllmoen
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Societal impacts
I Increased traffic in northern areas may increase the necessity of

accurate ship-icing predictions
I Safer travels
I Economical beneficial with more accurate icing predictions
I Calculate icing potential by using T850, ∆T850 in Global

Climate Models to find possibility of icing in northern area in
future scenarios
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Icing freq. 1980s (Naseri and Samuelsen,
unpubl.)
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Icing freq. 1990s (Naseri and Samuelsen,
unpubl.)
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Icing freq. 2000s (Naseri and Samuelsen,
unpubl.)
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Calculation of icing rate
I z = 6.5 to 8.5 m
I L = 105, but position only 6.1 to 19.7 m from

gunwale/perimeter
I D = 4 m
I Icing rate calculated from ES data:

I dh
dt = ES (t2)−ES (t1)

t2−t1

I Trajectory model for droplet/spray speed
I ~dV

dt + 3
4

Cd
dr

ρa
ρw
| ~Vd − ~Wr |( ~Vd − ~Wr )− ~g(1− ρa

ρw
) = 0

I Mathematical expression for s through elliptical shaped body
fit of gunwale (MATLAB)
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Screening of KV Nordkapp data
(a) 13,911 cases (b) 1,151 cases

(c) 262 cases (d) 37 cases

a
)

All obs. (1983-2000) b
)

Icing registered c
)

Subj. icing rate d
)

Selected cases
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Screening details
I ∆t ≤ 9 h
I CI < 0.4, IS = 1, 3, or 5 in end position (spray icing)
I Mean ship speed (Vs) and heading (Dir) → from position data

assuming constant heading
I β = |Dir − DD | ∈ 〈90,180]◦

I Vs 6= 0
I Observed SST, SVIM SST, and NORA10 SST were compared.

SVIM and OBS were most similar.
I Hs , Ps from Gulev and Hasse (1998).

I Hs =
√

H2
ws + H2

sw for |DD − DW | < 30◦, otherwise
Hs = max (Hws,Hsw)

I Ps = max (Pws,Psw) for |DD − DW | < 30◦, otherwise
Ps = PHs (max)

I Multiplying Ps with some correction constants
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Spray flux from Borisenkov et al. (1975) data

Rw = ( ~Vd · ~n1)lwcNtdur

lwc = 6.36× 10−5HsV 2
r e(−0.55z) 39 m fishing boat

Other parameters adjusted for large ship
~dVd
dt

+
3
4

Cd
D

ρa

ρw
| ~Vrel| ~Vrel − ~g∗ = 0, Traj. model for KV Nordkapp

~n1 = [sin γ, 0, cos γ] γ tilt angle of plate

N =
Vr

4λ
, Spray frequency large ship

tdur = 0.1230 + 0.7009
Vr Hs

V
, New expr. from USCGC Midgett
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Spray flux from Horjen et al. (1986) data
I Rw = f1A (z∗)B cosφr

I Spray data from Endre Dyrøy (64 m) updated with wave data
from MET database:

I z∗ = 2z
Hs
− 1

I f1 =
gρw H2

s
λV 2 Vgr

I A, B empirical constants adjusted for 3 relative headings (φr )
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Additional information
I hax → CFD modelling of cubes, Defraeye et al. (2010)
I hay → Laboratory experiments over a flat plate in a turbulent

flow, Rohsenow and Choi (1961)
I SW from diffuse radiation taken into account. Has an effect in

April. Applying a view factor based on the angle of the plate.
I LW - instead of using T2m, I have applied reanalysis data.

Temperature and humidity decreasing strongly with height
(lower values).

I he =
(Pr

Sc
)0.63 εLv

cpp ha

I Pr = 0.715, Sc = 0.595, Lv = 2.5× 106 (increasing for lower
temperature, decreasing for salinity)
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Defining no-icing events
I Not reporting icing information does not guarantee no icing
I Paper II → 41 no-icing events:

ES(t2)− ES(t1) = 0 cm (whole cm only)
I Paper III → 30 no-icing events:

as II + RS = 0
I Predicted no-icing events for dh

dt < 0.05 cm h−1

I Paper IV:
More general approach. No-icing events only for RS = 0 for 17
ships.
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Categorical icing-rate verification

Paper I and II (Overland (1990)
boundaries):

I No icing:
x < 0.05 cm h−1

I Light:
x ≤ 0.70 cm h−1

I Moderate:
0.70 < x ≤ 2.00 cm h−1

I Severe:
x > 2.00 cm h−1

Paper III (new boundaries):
I No icing:

x < 0.05 cm h−1

I Light:
x ≤ 0.50 cm h−1

I Moderate:
0.50 < x ≤ 1.34 cm h−1

I Severe:
x > 1.34 cm h−1
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Multi-categorical verification scores
I In order to condense the information in the contingency table
I Need to look upon several scores to not exclude too much

information
I Percent Correct (PC):

PC =

4∑
i=1

p (yi , oi )

Not equitable - does not consider the
effect of hitting correctly by chance

Pred.\Obs. N L M S
OBS N 11/78 5/78 0 0
OBS L 20/78 14/78 2/78 0
OBS M 10/78 7/78 5/78 1/78
OBS S 0 2/78 1/78 0

Eirik Mikal Samuelsen Improved prediction of ship-icing for application in operational weather forecasting18 Jun 2018 31 / 13



Multi-categorical verification scores
I In order to condense the information in the contingency table
I Need to look upon several scores to not exclude too much

information
I Heidke Skill Score (HSS):

HSS =
PC −

∑4
i=1

p (yi )p (oi )

1 −
∑4

i=1
p (yi )p (oi )

Probability of randomly hitting the
diagonal element for each category

i = 1

Pred.\Obs. N L M S
N 11/78 5/78 0 0
L 20/78 14/78 2/78 0
M 10/78 7/78 5/78 1/78
S 0 2/78 1/78 0

p (y1, o1) = 11/78 = 0.141
p(y1) × p(o1) = 16/78 × 41/78 = 0.108
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Multi-categorical verification scores
I In order to condense the information in the contingency table
I Need to look upon several scores to not exclude too much

information
I Peirce Skill Score (PSS)

PSS =
PC −

∑4
i=1

p (yi )p (oi )

1 −
∑4

j=1
p (oj )2

Uses sample climatology in the
denominator instead

i = 1

Pred.\Obs. N L M S
N 11/78 5/78 0 0
L 20/78 14/78 2/78 0
M 10/78 7/78 5/78 1/78
S 0 2/78 1/78 0

p (y1, o1) = 11/78 = 0.141
p(y1) × p(o1) = 16/78 × 41/78 = 0.108

(p(o1))
2 = (41/78)2 = 0.276
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Multi-categorical verification scores
I In order to condense the information in the contingency table
I Need to look upon several scores to not exclude too much

information
I Gandin-Murphy Skill Score (GMSS)

GMSS =

4∑
i=1

4∑
i=j

p (yi , oj ) sij

Generate symmetric scoring matrix
for all elements based on sample
climatology

Pred.\Obs. N L M S
N 11/78 5/78 0 0
L 20/78 14/78 2/78 0
M 10/78 7/78 5/78 1/78
S 0 2/78 1/78 0

Higher weight to elements close to diagonal for rare
events even for misses

Pred.\Obs. N L M S
N 0.349 −0.286 −0.662 −1.000
L −0.286 0.417 0.040 −0.297
M −0.662 0.040 2.929 2.592
S −1.000 −0.297 2.592 28.592
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Vertical cross sections
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Vertical cross sections
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Vertical cross sections
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