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Abstract  With the diminishing Arctic sea ice, the dynamic energy-exchange process between sea ice and ocean gains in 

importance. Concerning how the ice bottom topography affects the drift of sea ice, it is unclear how the ridge–keel-drag force 

exerted by seawater changes the momentum balance of sea ice. We thus conducted laboratory experiments to investigate how the 

local drag coefficient of the ridge keel depends on keel shape and on the relative velocity of ice with respect to seawater. A 

dimensional analysis is used to obtain the relationship between the local drag coefficient Cr, the Reynolds number Re, the 

dimensionless keel depth h0, and the keel slope angle φ. The results indicate that the local drag coefficient Cr is only relevant to 

Re when Re < 4000 and the flow is in the laminar regime. With increasing Re, Cr depends on h0 and φ, which are independent 

variables, as the flow transitions to the turbulent regime. The parameterization formulas for Cr are also provided. 
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1  Introduction 

The Arctic sea ice has become thinner and younger in recent 
years, particularly in the marginal ice zone (MIZ) (Lindsay 
and Schweiger, 2015; Granskog et al., 2016; Notz and 
Stroeve, 2016). The decrease in Arctic ice is a synthetic 
process combining thermodynamic and dynamic processes 
(Serreze et al., 2007; Zhao et al., 2018). Thermodynamic 
processes, which are affected by solar radiation, 
atmospheric and oceanic boundary layers, and sea-ice 
characteristics, involve ice growth and melt in extent and 
thickness (Lu et al., 2016). Dynamic processes also strongly 
affect the extent of summer sea ice (Lu et al., 2011), 
resulting in the export of Arctic sea ice through the Fram 
Strait and Nares Strait by the transpolar drift stream and 
Beaufort Gyre (Mysak et al., 2001; Krumpen et al., 2019). 

                                                        
 Corresponding author, E-mail: lupeng@dlut.edu.cn 

The thinning of Arctic sea ice has led to a faster drift speed 
of sea ice, especially in the historically narrow MIZ (Spreen 
et al., 2011). The drift of sea ice in the MIZ is complex 
because of the convergence and divergence of sea ice 
resulting from the regional winds and ocean currents. 
Atmospheric and oceanic drag coefficients, which are the 
main contributors to the external force on the sea ice, are 
two key parameters in the momentum balance of sea ice 
(Petty et al., 2017).  

 Research on sea-ice dynamics originated in the polar 
expeditions of the 19th century. More recent research 
includes the Arctic Ice Dynamics Joint Experiment in the 
1970s and the Marginal Ice Zone Experiment in the 1980s. 
In the initial studies, drag coefficients were considered to be 
constants in the eddy correlation method (Shirasawa and 
Ingram, 1997), the profile method (Andreas and Claffey, 
1995; Mcphee, 2002), and the momentum method (Hunkins, 
1975; Martinson and Wamser, 1990). Drag coefficients 
determined by traditional methods depend partly on the 
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environmental variations that occur during field 
observations and ignore sea-ice characteristics such as 
shape parameters, concentration, and ridge density. In 
particular, form drag caused by the edges of floes and ridges 
forms due to floe collisions and is often underestimated by 
conventional methods, particularly in heavily ridged regions 
or regions with low sea-ice concentrations (Tsamados et al., 
2014). An alternative way to feed the gap is to parameterize 
sea-ice drag coefficients. Arya (1975) proposed to partition 
the sea-ice drag force, following which the drag coefficient 
has been progressively parameterized. Later, sea-ice 
morphology began to be included in the 
drag-coefficient-parameterization scheme (Lu et al., 2011; 
Lüpkes et al., 2012). In addition, these schemes are used in 
the sea-ice model CICE (Flocco et al., 2017).  

 The drag force on ridge keels is an essential part of the 
total drag force exerted on sea ice. Lu et al. (2011) proposed 
a parameterization scheme for the ridge–keel-drag 
coefficient that considers the effect of ridge density. In this 

scheme, the ridge–keel-drag coefficient r
wC  is linear in 

the local drag coefficient Cr of the ridge keel, where the 
dimensionless parameter Cr reflects the fluid properties 
around a ridge keel:  

 r 2
,

F
C

AV
                 (1) 

where F is the form drag force exerted on the ridge keel in 
the horizontal direction, ρ is the fluid density, A is the 
keel-area footprint, and V is the keel-drag velocity. However, 

the specific expression for Cr remains uncertain because of 
the lack of relevant observations and experimental studies, 
and this situation has remained unchanged even after the 
adoption of the parameterization in the CICE model 
(Tsamados et al., 2014; Martin et al., 2016). The motivation 
of the present study is thus to identify how the local drag 
coefficient Cr of a ridge keel depends on keel depth, keel 
slope angle, and fluid velocity. Toward this end, physical 
modeling experiments were conducted in our laboratory to 
obtain the relationships between these variables, which has 
led to a parameterization scheme for the form drag force on 
a ridge keel.   

2  Laboratory experiments 

The physical experiments were done in a wave tank 
located at the State Key Laboratory of Coastal and 
Offshore Engineering at the Dalian University of 
Technology, China (see Figure 1). The tank is 0.23 m wide, 
4.5 m long, 0.45 m deep, and is constructed from glass 
panels that form the sides and bottom of the tank. The 
ridge keel is simulated by an inverted-triangle model made 
of Plexiglas®. Arrays of pipes line the bottom of the tank 
and are used to inject fresh water into the tank. The water 
depth was 0.35 m, and the water in the tank was 
maintained relatively static. Powered by an electronic 
stepper motor, the ridge-keel model could move along the 
water surface at a constant speed.  

 
Figure 1  Photograph of laboratory wave tank with ridge-keel model (in yellow). 

A tension-compression sensor connected the ridge-keel 
model with the motor via wire ropes, and a heavy balance 
serving to increase the model inertia was used to join the 
end of the model and reduce vibrations of the model. The 
sensor measurement range was 10 N, and the accuracy was 
±0.1% of full scale. Before starting the system, the force 
tensor was calibrated by using a standard force, following 
which the drag force exerted on the keel by the fluid was 
measured with the motor running.  

The ice drag consists essentially of two parts: skin drag 
and form drag (Arya, 1975). Skin drag results from 
tangential stress in the boundary layer between the ice 
surface and ocean flow, whereas form drag (exerted on 

ridge keels) results from the pressure difference between the 
upstream and the lee of keels. This study simulates the 
motion of a keel in the tank and is concerned mainly with 
the form drag on the keel, which is a passive force. If the 
experiment is to reflect real conditions, the Euler number 
dynamic similarity law should be applied. However, 
satisfying the Euler number dynamic similarity is difficult 
because it is simultaneously affected by the Reynolds 
number, the Froude number, and boundary conditions.  

In the present study, the Reynolds number was selected 
to account for viscous forces and the keel shape, as done by 
Schlichting (1960). The drift speed of Arctic sea ice is of 
the order of 1–100 cm·s−1 (Lepparanta, 2011), and 
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ridge-keel depths range from 2 to 10 m with a slope angle 
of 10°–50° (Li et al., 2011). The sea-ice drift speed and keel 
depth were selected to calculate the Reynolds number, 
which gives Re > 20000 (Re = Vh/v, where h is the keel 
depth and v  is the viscosity coefficient). In this experiment, 
the velocity of the moving model was 1, 3, 6–10, 12, 15, 24, 
and 30 cm·s−1. The keel penetration into the water was 
adjusted to 2, 4, 6, 8, and 10 cm. Thus, the Reynolds 
number for the laboratory experiments covers the range 
200–30000. When Re > 10000, we consider that the 
laboratory fluid conditions are similar to those encountered 
in the real ocean environment. The large range of Reynolds 
number ensures that the keel-drag laws probe the different 

fluid regimes, in particular the transition between the 
laminar and turbulent regimes. 

In addition to having similar fluid environments, the 
boundary conditions of the ice ridge should also be 
similar to those found in the ocean. Therefore, the 
boundary conditions, which depend on the shape of the 
keel, should be consistent with the real conditions. To 
explore how keel shape affects keel drag for an 
individual keel, we selected as the key shape parameters 
the keel depth and slope angle.  

The slope angle of the ridge-keel model was set at 20°, 
30°, 45°, or 60°. The experiments included 220 trials to 
cover all flow conditions from laminar to turbulent flow.  

 
Figure 2  Experimental setup: V is the drift speed of the ridge-keel model, h is the keel depth, and φ is the keel slope angle. 

3  Drag force 

While moving the ice-ridge model, the drag force on the 
model was measured by the force sensor at a sampling 
frequency of 50 Hz. Accelerating the model from rest to a 
specified speed produces an additional mass force, which is 
the disturbance term of the drag-force measurements. The 
starting and ending portions of the raw time-series data are 
excluded from the analysis because the keel speed varies 
during the acceleration and deceleration stages. Additionally, 
vibrations of the model platform could also introduce errors 
into the drag-force measurements. Thus, the raw time-series 
data were low-pass filtered to eliminate high-frequency 
noise, and the mean of the filtered data was taken as the 
experimental drag force. Figure 3 shows the measured drag 
force for all experiments.  

In general, the drag force increases with increasing 
speed, keel depth, and slope angle. Simultaneously, Figure 3 
shows that, for large keel depth, the drag force exerted on 
the ice ridge increases significantly with increasing velocity, 
which is because the drag force exerted on the ice ridge is 
mainly the form drag force, which is generated by the 
pressure difference between the front and rear of the ridge 
keel.  

The next section discusses quantitatively how the slope 
angle, keel depth, and velocity affect the drag force. 

4  Discussion 

Because cross sections of models have the same shape 

along the width direction of the wave tank, the problem 
considered herein is a two-dimensional model with both 
horizontal and vertical directions. Given an object moving 
at a constant velocity through a fluid, the drag force exerted 
on the object depends on the flow conditions (i.e., laminar 
or turbulent). In this study, the experiments covered both 
conditions. The experiments in this study investigate a 
classic problem of fluid mechanics. The momentum flux 
from ice keel to fluid is described by the Reynolds 
Averaged Navier–Stokes equations. The drag force F 
exerted by the fluid on the keel contains two parts: frictional 
stresses and normal stresses. Viscous stresses along the keel 
boundary are defined as μ(∂ui/∂xj+∂uj/∂xi), which are in the 
form of frictional stress. Reynolds stresses are represented 
by τij, according to the Boussinesq hypothesis, and are 
defined by μt(ui/xj+∂uj/∂xi). Along the keel boundary, the 
presence of a viscous sublayer results in zero Reynolds 
stresses, which affects the pressure distribution along the 
keel boundary. Normal stresses originate from pressure p 
and 2μ(∂ui/∂xi) exerted on the keel. Thus, the total drag 
exerted on the keel is the integral of the frictional and 
normal stresses along the keel boundary. The boundary 
conditions of this problem are thus related to keel-shape 
functions η(x| hw, h, φ) and keel velocity V, and then total 
drag force F can be calculated from the velocity and 
pressure field, which is obtained by solving the Reynolds 
Averaged Navier–Stokes equations with the given boundary 
conditions. Thus, F = f(V, h, hw, ρ, φ, μ).  

According to Buckingham’s π theorem, this problem 
has seven variables containing three primary dimensions: 
mass, length, and time. The measured drag force F depends     
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Figure 3  Drag force F as a function of keel velocity V for different keel depths h and slope angles φ = 20° (a), φ = 30° (b), φ = 45° (c), 
and φ = 60° (d). Each panel is divided into two parts by a dashed line representing Re = 10000. The results above this line can be used as a 
reference for real sea-ice conditions, whereas the results below this line apply only to experimental phenomena. 

on the keel velocity V, keel depth h, water depth hw, and 
keel slope angle φ. Five variables can be controlled to 
determine the drag laws between these variables. In 
addition to these five variables, two parameters, fluid 
density ρ and viscosity coefficient, reflect the physical 
properties of the fluid. We thus search for four 
independent dimensionless parameters to analyze these 
relationships. This leads to the following dimensional 
equation: 

              51 2 3 4
w

xx x x x
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Equation (4) produces the following four independent 
dimensionless parameters: 
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 (5) 
The first dimensionless parameter is the local drag 

coefficient Cr mentioned in Section 1. The second 
dimensionless parameter is the Reynolds number, which 
depends on the flow conditions around the keel model. The 
third dimensionless parameter is the dimensionless keel depth 
penetrating into the water in the tank, and the last 
dimensionless parameter is a special parameter that 
represents the inclination gradient of the ridge keel. Analyses 
of the drag force consider separately the laminar and 
turbulent regimes, where the flow conditions are described by 
the Reynolds number Re, the keel velocity V, the keel depth h, 
and the fluid viscosity coefficient v (v≈1.002×10−6 m2·s−1 in 
this study), as shown in Equation (5).  

The flow resistance exerted on the ridge-keel model 
consists mainly of pressure resistance (i.e., the form drag 
force) generated by the pressure exerted by the fluid that 
flows around the ridge keel and the friction drag force due 
to the fluid viscosity. These two contributions to the total 
drag force depend on the Reynolds number Re. When Re is 
small, the fluid exerts mainly a friction drag force on the 
keel; in other words, the viscous stress in the fluid 
dominates the total stress. In this regime, the local drag 
coefficient depends strongly on the Reynolds number. 
However, with increasing Re, the flow state transitions to 
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the turbulent regime and vortex shedding occurs at the back 
of the object, inducing the von Kármán vortex street so that 
the form drag force becomes a major part of the total force. 

Figure 4 plots log10(Cr) versus log10(0.01Re), which 

reveals a critical Re (≈4000) dividing the plot into two parts. 
The local drag coefficient Cr, representing the water head 
loss describes different physical mechanisms from the 
laminar to the turbulent transition. 

 
Figure 4  Log-log plot of Cr versus 0.01Re for all experimental results. The dotted line shows Pite et al.’s (1995) experimental results and 
is consistent with the skin friction law. The vertical line at log10(0.01Re) = 1.6 (i.e., Re = 4000) marks the transition from laminar flow to 
turbulent flow. 

When Re < 4000, the flow is mainly laminar. In the 
laminar regime, log10(10Cr) is linear in log10(0.01Re). Based 
on the results shown in Figure 4, the keel slope angle φ has 
little effect on Cr in the laminar regime. Cr decreases rapidly 
with increasing Re, which is attributed to the friction drag 
force being dominated by the fluid viscosity. A linear fit in 
the laminar regime gives 

rlg(10 ) 2.9 1.4 lg(0.01 )C Re   ,        (6) 

which can be simplified to 

r b

a
C

Re
  .                  (7) 

In this experiment, a ≈ 5000 and b = 1.4. Pite et al. 
(1995) gives skin friction values of a = 2.8 and b = 0.5. 
In this study, we use the larger power for Re than in 
Pite’s formula, so a is three orders of magnitude greater 
than in Pite’s formula. When Re is small, the fluid mainly 
exerts a drag force on the ridge model; that is, the 
viscous stress in the fluid dominates the total stress. In 
addition, the local drag coefficient depends strongly on 
the Reynolds number. 

Conversely, as Re increases above 4000, the flow 
gradually becomes turbulent. The Reynolds number has less 
effect on the local drag coefficient Cr, which is now 
concentrated within a small range.  

In the turbulent-flow regime, the streamlines around 
the model are no longer parallel, and a vortex forms to the 
lee of the model. The pressure in the vortex zone is lower 
than the pressure near the front streamline, exerting a form 
drag force that is much greater than the friction drag force. 
The total drag force is thus strongly affected by the shape of 
the model because the shape determines the distribution of 
the pressure gradient around the boundary. In this study, the 
two parameters h and φ determine the flow boundary 
conditions.  

Figure 5a shows Cr as a function of V for various keel 
depths h and for a slope angle φ = 45°. Figure 5b shows Cr 
as a function of V for various slope angles φ and for a keel 
depth h = 6 cm. Figures 5a and 5b show that Cr is 
independent of V for V > 10 cm·s−1 in the turbulent regime, 
whereas the two variables h and φ strongly affect Cr. 

 
Figure 5  Cr as a function of keel velocity V for various keel depths h and with a keel slope angle φ = 45° (a) and for various keel slope 
angles and with a keel depth h = 6 cm (b). The dashed lines in both panels mark the boundary of Re = 10000 between the real ocean and 
experimental conditions. 
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Figure 5 shows that Cr depends strongly on h and φ 
when the flow is turbulent. When h0 and φ are in the 
turbulent-flow regime, Cr depends only slightly on Re (see 
Figure 4), so we may neglect the effect of Re on Cr in the 
turbulent-flow regime. This gives 

r 0f ( , )C h  .           (8) 

Figure 6 shows Cr calculated from the mean drag force 
as a function of h0 and φ, together with a surface fit. When 
φ = 20°, the flow in the partial experimental cases 
transitions from laminar to turbulent, which gives rise to the 
fluctuations for φ = 20° in Figure 6. 

 
Figure 6  Plot of Cr (Re > 4000) as a function of h0 and φ and the 
fitting surface. 

The drag coefficient clearly increases with increasing 
keel depth h0 and keel slope angle φ. We applied a 
logarithmic surface fit to obtain an analytical expression for 
Cr as a function of h0 and φ. When φ is small (e.g., φ = 20°), 
Cr is stable around 0.5. Upon increasing φ, the gradient of 
Cr with respect to h0 increases and Cr reaches almost 1.1 
when h0 = 0.29, φ = 60°. When h0 is constant, Cr may be 
expressed in terms of φ as  

r ln( )C c d  ,            (9) 

where c and d are parameters related to the keel depth h0. 
When h0 = 0.17 (moderate keel depth in this study), c = 0.4 
and d = 0.71, and the mean value of Cr is about 0.67. 
Gabrecht et al. (1999) analyzed field data and obtained the 
local drag coefficient for a single ridge sail of Cr = 0.68, 
which led them also to conclude that a logarithmic function 
describes how the local atmospheric drag coefficient of a 
single ridge sail depends on ridge height. Thus, the 
logarithmic dependence of Cr on h0 and φ is feasible in the 
turbulent region, where the shape of the ridge keel strongly 
affects the local drag coefficient.  

5  Conclusion 

This paper discusses how the parameters of the ice ridge 

affect the local drag coefficient, where the parameters 
include the fluid velocity with respect to the keel, the depth 
of the ice ridge keel, and the keel slope angle. The 
experimental results for the drag force exerted on the ice 
ridge are analyzed dimensionally. The local ridge–keel-drag 
coefficient Cr depends on the Reynolds number Re, the 
dimensionless keel depth h0, and the keel slope angle φ. 

When Re < 4000, the flow is laminar. The friction drag 
force is the main contributor to the total force, and the shape 
of the keel has little effect on the local drag coefficient. 
Equation (6) expresses the parameterization that is relevant 
in the laminar regime. 

When Re > 4000, the flow gradually transitions to 
turbulence. The form drag force now exceeds the friction 
drag force, and the local drag coefficient becomes sensitive 
to the shape of the keel, as described by h0 and φ. In this 
regime, a logarithm surface fitting is used to express how Cr 
depends on h0 and φ.  

This paper provides a preliminary discussion of the 
local drag coefficient of a ridge keel in laboratory 
experiments. In practice, the smallest Reynolds number for 
a fluid under a ridge keel is about 10000. In comparison 
with the experiment results, this interval (Re > 10000) 
should undoubtedly be in the turbulent regime. Therefore, 
the local drag coefficient of a ridge keel is a function of keel 
depth and keel slope angle.  

In the future, ridge-keel morphology needs to be 
considered to express the local drag coefficient, which lays 
the foundation for the parameterization of the ice-water 
drag coefficient. The local drag coefficient of a single ice 
ridge plays an essential role in determining the ice-water 
drag coefficient. Combined with the lower concentration of 
sea ice in the Arctic summer MIZ, accurate knowledge of 
the drag coefficient given the local conditions of sea ice, 
wind, and current is urgently required for sea-ice 
forecasting in the climatology model.  

Note that this study does not consider how the drag of 
the ice ridge is affected in reality by the depth of the mixed 
ocean layer. Thus, further experimental research and 
theoretical analysis are needed to fully parameterize the 
ice-water drag coefficient. 
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