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The classical Ekman theory tells us that the ocean surface current turns to the right (left) side of wind direction with 45° in the
north (south) hemisphere, but the observation and research results show that the surface current deflexion angle is smaller than
45° in the Arctic and high latitude areas while larger than 45° in the low latitude areas. In order to explain these phenomena, a
series of idealized numerical experiments are designed to investigate the influence of vertical viscosity coefficients with dif-
ferent vertical distribution characteristics on the classical and steady Ekman spiral structure. Results show that when the verti-
cal viscosity coefficient decreases with water depth, the surface current deflexion angle is larger than 45°, whereas the angle is
smaller than 45° when the vertical viscosity coefficient increases with water depth. So the different observed surface current
deflexion angles in low latitude sea areas and the Arctic regions should be attributed to the different vertical distribution char-
acteristics of vertical viscosity coefficients in the upper ocean. The flatness of the Ekman spiral is not equal to one and does not
show regular behaviors for the numerical experiments with different distribution of vertical viscosity. However, the magni-
tudes and directions of volume transport of Ekman spirals are almost the same as the results of classical Ekman theory, i.e.,
vertical viscosity coefficient distributions have no effect on the magnitudes and directions of volume transport.

Ekman spiral structure, vertical viscosity coefficient distribution, surface current deflexion angle, numerical experi-
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In the Arctic Ocean, Nansen discovered that the sea ice
drifts to the right side of wind direction with an angle of 20°
to 40°. Based on the observation, Ekman (1905) got the
analytical solution, namely the classical Ekman drift cur-
rents theory by assuming that homogenous and steady wind
flows over the infinitely broad ocean surface and the verti-
cal viscosity coefficient in the ocean is constant. From the
theory, we know that the angle between surface current di-
rection and wind direction is 45° and turns to the right side
of wind direction in the northern hemisphere. The current
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velocity decreases exponentially and the deflexion angle
increases with depth, and then the Ekman spiral is formed.
The Ekman spiral is a classical concept in physical ocean-
ography. The Ekman theory reveals the movement state of
sea water under the effect of steady, homogenous and last-
ing wind, the water depth influenced by wind, and the vol-
ume transport induced by wind. It is useful to explain the
ocean processes such as convergence and divergence in the
ocean and upwelling in coastal seas.

The classical Ekman theory shows that the deflexion an-
gle of surface current should be 45° while the observations
and studies show that the deflexion angle is different from
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the theory value in the ocean, i.e., it can be larger than 45°
or smaller than 45°. Thorndike et al. (1982) pointed out that
the angle between drifting direction of floating ice and geo-
strophic wind in the Arctic Ocean is 5° in autumn, winter
and spring and 8° in summer. Considering the relationship
between geostrophic wind and sea surface wind, Overland
(1994) estimated that the angle is 33° in winter and 23° in
summer. Based on the observations in the Arctic in 2010,
Shu et al. (2012) found that the angle is about 40°. Kimura
et al. (2000) pointed out that the angle between drifting di-
rection of floating ice and geostrophic wind is 8.7° based on
data from Okhotsk. Fukamachi et al. (2011) showed that the
angle is 9.1°. Considering the angle between geostrophic
wind and sea surface wind, we can conclude that the ob-
served angles between sea surface current drifting direction
and sea surface wind in high-latitude area were smaller than
45°. In the low-latitude ocean, the observations of R/P buoy
near surface current deflexion angle relative to sea surface
wind was 60°, larger than 45° (Price et al., 1986). In the
data used by Price et al. (1986), the shallowest current was
measured at water depth of 2 m from the sea surface. Later
based on the LOTUS (Long Term Upper Ocean Study) data,
Price et al. (1987) pointed out that the surface current de-
flexion angle is 80° with the uppermost current measured at
5 m away from the surface. So the observed deflexion angle
by Price et al. (1987) is only an approximation, not the real
surface current deflexion angle. From the observations and
studies, one can find that the angle between the sea surface
current drifting direction and sea surface wind usually is
smaller than 45° in high latitudes and larger than 45° in the
low latitude oceans.

The Ekman drift currents theory was achieved under the
assumption that steady and homogenous wind acts on infi-
nitely broad sea surface. Therefore, in the real ocean, finite
water depth, unsteady wind and non-homogenous wind
should have influence on Ekman spiral structure. So the
angle between sea surface current drifting direction and sea
surface wind should depart from 45°. On the other hand, the
vertical viscosity coefficient was assumed to be constant in
the classical Ekman drift currents theory. However, it is
impossible that the vertical viscosity is uniform in the whole
water depth in the real ocean. So it is meaningful to inves-
tigate the influence of vertical viscosity coefficients with
different vertical distribution on Ekman spiral structure.
Thomas (1975) chose an idealized vertical viscosity coeffi-
cient v,(z)=xu,(h—z), which decreases with depth line-

arly and got analytical solutions of Ekman spiral by using
Bessel function, where u, =v, / xhis friction velocity, v, is

the largest value of vertical viscosity coefficient at the sea
surface, x = 0.4 , his water depth, and z is positive
downward. He pointed out that the sea surface current de-
flexion angle can be larger or smaller than 45°, which de-
pends on the ratio of water depth and friction depth of Ek-
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man spiral. Supposing the vertical viscosity coefficient

Y2y increas-

v, (2) =xu,z (shearing velocity u, =(| 7, |/p)
ing linearly with depth, Madsen (1977) got analytical solu-
tions of Ekman spiral in the ocean with infinite depth. In
that case, the sea surface current deflexion angle is about
10°, much smaller than the result of classical Ekman theory.
In the finite depth water, considering three kinds of vertical
viscosity  coefficients: constant value, exponential

form v, (z) =v,e”, and power function form v,(z)=

v,(L+z/a), Jordan et al. (1980) got analytical solutions
with eigenfunction expandedness method, where v,,a,a
and p are constants, z is positive upward. And their

results suggested that the sea surface current deflexion angle
is larger than 45° mostly when the vertical viscosity coeffi-
cients decrease with water depth (Jordan et al., 1980), the
angle is smaller than 45° mostly when the vertical viscosity
coefficients increase with water depth (Jordan et al., 1980).
Huang (2009) studied the influence of anisotropy of vertical
viscosity on the sea surface current deflexion angle and
found that the deflexion angle can be larger than 45° or
smaller than 45°, which depends on different vertical vis-
cosity coefficients in # and v directions. From above, we
can see that the influence of vertical viscosity coefficients
on the structure of Ekman spiral had been investigated by
previous studies. However, only idealized cases or the vis-
cosity coefficients varying with water depth monotonically
were considered. Moreover, they are lack of support from
real physical processes to the idealized distribution of verti-
cal viscosity, so it remains difficult to explain why the angle
between sea surface current drifting direction and surface
wind is usually smaller than 45° in high latitudes and larger
than 45° in low latitudes.

Given the complex vertical distribution of viscosity coef-
ficients in the real ocean, four categories of vertical viscos-
ity coefficients were selected in this paper to investigate the
influence of vertical viscosity coefficients on Ekman spiral
structure by using numerical method.

1 Governing equations and discretization
method

Assuming homogeneous ocean with infinitely depth, steady
and homogenous wind acts on the sea surface. When fric-
tion force is equal to Coriolis force, the steady current is
formed. The governing equations can be written as
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with the surface and bottom boundary conditions

ou _ . y
z=0: PV —=7", pVg—=7", 3)
0z 0z

70 v=0, 4

where u and v are horizontal velocity, zis the vertical
coordinates and positive downward, f is the Coriolis pa-

rameter, v, is vertical viscosity coefficient, density of sea

water p, is constant, 7* and 7’ are wind stresses in x

and y directions respectively.

When the vertical viscosity coefficient is constant, one
can easily get the analytical solutions of eqs. (1) and (2),
which is the classical Ekman theory. But, it is difficult to
get the analytical solutions when v, is not constant. In this
paper, the governing eqs. (1) and (2) are discretized with
central difference method and the numerical method is used
to get the solutions of Ekman spiral structure.

In order to improve the computational accuracy of
near-surface current velocity, we divide the whole depth
into different layers and the layers in the near-surface are
dense. Using second-order central difference method, the
difference equations of the governing equations are

:[v n)+VE(n—l)]~

[e(nt1)=2(n=1) [e(n+1)=2(n) ] ®)

v(n—l)—v(n)
[Z(n+1)—z(n—l)}[z(n)—Z(n—l)]
—[VE (n+1)+v, (n)]

( ) v(n+1)
[2(n+1)=2(n=1) [2(n+1)=2(n)] ©

The equations of boundary conditions are discretized by
using one-order Euler difference scheme. From the differ-
ence equations of the governing equations and boundary
conditions, one can get the systems of the linear equations
of velocity # and v. And then the value of velocity can be

obtained by solving the systems of the linear equations nu-
merically.

In this study, the water depth is chosen as 120 m, water
density is 1025 kg m™, Coriolis parameter is 1.453x107*,

wind stress 7=0 Nm?>2, 7=0.1 Nm™>
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2 Numerical experiments

Generally, the vertical distributions of vertical viscosity
coefficients are determined by the physical processes in
ocean. In order to study the influence of vertical viscosity
coefficients with different distributions on the Ekman spiral
structure, four categories of vertical viscosity coefficients
are summarized and idealized to represent the actual vertical
distributions of viscosity in different areas or dynamical
environments. For the open oceans, the physical processes
occurring at the air-sea interface, such as wind, surface
waves and Langmuir circulation and so on, provide much
mechanical energy to the turbulence in the upper ocean di-
rectly or indirectly. So the typical distribution characteristic
is that the vertical viscosity coefficient decreases with water
depth in the upper ocean (Huang et al., 2012). In the Arctic
Ocean and high latitudes, because the ocean is covered by
floating ice, the turbulence induced by air-sea interface
processes, such as surface waves, is very weak. Thus the
vertical viscosity coefficient increases first with water depth,
and then decreases since mixing length will increase with
depth. In coastal oceans, the vertical viscosity coefficient
decreases with depth first because the effect of surface
waves is becoming weak, and then increases because of the
effect of tidal current at the bottom of sea (Yuan et al.,
1993). In the shallow sea, if the effect of surface waves is
very weak, the vertical viscosity coefficient will increase
with water depth. In this paper, though considering these
four cases (Table 1), we discuss the influence of the vertical
distribution characteristics of the vertical viscosity coeffi-
cients on Ekman spiral structure. It is worth noting that the
water depth (120 m) in numerical scheme is always larger
than the Ekman depth (D, and D, which will be defined

later) for the four cases, which means that the Ekman spiral
we get by using numerical method is not influenced by the
bottom boundary.

2.1 Vertical viscosity coefficient monotonically de-
creasing with water depth

In this case, three kinds of vertical viscosity coefficients
with different attenuation styles and speeds (Figure 1, Table
1) are chosen, which are the exponential distribution like

v,(z) =0.01+0.1e ~*” with fast attenuation speed, the line-
ar distribution v, (z) = 0.06 —0.0005z , and the exponential

e (h-2)
distribution likev,(z) =0.1-0.1e 3
ation speed.
For the first case, the vertical viscosity coefficient is
chosen as v,(z)=0.01+0.1e "

with slow attenu-

, which decreases expo-

nentially. The viscosity value is about 0.11 m? s™" at the sea
surface and 0.01 m? s~ at about 20 m water depth. In order
to indicate the depth where Ekman spiral structure can in-
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Figure 1 Three kinds of vertical viscosity coefficients ((a), (d) and (g)), the corresponding Ekman spiral structures ((b), (¢) and (h), with dot lines indicat-

ing the 45° deflexion angle) and flatness F; ((c), (f) and (i)).

Table 1 Vertical viscosity coefficients and the numerical results of surface current deflexion angle, volume transport, Dy and D

Vertical viscosity Deflexion angle

Volume transport

D, D

coefficients vg Magnitude Direction
0.01+0.1e 58.4° 0.673 89.9° 47.6 55.8
Decreasing 0.06-0.0005z 46.8° 0.672 89.9° 77.0 75.5
0.1— O.leiﬁ(/ﬂ) 46.1° 0.672 89.9° 88.4 86.0
0.100001—0.1¢ = 14.7° 0.710 91.4° 47.6 93.3
Increasing 0.02+0.0005z 42.4° 0.672 91.1° 61.2 70.5
0.02+0. le’&‘h’” 44.0° 0.675 91.4° 65.7 72.6
Increasing and then decreasing 32.4° 0.673 89.8° 52.1 63.6
Decreasing and then increasing 54.8° 0.676 91.4° 72.5 82.4

fluence and compare with the result of classical Ekman the-
ory, depths D, and D are defined. D,is defined as the

depth where the velocity is equal to e™ of the velocity at

sea surface, which is the same as the definition of the Ek-

man depth of the classical Ekman theory. In the layers from

surface to D,, one can get the mean value of vertical vis-
— 1 z(m)=D,

cosity coefficient, v, = o %: Vi (z(i))dz(i) , and then
o z(1)=0

define the depth D asw Ve

f2

the depth where classical Ekman drifting current can influ-

. The depth Dis equal to

ence when the vertical viscosity coefficient is constant, v, .
For the first case, D, =47.6 m, D=55.8 m, they are all

smaller than the water depth 120 m, which we have set in
numerical scheme. Thus, we can believe that the Ekman
spiral structure is not affected by the bottom boundary.
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Meanwhile, depth D, is smaller than depth D, which

means that the attenuation speed of Ekman drifting current
in the vertical direction is faster than that with the constant

vertical viscosity coefficient of Z . The Ekman spiral
structure is shown in Figure 1(b), which represents the pro-
jection of currents at different depth from the sea surface to

the bottom. Its surface current deflexion angle is 58.4°,
larger than 45°. The flatness of Ekman spiral is computed

-1
from the function F, :Z—S(S aa—aj given by Price et al.
Z 2

(1999), where S represents the magnitude of current, 6
is the deflexion angle. The flatness of Ekman spiral is a ra-
tio of the speed of current velocity attenuating and the speed
of current direction turning. Generally, F, <1 means that

the speed of current direction turning is faster than the speed
of current velocity attenuation. On the contrary, F, >1

means that the speed of current direction turning is slower
than the speed of current velocity attenuation. For the clas-
sical and steady Ekman drift current in deep water, the flat-
ness F;is equal to 1. From Figure 1(c), we can see that F,

increases fast when the vertical viscosity coefficient de-
creases with water depth in 0-30 m layer. Below the depth
of 30 m, vertical viscosity coefficient almost does not
change with water depth, so the flatness F;is almost equal to

1. The flatness F, is smaller than one in water depth of

0-30 m, which implies that the speed of current direction
turning is larger than the speed of current velocity attenua-
tion. It must be noted that the Ekman drift current velocity
is very small in water depth below 100 m and the computa-
tion error of spiral flatness may be large. So only the flat-
ness F, above 100 m is shown in Figure 1(c).

For the second case, the vertical viscosity coefficient
v;(2)=0.06-0.0005z decreases with water depth linearly

(Figure 1(d)). Its value is 0.06 m?* s at the sea surface, zero
at the sea bottom (z=120 m). In this case, D, =77.0 m,

D =755 m, and they are almost the same. The surface
current deflexion angle is 46.8° (Figure 1(e)). The flat-
ness F, is smaller than one (Figure 1(f)), i.e., the speed of

current direction turning is larger than the speed of current
velocity decreasing. Moreover, the spiral flatness decreases
gradually with water depth, which is different from the first
case.

The results of the third case are shown in Figure 1(g)—(i),
where the vertical viscosity coefficient is v,(z)=0.1—

- -2 . _
0.1e 3 which equals to 0.07 m? s~! at the sea surface

and zero at the bottom. Compared with the second case, the
vertical viscosity coefficient attenuates slowly in the water
depth of 0-30 m and attenuates fast in the water depth be-
low 60 m. In this case, D, =88.4 m and D=86.0 m.

The surface current deflexion angle is 46.1° (Figure 1(h)).
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The flatness F, is smaller than one (Figure 1(i)).

In the three cases of the vertical viscosity coefficients
decreasing with water depth, the surface current deflexion
angles are all larger than 45° although the magnitudes of
angles are different. The surface liquid is under the effect of
three forces: wind stress, friction force from underneath
layer, and Coriolis force. When the three forces are in bal-
ance, the Ekman spiral is steady. For the case with constant
vertical viscosity, the surface current deflexion angle is 45°
and is on the right side of wind direction (for the Northern
Hemisphere). Assuming the vertical viscosity coefficient
changes from constant to decrease with water depth at a
moment, the frictional resistance of underneath liquid on the
surface liquid should decrease, which leads to the increasing
surface current velocity, and the increasing Coriolis force.
In this case, only if the surface current turns to the right,
namely the surface current deflexion angle is larger than 45°,
the new balance of three forces can be reached.

Price et al. (1986) observed that the deflexion angle is
about 60° at the layer with depth of 2 m. The observation
field is 400 km far away from San Diego, California, USA
where the water depth is about 4000 m. During the observa-
tion period, the wind speed is about 3—-12 m s™'. Wind and
surface waves lead to strong mixing in the upper ocean. So
we can infer that the vertical viscosity coefficient is large at
the sea surface during the observation time of Price et al.
(1986) and decreases with water depth. It is similar to the
vertical viscosity coefficients we have designed. With these
vertical viscosity coefficients, the surface current deflexion
angle is larger than 45°, which is consistent with the obser-
vation result of Price et al. (1986).

In all the three cases, the flatness F, is smaller than one,

but its changing trends are different because the three verti-
cal viscosity coefficients have different attenuation speeds
and attenuation forms. In the classical Ekman theory, the
volume transport is about 0.671 and its direction is 90° to
the right side of wind direction when wind stresses are set

as the same as those in numerical calculation, i.e., 7* =0

Nm=2, 7’=0.1 Nm> From Table 1, one can see that the
magnitude and direction of the volume transport we have
computed in these three cases are almost the same as the
results of classical Ekman theory. Namely, the magnitude
and direction of volume transport of Ekman drift current are
not influenced by the distributions of the attenuating vertical
viscosity coefficients.

2.2 Vertical viscosity coefficient increasing and then
decreasing with depth

In the Arctic and high latitude sea areas, the sea surface is
covered by floating ice. So there is not enough long fetch
for surface waves growing effectively. The turbulence gen-
erated by waves is very weak and the turbulence in the at-
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mosphere cannot be transferred to the ocean through the sea
ice. Below the sea surface, the existing internal waves and
other physical processes can enhance the turbulence. Thus
we can infer that the vertical viscosity coefficient is small at
the sea surface, becomes larger below the sea surface, and
then decreases with water depth in the Arctic and high lati-
tude sea areas. In other words, the vertical viscosity coeffi-
cient increases first and then decreases with water depth.
The behavior of the vertical viscosity coefficient can be
idealized as

v, (k)=001+10"e™, 0<z<9, )

k+1-kl

-5 Z<k1)(l_km+1—klj
v, (k)=0.01+10"e , 9<z<120, (8

where kis the layer number, kI =9, km=061, zis the
water depth of different layers. The vertical viscosity coef-
ficient reaches its largest value of 0.09 m?® s~ at the water
depth of 9 m (Figure 2(a)).

Figure 2(b) and 2(c) show the Ekman spiral structure and
spiral flatness. The sea surface current deflexion angle is
32.4°, smaller than 45° (Figure 2(b)). This result is con-
sistent with the observations in the Arctic and high latitude
sea areas (Thorndike et al., 1982; Overland, 1994; Shu et al.,
2012; Kimura et al., 2000; Fukamachi et al., 2011). In the
near surface layer, the spiral flatness F, is larger than one.

And it decreases monotonously with water depth from sur-
face to 9 m, and then increases gradually below water depth
of 9 m.

With the given wind stress in this paper, the magnitude
of the Ekman volume transport is 0.673 and its direction is
89.8° (Table 1). This result is identical with the magnitude
and direction of volume transport of the classical Ekman
theory. That is to say, the vertical viscosity coefficient
which increases first and then decreases with depth can
change the magnitude of the surface current deflexion angle
and its spiral structure, but has no influence on the volume
transport.
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2.3 Vertical viscosity coefficient decreasing and then
increasing

In the coastal area, turbulence is strong due to surface
waves and other air-sea interface processes at the sea sur-
face and is also strong due to tidal mixing at the sea bottom.
So it can be inferred that the vertical viscosity coefficient
decreases firstly and then increases with water depth in the
coastal area and its idealized distribution can be given as

v, (k)=0.1-10"e, 0<z<9, ©)

vy (k) =0.1-107e [ 1- £HLZK 1 Ty a9,
km +1—kl

(10)

where k is the number of layers, kI =9, km =61, zis the
water depth of different layers.

Figure 3 shows the distribution of the vertical viscosity
coefficient and its corresponding Ekman spiral structure and
spiral flatness. In this case, the vertical viscosity coefficient
reaches its minimum value 0.02 m? s~ at water depth of 9 m.
Its surface current deflexion angle is 54.8°, larger than 45°.
The flatness is smaller than one at the sea surface layer. It is
close to one in the depth from 9 to 60 m and then increases
fast below the depth of 60 m. The magnitude of volume
transport is about 0.676 and its direction is about 91.4°. This
result is close to the result of the classical Ekman drift cur-
rents theory. In this case, D, =72.5m, D=82.4m, and

both of them are smaller than the water depth we have cho-
sen.

2.4 Vertical viscosity coefficient increasing with water
depth

In the shallow sea area, when there are not wind and surface
waves, the turbulence is strong at the sea bottom due to tidal
mixing. The vertical viscosity coefficient should increase
with water depth. In this case, we choose three kinds of ver-
tical viscosity coefficients with different increasing styles
and speeds (Figure 4, Table 1). They are exponential distri-
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Figure 2 The vertical viscosity coefficient (a), the corresponding Ekman spiral structure (b) (with dot line indicating the 45° deflexion angle) and flatness
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Figure 3 The vertical viscosity coefficient (a), the corresponding Ekman spiral structure (b) (with dot line indicating the 45° deflexion angle) and flatness
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Figure 4 Three kinds of vertical viscosity coefficients ((a), (d) and (g)), and the corresponding Ekman spiral structures ((b), (e) and (h), with dot lines

indicating the 45°deflexion angle) and flatness F; ((c), (f) and (i)).

bution with fast increasing speed v, (z)= 0.100001—
0.1e *, linear distribution v,(z)=0.02+0.0005z, and

exponential distribution with slow increasing speed

v,(2)=0.02+ 0.1e ",
Figures 4(a)—(c) show the results of the first case with the

vertical viscosity coefficient of vg(z)=0.100001-0.1e ">’ .

The viscosity coefficient increases fast in the upper layer
from 0 to 40 m. At the sea surface, itis 1x10° m?s™' and
increases to 0.08 m” s™' at the water depth of 40 m. Below
the depth of 40 m, the increase speed is slow. The Ekman
depths, D, =47.6 m,D =93.3 m, are smaller than the
water depth we have chosen so the obtained Ekman spiral
is not influenced by the bottom boundary. Figure 4(b)
shows that the surface current deflexion angle is about 14.7°,
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much smaller than 45°. The flatness is larger than one in the
water depth from 0 to 20 m, namely, the speed of current
velocity attenuation is larger than the speed of current direc-
tion turning. It is close to one from 20 to 60 m, and larger
than one again in the water below 60 m.

For the second case, the vertical viscosity coeffi-

cient, v, (z) =0.02+0.0005z , increases linearly, as shown

in Figure 4(d). The Ekman depth, Dy=61.2 m, D=70.5 m.
The surface current deflexion angle is about 42.4°, smaller
than the result 45° of the classical Ekman theory. The flat-
ness F, is about one in the depth from 0 m to 60 m and is

larger than one in the depth below 60 m.
For the third case, we choose the vertical viscosity coef-

- RErGas) o
ficient as v, (z) =0.02+0.1e »° which increases

slowly in the depth from 0 to 60 m and increases fast below
60 m (Figure 4(g)). The Ekman depths, D, =65.7 m,

D =72.6 m, are smaller than the water depth we have set.
The surface current deflexion angle is about 44.0°, slightly
smaller than the value of the classical Ekman theory. The
flatness F, is about one from 0 to 60 m water depth and

increases fast in the water depth below 60 m.

The numerical results suggest that when the vertical vis-
cosity coefficients increase with water depth, the surface
current deflexion angle is smaller than 45° although the
magnitudes are different. Force analysis indicates that the
surface liquid is under the effect of the three forces: wind
stress, friction force from underneath layer, and Coriolis
force. When the three forces are in balance, the Ekman drift
current is steady. For the case with constant vertical viscos-
ity, the surface current deflexion angel is 45° and is on the
right side of wind direction (in the northern hemisphere).
Assuming the vertical viscosity coefficient changes from
constant to increase with water depth at a moment, the fric-
tional resistance of underneath liquid on the surface liquid
should increase, which leads to the decreasing surface cur-
rent velocity, and the decreasing Coriolis force. In this case,
only if the surface current turns to the left, namely, the sur-
face current deflexion angle is smaller than 45°, the new
balance of three forces can be reached.

The numerical results also show that the flatness is al-
most larger than one or equal to one at the sea surface and
the bottom. That is to say, the speed of current attenuation
equals to or is larger than the speed of current direction
turning.

For all of the four categories of vertical viscosity coeffi-
cients, the magnitude and direction of volume transport are
almost identical with the result of classical Ekman theory.
Force analysis shows that the whole water column is under
the effects of three forces, i.e., surface stress, Coriolis force,
and friction force from sea bottom. However, the friction
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force can be ignored since the current velocity and its shear
are very small at the bottom layer. So, when the two re-
maining forces are in balance, the direction of volume
transport must be perpendicular to the wind direction and to
the right side of wind (in the northern hemisphere). The
magnitude of volume transport depends only on the wind
stress and has no relationship with the distribution of verti-
cal viscosity coefficient (Table 1).

3 Numerical simulation of the observed phe-
nomenon

Price et al. (1986) observed that the surface current deflex-
ion angle was about 60° in low-latitude ocean. The turbu-
lence produced by surface waves should play an important
role at the upper layer. We consider the wave-induced mix-
ing proposed by Qiao et al. (2010)

Bv = aA’kwexp{3kz} , (11)

where A is the wave amplitude, k is wave number, @ is
frequency, and « is a coefficient, which is usually chosen
as one. Price et al. (1986) showed that the north wind with
6.6 m s~ at 10 m height was dominant during the observa-
tion. The wind stress is about —0.07 N m™2, so we choose
7,=0.07 N m? in numerical simulation.

Meanwhile, given the wind speed at 10 m height, one can
obtain the significant period T and significant wave height
by using the following empirical formulas"

T =0.75x091U (12)

10 °
H=022U/g, (13)

where U, is the wind speed at 10 m height, g is the gravity
acceleration. From the eqs. (12) and (13), one can get the
significant period of 4.5 s and wave height of 0.98 m, and
then we can calculate the vertical viscosity from eq. (11).
Figure 5 shows the vertical viscosity coefficient, the corre-
sponding spiral structure and flatness. One thing that we
have to note is that the background vertical viscosity coeffi-
cient is chosen as 0.005 m” s in this numerical simulation.
The maximum value of the vertical viscosity coefficient
is about 0.07 m* s™' at the surface and decreases very fast
with depth. It reaches the minimum value 0.005 m* s™" at 11
m water depth. The Ekman depths, D) =294 m and

D =37.8 m, are both smaller than the water depth we have
set. The current is very small at the water depth of 80 m, so
we just give the value of flatness F;in the water depth from

0 to 80 m, as shown in Figure 5(c). Figure 5(b) tells us that

1) Stewart R H. 2008. Introduction to Physical Oceanography. Department of Oceanography Texas A&M University. 345.
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Figure 5 The vertical viscosity coefficient (a), the corresponding Ekman spiral structure (b) (with dot lines indicating the 45° deflexion angle), and flatness

F, (C)

the surface current deflexion angle is about 58.8°, which is
very close to the observation of 60° (Price et al., 1986).

The vertical viscosity coefficient is only one physical
factor that influences the current structure induced by wind.
Other factors such as the non-homogenous or unsteady wind,
and finite water depth, will also affect the structure of cur-
rent induced by wind and the drifting direction of floating
ice.

4 Discussions and conclusions

By assuming constant vertical viscosity, the classical Ek-
man theory shows that the deflexion angle is 45° and is on
the right side of wind direction in the northern hemisphere
and on the left side of wind direction in the southern hemi-
sphere. But in the real ocean, the observations show that the
surface current deflexion angle is smaller than 45° in the
Arctic and high latitude oceans, larger than 45° in low lati-
tude oceans.

In this paper, according to the physical processes occur-
ring in different sea areas, the vertical viscosity coefficients
are classified into four categories ideally and the influences
of the different distributions of vertical viscosity coeffi-
cients on Ekman spiral structure are investigated with nu-
merical methods. The numerical results show that the de-
flexion angle is larger than 45° when the vertical viscosity
coefficient decreases with depth (corresponding to low and
mid latitude oceans), which is identical with the observation
of Price et al. (1986). The spiral flatness F, is almost

smaller than 1. When the vertical viscosity coefficient in-
creases first and then decreases (corresponding to high lati-
tude oceans or the Arctic), the deflexion angle is smaller
than 45°, which is also identical with the observations in the
Arctic and high latitude oceans. The flatness F, can be

larger or smaller than 1. When the vertical viscosity coeffi-
cient decreases first and then increases with depth (corre-
sponding to coastal ocean with wind, surface waves, and
tidal current), the deflexion angle is larger than 45°. The

flatness F, can also be larger or smaller than 1. When the

vertical viscosity coefficient increases with depth (corre-
sponding to coastal oceans with neither wind nor surface
waves), the deflexion angle is smaller than 45°. The spiral
flatness F, is larger than 1. The numerical results also

show that the volume transport of Ekman drift current is
identical with the result of classical Ekman theory in deep
water no matter what the distributions of vertical viscosity
coefficients are. It is worth emphasizing that in this paper
we aim to discuss the influence of different distribution
characteristics of vertical viscosity coefficients on the Ek-
man spiral structure. Its basic assumptions are the same as
those of the classical Ekman drift currents theory, namely,
the homogeneous and steady wind acts on the infinitely
broad sea surface for a long time. But in the real ocean, the
factors, such as finite water depth, unsteady and non-
homogenous wind and so on, will also have influence on the
Ekman spiral structure. Consequently, the angle between
the surface current direction and the wind direction does not
equal 45°. Surface waves and other dynamical processes
will have influence on the Ekman spiral structure and the
volume transport (McWilliams et al., 1999; Polton et al.,
2005; Huang, 1979). For instance, Huang (1979) had con-
structed the nonlinear theory framework to describe ocean
drift movement by including the surface waves effect. He
especially pointed out that the wind stress and sea surface
wave states are the important factors that should be consid-
ered when studying the ocean drift current. It should be
mentioned that the floating ice actually moves under the
effect of the sea surface current and the current below the
surface. So the deflexion angle of floating ice will be larger
than that of surface current. But the observations indicate
that the deflexion angle of floating ice is smaller than 45° in
the Arctic.

In summary, the influence of vertical viscosity coeffi-
cients with different distribution characteristics on the Ek-
man spiral structure is investigated in this paper. It is found
that the surface current deflexion angle is larger than 45°
when the vertical viscosity coefficient in the upper ocean
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decreases with water depth, and smaller than 45° when it
increases with water depth. Through analyzing the physical
processes in different sea areas, we present a reasonable
explanation to the observations that the surface current de-
flexion angle is smaller than 45° in the Arctic and high lati-
tude oceans and the angle is larger than 45° in the low lati-
tude oceans. Surface wave is an important physical process
that happens at the air-sea interface. It can directly influence
the strength of turbulence in the upper ocean, determine the
distribution characteristic of vertical viscosity coefficient,
and then influence the Ekman spiral structure and the sur-
face current deflexion angle.
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