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Abstract

In this paper, we study the standard problem of the wind in the steady atmospheric
Ekman layer with classical boundary conditions. We consider the system with varying
eddy viscosity coefficients that are small perturbation of a constant. We derive the
explicit solution by using a different argument in the previous works. For two layers,
the eddy viscosity is constant in the upper layer, while is only continuous with height
in the lower layer, we transform the system to a first order Riccati equation with a
suitable initial value and derive the solution for piecewise-constant eddy viscosity.
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equation

Mathematics Subject Classification 2010 - 34B05

1 Introduction

The Ekman layer covers 90% of the atmospheric boundary layer which contains three
parts [1,2]: the lamina sublayer, surface (Prandtl) layer and the Ekman layer. It is con-
trolled by frictional effects, pressure gradient and the coriolis force [1,3,4]. The pursued
analysis pertains to non-equatorial regions. Whether for ocean flow or for atmospheric
flows, Ekman-type solutions require a balance between the wind stress, frictional
forces and the Coriolis acceleration and this breaks down in equatorial regions, where
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the Coriolis effect vanishes so that the wind drift current moves azimuthally, in the
same direction as the wind, and where nonlinear effects have to be accounted for [5-7].
Classic Ekman theory contains the derivation of the explicit solution for a constant
eddy viscosity k [8,9], but field data show that this is an extreme simplification, in
reality k usually varies with the height [1,2], but explicit solutions are scare and almost
all focused on the numerical simulations [10-16].

Constantin and Johnson [17] studied the Ekman flows with variable eddy viscosity
k(z), and derived the explicit solution and verified the existence of the solution by the
transformation and the iterative technique. Bressan and Constantin [18] studied the
wind-drift currents for depth-dependent eddy viscosities which were perturbations of
the asymptotic reference value and obtained the solution by the perturbation approach.
For the atmospheric Ekman flows, Feckan et al. [19] obtained existence and uniqueness
result and derived the smooth result by computing the first approximation of solutions.
In addition, [20-22] studied wind-stress induced ocean currents and obtained the
representation of solutions.

Motivated by [20-22], we consider atmospheric Ekman flows with classic bound-
ary conditions. The eddy viscosity k(z) denotes the perturbation of the asymptotic
reference value like [19]. Feckan et al. [19] used the variable change and get a lin-
ear, non-homogeneous second order differential equation and obtained the existence
and uniqueness and smooth results to justify computing first order approximation of
solutions via a Green’s function.

In the present paper, we transform the original equation to a first-order linear non-
homogeneous differential equation to give a new direction method to compute the
explicit solution. For a two-layer with uniform eddy viscosity in the upper layer and
continuous eddy viscosity in the lower layer, we transform the system to a Riccati
equation with a initial value problem on a finite interval. Further, we construct the
solution for piecewise-constant eddy viscosity.

2 Model description

Recall the model for Ekman layer is formulated by the following equations, see [1,2]

Du _ _1dP 2wy
Dt —  pdx f ’
Dv _ _1dP _ 8<vw

Dt — pdy f ’

where u, v and w are the components of the wind in the x, y and z directions respec-
tively, P is the atmospheric pressure, p is the reference density, f = 2Qsin#6 is the
Coriolis parameter at the fixed latitude 6, Q A 7.29 x 107 is the angular speed of
the roattion of the earth in the northern Hemisphere, and 8 € (0, 7 /2] is the angle
of latitude in right-handed rotating spherical cooridates, ¢ is time and k is the eddy
diffusivity for momentum.

Assuming a steady state we get % =0, % = 0. From the geostrophic balance,
we have
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P
ax = fvg

= —fug.

D= blb—'

From the Flux—Gradient theory, we get

’_ _kg_lz)9

ou
u'w _kaz’
vVw' =

where k is the eddy viscosity coefficient. Then we obtain

fo—vg) = =g (k)
{ 8 0z ) dz (1)
flu—ug) = g-(kgh),

where u, and v, are the corresponding constant geostrophic wind components. We

use the traditional boundary conditions for (1) as

u=0, v=0 at z=0, (2)
u—ug, v-—>vg for z— oo. 3)
Let ® = (u — ug) +i(v — vg), and from (1), we will get
k()@'(2)) =i fP(). 4)
The boundary conditions (2) and (3) are transformed into the equivalent form
O =—u, —ivg at z=0, (&)
® =0 for z— oo. (©)
If k=constant, then
(7

D(2) = —(ug + ivg)e! 7,

where y =,/ ik However, if k #constant, then solving (4) will be more interesting

and complex.
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3 Main results
3.1 Systems with two layers

The eddy viscosity k always varies with height [13], here we consider the following
situation

ko, Z > 20,

k(z) =
@ k1(z), 0 <z <z,

®)

where kg = k1(zg) > 0 and k;(z) > 0 1is continuous with z.
Equation (4) simplifies on (zq, +00) to

f

i
®(z) = gd)(z), Z > 20,

the general solution is a linear combination of the linearly independent functions
L .
oV oty 1+

If we denote by &4 the solutions of (4) with

L .
Di() = VIR s g,
the condition (6) ensures that the solution ®(z) to (4) satisfies
D) =cP_(2), z=> 20,

for some complex constant c.
It is well-known [23, p. 331] that

q(z) = %Z)(Z), >0, ©
solves a Riccati equation
N
@+ =i 20 (10)
with
q(zo)=%=— %(IH), z = 20. (11)

(10) is not, in general, solvable by quadratures, one has to rely on numerical methods to
obtain accurate approximations solution to (10) and (11). On the other hand, following
[23, p. 332], we have the following result.
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Theorem 3.1 The function defined by

< g()
—(ug + ,'vg)efo ks z € [0, zol,

®(Z) = [f . z
— /L _ 0 q(s)
~(ug +vg)e VI ITET0 0T G g5, 2 > 2,

is the solution of (4) with (5) and (6), where q(2) is the solution to (10) and (11).

Proof By the definition of ¢(z), we obtain

q)/
@ _ q(z)’ (12)
®(z)  k(2)
Integrating (12), we get
z q(s) 2z q(s)
D(2) = D(0)e T = —(u, +ivg)el 04 2 >0, (13)
For z > z9, we get
O = —(ug + ivg)efozo fords J5 g ds _ (g +ivg)e oy I+ =20 [0 fogds.
(14)

since g(s) = ¢g(zo) and k(s) = ko for s > zp, S0

fqs) o (TqG) (T
/zo %ds_/zo ko ds_/m ok OB =y g D20

The proof is complete. O

Example 3.2 Consider the case of an eddy viscosity which is constant, that is
k=constant. Then (10) and (11) change to

q’(Z)+@=if, >0,
(15)
4@ = -4 +i), z=2z.

The unique solution to (15) is g(z) = — %(1 + i). From (13), we have

z \/%(lﬂ’)d

— L1+
D(z) = —(ug + l'vg)e—fo S S = —(ug +ivge ‘/;(H_l)z, z € [0, zol.

For z > 7, from (14), we get
_ /L N (7— _ /L i _ /L i
D) = —(u + ivg)e VETDE RO gy 00,

@ Springer



76 Y.Guan et al.

SO

—_JLa+i
D(z) = —(ug +ivg)e ‘/;(H’)Z, z€[0, + 00).

this coincides with (7).

Example 3.3 For

2
k(z) = {[b(z z0) +al°, z €[0, zol,
a-, Z > 20-

Let

q(z)
. S A— e [0 1
0(2) [b(z — 20) T z €0, zol (16)

then Q(z0) = —/ SL(1+1), a5 4'@) = if — £ & = if — 0*(2), we get

q'@Ib(z —z0) +al —bq(z) _if — 0*(x) —bQ(2)

¢= [b(z — z0) + al? o bz—z20)4a z € [0, zo),
then
dQ(z) dz
Q@) - %M)(Q(z) - M) T The—z4a S 10, z0),
a7

integrating both side of (17), we obtain

1 0(z) — /P
= ——In[b(z —z0) +al+c, ze€l0, zol,

In =
VbE+4if 0(z) — b +4if b

where

1 . . [a (1+ ) /\/h +4if
o /b2 + 4if (a2 (1+1) «/b +4if b’

Using (16), we have ¢(z) = Q(z)[b(z — zo) + a], consequently, an explicit formula
for the solution of ®(z) emerges by (13) and (14).
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3.2 Systems with piecewise-constant

Different form (8), we assume eddy viscosity is piecewise-constant, so it is not con-
tinuous, for the sake of simplicity, we consider two regions, that is

9 e O’ b
k() = {a z € [0, zo]
b, z> zo,

where a, b > 0 and a # b.
The equation (4) will be transformed to

' (2) = %CD(Z), z € (z9, + 00), (18)
and
" if
o7 (z) = ;(D(Z), z € [0, zol. (19)

By using the boundary condition (6), we have the general solution
D)= Ce VHIH ez +00),
and
B(2) = AV BIHT | eV EIHT g g ).
The boundary condition ®(0) = —u, — iv, implies
A+ B = —(ug +ivg). (20)

We consider a solution of (18) and (19) which is continuous with ®(¢) and ®’'(¢), so
we get

AV E+D20 | g~ E G+ _ o= F D20 1)

and

i i)z _JL 7z, _ /L N7z,
af L g el E0 _ g [ L 4V R0 —C,/i(l +i)e Vw0,
2a 2a 2b

Using (20), (21), and (22), it follows that

(22)

A=xC, B=—(ug+ivg)—«C,
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and
f =] A Dz
c 35 (g +ivg)e
Lcte Lz e—\/%(m')z@) 3 /zibe—\/%(m)zo
where

_ V2 V2 E _ V %(Hi)zo.
2 /L \/;(Ht)zo

3.3 Systems with perturbation of a constant

K =

Now we regard the physically relevant eddy viscosity k(z) as perturbations
k(z) = ko + €k1(z), at z>0, (23)
where ¢ < 1, and & (z) is absolutely continuous on [0, +00) and f0+°° |k} (2)ldz <

+o0. Different from the approach in [19], we transform the initial boundary problem
to a first-order differential system. Writing

D(z) = Dp(z) +€P1(z), z=0 (24)
is the solution of (4) with condition (5) and (6), here ®(z) is the classic Ekman

solution for the constant eddy viscosity ko, that is o(z) = —e~U+Dyz [ug + ivgl,

where y = 1/%.

Inserting (24) into (4), we get
€k (2) (P (2) + €D (2)) + (ko + €k1 () [Py (2) + €D (2)] = if [Po(2) + € P (2)],
using ko®(j(z) = i f Po(z), one obtains

ko®7(2) —if P1(z) = =k} (2)P((2) — k1 (2) Py (2).

() = (1 + N 2 / <I>0(z) Py(z) = —%%(Z),

Y (2) — %CDI(Z) = b(2), (25)

Note that

so we have
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where b(z) = —[k}(2)(1 + 1) / ‘bo(Z)
Note that

Do(0) = —(ug +ivg), Do(z) = 0 as 7z — +o0,
so we get the boundary conditions
®(0) =0, ®i(z) > 0 as z —> +o0. (26)
Writing (25) in the following first-order differential system
¥'(z) = AV(2) + B(2),

where

[@1(2) _[o01 _[ 0
\I/(z)—[q),l(z)], A_[% 0}, B(z)_[b(z)]

Theorem 3.4 The function defined by (see also (32))

cb](Z) 2(1 - ) [ (1+i)yz _ —(1+l))/Z]/ —(1+l)y5b(s)ds
Z 1 . .
(I+i)y (z—s) —(1+i)y(z—s)
+ — e —e b(s)ds, z>0 (27
/0 2(1+1)y[ 1b(s) 27

is the solution of (25) with boundary condition (26).

Proof Using the variation of constants formula, we get the general solution in the form

Z
W(z) = W (0) +/ eACIBWgs 2 >0,
0

where

n |: %[e(l-ﬁ-i)yz + e—(l-‘ri)VZ] j_[)y [e(1+i)yz _ e_(1+i)72]:|

W[e(lﬂ')w _ e~ U+Dyz %[e(lﬂ')yz + e*(l‘H)J/Z]

is the fundamental matrix of the homogeneous constant coefficient differential system
W' (z) = AW¥(z). Since ®1(0) = 0, we have

1 . .
d — g .(+Dyz _ ,—(+iyz @' (0
1(2) 2(1+i)y[e e 191(0)
2z 1 . .
+ —.[e(l+z)y(z—s) _ e_(l_H)y(Z_s)]b(s)ds, >0, (28)
/0 2(1+i)y
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with @/ (0) to be chosen so that

lim ®(z) = 0. (29)
z—>+00
We claim that this is equivalent to
oo .
@, (0) = — fo e ITDYSp(s)ds. (30)

In fact, writing (28) as

Z
— (I4+i)yz / —(14+i)ys
®1(z) = 2 +l,)ye [®1(0)+/0 e b(s)ds]
1 . z 1 .
_ —(U+yz g/ _ —(1+i)y (z—s) \ ]
20 +0)y ¢ 10 /0 20+0)y° bs)yds, 220
(€29
It is obvious that lim 1 e_(l“”')VZCI)/1 (0) = 0. Since b(-) is integrable on

200 2+D)y
[0, +00) and |e~(IHDYE=9)| < 1, we get

z 1 )
lim / — Y p(5)ds = 0
=+o0 Jog 2(1 + 1)y

by the dominated convergence theorem. So (29) implies (30).
Conversely, if (30) holds, then (31) becomes to

N L f+oo DY@ p(5)ds
20+iyy L,

1
2(1 + i)y

+o0 . z 1 N
+ / e*(”’)l’)(”s)b(s)—/ e I p(yds,  z>0.
0 0o 2(0+iy

(32)
It is again obvious from the dominated convergence theorem that (29) holds. This

implies that (29) is equivalent to (30), so (27) is the solution of (25) with boundary
condition (26). O

Remark 3.5 Recall [19, Sect. 3.2], let k, > 0 and

s=s(2) = k*/o %dr, ky(s) = é/ﬂ(z), V(s)=U(s)+iV(s),

where U(s) = u(z) —ug, V(s) = v(z) — vg, and k1 (z) is the same as (23). Like
(24), set

W(s) = Wo(s) +€p(s), (33)

@ Springer



Explicit solution of atmospheric Ekman flows with some... 81

where Wy (s) is the classical Ekman solution

Wo(s) = _e*(1+i))»s(ug +ivg), A= i
2k,

Using the Green function in [19, Lemma 3.3], (33) is the solution of (1) with the
condition (2) and (3) if

vg —iug [* — (DA (s+1) o (1+i)At —(1+i)At
= =" ko (t — dt
@(s) 2(1+m/0 2(t)e (e e )

Vg — i.btg /oo kz(t)(e(l+i))\(s—t) _ e—(1+i))h(x+t))e—(1+i)xtdt'
2(1+i)A Js

From above, one can see the idea in this article is more straightforward.

Example 3.6 Consider the piecewise linear eddy viscosity

ko +eun(z —z0), z €0, zol,
k(z) =
k(), Z > 20,

where kg > u > 0, so we have

_Jnz—z0), z€I0, 2ol ron s z €10, zol,
kl(Z) - ) ](Z) -
0, Z > 20, 0, z> =z,
and
—[(+Dp 35 = 1®o(), z €0, 2],
b(x) =1 . o5 (34
%¢M@, z > 20,

using (34), we have

o0
/ e~ UHDYSp(s)ds
0

= (ug + ivg)(1 — e‘”””m)[a i | if}

3 12
2ky kg
+2(1 + i)y (ug + ivg)e HIre0, (35)
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If z < 2o, we have

/z - j_ - [e(1+i)y(zfs) B e’(lﬂ)y(zfs)]b(s)ds
0 ny

(g + iv)[(1 + i) /% - %
_ Siyz [e(1+z)yz _ 2ef(l+t)yz +e*3(1+l)J/Z]. (36)

If z > zp, we have

/‘Z 2(1 j_ ) [e(l-‘ri)y(z—s) _ e—(l-‘ri)y(z—s)]b(s)ds
0 vy

_ (ug +ivg) [(1 v | L if:| (1720 _ pp=(I+iyzn | o=3(1+Dy20]

8iy2 w3 K2
ey Y — (g +ivg)e IT72 4 %(ug + ivg)e 7z
2431+ i)y %
i .
+—];(ug + ivg)e_(H’)”Z(z — 20). (37)

kg

From (27), (35), (36) and (37), we obtain the following results.
For z < zo,

®(z) = A[e(lJri)yz _ ef(l+i)y1] +B I:e(l+i)yz _ 267(]+i)yz + 673(1+i)yz] ;

where

A= (ug +ivg) {(1 - i)u,/% - i} [1— e 2HDY20] 4 2(1 4 i)ye 200720

ko
and
[(1 + i)u\/%% - é}
B = (ug +ivg) 8172 .
For z > z9,

EI:‘](Z) — A[e(H»i)yz _ e*(lﬂ‘)}/Z]

+(Mg "i'lzvg) |:(1 +iu L% _ %i“:e(l-%—i)yzo _ Ze—(H—i)yzo + e—3(1+i)yz0]
8iy 2%k
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if . —(I+i)yz if , (14i)yz
4" (U, +iv,)e 4 S (ug +ivg)e
2301+ oy e g e

i .
-i-k—J;(ug +ivg)e 1TV (7 — 70).
0
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