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Transformation of wind in the coastal zone

V.N. Kudryavtsev * and V.K. Makin
Royal Netherlands Meteorological Institute (KNMI)
De Bilt, The Netherlands

September 6, 1996

Abstract

A simple physical model of the wind transformation on an abrupt change in surface
roughness and temperature across a coastal line is suggested. The model is based
an a concept of the internal boundary layer (IBL) growth with fetch. Tt consistently
describes both small scale (order of 1km) and mesoscale {(order of 10-100 ki) evolution
of the 1HL.

The planetary boundary layer problem (PBL) is solved using the similarity ap-
proach, which is applied for the IBL confined to the surface boundary layer, and the
Ekrman part of the PBL. A 3-layer eddy-viscosity model of the PBL is introduced for
the description of the mesoscale evolution of the IBL.

The PBL model takes into account the barochinicity effects due to the temperalure
gradient across a coastal line. Dynamical coupling with waves is a model aption.

The model is verified on existing data and a reasonable agreement with observations
is obtained. It is applied for the interpretation of a radar image of the sea surface and
for the assessment of the wind transformation for typical atmospheric conditions af
the Dutch coast. 1t is shown that the wind transformation has a significant impact on
the wave growth in the coastal zone.

The model can be used as a module in multi-component coupled models describing
esses in the ocean and the atmosphere and is viewed as a tool for

dyrnamical proc
engineering applications in the coastal zone.

1 Introduction

An off-shore wind, blowing from the land into the sea undergoes significant transformation
due to an abrupt change in roughness and/or in temperature across a sea-land coastal line.
The Internal Boundary Layer (IBL) develops with fetch on a typical spatial scale of aboug
100 km. On initial stages (typical fetch is Tkm) the IBL growth is confined to the Surface

“Supported by the Netherlands Organisation for Sclentific Research (NWO) On leave frora the Marine
Hydrophysical Institute, Sevastopol, Crirea, Ukraine



E}assizzsidu Laver {(5BL}. On later stages the IBL penetrates the SBL and develops further
in the Eéﬂ;mizza part of the Planetary Boundary E)m{; {}*’?ﬁ%.{_;, Strong horvizontal pressure
gradients in o thermal internal boundary layver can cause strong jet-like surface winds on
seales of few tens of kilometres, The air-ses é?}*{!‘}"%’é(‘?%f}‘{% in the coastal zone {scale of 100 km)

is determined to a great extent by peculiarities of the wind transformation. Therefore it is
necessary t6 consider the evolution of the IBL in the study of coastal sea and atmosphere
dynamics.

A proper description of the wind field in the coastal zone is important for many applica-
tions of ovean and atmosphere modelling. It is a known quality of the storm surge WAQUA
model to underpredict negative surge in ofl-shore wind conditions, which can be caused by
an inadequate description of the coastal winds. Modelling of wind wave growth near the
voast requires the knowledge of coastal wind fields. Inadequate interpolation of winds to the
nearest land-sea grid points in the WAM model can cause ervors in the description of wave
evolution and propagation. Caleulations of the exchange coefficients of momentum, heat,
waler vapour awi pases in the coastal zone require accurate estimates of coastal winds. The
inferpretation of feld measurements of nm;zzsniazm heat and moisture fluxes at near shore
sites should take into account the influence of the developing IBL on the boundary layer

shynebure.

Thus the description of the wind transformation in the coastal zone is necessary
understanding and modelling the initial growth of wind waves, the set up of a surge, the
development of near shore currents, and the air-sea exchange of momentum, heat, water
vapour and gases.

The description of the wind transformation requires a solution of the planetary atmo-
spheric boundary layer (PBL) problem. The PBL is formed by a combined effect of the
Cortolis force and the turbulent stress. The latter is a result of the dynamical and thermal
interaction of the air flow with the underiying surface.

The first {ruitful resulis related o the PBL éhmm were obtained within the framework
of similarity theory by Kazanski and Monin {1960). The modern development of similarity
theory of Kazanski-Monin was done by Zilitinkevich { 989},

In the present time major efforts to study the PBL have been made by numerical mod-
elling based on the solution of the Reynolds equations. Reynolds stresses are parametrized by
various closure hypotheses such as two-equation eddy-viscosity schemes, and second genera-
tion turbulent-stress models (Venkatram, 1977; Garratt 'if‘#é'%?: Garratt et al., 1995}, Large-
eddy simulation of the PBL is rapidly evolving (E}warim ff, 1972; Mason, 1994; Garratt et
al., 1995}, However these models are very costly and their use is imited to specific scientific

§H‘i.}3£‘}§{§§‘!‘i':§v

Simpler models of the PBL which are based on the ideas of stmilarity theory and some em-
pirical knowledge {Brown, 1982; Garratt, 1987; van Wilk et al., 1990; Zilitinkevich, 198%9a.b)
ave more attractive Lo engineering agsg;i;s &Emz , and could be used us a simplified &mmwg%%m #
module in coupled atmosphere- ocean models, coupled wind-waves and surge models, and in
remote sensing algorithms.

The main goal of the present study is to develop a simple physical model of the PBL
for the description of surface winds in the coastal zone. The model is designed as a module




for use in multi-component coupled models, describing various dynamical processes in the
coastal seas and the atmosphere. The model is viewed as a tool for engineering applications
1 the coastal zone.

Diespite the relative simplicity of the model it accounts for the main physical processes
which determine the evolution of the PBL in the coastal zone: stratification effec ts, growth
of the internal boundary layer ov IBL on an abrapt change in roughness and/or temperature
across the land-sea boundary and thermal sea fronts, baroclinicity effects {horizontal air
temperature gradient). The model describes uniformly both the small scale (few kilometres
from a shore} and the mesoscale { few tens to few | hundreds kilometres) evolution of the

IBL. The extension of the model m akes it possible to describe the IBL evolution in complex
domains: the transformation of wind across E(«m&w%z’ -land and sea-land-sea, as well as the
transformation of an on-shore wind. The dynamical coupling with wind waves is one of the
maodel’s oplions.

The model is a semi-empirical one and is based on similarity theory of the surface bound-
ary layer and an analytical description of the Ekman layer. The model generalizes the two-
layer model of Brown (1982}, The generalization (Kudryavisev, 1 995} is mainly related to the
additional assumptions concerning the vertical distribution of the eddy-v iscosity coeflicient
in ihw PBL in presence of the IBL. The similarity approach is used to solve the Fkman part

Cthe PBL. The drag and heat geostrophic transfer laws are derived. They form a system of
faigéi;mez,, equations which is solved for the surface stress and its direction, heat flux and the
height of the IBL. Profiles of the wind velocity and temperature are then caleulated along
fetch. The external parameters, which determine the solution, are of the free atmosphere
{geostrophic wind and its direction, tem perature}, and temperature and roughness of the sea
and of the land surface. These parameters are available from a regional atmospheric model
and/or observations. Detailed description of the model is given in section 2.

In section 3 the model is verified on existing data of the geostrophic transfer coeffic ients,
heights of the PBL and the IBL, the surface stress (wind) angle, profiles of the wind speed
and temperature. A reasonable agreement with cbservations is found.

In section 4 the model is applied for the interpretation of a radar image of the sea
surface and for the assessment of the wind and wave transformation for typical atmospheric
conditions at the Dutch coast.

2 Model of the PBL transformation

2.1 Approach

The transformation of the atmospheric planetary boundary layer, forced | by a step change
in the surface roughness, temperature or humidity, is described using the internal boundary
layer approach. The IBL is associated with the horizontal advection of the air across a
discontinuity in some property of the surface. Tt is defined as a lower part of the PBL where
the structure of turbulence is modified due to the interaction with the surface.

In the coastal zone an abrupt change in the surface roughness {the sea surface is much
smoother compared to the land surface), and an abrupt change in temperature {the sea
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surface can be much warmer in automn and much colder in %;s%’*égzg than the land swrface),
both determine the evolution of the IBL, and thus the cosstal winds. The sea-land coastal
line is defined here as a discontinuity line in the surface E’{}%%ghi’i{:‘.ié;‘i and temperafure

Two main regimes are ééﬁi‘«iii&%;’i?liﬁ?ké*(i in the growth of the IBL. The small scale evolution
of the IBL takes place on small fetches {few kilometres from a coast). The growth of the
IBL s {‘é‘}i%imwd to the surface %}miz dary ’i-fz ver, L he mesoseale evolution takes place on scales
of few kilometres to few hundreds kilometres, depending on the atmospheric stratificat
The IBL penetrates the SBL and evolves in the BEkman part of the PBL. A comprehensive
review on the IBL problem is given, e.g. in Garvatt {1980,

This study is based on the 3-layer PBL model of Kudryavisev (1985) which generalize
the 2-laver PBL model of Brown (1982). We pive a brief description of Brown's model in
the next section {2.1.1}, and its generalization in section 2.1.2.

We shall then develop the original model of Kudryavisev {1985} in several wayvs. The
main development concerns the description of the IBL growth on small fetches, Le. the
small scale evolution of the 3’?:%’5 w%’aen the IBL growth confines to the SBL. The extensive
description is given in section 2.2,

in section 2.3 the E’%}%%}E%i}%{é}%% evolution of the IBL is described. Compared to the model
of Kudryavisev (1995}, the PBL equations for temperature and wind velocity are treated
with advection terms. E%‘gs:’f approximate solution of these equations, which describe the IBL
growth in the Ekman part of the PBL, is achieved here using the similarity approach.

The generalized equation for the IBL g growth which uniformly describes the IBL evolution
on both small scales and mesoscales, as well as wind and temperature proliles, and heat and
wind velocity resistance laws are given in section 2.3.4.

A guide to the model is given in section 2.4,

2.1.1 Background model

We follow the approach of Brown (1982} to describe the structure of the equilibrium "back-
ground’” PBL. In the model of Brown (1982) the vertical structure of the PBL consists of two
layvers: the lower surface boundary layer of height A and the upper Ekman boundary layer
of height 1.

The SBL is deseribed in terms of Monin-Obukhov similarity theory, The eddy-vi
coefficient K increases linearly with height within this laver. The eddyv-viscosity coefficient
in the Ekman part of the PBL (2 > &) is assumed to be constant with height and equals its
value at the upper boundary of the SBL z = h:

osity

[T ) .
?” oo * . { é 3
Y B hL) WL

where © = 0.4 I8 the von Karman constant, u, is the friction velocity, [ s the Monin-
Obukhov length scale, ®, is a universal similarity function (the dimensionless gradient) of
the wind profile.



The eddy-viscosity K defines the vertical scale of the PBL (the Ekman depth):

AN ¥
2R Kty 1
{{ o (w»w«} e ~-«-:wi - . {\j}
J S Alp)
where 1 = xu,/fL is the stratification parameter. A{z) is a dimensionless function which

satishies the equation:
(3)

where ¢ ~ 0.1 is the main fitting parameter of the Brown (1982) model. This parameter
defines the SBL height via the PBL scale I

ho=zll {4

The height of the PBL is also defined via the Ekman depth H: D = mH, where constant
m is close to 2.

Overlapping the SBL and the Ekman part profiles and gradients of the wind velocity at
height z = 5 the resistance laws of the PBL can be obtained.

2.1.2  Generalization of a 2-layer background model: 3-layer model

The generalization is mainly related to the additional assumptions concerning the vertical
distribution of the eddy- viscosity coefficient K, and accounts for the development of the
IBL: with fetch. The 3-layer X model is introduced to describe the IBL evolution in the
Fkman part of the PBL.

On small scales, the height of the IBL § is lower than the height of a new SBL fi{z). In
this case the K-model is

ko { KG) = st (/1) iz < 2 < 8(a) < hla) o)
] Kz, z) = Kylz) if 8(z) 7

&3
/(\\

Mg

AN

where hg is the height of the background SBL. Hereafter subscript 0 denotes parameters of
the background PBL. The universal dimensionless profile funetion @, will be defined later.
On small scales the IBL depth is less than the SBL height. The relation for K in the IBL is
thus implies that wind and temperature profiles in the IBL can be described by the similarity
theory of Monin-Obuchov. The structure of the atmosphere above the IBL height has the
properties of the background PBL.

On mesoscales the height of the IBL exceeds the height of the SBL. The K-model is
therefore

Kiz,z) = ru2® (/1) if 25 < 2 < h(z)
Ko Kiz)= Kh,z) Wiz} < 2 < é(z) {6)

K{zz) = Kylz) = Ky if§(z) < 2.

The upper boundary of the lower layer is defined as the height of the SBL, which is

fully adjusted to the new surface. The structure of this layer (25 < 2z < A{x)) is formed

1(‘



by the local Huxes of momenium and heat. In the SBL the eddy- viscosity K follows from
the similarity theory of Monin- Obuchov, A depends on a height 2, and implicitly, via the
friction velocity #,, on 2 - the distance from a coastal line,

The second layer is bounded by the SBL height A{z) from below and the height of the
IBL 8{x) from above. The structure of this layver (h{e) < 2 < 6{x}} is formed by the local
fluxes of momentum and heat at the height of the SBL and by the advection. In this laver
K is constant over the height and equals its value at the height of the SBL f{z). K{(h, 2}
depends indirectly on 2 via the local momentum and heat Huxes dependence on z.

The third laver is bounded from above by the height of the equilibrium PBL {8{z) < 2z <
D). The eddy-viscosity K s defined by its equilibrivm value K. I the IBL penetrates the
height of the equilibvium PBL Dy, 1 evolves further in a non furbulent mediun,

A

.

The 3-layver K-model {5) - {6) is a key assumption of the PBL model and determines its
resulis,

Profiles of the wind speed and temperature follow from a solution of the balance equations
of momentum and heat.

2.2  Small scale evolution of the IBL

The small scale evolution of the 1BL, Le. on relatively small fetches, where the IBL growth
is confined to the SBL, forms the classical problem (Garratt, 1990). Two main questions to
be answered are: how do wind and temperature profiles adjust to a step change in surface
roughness and temperature, and how does the IBL grow. The key issue of this problem is
to obtain an equation of the IBL height growth.

We shall first analyze the growth of the nentral IBL (section 2.2.1}, then the growth of
the thermal IBL (section 2.2.2), and finely end up with a uniform description of the IBL
growth on a step change in surface roughness and temperature (section 2.2.3). Temperature
and wind velocity profiles in the IBL and resistance laws are given in section 2.2.4.

2.2.1 Neutral IBL: growth across an abrupt change in roughness

The coastal line is assumed to coincide with the y-axis, the x-axis is perpendicular to the
coasi Hne and colpcides with the wind direction.
The governing equations are:

o duw  Or

S

dr = 9z 8

Ju  Jw

dr  Jz

S
)
N

¥

where (u,w) are the horizontal and the vertical velocities, 7 is the turbulent stress normalized
on the density of the air,

The Karman-Polhausen method of integral constraint on the momentum balance of the
IBL {Schlichting, 1979} is used to solve the equations and obtain 7{z), u{z, z) and ¢{z). The

&
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integral method is based on the integration of eq. (7) {rom the surface to § and substituting
for w from eq. {8). That resulis in

(:) Al ) rd {}é’f@ s
T ,j 'g.i{'{',i{}‘ e 'fé}df; e j ?)f{i” EE S e, § /}
du Jo Jg Frs

4%
oy
o

where w; and 75 are velocity and stress at height z = &, 7, = 42 is the surface siress.
According to the similarity theory the vertical iz%«fza%ms‘w of velocity is given by

ﬁI. 2 PN ETEY
u(z) “ (=) + f(3), (10)
oy # jor &

{(E?}a@,? &m} set f == {), };Em Eam@;i mf the E?%L gﬁmwiia is %}mrz €}§,1s‘{.&§i’}%%{§ fmm
of i, i o
S P <z$&(*9, (11)
’ s
where 4, = {1, + %,0)/2 is the mean friction velocity. If variations of i, are not large, we
can substitute @, o u, in eq. (11) and solve it for the height of the IBL
. 2K° . o
o i X (12)
In{d/zq) ‘

Equation (12) agrees well with observations on small fetches, e.g. for laboratory conditions
{Bradley, 1968; Garratt, 1990).
Multiplying eq. {11} by 4 we can rewrite it in a form

952

'zag—g; = 4 K5, {13)
where
K = xu,b {14)

is the eddy-viscosity coeflicient at height 4.

2.2.2 Thermal IBL: growth across an abrupt change in surface temperature

The thermal TBL or TIBL is formed on a step change in surface temperature,
To calculate its growth we shall use the equation of heat conservation
bl . Ol
dx "

the Kaz ma- ?’ui%mnwn zzz??}md (}§ 5332{‘”&23 mm%‘mar} on i}w %w ,«‘;Emaw vqnaiwn ( u;‘

& & o o8 5
21 N 7? 12 ;3 ot § S 'Q‘ .. _"
I /’i u(ls — #)d j{} L7 o T ffs o {fes {16)

.
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where 55@ and ¢y i temperature and the heat Hux at height & the upper TIBL houndary,

and ¢, = —&,u, is the surface heat flux. Using logarithmic wind and temperature profiles
;s 1 i Y T N R A
o)/, = — §En§ ~~~~~~~ I O éﬁ}j . (17}
# L s

where 8, is the surface temperature, we can rewrite {16)

df = — §em

IS a% i

{ mz}s} O } — {19}

%

In equation {19} df and & are the mean wind speed and the mean temperature difference in
the TIBL

a6 E ‘5 £ {} * g ’5 ¢ A 4 "? § Y
A - f (85 — Hyde o — h w}f (WolS /L) — Wo(2/L %%z.f.::g * (20)
{‘} 13‘3 » 2y Eﬂ @4, iy ‘ S } J

1 g4 o
T ’fl uds o g (21

g . 13

Equations (20) and {21} are valid with an aceuracy of O{8,/s{f; — 8,)) and Ofw./rus),
ively.

respec

Universal dimensionless gradient and profile functions. The dimensionless profile
functions Wy, ¢ = [, f] are related to the dimensionless gradients &, by

Bi(z/L) =1~ agf;g:;i;;}i, (22)

The dimensional gradients are defined by

7 o,

B (z/L), (23)

O ¥

A " Py(z/L) (24)

dz wz

and are related to the eddy-viscosity K by

. ks e
[(; 2 e REY

D z/L)
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The dimensionless gradients are determined empirically from the Aux-profile relations (23},
(24). Widely accepted functional relations are (Dyer, 1974; Yaglom, 1977):

Bu(z/L)=(1-Ci5) , z/L<0, (26)

B (/1) =1+ (}» /L > 0. (27)

<

We use U} = 16 and C) = 5. For temperature the gradient relations are

The profile dimensionless functions are then

. & TR S N
5t In —5 2 ban”t X 5 % L <0, {30}

Wolz/L) = ~Co¢, /L >0, (31}

w 1+ X2 .
%@@{zgz;}mmw%;m? z/L <0, (32)

L
e

Y2/ L) == {4? z/L >0, (33)

where X = (1 ~ C,2/L}V4

Growth of the TIBL in the near-neutral atmosphere. In this case conditions || <«
gs| and 003 /9z = (0050/02)(86/0x) ~ 0 are realised and eq. (19) reduces to

AT

a9 K, |
21 (80  ug

PN =, (5/13"
dx Ug i o (0/L)

where ' denotes the derivative with respect to 2/1 at the level 2z = 8. To derive eq. {34} we
approximate Wo(d/L) — Wo(z/L) = 0" - (z — §}/L.
The eddy-viscosity at height & is

&
Ka() = e
A ) @f”{g {0 f z{«} J
and eq. (34) becomes

L N vy g
TP AR Y ¢103) (36)

LY
:

This equation has the same form as of Jensen et al. {1084), derived for the stratified at-
mosphere. In Van Wijk et al. {1990) the equation {36) was used with the proportionality

9



coeflicient equal to 4, in order (o obtain a better agreement with data. They used the eddy-
viscosity coeflicient for momentum. Notice, that for stable stratification vfa.g; = J{ (because

$o == B, while for unstable stratification Ay 58 K. The proportionality coeflicient can be

x4 7

regarded here as a tuning parameter to bring results in conformity with data. The equation
{36} will be used Iatter also with the coeflicient equal 1o 4.

Growth of the convective TIBL in the stably stratified atmosphere. 1 i well
known {Tennekes, 19730 Venkatram, 1977, Garratt, 1991 that when the convective 1BL
(’Ef‘%f(‘%ng;x in the weakly surbulent, v«:i.sz?ei}g siratified 2,2.@,:?E‘;i;}&gﬁ'liii%’{i@, the inversion temperature
jump is formed at its upper i:zm.é?sfim'jyz The temperature jump across the inversion can be

parameterized in the {ollowing way:

M}xﬁ G ﬁ?sg} {3 \; {9{{‘;} = f":?j}(g?
where ¢ is a constant and 7y s the lapse vate in the background {undisturbed) atmosphere.
The heat fux from the background atmosphere to the IBL due to the entrainment of the
warmer aiv into the IBL &

(38)

H

sﬁ{? ~ 4, i,,i sing {:?zi:v'; E’s;z.é'ii. z‘zz‘;&i ey ;u&%} %,éue 2%:22’3,%; %;}%M;ité‘f equation {19} can be written in the
form

o e i .
i </ >m;i~w - <§WSMA$ ﬁﬁi"{”> = . {39}

oz Ha Foy

With (37) equation (39) reduces to

.
T (40}

which describes the growth of the IBL. Equation (40) gives the entrainment heat flux (38}
in the form

& PP
54}5 e wg«w«;w«:};m{% . i"-i i}

Equation (41} corresponds to one of the convective IBL model of Tennekes (1873). The
constant ¢ varies in the range of 0.15 + 0.25 according to experimental data and resulis of
numerical modelling .

At the beginning stage of the IBL growth ¢ ~ Uil — ) (wheve (6, 84) 1s an abrupt
change of surface temperature) and equation {40) can be rewritten

1A % i ’}
N O - Hal T s e
§ B3] :% iy '_,gv §§/,Z)}




Equation {42) describes the square root dependence of the IBL height on feteh X and is
in agreement with data (see Raynor et al., 1975; Garratt, 1991) and results of Venkatram
(1977) model.

Equation {40} becomes invalid when v ~+ 0. In this case the growth of the TRL is
determined by equation {36} with the proportionality coefficient equals 4. We can merge
{36) and (40) and obtain a relation which is valid for both cases

> P |
J -5 2 v Kpld} ;
i? ..... o Kaia 1 4 RAMNLANES N i 1”,9
i W{j - g Sy old} { ¢ ” . { }\3

where ¢ = .25 i iaken,

2.2.3 Transformation of the IBL across an abrupt change in roughness and
temperature

In the coastal zone the IBL develops both due to abrupt changes in roughness (the sea is
always smoother than the land) and due to abrupt changes in temperature {the sea is often
warmer or cooler than the land). The stratification of the background atmosphere can be
arbitrary and influence the IBL growth over the sea. To simulate the wind transformaiion
in real conditions it is desirable to have a uniform description of the IBL growth. We shall
introduce the generalized "interpolation’ equation for the growth of the ITBL height. The
generalized equation has to describe uniformly all possible regimes of the IBL development,
and has to have the right asymptotic solutions in the special cases. Results have to be in
agreement with data. The following generalized equation is suggested

i«

a%az = 4K (4), (44)

where the eddy-viscosity coefficient at the height of the IBL 4§ is defined as

# zz*&

K{d) = 45
and the growth rate parameter o is
k17 .
o = {i + max (2=, (i}l . {46)
s

We shall illustrate the partial solutions of (44):

e When the background atmosphere is neutral {7y = 0}, the growth parameter ¢ = 1,
and the equation {44) describes the growth of the IBL across an abrupt change in
roughness {eq. (13}} and temperature {eq. (36)).

» When convective IBL develops in stably stratified atmosphere the ratio K/ [ 1
and o o~ s/ ”é;’x {’Ei(s g}i;{;p Yo o gy ] f»g i“{ﬂ e {3{} f{} } _;:giig&gy}g {%:§ ; revhiices now
to eq. (40).




e When the stratification of the IBL is close to the stratification of the backe "(.}E.i?%ié
owth parameter o = 1, because v and g, have the opposite siy

é’smz}«;sisém the ¢ ;
Fouation {44} describes the growth of the stratified IBL across an abrupt change in
E‘{"}ﬁg%}??a‘{%&% I generalizes equation (36), describing the IBL growth in the peutral
atmosphere, in a sense that the dependence of the eddy-viscosity coelflicient on the
stratification is accounted for

2.2.4  Profiles and resistance laws

We assume that the IBL s in a loeal equilibrium and s structure is defined by the local
fHuxes of momentum and heat:

e 2 v N ¢
wlz) m o e} - /DN 47y
KoLz ] o

The diabatic profiles of the wind speed and temperature are well established over the sea
and land. The description of the IBL is fulfilled when the resistance laws for momentum
and temperature are derived. For that the upper boundary condition af height & has o be
defined. We assume that the wind speed is continuous across the upper boundary of the IBL

u(d) = u’(8). (49)

Numerical experiments of Venkatram (1977) have shown that for the conveciive IBL the
wind speed jump could be formed but it is small,

On the contrary, the temperature jump is formed across the inversion at the upper
boundary of the convective IBL at © == §, and has to be taken into account. In other cases
this temperature jump can be neglected. To satisly all possible cases the upper boundary
condition for temperature reads

From (47} - (48} the resistance laws are

Uy = { ~-*;;;'}2";‘1,?_3;
and
= Oy (85 — 6,) (53)
where the exchange coeflicient {or momentum {the drag coeflicient) and heat {(the Stanton
number} are

¢ . K - (54)
In(£) - W, (6/L), /
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#

(In(Z) — Wy(5/L),

A closed set of equations (44), {47)- (55) describes the spatial {in the » direction which is
perpendicular to a coastal Emvi evolution of the IBL growth and defines the spatial distribu-
tion of momentom and heat fluxes. Wind and temperature profiles are defined by the local
value of the friction velocity w,(z) and the temperature scale #,{z).

The IBL develops inside the SBL if the condition

is satisfied. The characteristic fetch when the IBL develops tnside the SBL can be estimated
from {44} and (56):

26,6

et
&
{l
_&.5
o
e}
N

where the peostrophic wind speed & is taken as a chavacteristic seale for the wind E’{’g‘"}?.’.iiﬂf
For G = 1W0m/s and [ = 107% 1 it results in X, = 1km. The seale X, defines the distance
where the S5BL is éuﬁi;« adjusted to the new surface.

When X > X, the IBL develops in the Ekman part of the PBL.

2.3 Mesoscale evolution of the IBL

A regime, when the IBL penetrates the height of the SBL and develops in the Ekman part
of the PBL, is called the mesoscale evolution of the TBL. The vertical structure of the eddy-
viscosity coefficient K is described by the 3-layer K-model, equations (6).

The PBL equations are listed in section 2.8.1. Assuming self- similarity in profiles of
temperature and wind velocity in the Ekman part of the IBL, we obtain an approximate
solution of the PBL equations (section 2.3.2). Some asymptotic regimes of the [BL evolution
are discassed in section 2.3.3. We finally obtain the generalized equation of the IBL growth
in section 2.3.4.

2.3.1 Equations

The eddy-viscosity coeflicient for momentum and heat is constant with height in the Ekman
part of the IBL. Equations for the conservation of heat and momentum in this case can be
written in the form

90 o

g P e

au e

'}f B g’j {f DI e e :}a, }w} e )z&k . g\?}{\ﬁ}
i ;} 022 ’
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averaged over the depth of the TRL, U = u 44w
dy. pis the air density, P is the pressure. The

where @ 15 the z-component of wind velocity
is the complex wind velocity, & = J/0x -+
hvdrostatic equation and the eguation of state are

where 7' ig temperature in Kelvin seale.
The relation between the pressure gradient at height o and the pressure gradient at the
) Do) 5:‘3
upper boundary of the IBL 8{x) follows hrom (60) and (61}

1o Tizv i Ly o8 »
AV PR S\ AP (ITAN = : (67
P { T() 7 &)+ pgire; 7 fi e {62}

where T 15 the mean temperature in a layer from 2 to &, The geostrophic wind velocity is
defined by

1 . A -
~ AP+ gﬁ’n}j . 63
p O]t ks

Hereafter ¢ = (7, + 5, is the complex geostrophic wind speed which is spatially homoge-
neous. The vertical heat Hux ¢ is defined as

. 0

g = —Kpm, (64)
dz ’
and with (58) equation (59) can be rewritten in the form
av o
R i T AL € = {(65)
du '

The second term on the r.hus of equation {65} describes the baroclinicity effect on the wind
field. As it follows from {65) the baroclinicity term increases towards the surface and reaches
its maximum at the height of the SBL {z = A}, The baroclinicity term causes a thermal
wind. In this case the thermal wind 5 induced by the pressure component resulting from
the 1L evolution on an ;«s..i’;z'szz:}i change in temperature across the coastal line. The seale of
the thermal wind Uy

g s

Up = =, 6563
T T (66)

In eq. (06) g, is the surface heat flux. {As in the SBL the heat flux is constant with height
its surface value equals the heat Hux at the lower boundary of the Ekman part of the IBL
gihy.y The baroctinicity effect is most pronounced for the wind blowing along the coastal
line ¢ — /2, as @ f E cas . For the temperature difference of 107 and the heat exchange
coefficient Cy == 107 the thermal wind speed {7y = 3 m/s {or a wind blowing perpendicular
to the coastal line and increases to 6 m/s if the wind direction changes to ¢, = 607

14



2.3.2 Wind and temperature profiles in the IBL

Vertical profiles of wind speed and temperature are assumed to be selfsimilar in the IBL,

developing in the Ekman part of the PBL. Profiles for temperature 8(2) and wind speed
I{z} are written in the f@m

N
e
w~d

Ulz,2) = G + F,(€), (68)

¢

where Fp(&) and F,(£) are the sumilarity functions and

)

z - h
£ oo 89
) (69)

is the dimensionless vertical coordinate. Wind and temperature profiles explicitly depend
on fetch, as the height of the IBL ¢ = §(z) depends on .

Substituting {67}, (68} into (58), (59} following equations for temperature and wind
profiles in £-coordinate are obtained

g 5. o
)zwz;“};‘f){{} M‘? z{h‘w j& ‘}:;} — ‘g {\’f{}}
g o Fol&) — Fu{1) s
e Q2066 = F,, — 2id? Fo == =27 AT A ) 71
fff; &)+ mf ff it Uy { 0 (71)

where parameters o and J are
i .
f e e { § — B}? 7
“T IR (72)

and

B = 2y{§ — B — W ffifixﬁ {73}

K du

The o parameter defines the growth rate of the IBL, while the 3 parameter defines the
impact of the temperature gradient in the %m:kgmamd atmosphere and of the temperature
Jjump across the inversion on the structure of the IBL. The dimensionless height d is

d = (74)

154

Deriving (71) we have neglected the vertical velocity gradient in the background atmosphere
{at heights 2 > ¢, as it is small there,

‘The following boundary conditions are required. At the upper IBL boundary z = § {or
£ =1} due to (67) the temperature universal function is equal o zero:

Fu{l) = 0. (75)



Due to (68) the velocity universal function is

F AL =U() ~ G {76}
At the lower boundary of the Ekman part of the IBL, te. at z = h {€ = 0) momentum and

heat Huxes arve continuous and are equal Lo corres .sf,;mémw fluxes at the upper boundary of
§ & o
the SBL

0F) g .
eyl G iy, ()
{}% fr‘n
aF, 7 . -
et i (e Y, (78}
oF }
where 7, = u’ exp{ids) and ¢, is the angle between the surface stress vector and the z axis.

E{gﬁ;ﬁzt%m; {”’ﬁi is the classical equation of the heat conduction in a media with a constant
exchange coefficient. Iis first integral reads

OF G(8 B} e L et §5 s
e e LIS N T ;( e dE. (79
aof K Ju '

By integrating (79) with the boundary condition {75} the distribution of temperature can
be obtained for known parameters «v and 4.
The general solution of equation (71) is
Fr = Fuo -+ Fuas (80)

where F,4 is the solution (}f the homogeneous equation and F, is a partial solution of (71}
A partial solution of eq. {71) has the form

P R A 81)
- ), 1
«‘rﬂ-u T {{y e é{i }7’{{}} E ng\ E} {\8 }

The exact solution Fog of the homogeneous equation is not known, We shall search for an
approximate solution of Fyp in the form

¥

};{} wn z {m’?z;” {:82}
e}

Substituting (82) into (71} (with the r.hus. equals 0} the solution of the homogeneous equa-
tion is obiained

Fuol€) = e (1 +4d*E%) + o€ (1 — (o~ id")E?) + O a3 ) (83)
Py gl

The pariial solution (81) can be approximately rewritten in the form

Fos = Uy ol8) = Zll) (84
T+ id? ﬁﬁ}{ 0) 8%
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When the thermal wind plays a raz? {(d* ~ 1) eq. (81) and (84) are close to each other. At
early stages of the TBL growth d” <« 1 and equations diverge but baroclinicity effects at this
stage are negligible,
The exact solution {79) for the temperature gradient can be rewritien in the approximate
form similar to {82):
fif;fg g 2

P =% EE - A1~ ) b BE(L —

pe

f'f’”

Substituting (835) into (84) we obtain
Fue = Up—os [Fy(€) = Fy(1)], (86)

where Fg(£) is the universal function of the heat flux in the 1BL defined by

qe = 4 Fyl€) (87)

with
AK 1 2.
E = o s i (£ €3 (88

The sum of solutions (83) and (86) gives the general solution for the wind profile. Constants
¢y and ¢y are chosen to satisly the boundary conditions {76), (78):

a ‘q 1 . , o
eyl +wd™) +ep(1 — *;g{()e - !,éi‘y?:?) = /s — G, {8‘3}}

" {52 f}}r{ ) e

Co {.«'g«& Y == }%((5 — 1. {(90)
Solving (89}, {90} for ¢; and ¢ the solution for the wind profile is found
U—G=—-2A(p)— é# Full e dy - d 4 (U — {?}w “+ Uy (913
o 14 id? ‘
with
tr(e) = Ur—— | Fy) - Fy(1) - T e d}j (92)

where 7, = u, explig,) and F, is a universal function of the wind profile

(1-81 —id8) Ta-—id
1+ id? 31 b id?

Fu (& a,d) = (1-&+id€01~g). (93)
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As hefore the universal function 4 s

Alp) = =2 (94)

The heat flux defines the universal distribution of temperature in the IBL. We use

K08 -
§f e o (95)
(¢ — hjor !

| -,;,_.V

1o obtain the #(&) profile which satisfies the boundary condition (75}

, N ,
)= %%Wgﬁﬁg (96)

[

P

Equations {(91), (96) and (87) describe the IBL structure. To obtain the solution we still
peed to define the growth rate parameter « and thus an equation for the IBL height growth.
We also need to define heat and momentum Huxes at the lower boundary of the Ekman part
of the IBL (which equal the fluxes at the top of the 3BL) and thus o obtain the resistance
laws of the IBL.

2.3.3  Evolution of the IBL: asymptotic regimes

a) Evolution of the thermal IBL in the near-neutral atmosphere. The temperature
gradient above the IBL height is assumed to be zero, Le. v = 0. It s reasonable to assume
further, that in such conditions the IBL (both stably or unstably stratified) develops without
the temperature jump across its upper boundary £ = 1. In this case parameter § = 0. To
calculate the growth rate parameter ¢ we additionally assume that the heat flux (temperature
gradient) equals zero at £ = 1. From (87) it follows ¢ == 1 and the equation of the IBL height
growth takes the form

J

Gom? = 4K {083
. (98,

Universal functions of the heat flux and temperature are

. 1 1. u
Fo(€) = (1~ za) - g&§wf (100}

{we keep here a-parameter, though for this particular case o = 1),

1%



b} IBL and the background atmosphere have the same type of stratification.
We assume that the IBL develops without the temperature jump across its upper boundary
A = 0. The 3- parameter then equals

B = 2% (6 — h)ev. (101)
To calenlate the grz‘awi'h rate parameter ¢ we additionally assume that ﬁw temperature
gradient at £ = 1 is equal to s background value . The heat flux at € = 1 is then
g{1) = — K=y and the equation for « follows from (87), (88}
4Ky 4 Ko e
B{y wn‘éiw%«‘}wm}%w{i&u; == {1 (102}
3 g, s

The solution of this equation is

3 K, K 4 K Ko 12 -
o= D=y = g 22 2T (103)
8 4 as 3 4, s '

Parameter Ky /g, .f‘zz‘iw in the range —1 < Kvy/q, < 0 s0 that the solution of { EQ‘% %i% in
the range 3/4 < o < 1. We shall neglect this mrmiﬂéatx of ¢ and simply assurme o = 1. The
equation of the EREJ hz\.;g%zi growth takes the form (98} and universal functions fsf té’:;ﬁ heat
flux and temperature are

. , Koy [
g’;}{ff} Sl {},’(fz ....... ey 505{\% . :};{}‘g&}, f\}i{}a}:}
N 1, Kxy , 1 o
Fy(€) = (1= 50) — £+ z0€" — a ;Q 18— Ja(l- &) (105)

When vy — 0 {104}, (105) asymptotically converge to (99), 100

¢} Stably stratified IBL in unstable atmosphere. In this case it is also reasonable
to assume, that the IBL develops without the temperature §s3m;; across its upper boundary
¢ = 1. The temperature gradient above the IBL is equal to 0. The growth rate parameier
o then follows from (103). The temperature gradient in the b &g%{.gmﬁ;zzzé atmosphere is zero,
Le v K /gl = 0. ( iie&zm? ter we take the temperature gradient in the convective background
atmosphere equals 0.) When |y K /g, = 0 the solution of (103} is o = 1. The equation
of the IBL height growth takes the form (98) and universal functions of the heat flux and
temperature are equal to (104), (105).

d) Convective IBL in stably stratified atmosphere. It is well known (Garratt, 1991)

that when convective IBL develops in stably stratified atmosphere the inversion temper-
ature jump A# is formed at its lower boundary. This temperature jump is related to the
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entrainment of a weakly turbulent warmer air of stable background atmosphere into strongly
turbulent unstable IBL. The corresponding heat flux is

(106)

. Y 3 i % [
Ag = qldg) —qldse) =

where g{d.5} 2 {049} To model the evolution of the convective IBL it is important to
account corvectly for the heat flux ¢{d.o). Garsen {1973}, Tennekes (1873) take {d_¢) = c.qs,
where ¢, = 0.2, We estimate the growth rate parameter o from the condition that the heat
flux at its upper boundary s equal to the entrainment heat flux. From (87} and (106} at
¢ =1 follows equation for o

2 "o e
)] o e A g, (107;
37 dr -

Ly

where gy = g{d.o). With the temperature jump across the inversion in the form (37) the
pguation {107) takes the form

, R ) R T S L
o(1 =€) = ey (1= 2) 4 =2 L 20 g By g (108)
) 2 2 g, i 4 ogs s ‘ '

The ¢ parameter varies in the range 0 < ¢ < {15, When ¢ == 0 there is no temperature jump .
When ¢ == 1/2 the IBL growth takes place under intensive mixing but without heating from
beneath. The temperature gradient in the well mixed convective IBL is much smaller than
in the background atmosphere which means ¢,/{v &) <« 1. Two approximate solutions of
equation (108) are

1 AT N A o
o~ = ﬂ*,“@w((§y>f (109)

The physical meaning has only the first solution (109} which gives the entrainment heat flux
a8 £ . o
G5 — gy = m;‘;a'zz.?-m e { 1 g ) {111}

iy P 2¢

The equation (111}, when ¢ < q,, corresponds to the relation for the entrainment heat flux
of Tennekes (1973) model. To comply with his constant ¢, = 0.2 we have to set ¢ = (.15,
When ¢ is taken to be 0.25, relation (111} agrees with numerical model results of Ventkatram
(1977).
From {108} and {72} the equation of the convective 1BL height growth takes the form
) s y
2;-~ii§} @m (112
dx b—2¢ g '

i
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The equation (112) becomes invalid when v — 0. (Note, that this solution was obtained
under the condition q,/(7 /) < 1). When v = 0 the equation of the IBL growth has the

form (98). We merge equations (98) and (112) to obtain the generalized equation of the IBI,
growth

- {‘“} o o E o {z;? !’({ & IRy
T = 4K W (113
Jx 1wl /g, ‘

where we took € = 0.25. When wK/q, > 1 (113) converges to (98). When K /g, < 1
(113) converges to {112). For the growth of the convective IBL we shall further use the
equation (113) and define the growth rate parameter as

| 1'5};;{3; s
o= 2L (114)
T+ 2K /g, :
Universal functions of the heat flux and temperature are

}:{”’ T 1

Fy(€) =1~ af® - 2 ag?), (115)

o I N . 5. 1 . e
Fy€) = 1- ¢~ zo(l ~ & - o Lol —e) [(1-¢% ~ So(l - gg?;i (116)

When ¢,/{7K) < 1 {or oo < 1) and ¢p/q, < 1 (115), (116) are simplified to

Fy6) =1 Z¢, (117)

Lo b3,
Filg) =1~ €+3€

(118)
From (117) it follows, that the heat flux decreases linearly with height to a value of —1/2g,
and is equal to the entrainment heat flux. The mean temperature of the TBL 8(6) is smaller
than temperature of the background atmosphere on a value of 1/4v8. Note, that heating
of the IBL while it develops can lead to ¢, = 0. In this case the growth rate parameter
¥ a{{g‘};!{{

e) Neutral IBL: transformation across an abrupt change in roughness. In this
case the wind profile has the form {91) where Uy = 0. The universal function of the wind
stress F, is defined by

T(&) = 1.5, {€), (119)
. BR %d® | w—id ., 2 o
Foe O ¢ ¢ <% - i (5 - ¢ ;} . (120)

prpaE B e —
Of 1 dd? 1 4 2d?

5] }

et



When £ = 0, F,.{0} = 1 and the stress is continuous across the lower boundary of the IBL
{the upper boundary of the SBL}. At the upper boundary € = 1 of the IBL

’ 3 B Ty PR % \
Lty — —d?{d" & 2‘..4,’}.’}) . {121}
;O SI27

<, /A

To calculate the growth rate parameter ¢ we need as before an additional condition. We
assume that the vertical shear of the wind velocity is zero at the upper boundary of the IBL.
The equation to caleulate o then follows

1o v o =dX(d” + i) = 0. (122)

‘%ﬂ hen the IBL i fully devele = () it follows from {122) that 47,
L 015 we obltaln S LBH. This -»"‘-é,éz*ﬁ;z%s» agrees well ea§§§§ %Egz
mészsm%v of the height of the equilibrinm IBL 85, o= 0.2u, /1.

On early stages of the IBL ;gmwiz d* <« 1. ?fmm {122} s =~ 1 and the eguation of the
neutral IBL growth corresponds to (46), where K is taken at its neutral value. On a stage
clase to a fully developed 1BL d% % o and from {122)

[ .
TR ;_z{ﬂ {123}

The height of the IBL is bounded by the value d}/% = 3, so the equation (123} describes
the IBL growth towards the equilibrium state. From physical point of view the growth of
the IBL is limited by the balance of the TKE production due to the wind shear and its
dissipation. ’E’"?w concept of the TBL implies that there is no turbulence when ¢ > &y, OF
formally K = 0. We rewrite equation (123} in the form

124)

e

where D = ., 15 the height of the equilibrium PBL. This height can be expressed via the
PBL scale H as

T (195)

£ momH o= m —
7 A /

whers m o 39 4 g,

2.3.4 Evolution of the IBL: generalization

For the generalized description of the mesoscale evolution of the IBL we shall merge special
solutions, obtained in the previous subsection, into one equation. This is the so called "inter-
polation” approach. The generalized equation has to have the correct asymptotic solutions
when the dimensionless parameters of the equation approach their limits,




Growth of the IBL. The generalized equation of the mesoscale IBL height growth is
taken in the form

% o
0% = 4o K (h, {126}
du '

where K{(h} is the eddy-viscosity coefficient at the upper boundary of the SBL, and the
growth rate parameter ¢

g |
5 SR E o { e 4 o { F3 T
o {E’} { {ij}} Jz {\125}

1+ max{vKo/y,, 0)
1+ max{K /g, 0}

sy 22

The growth of the IBL according to {127) is limited by the height of the equilibrium PBL
when ¢ — D, This Hmit appears in the description of the neutral IBL growth. However the
growth of the thermal IBL should also be limited: when § — D the TKE production due
to the wind shear and buovancy is balanced by its dissipation. In (127}, {128} &, accounts
for the stratification of the background atmosphere. The relation for Xy (;;}H{%hgﬁ)ii{i@ to the
relation (46) obtained for the growth of the convective IBL in the SBL. It has the following
asymptotic regimes

e when v o 0 (the background atmosphere is unstable or near-neutral) then o, = 1.
The growth rate parameter corresponds to regimes described in a), ¢) and e);

e if stably stratified IBL develops in stable atmosphere then o, = 1. This corresponds
to the regime described in b);

if the convective IBL develops in stably stratified atmosphere then o, ~ ¢,/(7K)
whgc.’h correspond o the regime described in d).

Equation {126} describes the mesoscale evolution of the IBL. If we compare it with the
equation (44}, which describes the small scale growth of the IBL, we can notice, that {44;
will converge to (126) when § will exceed the equilibrium height of the SBL. Equation (126)
appears to describe uniformly the evolution of the IBL on both small scales and mesoscales,
unless the new PBL is fully adjusted to the new surface.

Wind and temperature profiles in the IBL. Generalized equations deseribing wind,
temperature and heat Hux profiles in the IBL have the form:
wind profile:

" - ) \ ?M:k o R o ded z} 52 ( \
UG = 240" - d- Ful) + Us - )= sy, (129)
R Y A PR L )



with

Upy(€) = = 20(1 - €g) — Fo£)] ; (130)
fiv,z-

temperature profile:
PR PN ¢ {}# PR 2
0(E) ~ 0(1) = —2dA(p) = Fy(£); (131)

5
heat profile:
q{&) = . F, (132)
The universal function F, is

T (1 g P Sy By PR + epeny
Fulg) = (1 - +ide (1~ ¢) (133)

{coefficient 0.75 is introduced here for a better agreement with observations in a case when
the IBL is fully developed o — ().
Universal functions for the heat flux and temperature ¥y and F), are

Folé) = 51 I Wf} fi — %g}i}{f Wf?é 33 {3%%}
4s 2
H . ¥ g‘a W i N i . . \%5 ot ey
Fg}{f} = {1 - £) — ;;{75{3 afg} . ce{l — €5} Eég o ) };(.’@:{\}. e iﬁé}é . {135}
& g S &

Fquations {131) and (135) have to be considered with the possible temperature jump across
the inversion at the top of the convective IBL

8(8) = 65(0) — esod, (136)

where €5 = max{0, 0.25signg,). The convective IBL in the process of its development can
become neutral or even stable. To allow for the smooth transition through the point where
g = 0 we define ¢ in the form

"1 og 1 oy e
£g = max | 4, TR (137
. T Gy '

In the convective IBL lg, /% K] < 1 and oy = v IK/q, (see eq. (128)). Parameter ¢p equals
then 0.25 and the temperature jump is well pmgsm,naxtmé. When the convective 1BL collapses
gs ~» 0, €g —» 0 and the temperature jump smoothly diminishes.

Note, that the universal profile funciions depend on the growth rate parameter o. In
| stages of the IBL evolution when e — 0 {or § — D) profile functions describe %w
structure of the equilibrivm PBL. The baroclinicity term (second ferm on the rhs. of (129)
which appears in the wind profile is directly proportional to o That s why the ther m&é w m{%
can exist only when the IBL develops. When a stage of development is close to equilibrium
the thermal wind disappears.




Resistance laws. The resistance laws are obtained by overlapping profiles of temperature
and wind velocity in the SBL and the Ekman part of the IBL at height z = } {or £ = UR
The velocity resistance law is

e §6f2

i [ k. 1 1 | .
o {z;-gg;m; xz;%g;;.gz,;} = - 3&{;3}% 1+ Fu(0) + (Us = Gy + Up(0),  (138)

where

s . 5}59 o . . . {U}I‘k o
A (0} == D LAY e FLU1Y o D03l ] o ) e “ (139
Ur(0) = Ur —— {f«g{z} F(1) = 201~ ) R0 ;} (139)

The temperature resistance law is

g+ !g; gj_il; e Wy(h/ L) J = 0(8) - 2040 ?};{i)} (140)

i A

Taken into account that h = ¢H the resistance laws (138) and (140) can be rewritten in
a ‘common’ form

o] Us . F . v §
1}* 1+ Yol - {1+ id®y 13 _) = Bip,d) + Flu, d), (141)

k{fs — 8, Hl, . .
R kS 7 A, In( ) Clp, d), (142)
t, D '
where 1 = xu./ fL is the stratification parameter, ¢, B are universal functions and ¥ is the
barcclinicity function:

Clpsd) = —2d A1) Fy(0) + Uplep/A) — Ei‘a'i}? {143)
M . (Ep)A) Y A,

Blu, d) = —2dA(1) Fo(0) + U, (e 10/ A) — §£§{%}? (144)

Flu,d) = w5k (0) ~ F,(1) — 201 0K (0) 145)
J—— otk Vs‘( 1 e uh iy ]
Ut ¢ m fﬁ IFENPA L R o) 2 0) G (145

Bquations (141) and (142) are solved for «, and 6, for the dimensionless IBL height d =
(6 —h)/H. When d = 0 the resistance laws of the IBL converge to the resistance laws of ééw
SBL {see eq.(52) }. When the height of the IRL approac hes the height of the equilibrium
PBL the growth rate parameter o — 0 and (141}, (142) corvespond to the resistance laws of
the equilibrium PBL.



2.4  Description of the model

The equations obtained in sections 2.2.3, 2.2.4 and 2.3.4 uniformly describe the PBL trans
formation caused by an abrupt change in surface temperasture or/and surface roughness
ades. The similarity approach {the

T
Fu g s

across g coastal line, on both small scales and meso
IBL structure depends on feteh bmplicitly) gives the possibility to solve effectively the model
equations. The local IBL structurve is caleulated for each of the dimensionless 1BL heights.
Then the solution for every 1BL height is related to the spatial coordinates. For that the

equation of the IBL growth rate is used.

2.4.1 External parameters of the model
The external parameters of the model which have to be defined are:
e geostrophic wind speed and its direction G;
¢ temperature of the air at any relatively high level {of order 1000m) 8,;
e land §;, and sea &, surface temperature;
¢ land roughness z.
The only tuning parameter of the model is ¢, taken to be 0.1, The height of the equilibrium

PBL D = mH is defined by the m-parameter which equals 1.5 (see section 2.3.3).

2.4.2  Structure of the background PBL

To initialize the model the structure of the upwind background {undisturbed) PBL is to be
determined. 1t depends on the external parameters.
# The background friction velocity wu.y, the surface wind speed direction ¢y and the
temperature scale 8, are determined from the resistance laws (141) and (142}, where
the growth rate parameter o = 0 and the dimensionless height d = m—¢ = (D~ h)/H.
s Heights of the PBL and the SBL are calculated from (125) and {4}

» Wind and temperature profiles in the SBL are obtained from equations (477 and {48},
and in the Ekman part of the PBL - from equations {129 and {131}, Again o = 0§ and
d=m-—¢&.

The description of the background atmosphere is hereby completed.

2.4.3 IBL structure
The IBL develops in the background atmosphere. The required inpui parameters are:

e an array of the dimensionless IBL depths § = §/H, (== § o K
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e the external parameters mentioned in section 2.4.1:
e the known parameters of the background atmosphere (section 2.4.2).
The IBL structure is caleulated as follows:

1. The local value of the friction velocity, the surface wind direction and the temperature
scale are obtained from i’i{ﬁ&'%(}ﬁ% (52) and (53), if § < e (small scale evolution), or
from equations (141) and (142}, if ¢ < & < m {mesoscale evolution). In the latier case
the growth rate gmmmzli{z v is defined by (127}, (128).

%

2. The local SBL height is caleulated from eq. {4} and (3) and the local IBL depth is
defined by ¢ and the PBL scale H: § = 817,
3. Wind and temperature profiles in the SBL follow from (47) and (48), and in the Ekman

part of the IBL - from (129) and (131). The growth rate parameter o is defined by
(127}, (128). In the case of the convective IBL the temperature inversion at the top of
the IBL has to be taken into account by relations {136} and {137).

After the local structure of the TBL is obtained for each of the dimensionless IRL depths
we need to map the solution on the spatial coordinates.

2.4.4 IBL as a function of fetch

To map the IBL solution on the z-coordinate we have to find the relation: = 2(4). That can
be done using equations (44) and (126) for the IBL growth rate. These equations determine
x as a function of the known parameters of the IBL:

. p D i 6 Alp ¢} L
i j pi= 2P s, (146)
{2, %0 3 (s !‘k{ff {}J\? }{
where p == min{d /¢, 1) and the universal 4 function is defined 1 by eq. (3), Here & = 2f /1G] s
,{ L K &4

the dimensionless z-coordinate which is g';sfsrg;in;sdéf*w%ar to the coastal %;zw The dimensionless
fetch (along the surface wind) is caleulated from X = #/ cos ¢,.

Alter the local IBL solutions are related to the spatial coordinates, the complete deserip-
tion of the PBL transformation in the coastal zone is achieved.

3 Model calculation: comparison with observations

In this section we shall verify the model. We shall perform some caleulations and compare
them with available observations. In section 3.1 the background PBL module is verified.
Modelled 1BL heights are compared with observations in section 3.2, Comparison of modelled
and observed surface wind speed and temperature distributions along feteh is presented in
section 3.3, For that we performed numerical simulations of two experiments: the NIBWAK
and the Oresund experiment.
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3.1 Background PBL
3.1.1  Tuning parameter

The model contains a single tuning parvameter =, Brown {1982) has estimated ¢ . As
our maodel differs in details from the original s.}i g?imm.g., 9823, we need 1o tune g0 For i:i;sfz%
we shall compare the asymptotic behaviour of the model PBL parameters (such as the PBL
height 10 and the angle between the surface and the geostrophic wind Ao = ¢, — ¢, ) with
well defined empirical relations presented e.g. in Zilitinkevich {1989, 1980b).

The empirical agymptotic dependence of the PBL height and A in terms of the universal
functions A{p) = Df/u, and sinAa = A{pju./xiG] as a function of the stratification
parameter g has the forme

o3, T
s it

for the PBL height and

. |45 if =90 v
RIS R . 48}
% f.is,‘}.g), { 2}*21{5“{ ’5‘2 ;} ::§> E {Eég}

for the wind angle.
The model estimation for A and A functions follows from (125}, (94), (2) and from {141},
{144). The following relations are obtained:

() = e,
4 ??1§f B {jSg} i,f'fé?n%%mi;’z;

and

ST Wp=10

Y TN
2.37 &f;ﬁ;;ﬁf", i

A ) = (150}

In relation {149}, the parameter m defines the PEL height via ??}9 scale H {m = DJ/H},

and as has been shown in section 2.3.3 it should be close o 3% 4 &, ?aszng ¢ we find
that a reasonable agreement between the model and the empirical asympiotic relations of

Zilitinkevich is reached i we take ¢ = 0.1 and m = 1.5, In this case the model asymptotic
for the A-function becomes

) .12, i =1 .
Ao dnd = e, , {1513
b (1) {i%%%y““? if o> 1 %

[
P

and for the A-funciion
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Figure 1: Geostrophic transfer coellicients of momentum €, and heat Cy {two upper plots),
the angle between the surface and geostrophic wind Ae and the dimensionless PBL height
D f/u, versus the stratification parameter g = xu,/{fL). Full lines - model results. Dashed
lines - semi-empirical relations of Zilitinkevich (1989a,1989b). Bars indicate the scatter in
pmpirical estimates.

3.1.2  Geostrophic transfer laws

Model results are presented in figure 1 for the geostrophic transfer coefficient of momentum
Cy = (1. /G)? and heat Cy = C1?0,/(8p ~ 6,), the dimensionless PBL height D f/U,, and
the angle between the geostrophic and the surface wind do = ¢, — ¢, as a function of
the stratification parameter p == xu,/(fL). Dashed lines are the semi-empirical relations
which were proposed by Zilitinkevich {19894, 1989b) for the neutral and the stably stratified
PBL and by Zilitinkevich (1970} for the unstable atmosphere. Bars in the two upper plots
indicate the range of the transfer coeflicients which correspond to the scatter in the measured
universal functions A, B, C (Zilitinkevich, 1988, 1980b). Model results are consistent with
empirical estimates, give the correct dependence of the PBL parameters on the stratification
parameter and are in agreement with semi-empirical relations of Zilitinkevich.

in the study of the wind transformation on an asbrupt change in surface roughness, it
s important to check the correct dependence of the PBL parameters on the dimensionless
surface roughness {Rosshy number). In figure 2 the square root of the geostrophic transfer
coefficient {fi*;/[? and the angle between the geostrophic and the surface wind are shown
versus the Rosshy number Ro = G/{fz). Bars indicate the scatier of data which are
taken from Zilitinkevich {19892}, The model results agree well with observations and show
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Figure 2: Geostrophic transfer coefficient of momentum CF? and the mgiv between the
surface and geostrophic wind A«a versus the Rossby number Ro == G/ {f2y). Full lines -
model resulis. Bars indicate the scatter in data (Zilitinkevich 1989a}.

a gualitatively correct dependence of the geostrophic transfer coefficient and the direction
of the surface wind on the Rosshy number.

3.2 IBL height
3.2.1  Small scale evolution

The small scale IBL evolution takes place on fetch scales of a few kilometres. We recal
the reader that the full adjustment of the PBL to a new surface takes place on a typica
seale of 100 km. So, the small scale evolution of the IBIL is the initial stage of the PBL
transformation. However, this is an important azag@ of the THBL growth as it happens in
the very vicinity of 2 coastal line. 1t is not surprising that this regime has been intensively
studied in the laboratory and in the field. The form of equation {44}, which describes the
small scale 1BL growth, has been chosen to agree the model results mt%& observations. In
this sense it is already validated against data. However we shall present a z“f';mmm@s; of
the model prediction of the IBL height A with field observations of Bergstrom et al. {1988},
which were done under well controlled conditions.

In figure 3, taken from {Bergstrom et al, 1988}, measured values of the IBL height
are shown versus the stratification parameter z/L. ° Ew data were obtained over land at a
distance of 1500m from a coastal line. The IBL was developing under 2 joint action of an
abrupt change in the surface roughness and temperature. Its height varies from 20m in a
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Figure 3 The measured heights {marks 'x7) of the 1BL over the land {1500 m from a coastal
line) versus stability parameter 2,y /0, The line is a hzm‘n‘ regression h = 61 — 1412, /L.

J 11/ 49 3 11/ 4
Compiled from E%m trom eof al. (1988}, Model results are for the three states of the

background atm gﬁmw {over the sea). Open f"ii’(*i@;«; - zn}ﬁ,zaﬁrz:ai? 2it/ Dgen = 0y triangles -
stable, 211/ Loee = 0.05; full civeles - stable, 2,/ Lgpq == 0.

stable atmosphere to T10m in an unstable atmosphere. The caleulated values of the 1BL
height resultiog from equation (44) are also plotted. The model curves are for the three states
of the background fz%:rm»;z%méz {onshore wind) characterized by the siratification parameter
211/ Ligeas where zy = 11nn They correspond to the neutral and a slightly stratified stable
atmosphere: the stratification parameter 2,/ L. over sea is 0, 0.05 a:;zi,i 0.1 respectively.
When land is relalive ;y’ u,;i;:.i {211/ 1 > 0, stable stratification over the land) all curves
converge and reproduce the messurements well. When land s relatively warm {(2/1; < G,
unstable stratification over the land) the model curves diverge. That is explained by the
fact that the growth of the convective TBL depends sensitively on the stratification of the
background atmosphere. The more s i}ﬁ{‘ is the bac %{,mzmd atmosphere, the less is the [BL
growth (height) over the fand. ??w wportant result is that the model explaing the large
scatter of data for unstable conditions over land. The azm(%iﬁi resulis of the small scale 1BL

growth are consistent with observations in a wide range of land-air temperature difference.




4.2.2 Moesoscale evolution

Convective TBL. A comprehensive review of experimental studies of convective 1BL
growth can be found e.g. in {Garratt, 1990}, The wind-tunpel study of Meroney ot al.
{1975} shows a square root dependence of the IBL height on fetch, Raynor et al.(1975, 1979)
used dimensional analysis and obtained a relation which approximales closely the mbwmmi
IBL heights: o

§ {;; 5’2_?{;3;:",5{ 5{35 N 555} ;’2}{ 1 ‘,3s { 1 53}

where 8, — 8, is the temperature difference hetween the land and the sea. The empirical

relation (153} is valid for fetches ranging from several km to about 50 km. In section 2.3.3

%,

we have (@E}mém‘*{? the relation {eq. {113}) for convective IBL growth. The approximate
solution of {113} for small fetches is (see eq. (42}

12, 2 e

6 =20 7 P 0~ 0, P X (154)

where we used ¢ = 0.25 and ¢, = CyG — ;). Equation (154) has the same form as
(183). The d}ﬁvwm e in the proportionality coefficient results from the fact that we use the
heat transfer coeflicient instead of the drag coefficient to obtain the relation. Note that our
relation agrees with the one of Venkatram (1977) obtained from the analysis of numerical
caleulations.

Stable thermal IBL. The field observation of stably stratified 1BL growth has received
increased attention in recent yvears. The growth of the stable thermal IBL was studied by
e.g., Mulhearn (1981}, Garratt (1987}, Garratt and Ryan {1983). It was found that the IBL
growth on fetches up to hundreds of km is relatively small {the IBL depth does not exceed
the height of about 100m), and the IBL height obeys a square root dependence on A
Mulhearn (1981) has x’iﬂ&g}'é@%j measurements of temperature and the wind speed made

in the offshore flow over the Massachusetts Bay. Using the dimensional analysis he suggested
a relation which approximates well the observations:

- . i e LS e IR ; o

§ = 0.013ulgAg/6)y 2 X2, {155}

where A# is the temperature difference between the sea surface and the upstream flow. The
same relation is obtained by Garratt (1987) who parameterized the results of numerical
calculations.

In order to compare the model predictions of the IBL depth {equation (126}} with the
empirical relation (155} we shall take into account the main features of the stably %Miifh‘d
IBL. Assuming that the IBL stratification is rather strong we prescribe that R /g
The IBL eddy-viscosity coefficient approximately equals

{156)

(157}
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where constant C is: C = [4C%/(5C, )72 The model relation has the same form as %%w
empirical one. For the stable IBL the transfer coefficients 5 and Cy are of about 107
which gives O ~ 0.02. That is in & good agreement with the empirical value 0.015 of
equation (155}, We conclude that the model results are consistent with fi @Ezzi observations of
the stably stratified 1BL height.

?%{s%%gze ing this section we emphasize that equation {(126) reasonably reproduces the known
empirical data of the IBL growth for the arbitvary stratification and eméa scales.

X

3.3 Spatial variations of the surface wind and temperature: com-
parison with observations
3.3.1 The NIBWAK experiment

The experiment was performed in the period from July 28 to August 28, 1984 at the Na-
sudden peninsula on the island of Gotland in the Baltie Sea. The aim of the NIBWAK
experiment was to study the IBL growth and the wind speed modification for air flow blow-
ing from the sen i "?g"{; the land. Hesults of é’%z‘%»% (*“’(g‘;“i‘ié’i'ﬁ{*fii are published in Bergstrom et al.
(1988). In section 3.2.1 we used the results of the NIBWAK experirent for the IBL height
to verily the model. A good agreement of mm%sfé results with measurementis was found. In
this section we shall try to reproduce modifications of the wind profile resulting from the
transformation of the IBL along the feich over land.

Measurements of the wind speed were made at levels 2 = 3,5, 10, 25m on several stations
he fetch (into the land). Data which are presented in figures 4, 5 and 9 of Bergstrom
11L.{1988) are compiled here in figure 4 for unstable and in figure 5 for stable stratification
above land. The observations show that in both cases the wind speed significantly drops
as the air How crosses the coastal line. This is due to the effect of the land roughness,
which is larger than the roughness of the sea. The wodel results are performed for a neutral
background atmosphere and a sea-land temperature difference of 2.5° for the night time and
- 107 for the day time. The model results are in reasonable agreement with the observations.
They reproduce quantitatively the decrease of wind speed over land. Note, that in an
unstable atmosphere the wind speed drops due to the effect of roughness and further increases
with fetch due to the influence of unstable stratification.

3.3.2 The ORESUND experiment

The experiment was performed in May - June 1984 (o study the wind and temperature fields
and the atmospheric dispersion over a region with cold water and warm land. Resulis of
the ORESUND experiment are reported in Gryning (1985), Doran and Gryning (1987), and
Gryning and Joffre (19871 The east winds were blowing from Sweden over ih&f Oresund
strait into the main land of Denmark in the area close to Copenhagen. Measuremenis of
wind speed and temperature were made at several stations over land and the strait.
Measurements of wind speed and air temperature at 10m height and of wind speed at
100m height along the line: the Swedish coast {the surface land temperature 6, = 27°C,
roughness 2 == 0L05) - the strait (the water temperature 8, = 12°C,)) - the Danish coast
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Figure 6: Measurements (open circles o’} and model results (full and dashed lines) for the
ORESUND experiment. Upper left plot: solid line - the height of the IBI, dashed line - the
height of the SBL. Upper right: temperature at 10 m height. Low left: wind speed at 10 m
height. Low right - wind speed at 100m height. Dotted line indicates the Dresund strait.

(O, = 27°C, zy = 0.8) are shown in figure 6. The background PBL over the Sweden coast
correspond to a fetch O-Tkm. The strait is shown by the dotted line. The characteristic
features of the data reflect the interplay of two mechanisms. The warm air runs into cold
water and decelerates due to the stably stratified conditions over the water. On the other
hand it has a tendency to accelerate due to the effect of roughness: the water surface is
much smoother than the land surface. From the data it is clear that the former mechanism
is dominant - the wind speed reduces sharply when the air flow runs onto the water surface.
When the air flow runs from cold water onto warm and very rough land the roughness
effect dominates. The large roughuess decelerates further the air flow, while the unstable
conditions over the land tend to accelerate the flow. The decrease of the wind speed over
the land is very marginal, which means that both mechanisms almost counteract each other.

Unlike the surface wind, the wind at 100m height does not show any deceleration of
the flow over the strait which means that the disturbances in the PBL induced by the
water surface are located below this height. However, the wind decelerates over the coast
of Denmark because the disturbances in the PBL, caused by interaction of the air flow
with the rough land, attain the 100m level. The medel results for air temperature are in
a good agreement with the data. The model wind speeds at 10m height quantitatively
reproduce the observations. The model results of the wind speed reduction are consistent
with observations even at a distance of about 70 k. The model also reproduces the decrease
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caleulations,

in the wind speed at 100m height over the Danish coast, though it is not so pronounced as
the measured one. The distribution of the IBL height (upper left plot) clearly shows that
this decrease occurs as the IBL height exceeds the level of 100m. Tt also explains why the
wind speed remaios undisturbed over the strait at 100m height: the height of the 1BL, where
disturbances induced by the water surface are conlined, is less than 100m.

To clarify the effect of stratification on the evolution of the IBL we perform a model
experiment, where only the effect in roughness changes on the growth of the IBL is accounted
for in the model. A neutral atmosphere is thus assumed over sea and land. Results are shown
in figure (7). The temperature distribution is now uniform along the fetch, As is expected,
the wind speed at 10 m height accelerates on a smooth water surface and then drops meeting
a rough land surface. So, the drop of the wind velocity over the water observed in the Oresund
experiment is due to a strong effect of the stratification and can not be reproduced by changes
in roughness only. The depth of the 1Bl increases faster in the neutral atmosphere (upper
left plot) and penetrates the 100m height over the strait. That results in an increase of the
100m wind speed over the strait, which is absent in the original simulation of the experiment.
From this model experiment it is clear that models which describe the growih of the IBL on
changes in roughness only, will fall to reproduce the observed structure of the IBL when the
change in temperature across a coastal line is large enough,

In figure (B) the ratio between the wind speed over the water and the upwind wind over
the land Usg/UT,, and the ratio between the temperature difference "air over water -water”

and the temperature difference "upwind air over the land - water” (85 — 8,)/{8) — ;) as
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Figure 8: Distribution of the air temperature ratio (65 — 8,) /(6% — 8,) (left) and the wind
speed ratio U;o/UY, over the strait. Land temperature #9, = 27°C, water temperature
f, = 11°C. Open circles "o" are observations, lines are model results.

a function of fetch across the strait is shown. Data are compiled from Gryning and Joffre
(1087}, their figures 1 and 2 for the unstable conditions. These conditions occurred in the
day time period when the air flow from a warm landmass runs onto cold water. The observed
temperature ratio decreases over the water. The wind speed ratio also decreases with fetch.
On the initial stage the observed acceleration of the wind speed (the ratio exceeds 1) is
not reproduced by the model. However the difference in ohservations and model resulis is
rather small and is comparable to the scatter in measurements. The temperature ratio is
well reproduced by the model.

3.3.3 Influence of the IBL baroclinicity on the surface wind

As was mentioned before, the pressure gradient in the IBL related to the temperature dif-
ference between land and sea surface can strongly influence the near surface wind., The
known phenomenon of the near surface wind jet in the coastal zone, when the wind speed
increases up to 10m/s, results from the baroclinicity effect in the 1BL evolution. Such jets
were observed e.g., in experiments Zemba and Friehe (1987), and Jury {1993).

The Agulhas Current experiment. Results were obtained over the veean temperature

front (Jury, 1983). However, they are of interest in the study of the coastal zone too; the
roughness change across the coastal line could only increase the reported effects. In figure
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Figure 9: Cross-section structure of (top) cross-front wind component and (bottom) along-
front wind component. SSTs are listed for veference. Contour interval is T /s. With south
to the left, the cross-front component is to the leff and the along-cross component is out of

the page. Compiled from Jury (1993}

9, taken from Jury (1993), the cross-section structure of cross-front and aloug-front wind
components are presented. Observations were obtained in an atreralt experiment over the

Aguthas Current temperature front, where the temperature difference across the front was up

Lo 77, Madel caleulations for the same conditions are shown in figure 10, The sea temperatire
difference over the front is 72, the geostrophic wind speed is 8 m/s, the upstream air flow
stratification is nentral. The model qualitatively reproduces the observations. The wind jet
is generated just behind the front line and is located at the same height as the observed one.
The increase of the wind speed in the jeb is comparable with the observed one

This section Hlustrates the fact that the baroclinicity effect in the IBL can strongly
influence the near surface wind field. We have shown that our simplified model of the IBL
evolution is able to reproduce such a complicated phenomenon as a wind jet resulting from
a large temperature gradient across a surface discontinuity,

4 Model application

The developed model of the IBL growth will be applied here for interpretation of a radar
image of a coastal zone of the Black Sea, section 4.1. In section 4.2 we shall discuss a
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problem of dynamical coupling of wind waves with the atmosphere. A model of the 5BL 1
presence of waves is introduced in section 4.2.1. Imipact of wind transformation on the sea
roughness parameter and wave growth is discussed in section 4.2.2. In section 4.3 we present
caleulations of wind transformation and wave growth for atmospheric and ocean conditions
typical for the Duteh coastal zone of the North Sea.

4.1 Interpretation of a radar image

Radar observation of the sea surface is considered 1o be a powerful tool to study the marine
boundary layer phenomena in the coastal zone. In figure 11 3 radar image of the western
part of the Black Ses is shown. The tmage is obtained from radar measurements from the
Ukrainian satellite "SICH-17 (X-band, V ‘zf’~§;s;.}i&z’izz}.i;ﬁg,}z}} on January 13th, 1995, For a X-
band radar the backscatter signal is proportional to the surface wind stress. Thevefore, the
bright ares in the image {figure 11) can be interpreted as an area of large wind siresses, and
the dark area {weak backscattering) is related to small wind stresses. Thus, the 2.1 spatial
variations in a radar signal describe the variability of the near surface wind. One can notice
a strong variability of the wind stress along the Ukrainian coast of the Black Sea {(upper
left corner of the image). In that period of the year a north-easterly wind was blowing from
cold land inte warmer sea. We shall analyee the wind field distribution along sections A
and 13, shown in figure 11, which is quite different. Along the A-section a strong increase of
the surface stress is observed near the shorve. Further on, the stress rapidly decreases with
a distance from the shore. The upwind land here is very flat {Ukrainian steppe) and thus
relatively smooth {2 ~ 0.05m). Along section I3 the distribution of the surface stress is
quite opposite: the stress first drops and then increases with a distance from the shore. The
upwind land here is the Crimea mountains characterized by a large roughness (g ~ Im).
in figures 12 and 13 the model calculations of the surface stress along sections A and
B are shown. Meteorological conditions were specified according to observations. In case
A stably stratified air flow (the vertical temperature gradient is 1072K°/m) runs from cold
and flag land (8, = 0°C, 2 = .05 m) onto relatively warm sea (6, = Z}“{_Z’}., Near the shore
{at distances from the coast line up to 50km) the stress vapidly increases. This is due to
unstable stratification over the sea at the initial stage of 1BL evolution. Running further over
the warm sea, the air flow is warmed up and the IBL stratification changes from unstable to
neutral. As the geostrophic wind is constant, this results in a decrease of the wind stresses.
In case B stably stratified alr flow {the vertical gradient is 0.5 107K /m) runs from a
very rough o == D, and warm & = B°C land onto the sea 8, = 5

= 57C7, Dhue to a very rough
fand the surface wind s weak and the stress over the water near the shore s small as well,
The surface stress increases as the IBL height attains the level where the wind speed is no
more affected by the land roughness. In both cases, at a fetch of about 300 km %,-Ew transfer
coefficient €, == ¢* /(7 attains its equilibrium value of ~ 0.6 107%, which is defined by the
sea, roughness and the geostrophic wind speed.

In this section we have shown that the model is capable to explain (at least) qualitatively
the characteristic distribution of surface stress in the coastal zone as obtained from a radar
image. This is a promuising rvesult as 1t shows the possibility of radar image interpretation
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Figure 11: Radar (X-band, VV-polarization) image of the Black Sea obtained by the
1096, Time: 1326 GMT. Line A and B indicate

Ukvainian STCH-1 satellite on Jannary 13th,
sections along which the model simulation of the IBL growth is performed.
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with further application to the sea surface monitori ng.

4.2 Dynamical coupling of waves with the atmosphere

The surface transfer processes of momentum, sensible heat and moisture are strongly affected
by the movement and distortion of the ocean surface by the wind -wind waves-, because
wave motions enhance transfor rates even when the surface is fairly smooth and ¢ onbinuous,
and further enhance them v%wg t breaks. The bulk parameterization of the surface boun dary
layer relates the fluxes to the local wind speed (and atmospheric stabilit by parameters). I
the functional relation oE i%zié sea surface roughness z5 on the wind speed (friction veloc ity}
is known, the surface boundary layer problem can be explicitly solved to obtain the fluxes.
E%mmghz;&zi this paper we have used the famous Charnock relation {Charnock,1955)

3 \
= 00154 (158)

g
for the description of the sea surface roughness. To account for light winds, relation (158} is
extended to

@
''''' = 0.0152 + 0.1 (159)
g w,
where v is the kinematic viscosity of the air,

Since waves grow, evolve and decay on their own dynamical time/length scales, the
fluxes in general cannot be described by the local wind speed alone. In coastal regions,
across atrospheric synoptic frontal zones, and in mixed wind wave-swell seas, the sea state
varies rapidly in space and time. Here one may expect the momentum flux to depend both
on the wind speed and the sea state. Therefore a theory that takes into account the sea
state to caleulate the momentum flux is required.

4.2.1 Model of the neutral SBL in presence of waves

Such a theory was introduced by Janssen (1989) and later by Chalikov and Makin {1991}
The state of the sea which can be characterized by the wave spectrum Sk, 9} is z‘i;{.i.?;

X[
taken into account in this theory to describe the exchange of momentum at the sea surface,

The approach is based on the conservation of momentum in the marine atmospheric
surface boundary layer, which implies that the total stress is independent of height, so that
the momentum flux at a given height is equal to the momentum fux at the sea surface. By
definition this total momentum flux equals the square of the friction velocit by 2y

L = Const. = u” (160)
P

The total stress v is supported by both turbulent motions of the air 7 and | by the organised
wave-induced motions due to the presence of waves 7%

=7 (z) () (161)

7
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The turbulent flux is parameterized in terms of mixing-length theory:

§
7t Lty a’{ff
S (] i {162;
;,;ﬁ de dz

The momentum flux from the atmosphere to waves can be estimated according to
?:}
------ = [ j/ W28 cos Okdkd, (163)
;}Q i} e

where the wave number £ satisfies the dispersion relation w® = gk + TE and w is the wave
frequency. The en ez‘gfaf flux from the atmosphere to waves 85, is assumed to be known, Tt is
defined in terms of the growth rate parameter 5(k, 8), so that S, = wfS.

The wave-induced flux 7% decays rapidly with height. Chalikov and Makin {1991, and
Chalikov and Belevich (1993} used detailed caleulations of the turbulent boundary layer
above waves of linite amplitude (Makin, 1989) to parameterize the vertical distribution of
the wave-induced fux 7%(2). The distribution was found to closely follow exponential decay.
The exponential decay can be approximated by a step function {Chalikoy and Makin, 1991;
Makin et al,, 1995

{2} =y Helhy, — 23, {164}
{(He{z) is a Heaviside function, He=1 at 2 > 0 and Hes= 0 at 2 < 0) , where the height h,, is
defined by
fcw
~~~~~ — f jl 22 S 3 cos Okdidd. (165)

The resistance law of the SBL in presence of waves can be obtained from {160)-(165)

@ wi. » S sy
Tty + rolu, — 75 )7 = Uy, {(166)
where functions vy and ry are
1 h 1, D -
7y mm ixa e e e {167}
fh( A <6

and U, is the wind speed at the IBL height 8, if § < A, and at the height of the SBL if
i < 8. The wind speed U, follows from f%if-f solution of the PBL problem. From (166) the
‘img@ coefficient of the sea surface Cp = o2 /U] is

) L o

I - i £ L PP

Cp = =5 {11 — rofl ~ 75 (r, (168)
7% - 7% 72

The relation for the sea surface roughness then follows from (47) {assuming neutral SBL)
and {166):

W b g
Flg .
s s {
Y i ; %
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where

0 = -2 (170)

is the coupling parameter. The local ro 1z, which specifies the local properties

of the water surface (Makin et al., 19

3 oy 14 { g
zg = L1 (171}

RETIRVE

Eguation (169) relates the sea surface roughness to the state of the sea.
When equation (168} is used in the PBL model inste &d of the Charnock relation (1589}
additional knowledge of the sea wave spectra is required.

4.2.2  Role of the surface wind transformation on the wave growth

In principle, the distribution of wave spectra in the coastal zone can be obtained using a
third generation coastal wave model. Such model solves the wave transport equation for the
wave spectrum. They describe generation of waves by the wind, dissipation due to wave
breaking and interaction with the bottom, and nonlinear interactions. However, the use of
such models to study the dynamical coupling of waves with the atmosphere is bevond the
seope of the present project.

We shall use here an empirical model of wave spectra to assess the consequences of
dynarmical coupling for the caleulation of sea roughness in the coastal zone. We follow
Makin et al. (1995) and use the Donelan et al. (1985), Donelan and Pierson (1987) (DP)
model of a wave spectrum. In that model the wave spectrum consists of two parts. The
energy containing part is proportional to the inverse wave age parameter uyp/¢, to the power
of 0.55 (w15 is the wind speed at 10 metre height, ¢, is the wave phase speed at the peak of
the spectrum), The high frequency part which is patched to the energy- containing part at
a wave number roughly 10 times the peak wave number of the fully developed spectrum, has
no wave age dependence. (A detailed description of the wave spectrum model can be found
in Makin et al., 1995).

In figure 14 the distribution of the roughness length 2 as a function of feich is shown.
The roughness length is caleulated according to (159} and using the coupling approach. Only
the small scale evolution of the TBL is regarded. Results show that there is no difference in
the distribution of the surface roughnesses, The result is not surprising and was anticipated,
It was shown already in ‘&&m et al. (1995} that the sea roughness, obtained from the wave
model of Donelan et al. {1985), Donelan and Pi werson {1987), turns out to be proportional to
the friction velocity squar wé in close agreement with the Charnock relation. Tt was shown
also that about 90% of the wave-induced stress at the surface 7y is supported by the high
frequency tail of the spectrum (by waves which ave shorter than 7 metres). The DP model
was constructed for conditions of the open ocean. The high frequency tail of the DP model
depends only on the friction velocity, and so does the roughness parameter which follows
from the model.

boues
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Figure 14: Sea roughness as a function of fetch. Wind speed Uy = 15 m/s. Solid line - the
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coupling approach, dashed - the Charnock relation {159},

in the coastal {shallow water] zone, the high frequency part of the wave spectrum is very
likely to depend on more external parameters than the friction velocity alone. Unfortunately,
the behaviour of the high frequency tail has not been the subject of extensive experimental
verification and very little is known about its form, especially in shallow water. The existing
m’idm(’@ is contradictory (see discussion on the form of the high frequency tail in Makin et

L (1995)).

The study of the high frequency part of the wave spectrum is beyvond the scope of this
project. Instead of spec ulating on its form we shall use a much sirapler approach to assess
the impact of the wind transformation on the wave growth in the coastal zone.

For that we shall use the empirical relations for dimensionless energy F as a function of
dimensionless fetch X = Xg/U% obtained by Donelan et al. (1985):

[ |

G, = ok - ;% 43, M {1’}’3}
Cy

7 = 000274075 (173)

We first calculate dimensionless fetches and energies using a constant value of the wind
velocity Uy, This is commonly done in coastal wave models when the measured velocity
over land is extrapolated without any change over water. In our model the ‘measured’
velocity corresponds to the velocity at 10m height of the background atmosphere over land.
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The significant wave height H,
24 ;

{174}

s then retrieved as a function of fetch X. Caleulations are repeated using a distribution
of wind velocity resulting from a solution of the IBL transformation across a coastal line.
Results of both caleculations are compared with each other and will be shown in the next
section.

4.3 Transformation of wind and the wave growth in the coastal
zone

In this section the model is applied to assess the role of the IBL evolution on the frans-
formation of wind and the wave growth in the coastal zone. Characteristic values of the
land roughness, land and sea temperatures correspond to typical conditions observed at the
Dutch coastal zone of the North Sea. Presented are the wind speed and air temperature at
10m height, angle of the wind direction over the sea relative to the wind direction over land,
and the significant wave height caleulated according to formulas (172)-(174). Rather strong
wind is considered as extreme conditions are of great interest for practical applications.

4.3.1  Case 1: Wind transformation in neutral conditions

Neutral conditions are typical for the late spring and early autumn when the sea, the land
and the air have approximately the same temperature. Model caleulations are presented in
figure 15. The land ternperature 6;, the sea temperature 8, and the air temperature 8, (6,
relates to the temperature of the free atmosphere at z = 1000m height) all are taken to be
15°C, the geostrophic wind speed is G = 25m/s and the surface roughness is assumed to be
zyr = 0.1m. This roughness corresponds to farmland with long grass, few trees, and many
hedges. The wind speed over land is 9 m/s. The wind accelerates over the sea due to the
relatively smooth sea surface, without changes in its direction. At a fetch of 100km the wind
speed increases to 12 m/s, which is 30% of the wind speed over land. The significant wave
height H, calenlated wit ith a constant wind speed is up to 0.5m {or B0%) lower than the one
calculated with the wind changing with distance from the shore.

4.3.2 Case 2: Wind transformation over warm sea

This condition is typical for late autumn or ffé;r}:i‘ijy" winter when the sea is ﬁig;}é?i{.ﬁan"{é}f WArIer

By == B 5}% = 157, The wind speed an E %%w m\i’za £ mzis*%;m* 88 remain i%w same a8 in
section 4.3.1. In this case the wind speed increases significantly (from 9 to 17 m/s) over
the sea due to the acceleration of the air flow, The acceleration occurs due to the combined
action of the smooth sea surface and unstable stratification over the sea. Unstable conditions

over the sea lead to strong vertical convective mixing that increases the wind speed in the
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Figure 15: Transformation of wind and wave growth for neutral conditions. & = 25m/s,
§; = 16°C, 8, = 157°C', 8, = 15°C, 2y = 0. 1m.

lower part of the boundary layer. The IBL transformation ocours with a noticeable rotation
of the wind and warming of the air. After 25 km from the shore the wind speed is already
twice as large as over land. This is a significant increase which results in a significant wave
height twice larger than that with a constant wind speed of 9 m/s. Such an increase in H,
is significant for coastal applications.

4.32.3 Case 3: Wind transformation over cold sea

This condition is typical for daytime in the summer, when the sea is colder than the land
and the atmosphere. Model calculations presented in figure 17 are performed with 8 = §, =
25°C7, 0, = 15°C". In this case, the wind speed decreases over the sea due to stable atmosphere
conditions over the sea. Though the air How tends to accelerate over the smooth sea surface,
the stratification effect dominates and the wind speed reduces with fetch. The wind speed
decreases from 9 to 7 m/s and the wind turns to the left relative to the coastal line. The air
cooling is significant. The temperature drops up to 10% at large distances from the shore, In
this case the significant wave height calculated with a constant wind is higher. Notice that
the effect of the IBL transformation is not so pronounced in this particular case due to the
fact that the acceleration of wind speed over the smooth sea surface s compensated by the

deceleration of wind speed caused by the influence of stratification.
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Figure 18: Transformation of wind and wave growth over a warm sea and a stably stratified
atmosphere. G = 50m/s, 8 = 5°C, 8, = 15°C, 8, = 15°C, 2o = 0. 1m.

4.3.4 Case 4: Wind transformation over warm sea and stably stratified atmo-
sphere

During the day cycle in the summer the daytime conditions {case 3) could significantly
change in the night. Due to infrared emission, the land surface during nighttime cools and
becomes colder than the sea. This process is usually accompanied by the formation of stable
stratification in the atmosphere. Similar conditions could also be realized when a synoptic
warm front crosses cold land and warm sea. Typical temperatures could be: 8 = 570,
B, = 15°C, 8, = 157°C. Model results are presented in figure 18 for a geostrophic wind speed
G = 50m/a. The surface roughness remains 2o = 0.1m. As soon as the air low moves onto
the sea, a convective IBL begins to develop. Similar to case 2, the wind speed significantly
increases over sea. This is due to the acceleration of the lower part of the boundary laver
tification connected with the intensive

smused by the smooth sea surface and unstable stra
vertical convertive mixing in the IBL. The wind speed increases approximately to twice s
value over land. In this case the significant wave heights [, calcnlated with a constani
wind of 15 m/s over land, is up to 2 times lower than that caleulated with a changing wind
speed. During the day cyele, changes in land temperature could significantly modify profiles
of wind speed and temperature, and could have a pronounced impact on wave growth in the

coastal zone.
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Figure 19: Transformation of wind and wave growth over a warm sea. G = 25m/s, 8 = 5°C,
8, = 15°C, 8, = 5°C, zy = Tm.

4.3.5 Case 5: Influence of the land roughness

To estimate the influence of the land roughness on ﬂ”zi" wésﬁd transformation and wave growth,
the model calenlation are performed with zy zor = L for alr How over warm
sen (see case 2). For this case, the effect of the f?f%i tra. mizmzm%mﬁ on wind and temperature
profiles, and on wave growth, is very pronounced.

In figure 19 and 20 the vesults are shown for land roughness zy = 1m and zy = 0.01m,
respectively. Tﬁﬂm;‘wz‘aé‘asg'iw and wind speed correspond to case 20 # = 300, 4, = 5°C,
G5 = 15°, G = 25m/s. Comparing the results presented in figures 16, 19 and 20, we find
that fizo gmmn Hw» of the boundary layer are very close to each other smiémg from fetch
of about 25km. It shows that the structure of the IBL is formed mainly by the local sea
surface and does not depend significantly on the land roughness. The difference between
parameters obtained for the various land roughness ocours only at small fetehes, where the

IBL "feels the land’ through the wind profile in the lower part of the background boundary
layer.
However the distribution of significant wave height is quite different for all three cases.

The ;}z’@&;s"m{m of wave heights based on land wind significantly depends on land roughness.
The reason for that is trivial, however. The larger land roughness correspond to lower wind
speeds over land, That results in a large difference in significant wave height caleulated with
a constant wind speed over land and with a changing wind due to the IBL evolution. For
the land roughness 2y = lm this difference is drastic, significant wave height calculated with
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Figure 20: Transformation of wind and wave growth over a warm sea. ¢ = 25m/s, §, = 5°C,
By = 15°C, 8, = 5°C,

a constant wind speed is to § times lower.

In this section we have shown that the wind and temperature fields change drastically in
the coastal zone. For many engineering applications in the coastal zone this changes have to
be accounted for.

5  Conclusions

We have presented a simplified physical model of the PBL describing effects which abrupt
changes in surface roughness and temperature in the coastal zone have on wind velocity, The
model is based on the concept of the IBL growth and similarity approach. A 3-layer eddy-
viscosity model is used for the description of the PBL structure in presence of a developing
IBL. Similarity approach is used to describe the structure of the TBL developing inside the
SBL and in the Ekman part of the PBL. A generalized equation for the 1B height growth is
suggested which allows for a consistent desceription of the small seale and mesoscale evolution
of the 1BL.
The model describes the transformation of wind acros
shore winds) and across land- sea-land or sea-land-sea domains.

The model is verified on existing observations. The model results are in a reasonable

a coastal line {off-shore and on-

agresment with experiments,
The simulation of the Oresund experiment reveals the importance of stratification effects



on the wind translormation over sea. The possibility of describing the jet wind due to
the baroclinicity effect in a developing IBL is shown by simulating the Agulhas Cuorrent
pxperiment,

The interpretation of a radar image of the coastal zone of the Black Sea gives an example
of model application in the remote monitoring of the sea surface.

Dynamical coupling of wind waves with the atmosphere is an option of the model. The
impact of the wind transformation on wave growth is discussed.

The model is used 1o assess the impact of the IBL evolution on the transformation of
al zone for conditions typical for the Dutch coast of the

wind and wave growth in the co
North Sea. The wind speed over sea could increase to as much as twice its value over land.
A difference of up to five times in significant wave height, obtained with a constant wind
speed over land and with wind changing along the fetch, is reported.

Model results show that the wind field changes drastically in the coastal zone. Most of
the models of water dynamics are driven by surface wind (stress). For many applications it s
necessary to account for the wind transformation in the coastal zone. The {relative) simplic-
ity of this model makes it attractive for engineering applications in modelling hydrophysical

e and atmospheric Hows in the coastal zone.
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