N

N

Parameterization of a surface drag coefficient in
conventionally neutral planetary boundary layer
I. N. Esau

» To cite this version:

I. N. Esau. Parameterization of a surface drag coefficient in conventionally neutral planetary boundary
layer. Annales Geophysicae, 2004, 22 (10), pp.3353-3362. hal-00317666

HAL Id: hal-00317666
https://hal.science/hal-00317666
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00317666
https://hal.archives-ouvertes.fr

Annales Geophysicae (2004) 22: 333362 » "*—
SRef-ID: 1432-0576/ag/2004-22-3353 G Annales
© European Geosciences Union 2004 Geophysmae

Parameterization of a surface drag coefficient in conventionally
neutral planetary boundary layer

I. N. Esau
Nansen Environmental and Remote Sensing Center, Thormohlensgt. 47, 5006, Bergen, Norway

Received: 13 November 2003 — Revised: 23 June 2004 — Accepted: 2 July 2004 — Published: 3 November 2004

Abstract. Modern large-scale models (LSMs) rely on sur- face layer generally remain rather simple. The most of the
face drag coefficients to parameterize turbulent exchange bdarge-scale models (LSMs) participating in the atmospheric
tween surface and the first computational level in the atmo-model intercomparison program (AMIP) rely on the Monin-
sphere. A classical parameterization in an Ekman boundarbukhov similarity theory NMlonin and Obukhoy1954) in
layer is rather simple. It is based on a robust concept of aheir calculations for a surface drag coefficiafi,

layer of constant fluxes. In such a layer (log-layer), the mean

velocity profile is logarithmic. It results in an universal de- = Cpu, @)
pendence of the surface drag coefficient on a single inter;

_ ) . “~"Wherer is a turbulent vertical momentum flux, ands flow
nal non-dimensional parameter, namely the ratio of a he'ghbelocity at the first model level.

within this layer to a surface roughness length scale. Are- This approach has been developed from studiesoof

alistic near-neutral planetary bognda_ry layer (PBL) is USU-K arman (1975 andPrandti(1932. Within a surface layer,
ally much more shallow than the idealized Ekman layer. The; ¢ 5 |ayer of constant turbulent fluxes, in terms of the first-

reason is that the PBL is developing against a stably stratyqer turbulence closureHplt and Raman1988 one can

ified free atmosphere. The ambient atmospheric stratificas,,;

write
tion reduces the PBL depth and simultaneously the depth of
the log-layer. Therefore, the first computational level in the % _ iKmM —0 or dlu| _ const )
LSMs may be placed above the log-layer. In such a case, the/z  dz — dz dz K

classical parameterization is unjustified and inaccurate.  The constant in Eq. (2) is simply a turbulent flux at the
The paper proposes several ways to improve the classisurface,r(:=0)=u2, whereu, is so-called friction veloc-

cal parameterization of the surface drag coefficient for mo-ity and |u| is the wind speed. Dimensional analysis suggests

mentum. The discussion is focused on a conventionally neuthat x,,=/-u, is a combination of lengtt, and velocity,u,

tral PBL, i.e. on the neutra”y stratified PBL under the sta- scales. von Karman proposeﬁkz and Ug=lUy ON the ba-

bly stratified free atmosphere. The analysis is based on larggis of laboratory experiments with a well-established layer

eddy simulation (LES) data. This data reveals that discrepof constant turbulent fluxes. Herejs the height above the

ancy between drag coefficients predicted by the classical pasyrface. The constart=0.41 is known as the von Karman

rameterization and the actual drag coefficients can be verygnstant.

|arge in the shallow PBL. The improved pal‘ametel’izations |ntegration of Eq 2) gives an expression for the |Ogarith_

provide a more accurate prediction. The inaccuracy is remijc velocity profile in the surface layer

duced to one-tenth of the actual values of the coefficients.

lu(x)| = £ n =, ©)
K 20

Key words. Meteorology and atmospheric dynamics (Gen-

eral circulation; Turbulence; Instruments and techniques) Wherezo is surface roughness. The log-law is an essential
part of C p-parameterizations. Since the atmospheric PBL is

always stratified, Monin and Obukhov suggested a universal
stability correction of Eq.3) in the following form

1 Introduction

Us Z
=2 (In=—-w/L) |, 4
Despite of the complexity of the Earth’s surface, widely @)l K < 20 @/ )> @

used parameterizations of the turbulent exchange in the sur- 3 ) ]
whereL=—u;/ F is the Monin-Obukhov length scale and

Correspondence td: N. Esau Fps is a buoyancy flux at the surfacd(z/L) is an empir-
(igore@nersc.no) ical function, which is not defined in the theory. Empirical
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essence ofV(z/L) has resulted in a great variety of possi- whereU, is a geostrophic wind speed arfdis the Coriolis

ble forms ofW(z/L) (Abdella and McFarlane, 1996). How- parameter. Using scaling analysis and the von Karman scal-
ever, historically first expressions proposed by Businger eting, Rossby and Montgomeit 935 proposed an expression
al. (1971), Dyer (1974) and Webb (1970) still remain the for the Ekman layer depth

most popular. The Monin-Obukhov similarity theory can be U
developed to th€ p-parameterization in two ways. The first H = Ch|—f|’ (8)
way follows from the straightforward application of Ed) ( ) o )
as where Cy, is a constant. The friction velocity,, can be
) found from the following non-linear equatiodi(itinkevich,
_ 1z=0 _ K 198
Cp@) =157 = (In(z/zo)—\IJ(Z/L)g (5) 9
_ (C;rl/z—x_l\lf(z/L)y ) Ro = sign(f) exp(—InCq +«/Cq4 + A), 9)

where C,=u, /U, is a geostrophic drag coefficient and
is a constant. DNSCGoleman 1999 and LES Mason and
Thompson1987) gives an estimation), € [0.5; 0.7]. These
values of C;, result in unrealistically large values df,
which has been never observed in the atmosphere. Atmo-
spheric measurements providg €[0.05; 0.3] (Tjernstom

The second way is to redefine¥(z/L) as
Fp?=(1-W¥(z/L)/In(z/z0)), where F); could be seen
as a new empirical function. Louis (1979), Abdella and
McFarlane (1996) and many others considerég as a
function of the Richardson number, Ri. It gives

£(:=0) . \2 i and Smedmaril993.
Cp@) =152 = (m) Fu (Ri) (6) A vertical resolution of modern LSMs still remains rather
= CpnFy (R). coarse. The first computational levelS™, in fine resolu-
tion LSMs is at about 20 m above the surface. Coarse res-

Here, the classical expression for a drag coefficient for mo
mentum in the Ekman boundary layer reads

‘olution LSMs havez;>M at more than 100 m above the sur-

face. It would not cause any problem in the Ekman layer
. 2 sincez;>M<h,<0.1H, whereH is taken from Eq.§) with
Cpn = <|n(z/zo)> : (7)  €,=0.65. In this casezt™ would always be placed well
' within the log-layer of the depth;. However, both coarse
Lange et al. (2004) demonstrated a systematic discrepancgnd fine resolution LSMs would have problems in the at-
betweenCp predicted by Eq.5) and measured in the PBL mospheric conventionally neutral PBLs. The conventionally
over the Danish Baltic Sea during the Rodsand measurememteutral PBL is a PBL developing against a stably stratified
program. The discrepancy remains significant even in thefree atmosphere. Such PBLs are usually shallow, so the level
near-neutral PBL at largé or small Ri. The discrepancy szM is often placed above the log-layer or even above the
was found for a wide range of wind speed and at differententire PBL.
distances from the sea shore. This work will show that it is This study addresses the problem of shallow logarithmic
necessary to account for an effect of stability of the atmo-layers in the parameterization of the surface drag coefficients.
sphere above the PBL. This effect has been overlooked in thé is worth noting that several attempts have been made to in-
above equations. Therefore, itis still absent in the large-scaleorporate the stability effects of the free atmosphere into the
models. Already Csanady (1974) concluded from his theo-Cp-parameterization. For instance, Fairall et al. (1996), fol-
retical considerations that the effect should be significant inlowing Schumanr{1988, proposed to use an effective wind,
shallow PBLs. However, he obtained only asymptotic solu- S=(|u[>4+Cw?)¥/2, in Eq. (). Here, w,=(Fy,H)Y% is a
tions. He only mentioned that in the absence of experimentatonvective velocity and” is a constant. The convective ve-
evidence it is difficult to speculate on the intermediate varia-locity is proportional to the PBL depth. This parameteriza-
tions of Cp. This work and Lange et al. (2004) provide such tion recovers Eq.1) in the near-neutral casé};—0. Cas-
evidences. sano and ParisfR00]) proposed to use an efficient surface
The stratification of the atmosphere above the PBL doesoughness for temperature in stably stratified PBLs. In or-
not depend on the stability of the PBL. Therefore, it is rea-der to account for non-local effectsyr >z was proposed.
sonable to account for this effect not throughy(Ri) or It should account for an additional surface drag due to inter-
W(z/L) but throughCp,, as it has been done by Csanady. nal waves in the PBL. Such waves become evanescent in the
Such an approach will considerably alleviate the following near-neutral PBL. Therefore, the waves cannot exert signifi-
verification. cant drag in this caseilitinkevich et al. (2002 suggested
Until very recently, the near-neutral atmospheric PBL to add an additional term to the log-law in the stably strati-
has been considered as a truly neutral or Ekman boundfied PBL. This term accounts for the stability of the free at-
ary layer wilitinkevich and Esapu2002. The truly neutral mosphere above the PBL. The method reminds the Csanady
boundary layer was seen to be similar to the Ekman layer irmpproach and will be followed in this paper.
laboratory experiments and numerical simulatiddegs and Contrary to the above mentioned papers, this paper is
Garratt 2002. The only non-dimensional governing param- focused on the”p,-parameterization in the conventionally
eter in the Ekman layer is the Rossby number, RpX f zo0), neutral PBL, i.e. the PBL with (i) a negligible buoyancy flux
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at the surfacef,;—0, (ii) near-neutral stratification in the

surface layer, Ri(z<hy)—0, and (i) considerable stratifi-

cation of the free atmosphere above the PBL,(Ri H)#0. 06

Advanced parameterizations for the non-neutral (convective

and stably stratified) PBLs can be derived by substitution of ~ °5r. 7

the obtained”p,, expressions into Eqs5 and @). ¢
Section2 describes relevant physical processes and fea-z **/ 7

tures of turbulence within the conventionally neutral PBL. 1

Section3 describes the method and problems related to cal- © osr

k=

<

culation of Cp,, from a LES database. Sectidndiscusses S

several ways to account for the non-local effects in an im-  ° 129 % i
provedC p,,-parameterization. Sectidoutlines the conclu- I

sions of this study. T °E e, ]

0 50 100 150 200 250 300 350 400
. . . Zn
2 Relevant physical processes in conventionally neutral

PBLs Fig. 1. The dependence of the normalized de@th=H| f|/ux, of

. the conventionally neutral PBL on the stratification of the free atmo-
Inthe Ekman boundary layer, turbulent kinetic energy (TKE) gphere above the PBL. The strength of the stratification is expressed

is mainly in a local balance with dissipation. The exces-nrough the Zilitinkevich numberZ,. Data is taken from the au-
sive TKE is generated at the top of the surface layer andhor's LES database. Squares, circles and diamonds denote individ-
then transported downward and upward. This process maindal LES runs with the log-layer more shallow than 20m, 50 m and
tains the surface layer as the layer of constant fluxes with00 m.

the logarithmic velocity profile. The planet rotation has a
negligible effect on small turbulent eddies within the surface
layer. However, larger eddies above the surface layer experi

ence a significant damping effect due to the planet rotationNerefore less energetiilitinkevich and Esay(2009 gen-

The damping maintains an equilibrium PBL depth, given eralizedRossby and Montgomerf939 expression foir,

by Eq. (8). The equilibrium PBL depth is defined by the which incIuQesZn as an additional external governing pa-
balance between the excessive TKE production and the eX@mMeter. This expression reads

cessive TKE dissipation due to the planet rotatidfrit(on, Uk _ —1/2

1992 In the case of the conventionally neutral PBL, the ex- 1 = Chm’ where Cj = Cr(1+CoZy) ™% (10)
cessive TKE production is consumed both by the planet rota-

tion and by the ambient stratification of the free atmosphereHere’ Cr=0.6510.08 and Cp=0.23+0.05 are empirical
above the PBL. constants obtained from the LES database. The ambient sta-

There are two competing mechanisms of the turbulent ex-b'“rt]y rlis r:\c;ually ;’he ;‘iﬂg’ ”'gnfof_%cmffo'{_r[h'in ith(?[ratrr;o;
change which are sensitive to the ambient atmospheric stragPHeric range o _e_[ ' i s _ThiS IS frue 1o
virtually any realistic surface heat flux, i.&L|>10%. The

ification. The most obvious mechanism is gradual mixmgf'nd'n has been recently confirmed in the analvsis of atmo-
due to the entrainment of potentially warm air from the free Inding has y ' ' ysis
spheric data byiess(2004).

t here. It Itsi I ing of the PBL. An- . .
atmosphere. [tresults in a gradual deepening of the " Summing up, the near-neutral atmospheric PBLs are usu-

other process is radiation of internal waves from the PBL top lly much more shallow than it follows from the theoretical

to the free atmosphere. The waves take out the TKE but Ieavgn Ivsis of the idealized Ekman laver. The r " for thi
temperature variations at the PBL top. Therefore, the wavef; goynssis dgrable; stergtifiiation 0? th?/fer}e.e atr?woiaﬁgre ?mmes
radiation works against the mixing. It increases the tempera- P

ture gradient across the PBL tagilitinkevich, 2002. These ;jr:ately I?bot\r:e thet.PI?L. TE'S _?Lratfl_flctatlon we;st_negllelctedl n
o processes result i an equibrm PRL deptn, 1€ Srler heorecaworks The fstcompuiatonalevel
Csanady (1974) noticed that the equilibrium depth de- yp y

pends on the ambient stratification of the free atmosphereOr even outside the entire shallow PBL. It suggests that the

LES data allowedZilitinkevich and Esau2002 to derive Cp,-parameterization given by Edl)(and Eq 0 gloes not .
L . ... _properly represent the surface drag coefficient in the major-

a quantitative measure of this dependence. The stratifica- . .

h . . . - . ity of LSMs. The error inCp,, leads to considerable errors

tion can be characterized by a non-dimensional Z|I|t|nkeV|chin Cp according to Eqs5) and 6)

number,Z,=unx=N/| f| (Zilitinkevich and Calanca2000), D glokds. '

where N is the Brunt-\&isala frequency in the atmosphere

above the PBL. The LES studies have shown that the PBL3 Surface drag coefficient in |arge eddy simulations

depth decreases more than 10 times from the caseAyitii

to the case witt¥,=350 (see Figl). The turbulent stress at LES is a powerful technique to study turbulent exchange in

the surface also decreases (see B)g. The reason is that the PBL. The detailed description of the LES code and the

large eddies become limited in size by the PBL depth and
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Fig. 2. The dependence of the turbulent surface strgssu2 on

. e Fig. 3. Values of the constan, of the Monin-Obukhov similarity
the PBL depthH. Data and notation are as in Fi.

theory for the non-dimensional velocity gradient given by Hd) (
The values ofC,, are plotted against non-dimensional parameter

. . /L, accounting both for the stability of the surface layer and the
LES database is out of scope of this paper. It can be foun(Iileight of the computational level in LES. Squares represent LES

in Esau(20049). _ . data; other symbols represent atmospheric data.
However, several important aspects of the LES technique

should be highlighted here. The LES technique resolves only
relatively large scales of motions. The author’s LES code,

LESNIC, maintains the statistically correct amount of the
y LES code employs Eq3) but not Eq. 11) to account for

TKE down he fir m ional level. The price i ; , . .
down to the first computational leve © price 1s a the velocity at the first computational level. The discrep-

noticeable overamplification of the shortest resolved scales . )
at the first 2-3 computational levels. An estimated sub-gridancy between the Monin-Obukhov theory and LES is clearly

TKE at the first computational level is about 30% of the re- seen atsmalt/L, I. e. at the very first computational levels

i . in LES. However, LES demonstrates rather good agreement
solved TKE. The sub-grid part of the TKE decreases rapidly . N )
with height. Distinct to the LSMs, the LES resolves the with the Monin-Obukhov already at the second and higher

three-dimensional (3-D) structure of turbulence. There is computational Ievels,_ wherg/L.>0.25. Mayor, Tripoli and
. . . loranta(2003 have independently assessed the LES qual-
direct energy cascade in 3-D turbulence. Since the upper par,

of the Kolmogorov inertial subrange of scales is resolved,Ity for the cpnvectlve PBL. They compqred 3D turbulen_ce
structures simulated by a coarse resolution LES and obtained

small-scale turbulence has only a minor effect on the re- avolume imaging lidar. To the authors’ surorise. they had

solved turbulence. This is easy to see in comparisons of LE y ging ) prise, they:

with different sub-grid closures and mesh resolutidBsay o conclude that LES reproduced reasonable structures in the

2004 surface layer where “the technique is expected to perform
i qooorly". Therefore, except the first and perhaps the second

The boundary conditions in the LES code are prescribe L omputational levels. the effect of surface laver parameteri-
locally in the form of the log-law, as in Eq3). Thus, nputat Vels, u yerp !
zation on LES data is rather small.

any LES studies of the surface layer are unavoidably af-

fected by the log-law boundary conditions in the LES code The vertical resolution of the LES is much better than the
itself. The influence of the boundary conditions, however, "€solution of the LSMs. The LES runs have the height of the

decreases very rapidly with height. It follows from analysis firSt computational leve;=S, between 19.5m in the deepest
of non-dimensional gradients. Application of the log-law in truly neutral PBL ¢, =0, #=2000 m) and 1.5m in the PBL,
the form of Eq. 8) supplies incorrect boundary conditions in ¢@Pped by the strongest inversiaf, 400, H=60 m). All

the case of stable and convective PBLs. In the case of th&ES runs have about 45 levels within the PBL and, therefore,
stably stratified PBL, the Monin-Obukhov similarity theory 4-5 levels within the surface layer. Here, the LES mesh was
suggests the following expression for the non-dimensionalf""mOSt isotropic, as the technique of 3-D turbulence resolv-

C, defined from the atmospheric data sets. Recall that the

velocity gradient ing m_odeling rgquires. In most of the LES runs, the horizon-
tal grid resolution wash ,=A ,=4z1ES. Only very shallow

Kz olu| _ (1 + Cui) . (11)  PBL, where the flow is naturally anisotropic, was simulated

Uy 9z L with a grid resolutionA ,=A , =82S,

Here,L:—uf/FbS is the Monin-Obukhov length scal&j, The difference in the vertical resolution causes some prob-

is a surface buoyancy flux ar@, is supposed to be a con- lems in data analysis. Obviously, the vertical resolution in the
stant. Figure3 showsC, defined from the author's LES and LES runs should not be coarser than the vertical resolution of
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Fig. 4. The dependence of the surface drag coefficient for momen-?géss' The dependence of the normalized surface drag coefficient

LES . : : LES : pn_/ Cpon on the PBL deptif. Cp, is the classical parameteri-
tum, Cp,,”, on the intemal ’d|men5|on|ess parametet. Cp,” IS zation by Eq. 7). The solid line shows the ideal scaling. The dashed
calculated from the author's LES databasgidl'=20 m (squares), jine shows an empirical dependence by B@)( Crosses and error-

25SM=60 m (circles) andySM=150 m (diamonds). bars represent atmospheric datadgf" / € $4"1°k from Lange et

al. (2004, whereH has been recalculated according to Ed) {n

the present study from Eq. (17) in Lange et al. work. Other symbols
the LSMs. Hence, the coarsest LES runs with sdaltan-  are the same as in Fig.
not be involved in the evaluation of the finest LSMs. Simul-
taneously, the first computational level in the LSMs must be )
still placed within the PBL. Hence, the finest LES runs with _ All LES runs accurately resolve the entire PBL. The
large Z, cannot be involved in the evaluation of the coarsest”BL depth, H, can be diagnosed as a height, where
LSMs. In order to avoid these problems, three specific LsMT (H)=0.05:. It is worth noticing that other definitions of

levels were selected:p,, atz'ISMzzo m represents the drag H are also possible. It means thdtis an ambiguous pa-

coefficient in the LSMs with a relatively fine vertical reso- rameter. The definition off affects values of empirical con-

lution. LES data at this level is denoted by squares in thestants in the following analytical expressions. The value of
following text. Cp, at ZIiSMZGO m represents the drag co- the friction velocity,u,, is also defined only approximately.
efficient in the LSMs with a typical vertical resolution. LES ndeed, advection and pressure terms have been neglected in
data at this level is denoted by circleSp, atz:SM=150m  the layer between the surface af#®. This is not justified
represents the drag coefficient in the LSMs with a relativelyfor the coarse LES runs. This simplification aSnd the notice-
coarse vertical resolution. LES data at this level is denoted byRPl€ overamplification of the resolved TKEES resultin a

diamonds. The analysis involves only those LES runs whichSlightly larger value of the von Karman constant in the LES.

satisfyz&SM<H andZ&ES<<ZIiSM for the givenz&SM. The valuex=0.44 is used in this study.

The drag coefficient for momentum can be calculated in

the LES as . o
4 Methods to improved C p,,-parameterizations
 uEES\’ . . _
CLES = — L (12)  Figure5 showsCLES normalized by the classical local scal-
In(z7=>/z0) u(z7™™")] ing by Eq. 7). Recently, comparable deviations have been

found in the atmospheric data (Lange et al., 2004). This
Wherez&ES is a height of the first computational level in the data is also shown in Fig. Apparently, the local scaling,
LES and|u(z&SM)| is the wind speed atks'v' computed in  z/zp, does not work properly in the shallow PBLs. There
LES. This drag coefficient is shown in Fid.as a function  are several possible ways to incorporate non-local effects of
of the local parametez‘is'\" /zo. All variables inCp, com-  the ambient stratification into the surface drag parameteri-
putation are averaged over the horizontal plain and additionzation. One can modify the von Karman length scdle,
ally over a 30-min interval of time. The leve}ES is always  in such a way that it would account for the actual position
placed well within the log-layer. It ensures that the parame-of z&s'\" within the PBL. Indeed, it is understandable that
terization in Eq. {) and Eq. {) provides an accurate approxi- [ must be limited. Both LES and data show saturation of
mation of the turbulence exchange in the LES. The non-locathe mixing length scale at the top of the surface layer (see
effects, which are the subject of the study, are hidden in theFig. 6). Obviously, the saturation dfhas to be taken into
well resolved ratidu (z555)|/|u(z55M)]. account at;>M>h,. Blackadar(1962 proposed the most
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scale is calculated d&—r(z)/vz|u(z)|u;1 from the author’s LES

database. ] o )
where Cemp=0.5 is an empirical constant arig=1 m is a

normalization length scale. This empirical relation is easy to

straightforward extension of the length scale. He suggested apply in practical LSMs but it does not have physical argu-
linear interpolation between reciprocals to the von Karman,mentation behind.
kz, and externalg H, scales. His external scale was, how-
ever, based oRossby and Montgomer{1935 analytical 42 Blackadar's method
expression for the depth of the idealized Ekman layer. More
exactly, Blackadar(1962 used the following external scale
A=2.7-10"%U,/|f]. This scale gives.~0.01H, where H
is given by Eq. 8). After Blackadar(1962 work, a num- 1 1 C1
ber of modification of this scaling for stable and convective ; = | LSM T H’
PBLs have been proposeHdlt and Raman1988. Mason !
and Thompsoii1992 found that the best result in the neutral where C; is a dimensionless constant, which accounts for
PBL is obtained by interpolation of squared reciprocals. Thethe relative significance of the external scaling. The original
Blackadar's method immediately involvés. It can be fur-  Blackadar's estimation gave too larga~50. It has been
ther developed to an expression in terms of large-scale variconsequently reduced iHolt and Raman(1988, C1~33,
ablesN, f andU,. and further inMason and Thompsof1992, C1~7. In this

There is also another method possible. It does not chang@ork, C1 is reduced even more. The best fit gives=3.
I. It proposes a linear combination of an additional non-local The same value was specifiedBallard, Colding and Smith
term and the log-law (Zilitinkevich et al., 2002). The method (1993. Substitution of Eq.14) into Eq. ) and integration

Blackadar(1962 incorporated the PBL depth into the log-
law by interpolating reciprocals

(14)

will be referred to as the Zilitinkevich’s method. gives
2
4.1 Empirical relation .
Cha = (15)
Figure5 reveals thaCLES systematically deviates from the C125SM/H + In (11_>
value predicted by Eq.7j. One can assume thatH is a 0

logarithmic function ofz/H. The author’s attempts to find Figure 7 showsC,'-)ES normalized by the non-local scaling

an empirical form for this function have resulted in an ex- . . ) S
. . o . in Eg. (15). There is considerably smaller systematic bias
pression with at least three empirical constants. This ex-

pression gave an integral in a slowly converging series of\? ;ﬂiﬁ)‘%gg@;ﬂ?} :chLIJ?aSC Eﬁgggl/onEﬂ.?agiirs:i%t)scgwne
(In(H/A0))", wheren=0, —1, .... This is apparently not a Dn Y 0. =4

; be seen as a direct implementation of the Monin-Obukhov
constructive approach. However, these attempts suggested

i i s i _
possible form of an empirical relation betwe€p,, and H, tAleory with a new universal functiod”™ (z/ H)= — Cyz/H.
namely, Hence, Eq.%) becomes

e Ve R o 1gnl -2
CE — ComtConIn(N(H /30 a3 Co@ = (Cp% = M(/L) k" /) . (16)
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Fig. 8. The dependence @-ES/C#2 on the PBL depttt. C#2  Fig. 9. The dependence af5-S/C31 on the PBL deptiH. C3!
is given by Eq. 18). Symbols and lines are the same as in Big. is given by Eq. 19). Symbols and lines are the same as in Big.

This parameterization works as well for the deep PBL wind in a deep PBL. Implicitly, it assumes that the effect of
capped with a weak inversion as it does for the shallow andhe large eddies is entirely accounted for through This
very shallow PBLs capped with a strong inversion. Equa-is a strong assumption but it allows one to use the classical
tion (15) recovers Eq.) only whenH —oo. This is phys-  log-law from Eq. ¥) for elimination ofu.. This assumption
ically inconsistent as it should recover the classi€al,-  also demands that one changes the values of consfants
parameterization & given by Eq. 8). C1 andCy. After the substitution, Eq16) and Eq. (8) read

Direct accounting for the equilibrium depth of the Ekman

layer is problematic. However, it suggests that thkason 2

K

and Thompsoii1992 length scale will probably work better. .1
This mixing length scale reads LSM y—1 kM
CIZ]_ HM + In 12_0
5 :
1)\2 1 C2\?
2) = — <) . 17
<l> (KZIiSM) +</<H) 17) 2
K
The best fit for the empirical constafig is 2.4. Itis perhaps ~ Cip = v . where (20)
also possible to adogt;=C,. Substitution of Eq.17) into Y, —1+In (leo ﬁ)
Eq. ) with integration gives
2 Cx LSM\ 2 Y2
H? K YLl= 1+ 271 s
Cpi= - ., Where (18) H,
Y —1+1In <Zl YLH>
° L+ C3Z) Y21 £1In(E)
u= .
C2ZIISM 2\ Y kCpr Ug
Y=|1+ (T) . The empirical constants ar€7=2, C5=2.5, C3=9 in

Eg. (19) andC5=2 in Eqg. Q0). Certainly, other values of

Figure 8 showsClL)ES normalized by the non-local scaling these constants are possible, since chang€yJrc; com

in Eq. (18). There is noticeable improvement in tidg,,  Pleémentchangesify. Figureso anlesh_owa'f,S_normaI-
prediction, especially for largél. The overall accuracy of 12€d by Eq. 19) and Eq. 20). The comparison of Figs, 8, 9
the prediction is still about-20%. andl0reveals th?t the f_:lbove assumptions are surprisingly ro-
Unfortunately, one cannot use E45{ and Eq. L8) in the bust. Indeedcgn predictsCp, values even better than the
LSMs directly. These expressions contain the unknown paoriginal formulationcgnl. The data scatter is noticeably re-
rameterH. To expressH in terms of resolved variables and duced in Fig9. The overall accuracy of the§! expression
boundary conditions, one can involve E§0). In this equa- is about+10%. This is within the accuracy of calculations
tion, u,. is also unknown parameter. One can assumedhat of C5>. Moreover, it is generally better than the accuracy of
is the surface turbulent stress, which is induced by the meamatmospheric measurements over complex surfacescglje
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expression exhibits larger data scatter. Its overall accuracy is This

+20%.

The major problem of the Blackadar’s method is that it

10
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is given by Eqg. 23). Symbols and lines are the same as in Big.

expression  recovers the
parameterization in the limi£,, —0.

Figure11 showsC:ES normalized by Eq.23). Zilitinke-

classicalCp-

does not recover the classiodp,-parameterization in the vich's method is rather accurate; its accuracy is abe10%
limit Z,— 0 exactly. The inconsistency is small. Neverthe- within a typical range of the atmosphe#t.

less, a more consistent method is still desirable.

4.3 Zilitinkevich’s method

It is also possible to rewrite Eq. (23) in terms of the
geostrophic wind speed,. The expression reads

. . . . W 7G ( auzn|f|Z&SM>2
The above-mentioned inconsistency does not appear in ZIlC;” = Cp, |1 - ———— | . (25)
itinkevich’s method. The method is based on the idea that Us

the increasing temperature flux modifies the velocity profile
above the surface layer. This modification is similar to the
modification of the velocity profile in the Monin-Obukhov
similarity theory. The only difference is that the tempera-
ture flux is not due to surface cooling but due to PBL top 4.4 Sjgnificance of improvements

warming. Mathematically, one can writgilitinkevich et al.,

Figure 12 showsCLES normalized by Eq.25), an equation
that Eq. £5) works slightly worse than Eq2@); however,
the accuracy is still withint20%.

2002 A number of field measurementBjérnstibm and Smedman
dlu(@)|  us 1993 reveals that the near-neutral atmospheric PBL is usu-
1. o T Za| f1, (21)  ally quite shallow. The typical range of the atmosphetic

is from 200 m to 600 m. The near-neutral PBL can be even
more shallow in the case of a slow geostrophic wind. It is
worth mentioning that this study involves LES runs wifh

where 4,=0.35 is an empirical constant. Integration of
Eq. 21) gives a modified expression for the turbulent fric-

tion velocity

e (uEBM) — a2t Z, 1 f))

ranging from 1 m s to 15 m s'1. The PBL depth was just
about 40 m at/,=1 m s 1 andz,=100. Figure5 shows

Uy = ey (22)  the deviation of the actual':ES from the predictedCp, in
In (%) the classical parameterization. The deviation becomes sig-
nificant atH <600 m for the coarse resolution LSMs and at
Substitution of Eq.Z2) into Eq. (7) results in H <200 for the fine resolution LSMs. This fact generally
LSM\ 2 corroborates the common assumption that0.1H. As a
CZ =cCp,[1- auZn| Sz (23) matter of fact, the surface layer in LES is deeper than the
" lu(z55M))| atmospheric surface layer. This is due to a smaller effective
) . . Reynolds number of LES. One can argue that the discrep-
One can = define a new correction function ancy between actual and predict€g,, is even larger in the
Fll=(1-a,Z,RoY)2, where Re=lu(z)|/|f]z is the Y ; P n 9
local Rossby number. Hence, E§) becomes atm_osphenc PBL. . : .
’ Figure 13 shows the ratio of the improved parameteriza-
Cp(2)=CpnFy(R)FI(Z,; Ro). (24)  tions of the surface drag coefficiens$?, €92, CE and
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Fig. 12. The dependence &f-ES/C£C on the PBL deptti. €% Fig. 13. Significance of the improvements. The curves show

is given by Eq. 25). Symbols and lines are the same as in Big. the ratio between the improved and classical parameterizations.
Panel (a) shows theoretical dependences: egn/CD,,; - ==
; ' o ' cHl/cp,; — — cH2/cp,. Panel(b) shows practical expres-
Cj,, to the classical parameterization by E@).(The ratio  gjons: _Cgi/ch; —— _ng/ch; —.—C%,/Cpy. Param-

is close to unity in the deep PBLs (smal),) but it rapidly  gters for calculation weré/;=10 m s'1, z=50 m., zo=0.1 m.,
decreases in the shallow PBLs (largg). The improved  _j14-4 51 Ajl non-dimensional coefficients were as in text.
parameterizations predict significantly smaller turbulent ex-
change in the LSMs. For instance, the turbulent exchange
can be reduced by 20%-30% under typical atmospheric conaccount for the non-local effect of the ambient atmospheric
ditions in the LSM. stratification. The effect can be quantified using the Zilitinke-
vich number,z,.

To do this, two methods have been used. Blackadar's
method is based on the redefinition of the mixing length
Modern large-scale meteorological models parameterize thgcale.l, in the log-law. Zilitinkevich's method is based on

turbulent exchange between the first computational level inth€ redefinition of the log-law itself. Both methods resulted
considerable improvements in the prediction of the surface

the atmosphere and the underlying surface using a conce e X i
rag coefficient, especially in the very shallow PBLs. How-

of the surface drag coefficients. This concept assumes th 2 .
existence of a layer of constant fluxes. In this layer, the mearF/e" t_he new parameterizations are not perfect. They still
velocity profile is logarithmic. Assuming the first computa- §h0w wregular scatter of the actual values_(QBn around
tional level in the LSMs is placed within this layer, one can 'ts, predicted values. The hest accuracy gives E§). (In
derive a very simple classical parameterization of the surfacéh'S case, the scatte_r IS ,Om’le%' Further m_1proyements
drag coefficients given by Eq7), require an LES of significantly better resolution in the sur-

Direct atmospheric measurements and LES data reveale@lce layer.  Equation20) in Z|I|t|'nke.V|ch’s method aves
that the conventionally neutral PBL is usually much more comparably accurate parameterization. This equation is also

shallow than the idealized Ekman layer. The equilibrium more mathem_atic_ally_ consist_en_t. It recovers the classical
depth of the conventionally neutral PBL is strongly reduced ¢ »-Parameterization in both limitg, —0 andz— 0.
by the amb!ent Stratmcat'o_n of the free atmosphere ?bov_eAcknowIedgementsThe work has been supported by the Research
the PBL. This has been noticed by Csanady and explained ig g ncil  of Norway project “MACESIZZ-No.155945/700
Zilitinkevich’s theory of the non-local turbulence. The the- and  the Joint Norwegian-USA Polar Climate  project
ory has also gained strong support from LES. The modernROLARC” —No.151456/720.  The author is grateful for
LSMs usually have a rather coarse vertical resolution. Henceprof. S.S. Zilitinkevich for his kind support and useful discussions.
the LSMs may have the first computational level well above  Topical Editor O. Boucher and the author thank two referees
the log-layer in the realistic near-neutral PBL. The discrep-for their help in evaluating this paper.
ancy between the parameterized and aafiygl andCp can
be significant. The classical parameterization systematically
overestimates the turbulent exchange in the modern LSMs by
20%—-30%.

It is possible to improve the parameterization of the sur-
face drag coefficient. The improved parameterization must

5 Conclusions
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