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(20 The parametrization of the planetary boundary layer

1. INTRODUCTION

1.1 Theplanetary boundary layer

The planetaryboundarylayer (PBL) is the region of the atmosphereearthe surfacewherethe influenceof the
surfaceis felt throughturbulent exchangeof momentum heatand moisture.The equationswhich describethe
large-scalevolution of theatmosphereo nottake into accountheinteractionwith thesurface. Theturbulentmo-
tion responsible for this interaction is small-scale and totally sub-grid and therefore needs to be parametrized.

Thetransitionregion betweerthesuriaceandthefreeatmosphereyhereverticaldiffusiondueto turbulentmotion
takesplace variesin depth.ThePBL canbeasshallav as100m duringnightoverlandandgoupto afew thousand
metresvhentheatmospherés heatedrom thesurface.The PBL parametrizatiomleterminesogethemwith thesur-
faceparametrizatiothesurfacefluxesandredistritutesthesurfacefluxesovertheboundarylayerdepth.Boundary
layerprocessearerelatively quick;the PBL responddo its forcing within afew hourswhichis fastcomparedo
thetime scaleof thelarge-scalevolution of theatmospheren otherwords:thePBL is alwaysin quasi-equilibrium
with the lage-scale forcing.

1.2 Importance of the PBL in large-scale models

A number of reasonxists to hae a realistic representation of the boundary layer inge Iscale model:

. The large-scalebudgetsof momentumheatand moistureare considerablyaffectedby the surface
fluxes on time scales of adedays.

. Model variables in the boundary layer are important model products.

. The boundary layer interacts with other processes e.g. clouds aseat tham.

Theimportanceof the surfacefluxescanbeillustratedby estimatingheregycle time of the differentquantitieson
thebasisof typical valuesof the surfacefluxes. Thenumbersn Tablel have beenderivedfrom atypical run with
the ECMWF model or are simply order of magnitudes estimations.

Alreadyfrom thesevery crudeestimatest canbe seenthatthe surfacefluxesplay animportantrole in forecasting
for themediumrange.lt is obviousthatthe surfacefluxesarecrucial for the “climate” of the model.With regard

to the momentumbudgetit shouldbe notedthatthe Ekmanspin-davn time hasto be consideredasthe relevant

time scalebecausét is anefficient mechanisnfor spinningdown vorticity in the entireatmospheréy frictional

stress in the PBL only

Thesecondmportantreasorto have aPBL schemen alarge-scalenodelis thatforecasproductsareneededear
thesurface.Thetemperatur@ndwind at standardbsenationheight(2 m and10 m for temperatur@andwind re-
spectvely) areobviousproductslt is importantto realizethatthe PBL scheméogethemwith thelandsurfaceand
radiationschementroduceghediurnalpatternin the surfacefields. Also theanalysedndforecastedieldsof sur-
facefluxes(momentumheatand moisture)arebecomingmoreandmoreimportantasinput andverificationfor
wave models, air pollution models and climate models.

TABLE 1. GLOBAL BUDGETS(ORDEROF MAGNITUDE ESTIMATES)

Surface

Budget Total flux Regscle time
Water 7x10" Jm? 80 W m 10 days
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TABLE 1. GLOBAL BUDGETS(ORDEROF MAGNITUDE ESTIMATES)

Surface

Budget Total flux Regscle time
Internal + 4x10°Jm? 30 W 2 8 days
potential (0.5%available)
enegy
Kinetic 2x10° Im2 2w m? 10 days
enegy
Momentum 2 x 10° kgm 0.1 N™2 25 days
st (Eckman spin-dan time: 4 days

Finally it hasto berealizedthatotherprocessesannot be parametrizegroperlywithout having a PBL scheme.
Boundarylayer cloudsarean obvious example,but alsoconvectionscheme®ftenusesurfacefluxesof moisture
in their closure.

1.3 Recommended literature

General tgtbook and introductory wéew on most aspects of the PBL:
Stull, R.B. (1988)An introduction to boundary layer metetogy. Kluwer publishers.

Introduction to turblence:
Tenneks, H. and Lumlg J.L. (1972)A first couse in turlulence MIT press.

Atmospheric turblence:
Nieuwstadt, F.T.M. and Van Dop, H. (eds. 1982): Atmosphericturbulence and air pollution
modelling Reidel publishers.
Haugen, D.A. (ed. 1973Wbrkshop on mia meteoology. Am. Meteor Soc.
Monin, A.S. and ¥glom, A.M. (1971)Statistical fluid dynamics/ol |, MIT press.
Panofsky, H.A. and Dutton, J.A. (1984): Atmosphericturbulence: Models and methodsfor
engineering applicationslohn Wey and sons.

Surface flues:
Oke, TR. (1978):Boundary layer climateddalsted press.
Brutsaert, W(1982):Evapoation into the atmospherReidel publishers.

1.4 General characteristics of the planetary boundary layer
Turbulence

Thediffusive processe theatmospheriboundaryaredominatedoy turbulence. The moleculardiffusioncanin
generabe ngglectedexceptin a shallav layer (a few mm only) nearthe surface.The time scaleof the turbulent
motionrangesrom afew secondgor the small eddiesto abouthalf an hourfor the biggesteddies(seeFig. 1).
Thelengthscalesvary from millimetresfor the dissipatve fluctuationsto a few hundredmetresfor the eddiesin
thebulk of theboundarylayer Thelatteronesdominatethe diffusive propertiesof theturbulentboundarylayer. It
is clear that these scales cannot be resbly lage-scale models and need to be parametrized.
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Figure 1. Spectrum of the horizontal wirelacity aftervVan Der Hover(1957). Some>@erimental points are
shown.

Stability

The structureof theatmospheridoundarylayeris influencedby theunderlyingsurfaceandby the stability of the
PBL (se€Fig. 2).

The surfaceroughnessleterminego a certainextentthe amountof turbulenceproduction,the surfacestressand
the shapeof the wind profile. Stability influencesthe structureof turbulence.ln an unstablystratifiedPBL (e.qg.
during day-timeover land with an upward heatflux from the surface)the turbulenceproductionis enhancednd
the exchangss intensifiedresultingin a moreuniform distribution of momentumpotentialtemperatur@andspe-
cific humidity. In a stablystratifiedboundarylayer (e.g.during night-timeover land) the turbulenceproducedby
sheaiis suppressedly the stratificationresultingin a weakexchangeanda weakcouplingwith the surface.The
qualitatve impact of these aspect is illustratedrig. 2

Diurnal pattern

Thetypical evolution of the PBL over landis illustratedin Fig. 3 for a 24 hourinterval. During daytime,with an
upwardheatflux from the surface theturbulentmixing is very strong,resultingin approximatelyuniform profiles
of potentialtemperaturendwind over the bulk of the boundarylayer. The unstableboundarylayeris therefore
oftencalled“mixedlayer”. Nearthe surfacewe seea superadiabatidayeranda strongwind gradient.Thetop of
themixedlayeris cappedy aninversionwhichinhibits theturbulentmotion(e.g.therisingthermals)}o penetrate
aloft. Theinversionheightrisesquickly earlyin the morninganreaches heightof afew kilometresduring day-
time. Whenthe heatflux from the surfacechangesign at night the turbulencein the mixed layer diesout anda
shallowv stablelayernearthe surfacedevelops.Thenocturnalboundarylayerhasa heightof typically 50to 200m
dependent on wind speed and stability
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Figure 2. The wind speed profile near the ground including (a)féet ef terrain roughness, and (b) to (e) the
effect of stability on profile shape end eddy structure. In (e) the profiles of (b) to (d) are re-plotted with a
logarithmic height scale. (Fig. 2.10 frobke, 1978).
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Figure 3. (a) Diurnalariation of the boundary layer on an “ideal” déy) Idealized mean profiles of potential
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Figure 4. Diurnal engy balance of (a) a Scots and Corsican pine forest at Thetford (England) on 7 July 1971,
and (b) a Douglas fir forest at Hgn@.C. Canada) on 10 July 1970, including (c) the atmosphapicur
pressure deficit. In these figuresr@presents net radiation,, @he sensible heat flux,.Ghe latent heat flux and
AQ, the soil heat flux. (Fig. 4.24 frofdke 1978).

Thesurfacefluxesof momentumheatanmoistureareof crucialimportanceo themodelasthey affecttheclimate
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of the model,the modelperformancen the mediumrangeandplay anintegral role in a numberof parametriza-
tions. The diurnal patternof the PBL over landis mainly forcedby the enegy budgetat the surfacethroughthe

diurnalevolution of thenetradiationat the surfaceasillustratedin Fig. 4 . During daytimethenetradiationis par-

titionedbetweertheheatflux into theground thesensibléheatflux into theatmospherandthelatentheatof evap-

oration.The groundheatflux is generallysmallerthan10% of the netradiationduring daytime.The partitioning

of availablenetradiationbetweersensibleandlatentheatis partof theland surfaceparametrizatiorschemeThe

fluxesare much smallerduring night-timeandare muchlessimportantfor the atmospheridudgetsbut equally

relevant for the prediction of boundary layer parameters.

The boundarylayer over seadoesnot have a distinctdiurnal patternbut canbe stableandunstabledependenof
theair typethatis advectedrelative to theseasurfacetemperatureStrongcold air advectionoverarelatively warm
seacanleadto extremelyhigh fluxesof sensibleandlatentheatinto the atmosphereéWarm air adwectionover a
cold sea leads to a stable PBit Hoes occur less frequently

It isimportantto realizethatthethermodynamisurfaceboundaryconditionsover seaarevery differentfrom those
overland.Over seathetemperatur@ndspecifichumidity arespecifiedandkeptconstanturingtheforecastOver
landthe surfaceboundaryconditionfor temperatur@andmoisturearenearlyflux boundaryconditions becausef

theconstrainimposeddy thesurfaceenegy budget.n thelattercasethefluxesaredeterminedy thenetradiation
atthe surface.This meanghatthe total enegy input into the atmospherésensiblet+ latentheat)is not so much
determinedy theflow or by the PBL parametrizatiomout by the netradiationat the surface. The seahowever, is,

with its fixed SSTboundarycondition,aninfinite sourceof enegy to themodel. The specificatiorof the PBL ex-

changewith the seasurfaceis thereforeextremelycritical. BeljaarsandMiller (1991)give an exampleof model
sensitvity to the parametrization of saide fluxes wer tropical oceans.

PBL clouds

Cumulusclouds,stratocumulugloudsandfog arevery muchpart of the boundarylayer dynamicsandinteract
strongly with radiation.

1.5 Conserved quantities and static stability

To describeverticaldiffusionby turbulentmotionwe have to selectvariableshatareconseredfor adiabatigroc-
essesln the hydrostaticapproximationboth potentialtemperaturé anddry staticenegy areconsered for dry
adiabatic ascent or descent. Ylaee defined as

R/c
6 = T(py/p)  "=T(py/ p)"** (1)

s=c,T+gz (2)

Whenmoistprocesseareconsideredswell it is necessaryo useliquid waterpotentialtemperatur®, or theliquid
water static engly s, and total vater contend,:

— [:‘F‘vape
8 = e—D?;T—Eq, 3)
s) = ¢, T +gz—Lyq, 4)
4 = q+q )
8 Meteorological Training CourseLecture Series
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The staticstability is determinedy the densityof afluid parcelmovedadiabaticallyto areferenceneightin com-
parisonwith thedensityof thesurroundindluid. Thevirtual potentialtemperaturd, andthevirtual dry staticen-
emgy are often used for this purpose:

8, = e[1+ E%V—lgg—ql} = 8{1+0.61g —q} (6)
sy = ¢, T{1+0.6lg—q,} + gz (7)

1.6 Basic equations

Toillustratetheclosureproblemwe derive the Reynoldsequationgor momentumstartingfrom thethreemomen-
tumequationdor incompressibléow in arectangulacoordinatesystemwith z perpendiculato theearthsurface:

Qu, Ou, du, ou . _ 10p, o
6t+u6x+vay+waz v p6x+VDu
Qv v, v, v, . _ 10p, - 6
at+“ax+”ay+waz+ﬁ‘ pay+\)[|v 8)
ow, ow, ow, dw __10p, o
ot " Yox tVay T T e tVHwE

du , 0v , Ow _

£+@+$_0 (9)

Decomposition of eachaviable into a mean part and a fluctuating (tlebt) part:

u:U+u' ’ p:p0+p' ’
v=V+v' , p=P+p (10)
w=W+uw'

After averaging,applicationof the Boussines@pproximation(retaindensityfluctuationsin the buoyang/ terms
only) and applying theyrostatic approximation:

ou oUu ou ou 10P 2 0—— 00— 00—

y U$+VE+W$—fV:—p—O£+VD U—a—xuu—a—yuv—‘%u
ov ov ov ov 10P 2v, 0 00— 07—
vy yr zr yr - _ = L Ty gy [ 11
6t+Uax+V6y+Waz+fU p06y+VDV0xuU U 5" (11)
_1oP
g Po 0z
oU oV oW _
W+E+$_O (12)

Furthersimplificationsareobtainedby neglectingviscouseffectsfor large ReynoldsnumberqUL/v >> 1, where
L is alengthscale)andby assuminghatthex, y-scalesaremuchlargerthanthez-scalegboundarylayerapprox-
imation):

Meteorological Training Course Lecture Series
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oU . ,,0U | ,0U . ..oU _ 1P u'w’

R TR TR Pl A i

oV . .0V 0V 0V 10P wv'w'

oV iy ivelY wok = _=9F _ 13

PR R ML = Sy Ml e (13)
g Po 0z

Theseequationgdescribethe horizontalmomentumbudgetof the resohed flow and have extra termsdueto the
ReynoldsdecompositiorandaveragingprocedureThetermsu'w’ andv'w’ areknown asthe Reynoldsstresses
andrepresenverticaltransporiof horizontalmomentumnby unresohedturbulentmotion. Thesearethetermsthat
need to be parametrized. Similar equatiotistdor potential temperature and specific humidity

An equationthatis importantin someparametrizatioschemesndgivesinsightin the dynamicsof turbulenceis
theequationfor turbulentkinetic enegy. To derive it, the equationdor thefluctuatingquantitiesaretakenby sub-
tractingtheequationgor meanmomentunfrom theequationgor totalmomentumThekinetic enegy of thefluc-
tuationsis obtainedoy multiplying the equationdor thedifferentcomponentdy thevelocity fluctuationitself and
by adding the three equations for the three components. The rediwis:

E = %(u'2+v'2+w'2) (14)
OB , (O (O  WOE | —dU 3V g
6t+U6x+V6y+W02_ YW MWz powp
I I Il (15)
0,y +2wW0
i v \

Theleft handsideof this equatiorrepresenttime dependencandadwection.Theright handsidehassource sink
andtransportterms.Termsl representnechanicaproductionof turbulenceby wind shearandcorvert enegy of
themeanflow into turbulence Termtwo is the productionof turbulenceby buoyang/ andcorvertspotentialenegy
of theatmospher¢o turbulenceor vice versa.Termslll andlV aretransportor turbulentdiffusiontermsbecause
they equalzerowhenvertically integratedover the domain.They representheverticaltransporiof turbulenceen-
ergy by theturbulentfluctuationsandthepressurdluctuationgespectrely. Thelastterm(V) isthedissipatiorterm
which cowerts turlulence kinetic engy into heat by molecular friction aery small scales.

1.7 Ekman equation

To illustratethe mechanisnof Ekmanpumpingwe considetthe following equationgor the steadystateboundary
layer:

_ oJu'w' _19P
~f(V-Vo) = —5=, where Vg = T (16)
_ ov'w _ _10P
~f(U~Ug) = ——5—, where fUg = 0.0y 17)
10 Meteorological Training CourseLecture Series
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For asimpleclosurewith u'w' = —KdU/0z, v'w' = —K0V/0z andconstantK we rewrite the equationsn

comple notation:

2
if(U+iV)=if(Ug—iVy) = Kf——z(UHV) (18)
z

a)
Ly
S
>
02 0.4 os 0.8 1.0
u/ug
b)
Us
S

N
)

J/ N\

oe |

77, Y77/

Figure 5. (a) Hodograph of Ekman spiral; tleeters indicate the increase of wind speed anckisivg with
height,(b) lllustrationof theageostrophievind in the PBL of a cyclone,and(c) verticalvelocityin cyclonedueto
Ekman pumpingHolton, 1979).

The solution withly = V = 0 at the sudce andJ = U,V = V far avay from the sudce, reads:
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- /2
(U+iV) = (UG—iVG)—(UG—iVG)exp[E*-I—’EEl z] (19)

Theverticalvelocity W, atthetop of the PBL is derivedfrom the continuity equatiorby integrationfrom the sur-
face to boundary layer depth whereh is lage.

J,D oUu GVD dz 1 ov' ’+6u' '0

O 9x oyO FO 0
ox Oy f 0x oy (20)

_K"?n oUg 0V

0 O ox oy O

We seethattheverticalvelocity atthetop of the PBL is proportionalto thecurl of the surfacestressandto the curl

of the geostrophiavind. This qualitative resultis in factindependenbf how K is exactly specified.The vertical
velocity canbeeseenasa boundaryconditionfor theinviscid flow above the boundarylayer. Theinflow of air in

acyclonedueto friction atthesurfacecausesnascendingnotionatthetop of thePBL andspinsdown thevortex

by vortex compressiorfconseration of angularmomentum).This mechanisms very importantbecausét trans-
fers the dect of boundary layer friction to the entire troposphere. Ekman pumping is illustrated

2. SIMILARITY THEORY AND SURFACE FLUXES

Many physicalprocessem theatmospheraretoo complicatedo enablehederivationof parametrizationenthe
basisof first principles.Turbulenceis suchanexample:althoughturbulentfluctuationsaredescribedy theequa-
tionsof motionfor a continuumfluid, it is very difficult to generatesolutionsof theseequationsandmoreover the
solutionsshaowv chaoticbehaiour on very shorttime scalesMost of thetime we areonly interestedn statistical
averagesilt is thereforecommonpracticeto rely on empiricalrelationshipdasedn obsenations.Similarity the-
ory provides the fram&ork to oganize and group thexgerimental data.

Similarity theorystartswith the identificationof the relevant physical parametershendimensionlesgroupsare
formedfrom thetheseparametersndfinally experimentablatais usedto find functionalrelationshetweerdimen-
sionlesggroups.Whenthe functionalrelationsareknown, they canbe usedaspartof a parametrizatiorscheme.
Becausexperimentabatais alwaysnoisyandshavs alot of scatteiit is importantto limit asmuchaspossiblethe

numberof dimensionlesgroups.It mayfor instancebe difficult to find anempiricalrepresentationf noisy data
whenmorethanoneor two independenparameterareinvolved. |t is thereforeadvantageou$o considerdifferent
partsof theboundaryayer(surfacelayer, outerlayer)anddifferentlimiting casegneutral very unstableetc.)sep-
arately to simplify the problemandto limit thenumberof dimensionlesgroupsthatarerelevantatthesametime.

The proceduresrestraightforvard in principle (the BuckinghamPi dimensionaknalysismethod;seee.g. Stull,

1988),but requireexperienceandintuition in practice.Thejudgmentof which parameterareimportantor unim-

portant is a crucial aspect of the analysis.

Similarity theoryis usedin virtually all PBL schemeshathave beendevelopedfor atmospherienodels.Different
aspects of the boundary layer similarity are discussed in theviiotjcsections.

2.1 Surface-layer similarity

The surfacelayeris the shallav fraction of the PBL nearthe surfacewherethe fluxesareapproximatelyequalto
thesurfacevaluesThesurfacelayeris thereforeoftencalledtheconstanflux layer. Althoughthedefinitionimplies
thatz/h is muchsmallerthanl in thesurfacelayer, in practicethe upperlimit is oftendefinedastheheightwhere

12 Meteorological Training CourseLecture Series
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z/h =0.1.

Therelevantparameterén the surfacelayer for the wind profilesarethe momentuntlux, the buoyang flux and
height abwe the surdice

§|r0| = (@wi+ @w)y (21)
—%(w'_p')o = §v<w'_e'v)o, (22)

z (turtulence length scale).

Theheightabosethesurfaceis thelengthscalefor turbulencebecauséehesizeof thetransportingeddieds confined
by their distancefrom the surface.If the potentialtemperatur@andspecifichumidity areconsideredye alsoneed
the kinematic flugs of heat and moisturéw'8')o and(w'q')o. The follawing scales are defined:

172

= %o (friction velocity) (23)

p

U

3
L=—""_  (Obukhov length (24)

g o
k@B,

_ —(w'8')y

0. = (turbulent temperature sca (25)

*

_ —(w'q")o
u*

q- = (turbulent humidity scale (26)

Sincethenon-neutraburfacelayerhastwo relevantlengthscaleqz andL) all dimensionlessguantitiesarewritten
as function ot /L. Examples of dimensionless gradients anduferice intensities are:

—_— = @M%E (27)

k208 _ o [EO
6.0z  LO (29)
kzoq _ . (D
2.0z %D (30)
Gw
U - f”%g (31)
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09 E_IZ_D
8 - feELD (32)
Ky 1
h - =
note that Py (33)
whereK,, = oD
M™TdU/dz = dV/dz"

Thedimensionlesgradientfunctions(27)+30) have beenstudiedextensvely with help of field experimentsover
homogeneouterrain.Fig. 6 illustratesthis for @, with datafrom the Kansasexperiment.Many empiricalforms
have beenproposedor thedimensionlesgunctions.The expressiongor the unstablesurfacelayer (oftenreferred
to as the Dyer and Hicks profiles; seaulsonl970,Dyer 1974 andHogstrom1988 for a reiew) are:

1
o= B-1sff)’ @
1
Py o = %—16%%2 for %<O (35)
k=04 (36)
(37)
and the linear relationship
Qv = Guo=1+57 for Z>0 (38)

asoriginally proposedy Webb(1970)is fairly consistentvith mostdatafor 0 < z/L < 0.5(cf. Hogstrom,1988).
Analysisby Hicks (1976)of stablewind profilesabove the flat homogeneouterrainof the“Wangara” siteandby
Holtslag andDeBruin (1988)of Cabauwdataupto z/ L = 10 resultedn thefollowing expressionseealsoBel-
jaarsand Holtslag, 1991)

Oy = 1+a%+b%+c+d%%}xpg—d%5 (39)
3
2
g = 1+H+ 2020 + o0 v e+ aZHexpdaZE (40)

wherea =1,b =0.667¢ =5andd = 0.35.Thisexpressiorbehaeslik e (38) for smallz/ L valuesandapproaches

@, ~a z/L forlargez /L. The3/2 powerin @, hasbeenintroducedto make @, /@, proportionatto (z/L)l/2 for

large \alues ofz/ L (see discussion on stability functions in sec8).
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Figure 6. Comparisorof dimensionlessvind sheambsenationswith interpolationformulas(afterBusingeretal.
1971;¢ =z/L).

Meteorological Training Course Lecture Series

0 ECMWEF, 2002

15



The parametrization of the planetary boundary layer

3

a)
y4
(m)
2004
1004
404
20+
10+
0 5 10 15
U 2 (ms~™ h
b) ,
(m)
L M= 10m 20m 60 m
2C0 —— o .
] ,” ——t /’, 5
""‘/, r-o-q’/' e
1004 S ’,’ ,/
.l
1 il
,'I fll I'l
! / l’
20 4 ," vl 1yl
10+ IR
0 5 10 15
U (ms™)

Figure 7. Vihd profiles atrapolated from obseed 10 m wind according to (2.1.21-22) with (2.1.25) and
(2.1.28) in comparison with obsations up to 200 m (Cabauw). The upper ameelgpanel represents unstable
andstablestratificationrespectrely. Lm indicateshe stability classasanaverageover anumberof obsenrations.
The dots and error bars represer@rages and standardviBgions of obserations (fromHoltslag1984).

The gradient functions can be igtated to profiles for wind, potential temperature and specific humidity
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W .02 0w EO
U = pku*[m@wm wMELD] (41)
L EED]
v pku*[m&wm WuiEd (42)
_ (-w'6')o 0_w [EO
8-, = - [”EJ:OHD me} (43)
(-w'q")o 0_y [EO
q qS_ ku* |: I;JVOQD LIJMELD} (44)
with
W, = 2In{(1+x)/2} + In{(1+x°)/2} — atan(x) + T2 (45)
W, o = 2In{(1+x%)/2} for §<o (46)
where x = E%l—lB%%rl 47)
and
= _qZ _plE _Chgyy g20_bc
Wy = —ap-bg d%e PEdFE- (48)
2 2[12 B _Z.D bc z
=1- %H ———Eexp - for L>0 (49)

This canbe derived from the gradientfunctionswith help of therelationshipp =1 —(n) d¥/dn, wheren=z/L.
Examplesof wind profilesaccordingto the empiricalforms of (45) and(48) areshavn in Fig. 7 in comparison
with data.

It is clearthatthesefunctionsplay acrucialrole in parametrizatioschemesThegradientfunctionsprovide direct
expressiongor exchangecoeficientsasthey relatefluxesto gradientsTheintegral profile functionsaregenerally
usedin modelsthathave a modellevel in the surfacelayerto specifythe profilesbetweerthe lowestmodellevel

andthesurface.Theexpressiong41)to (44) canin factbe seerasfinite differenceformsfor thelayerbetweerthe
surface and the lwest model leel.

Limiting casesin surface layer similarity

In determininganalyticalformsfor thesimilarity functionsit is oftenusefulto consideitheirasymptotidoehaiour.
Theneutrallimit (z/L = 0) andthefreecorvectionlimit (- z/L >>1) areof particularinterestoecause¢hey provide
information to limit the dgrees of freedom in choosing analyticapeessions.

In theneutrallimit with z/L = 0, the Obukhov lengthdropsout asarelevantscaleandthereforehedimensionless
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(20 The parametrization of the planetary boundary layer

wind gradienthasto beconstantThedimensionaivind gradienty, is by definitionequalto 1 becaus¢heempirical
constanis absorbedn the definitionandis calledthe Von KarmanconstantThe exactvalueof the Von Karman
constanhasbeensubjectof considerablelebate ValuesbetweerD.35and0.42have beenproposedbut 0.4 is the
most widely acceptedalue nev (e.g.Hogstrom 1988).

The otherlimiting casewith —z/L >> 1 is calledthe free corvectionlimit. A largevaluefor —z/L impliesthat
the productionof turbulenceby buayangy is muchlargerthanthe productionby wind shearandthatthe friction
velocity u. is irrelevantasscalingquantity The only way to obtainindependencef u. in the dimensionlesspo-
tentialtemperaturgradientexpressions by choosinga 1/3 powerlaw for —z /L >> 1, asL is proportionatto uf,
by definition:

1
kzu. 00 _ [EO~0O ZD’.;
592 tEo- oo (50)

Alternatively a corective welocity scale can be defined based on the onubyahgy flux

1
g o 3
w.s = [ § @)z (51)
\%
resulting in
k *
25 99 _ constan (52)
(w'8")92

The free convectionvelocity representphysically the velocity that large eddies(e.g.thermals)typically have in
the corvective boundarylayer. It shouldbe notedthatequation(35) doesnot satisfythe constraintasimposedby
thefree corvectionlimit. In practicehowever (35) fits dataasaccuratelyasexpressionghattendto (—z/ L)_l/ 3
for large —z /L.

Anotherexampleof the free convectionlimit is the scalingrelationfor the variancesof velocity andtemperature
fluctuations (see aldéig. 8):

— % 1
(w'") z
U« - CWE_zg (53)
1
—z)i -
(e’ z
5. = CorTzn 4

With thedefinitionsof L and®. it canbeverifiedthatu. dropsout of theserelations Alternatively the sameforms
canbeexpressedn termsof thefree corvectionvelocity without usingu.. Theadwantageof the expressiorin z/L
is thatit providesalimiting form for largez / L. Theseaxamplesclearlyillustratethe strengthof similarity theory
For the neutralandfree corvectionlimit the similarity agumentseven provide the shapeof thefunctions,experi-
ments are only needed to determine thlee of the constants (e.g. therMKarman constant).
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Figure 8. Examples of free o@ttion scaling for laye —z/ L. Standard degations of \ertical \elocity and
temperature fluctuations.
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(20 The parametrization of the planetary boundary layer

2.2 Theouter layer

Theouterlayerof the PBL is theremainingpartof the boundarylayerabove the surfacelayer. The fluxesarenot
constantsin the surfacelayerbut decreasenonotonicallyfrom their surfacevaluesto small valuesat the top of
thePBL (seeFig. 9 for thecorvective boundaryayer). Thesurfacelayerparameterarealsorelevantin theouter
layer. Additionally, theboundarylayerheighth (lengthscale)andin the extratropicsthe Coriolis parametef (in-
verse time scale) enter the problem.

Neutral PBL

If the boundarylayer heightis not determinedexternally (e.g.by a cappinginversion)but by the boundarylayer
processethemselesthenthe boundarylayer heightmustbe proportionatto the only lengthscalein the problem
namelyu. /f. Therelevantparameterare:u., f, andz; thevelocity profilesareusuallywritten asdifferencesith
the geostrophic wind as so-calleglacity defect lavs:

U-Ug _ | #u

U - quf O (55)
V—VG _ &"u*D

U - vaf 0 (56)

Figure 9. Heightdependencef thekinematicheatflux in the corvective boundarylayer Thesolid line refersto
a model with entrainment; the dashed line refers to a model without entrainment.
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Figure 10. Example of méd layer scaling for the horizontal angrtical turlulent \elocity fluctuations.

Convective boundary layer (mixed layer scaling)

In the corvective boundarylayerthe PBL heightis determinedby a cappinginversionat height2 which canbe
interpretedasanindependenparameterormally alsothefriction velocity z. andthe Coriolis parametef play a
role. They areoftenomittedbecauséhewind turningis smallin thewell mixedlayerand—z/L (whichis by def-
inition largerthan—0.1% /L) is oftenlarge. Theremainingrelevantparameterare (w'0', ), , 2, andz, fromwhich
we define:

Wi

velocity scale w, = [eﬁ(w'e'v)oh} (57)
v

_(w'8)o (58)

temperature scale 6. =
LU*

Thedimensionlesgradientf wind temperatur@andspecifichumidity arenotveryinterestingn this casebecause
thegradientsarevery small. Theturbulentexchangds sostrongin the corvective boundarylayerthattheprofiles

arenearlyuniform (well mixed). Mix ed layer scaling,however, appliesto velocity andtemperaturdluctuations
e.g.o, /w., g, Iw., o,, /w. anda, /8. are functions ot /h (seeFig. 10 for g, ,, ,,).

Stable boundary layer (local scaling)

Thesameprinciplesasusedfor the corvective boundarylayercouldbeappliedto the stableboundaryayer How-
ever, the friction \elocity can not be omitted as friction is the only source oftarize production.
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(20 The parametrization of the planetary boundary layer

To limit the numberof independenparameterdlieuwstadi(1984)introducedtheideaof local scalingwhich can
be madeplausiblein the following way. In the stableboundarylayerturbulenceis generatedby shearmproduction
anddestrgyedby buoyang/ andviscousdissipation.Sincebuoyang is actingin the verticalcomponentt tendsto
limit theverticalextentoverwhichthe mixing takesplaceandtherefordimits theturbulencelengthscale. Thede-
couplingof turbulencefrom the surfacesuggesthatthe local fluxesmight be more suitableasdirect scalingpa-
rametersThe strengthof thisidealies in thefactthatthe resultingfunctionsarenecessarilthe sameasthe ones
for thesurfacelayersincethelocalfluxesareequalto thesurfacefluxeswhenthesurfaceis approachedl hismeans
thatexperimentaldatafrom the surfacelayerandthe outerlayercanbe combined For modelswith local closure
(asin theECMWF model)it alsomeanghattheclosureschemdor the surfacelayerandtheouterlayercanbethe
same.

In the frameawork of local scalingthe relevant parametersire:the local fluxes t/p andw'8’,, ,thebuoyang pa-
rameterg/6,, and height. From these we define:

3/2
A = 27077 ocal Obukhov length) (59)

g g
kevw o',
Localscalingimpliesthatdimensionlesguantitiesarefunctionsof z / A\ insteadof z / L. Examplesf local scaling
are gven inFig. 12; the height dependence of momentum and headlis«illustrated ifrig. 11.

For largez /A theturbulencelengthscaleis A andthe presencef the surfaceshouldhave no influence.Thisim-
pliesthatz shoulddrop out of the scalingrelations.The consequenc#or the dimensionlesgradientfunctionsis
thatthey becomdinearin z/ A for largez / A becaus¢hey havez asalengthscalein their definition. Theprinciple
thatdimensionles$unctionsbecomeandependentf z is calledz-lessscaling.The consequenci Fig. 12 is that
the empirical functions tend to a constant fogdar/ A.

Thedifferentscalingregimesof theboundaryayeraresummarizedn Fig. 13 for theunstableandstablePBL.The
dimensionleskeightz / 2 andthedimensionlesstability parameteh / L areusedto delineatehedifferentscaling
regimes.

2.3 Matching of surface and outer layer (drag laws)

The profile functionsfor the neutralouterlayerwritten in velocity defectform mustbelogarithmicfor z/h - 0
andmustmatchthesurfacelayerprofiles.With the coordinatesystemalignedwith thesurfacewind (v'w')o = 0
and neutral stability:

surface layer limit forz/zgy, — o

U_1l,0z0
o klnDJOMD (60)
outer layer limit forz/h - 0:
U-Ues _ 1, 2fO
— = Eln H:DJr const (61)
V=0 (62)
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Figure 11. Height dependence of the kinematic heat flux and the kinematic momentum flux in the stable
boundary layer (fronNieuwstadt1984)

Matching the sugfce and outer layer forms leads Teiinekes1973):

UG _ llnD U« 0_
u. k fzgyU

SIS

(63)
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<
Q
>

(64)

£

Theconstant®l andB canbemeasureéndexpressn dimensionlesorm thedragandthe ageostrophiangleof
the surfacewind with respecto the geostrophidorcing. Such“drag-lavs” canbe applieddirectly to modelsthat
donotresohethe PBL, but arealsoanimportantdiagnostidool. In modelsthatdo resole theboundarylayer, the
draglaw canbecomputede.g.in onecolumntestsyandcomparedvith datafor thesteadystatePBL (seeFig. 14).

For non-neutraflow it is oftenassumedhatA andB arefunctionsof thestability parametept = u./(fL) . Such
an assumption is quite arbitraryttworks fairly well in practice.

a) L A T T g T T

o1 F ) 4
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b) " — T g T —T T
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o x x

C’w/T'yz_ BRI
L " t ’* +‘ *
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Figure 12. Two examplesof local scaling(a) exchangecoeficientfor momentumand(b) the standardieviation
of vertical velocity in the stable boundary layer (frovieuwstadt1984).
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Figure 14.Constant®A andB in thegeostrophidraglaw accordingo Wangaradata(ClarkeandHess1974)in
comparison with the ECMWF (CY34) model formulation after 9 hours ofjiat®n (as a function of stability
parametefu/L).

2.4 Surface boundary conditions and surface fluxes

The parametrizatiorf the PBL introducesat the sametime the needfor boundaryconditionsat the surface.The
boundaryconditionsare simply vanishingvelocity andspecifiedtemperatureandspecifichumiditiesat the sur-
face.Over seathetemperaturés specifiedandthe specifichumidity is the saturationvalueat the seasurfacetem-
perature Specificationof temperaturendspecifichumidity over landis partof theland surfaceparametrization
schemeln somemodelshowever, the surfaceenegy balancesquationis usedover landto eliminatethe surface
temperatur@ndsurfacespecifichumidity. Thisis oftenreferredto asthe PenmarMonteithconceptseeMonteith

1981), which is not discussed here.
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The parametrization of the planetary boundary layer £

Looking morecarefullyattheboundaryconditions pnerealizeghatanadditionalparametrizatioproblemarises.
Theboundaryconditionsareconnectedo the surfaceroughnes¢engthswhich areextremelyimportantto the sur-
facefluxes.To illustratethis we assumehatwe have a modellevel nearthe surfacein the constanflux layerata
specifiedheightz, (in the ECMWF model =32 m). The surfacelayer profilesareusedto specifythe boundary
condition:

U= ‘%[m E;T; +10-y, E%E} (65)
V= F%[ln E;T; +10-w, 5%%] (66)
0-6, = %’[In % +13-w, 2 (67)
q-q. = %’[ln E&% +10-w, B%g] (68)

Thelogarithmicprofilesarewrittenin awaythatU, V, 6 andg have their surfacevaluesfor z = 0 (adisplacement
heightequalto the roughnesdengthhasbeenaddedto the vertical coordinate) The integrationconstantsn the
logarithmic profilesarecalledroughnes$engthsbecauséhey arerelatedto the smallscalesurfaceinhomogenei-
tiesthatdeterminghesurfacedrag.ln generatheviscousforcesplay norole atall in thesurfacedrag(exceptover
averysmoothsea)thepressurdorcesontheroughnesglementsransfethewind stresgo thesurface(form drag)
anddo somoreefficiently thanviscousforcesbecausehe heightof roughnesglementdendsto belargerthanthe
thicknesf theviscouslayer. For heatandmoisturethesituationis slightly different.Form draghasno equivalent
for scalarquantities. The air-surfacetransferis throughan inter-facial sub-layerwheremoleculartransferdom-
nates. This implies that the roughness lengths for momentum, heat and moisture are gefenetly dif

TABLE 2. TYPICAL ROUGHNESSLENGTHS Z. (Wieringa1986)

Ground ceoer Roughness length (m)

Water or ice (smooth) 104
(over waterzqy, increases
with wind speed

Mown grass 10?2
Long grass, rogkground 0,05
Pasture land 0.20
Suhlurban housing 0.6
Forest, cities 1-5
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Figure 15. Variationof theeffective roughnesilangthzgf,, asafunctionof A/ zq , whereA is thewavelengthof
2-dimensional sinusoidal orograptvith amplitudex. Different models are comparethflor et al. 1989).

It is importantto realizethatthe specificatiorof the surfaceroughnessengthsis animportantaspecof the para-
metrizationsincethethey determineo alarge extentthe surfacefluxes.Theroughnes$engthis a surfacecharac-
teristicandis relatedto its geometrybut theonly wayto defineit is by meansf thelogarithmicprofile. Measuring
thelogarithmic profile well away from the surfaceis the only way of determiningz,,, for a uniformterrain.For a
large scalemodelwith grid spacingf the orderof 100km mary terraininhomogeneitiesxist thataffectthe sur-
facedrag.Theeffectsof sub-gridterraineffectsandsub-gridorograply areaccountedor by definingand“effec-
tive roughnesdength”, which is defined as the roughnesdength that gives the correct surface flux in the
parametrizationTheroughnessengthsareoftenderived from land-usemapswith anextra contritution from the
varianceof the sub-gridorograply (seeTable2). A databasefor land useis provide by Wilson andHenderson-
Sellers(1985).A review of sub-gridaveragingis provided by Mason(1988)andTaylor etal. (1989).Theissueof
sub-gridaveragingof z,, andz,, hasonly very recentlyreceved attention(seeWood and Mason1991Mason
1991;Beljaarsand Holtslag, 1991).

Fig. 15 illustratesempiricaldataon therelationbetweertheamplitudeof nottoo steepsub-gridorograply andthe
aerodynamiacoughnessength.Steeporograply is moredifficult to parametriz§seeMason,1988for a review).
Thedifferencebetweernthe roughnessengthfor heatandmomentumcanbe quite large asillustratedin Fig. 16.
Recenstudiessuggesthatterraininhomogeneitiebave alargeimpacton theratio z,, andz,, (seeMason1991).

Specificatiorof the surfaceroughnessengthsover seais evenmoreimportantthanover land particularlyfor heat
andmoisturebecausavith the fixed boundaryconditionsfor temperatureand moisturethe seais in principle an
infinite sourceof enegy to the model. Currentlythe ECMWF modelhasequalvaluesfor momentumheatand
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moisture all specified with help of the Charnock relation
LL2
- * 5[]
Zow = maxB).OlSE, 1.15x10° mJ (69)
Z0H = 20Q T Zom (70)
6§ - L<O:+ %*
»*
0.8 - L>0:+
?,‘() s . CABAUW * w X
2
0
-2
-4
-6 ;
-.300 -.225 -150 -.075 0 075 A5

8% (K)

Figure 16. Emperature diérence ger the inteffacial sub-layer for short grass. By definition:
B,—65 = (6./k)In(zom/20n) - Thisfigureillustratesthe possibledifferencebetweerthe roughnessengthfor
momentum and for heat particularly when aridefive value” is used. (Cabauw daBeljaarsand Holtslag,
1991).

This parametrizatiomdoesnot satisfythe smoothsurfacelimit atlow wind speedwhereviscousforcesdominate
(with scalingon v/u.). FurthermoreSmith (1988) arguesin a recentreview that the increaseof the roughness
lengthwith increasingvind speeddoesnotapplyto heatandmoisture An alternatve which combineghesmooth
surface limit with the conclusions of Smithfeview is:

2
U Vv
= 0. +0.11—
2ou = 0.018+0.11:> (71)
zop = 1.4% 10‘5+o.4ou1* (72)

1.3x107%+ 0.62ui

20Q (73)

*
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The two formulations are compared with datallargeand Pond (1982) in tHeigs. 17— 19.
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Figure 17. Neutral transfer cdiefents for momentum between the seaaefand the 10 mdel. The
obsenations were published hyargeand Pond (1982); the thick solid and dashed line represgnt69)and
(71) respeciiely. Cy,y is related ta,, by means ofCy,\ = {%&/ |n(21/zom)}2
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Figure 18. Neutral transfer cdiefents for heat between the sea aoefand the 10 mvel. The obsemtions
were published bizargeand Pond (1982); the thick solid and dashed line repré&sgnti69)- (70) and(71) —
(72), respectiely. Cy,y is relatedto z,, andzy, by meanf: C = {&/In(z,/zom)}{k/In(21/204)} . Where

z, is the 10 m teel (normally the height of thewest model leel).
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Figure 19Egs. (69)(70), (71) and(73), respectiely. Cyy is related te,, and z, by means of:
Con = {k/In(21/2gy)}{ k/In(21/240)} , Wherez, is the 10 m level (normallythe heightof thelowestmodel
level.

3. PBL SCHEMES FOR ATMOSPHERIC MODELS

DifferentPBL schemesredescribedn this chapterangingfrom very simpledraglaws to formulationsbasecbn
theturbulencekinetic enegy equation.Sincethe geostrophidraglaws arebecominglessandlesspopular they
will only bedescribedriefly. Mostattentionwill bepaidto (vertical)grid pointparametrizationgith simpleclo-
sure for the xchange coditient as thg are the most popular ones.
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3.1 Geostrophic transfer laws

Geostrophidransferlaws canbe usedto introducesomeeffectsof surfacefluxesin modelsthathave hardly ary
or nolevelsin theboundarylayer. They arebasednboundarylayersimilarity for the steadystateboundarylayer.
A relationis assumedetweerthe modelvariablesat the lowestmodellevel andthe fluxesat the surface,where
thelowestmodellevel is assumedo be at thetop of the boundarylayer or above the boundarylayer. Suchanap-
proachmakesonly sensen modelswith low resolutionnearthe surface.The simplestform of a bulk transferaw
expresseshe surfacefluxesof momentumheatand moistureinto the modelvariablesUs, Vs, 65, g above the
boundary layer and sae \aluesd, andg, in the folloving way:

(w'w')o = -Cy|UgUg (74)
(w0 = ~Cy|Ud Ve (75)
(w80 = —Cy|Uq|(85—6)) (76)
(w'q")o = <CqlUql (26 -5 (77)

Theindex G hasbeenusedhereto indicatevariablesabove the boundarylayer; for wind it canbe thoughtof as
geostrophiavind. The constantsCy,, C; and C, arechoserfrom field dataor adjustedon the basisof model
performanceDifferentvaluescanbechoserfor landandsea Advantage®f thisschemare:(i) theschemas very
simpleand(ii) it is afirst orderapproximatiorfor theinfluenceof surfacefluxes.Disadantagesre:(i) thescheme
doesnothave adiurnalcycle, (ii) thereareno effectsof stability (iii) theempiricalcoeficientsarevery uncertain,
(iv) there are no forecast products in the PBL and (v) tisighof the PBL is poorly represented.

A secondbulk” schemewhichis very similar to thefirst one,introducesstability effectsin the transfercoefi-
cientsCy, C andCyq in accordance with the similarity theory discusse8euntion 2.3

— - [l 0% g AT?
Cy = Cy=Cq= [k'”E}fZOMD k] (78)
- 2040 - A0
whereA = AE}CLD' orA AELD’ (79)
1 3
_U/*

—02 ——2 2
andu. = {(z'w')o+ (v'w')o} ,L = (80)

e T

TheconstanfA depend®n stability andis thesameoneasin Eq. (63). Experimentatlataon A is shavn in Fig. 14
(ClarkeandHess1974).This formulationis slightly morerealisticthanthefirst onebut is very muchlimited to the
simplesituationsfor whichthetransfelaws areknown. However, with anappropriatdand surfaceschemdor the
surfacetemperatureB, and surface moisture g, this schemeallows for diurnal variation of the surfacedrag
throughthe stability dependencef parameteA. The more complicatedcaseof the unsteadyPBL, caseswith
strongadvection,baroclinicor inversioncappedPBL s arenot expectedo bewell capturedy bulk transfedaws.
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3.2 Integral models (slab, bulk models)

In integral modelsthe entireboundarylayeris characterizedby a limited numberof parameterge.g.PBL depth,
meanvelocity, meantemperatureetc.). Prognosticequationsarederivedfor thesePBL characteristicsatherthan
for thebasicvariablesThemainadwantagds thatthe PBL doesnot have to beresohedby theverticallayerstruc-
ture of the model.

Thebasicassumptiorior integral modelsis thata similarity form existsfor themodelvariablese.g.for potential
temperature:

5. - oo ®)

where®. is atemperaturescaleands theboundary-layeheight.Whentheform of f is known from field experi-
ments Eq.(81) canbesubstitutedn theequation®f motionandintegratedfrom thesurfacetoz = 4. Theresulting
differential equations fof. andi describe the entire PBL without resolvingxpécitly in the vertical.

Y: 39 éZ

ABG W K

_____ — . — — —————2Z=h

\ o
. S

—» 8 _—>9W

Figure 20. Schematic profiles 8and8’'w’ in a mixed layer model.

Thisapproachs illustratedwith helpof aslabmodelfor thecorvective boundaryayer(mixedlayer).In themixed
layerthe turbulentexchanges suficiently strongto make the profilesof wind, potentialtemperaturendspecific
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humidity approximatelyuniformin thebulk of theboundarylayer(thesimplestpossibleexpressiorfor f). Thenear
surfacepartshows gradientsput the surfacelayeris relatively shallav anddoesthereforenot contritute signifi-
cantlyto thebudgetsof thetotal boundarylayer Herewe limit to the budgetof potentialtemperaturdecausé is
themainquantitythatfeedsbackto thedynamicsof themixedlayer Quantity 8,,, representthepotentialtemper-
aturein thebulk of the mixedlayerandits time evolutionis determinedy heatfluxesat the surfaceandthetop of
themixedlayer(Fig. 20 illustratesthetemperaturstructureof thewell mixedlayer;seeDriedonksandTenneles,
(1984)):

o, —
h— = (8o~ (W', (82)
dh
a = we+wL’ (83)
dAe,, _ de,,
a YT ar (64)
(W' = —wA8. (85)

In theseequationsAB,,, representthepotentialtemperaturgump atthetop of theboundarylayer, w, theentrain-
mentvelocity, w, thelargescaleresoledverticalvelocity atheightk, andy the stablelapserateabore the mixed
layer Equationg82)85) describethe enegy budget the heightandthe temperaturetepat the top of the mixed
layerandhave asimplephysicalinterpretationTherateof changeof theenegy of themixedlayeris proportional
to thedifferenceof heatflux atthesurfaceandthetop (Eq. (82)); the heightchangeof the mixedlayerwith respect
to thelarge scaleascenbr descents by definitionthe entrainmenvelocity (Eqg. (83)); thetemperaturetepatz =
h changeslueto temperatureehangeof the mixed layer and due a shift of the mixed layer with respecto the
stabldapserate(Eqg.(84)); andtheentrainmenheatflux is theamountbof air thatis entrainedimesthetemperature
jump (Eqg. (84)). This setof equationds not closed;it hasto be supplementethy equationdor the surfacefluxes
andby anentrainmentissumptionThe surfacefluxescanbe obtainedby usingsurfacelayerformulationsasdis-
cussed irBection 2.4For the heat fluxEg. (67)can be used with somavhere in the migd layer and® = 0,,.

To parametrize the entrainment we consider the equation faleuntikinetic enagy:

0E _ ——0U —=—dV g .o,
ot 9z P
() (1) (86)
00— ., pw'[

an (V)

This equationdescribeghe balancebhetweernsheamproduction(l), buoyang productionor destruction(ll), trans-
portby turbulentvelocity andpressurdluctuations(lll) anddissipation(lV). Theorderof magnitudeof thediffer-
ent terms typical for the entire mixed layer depth can be expressedin terms of velocity and length scales
characteristic for the méd layer:

I ud/h

Il: (g/6,)(w'8,"), +w>/h
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3

m: (wd+wd)/h
V: (w2 +wd)/h

Theseestimatehiave beenmadeby assuminga singlelengthscaleh asturbulencelengthscaleandfor theestima-
tion of thederivativesandby assuminghatthe turbulentfluctuationshave magnitudew. (see(57)for its defini-
tion). It is importantto realizeherewhatthe mechanisnof entrainments. The enegy is producedby shearand
buoyangy in the bulk of the mixedlayer Most of the enepy is transferredo smallerandsmallerscalesandulti-
matelycorvertedinto heatby viscousdissipationSomeof it is diffusedupwardsby theturbulentmotionitself (e.g.
thermals)andpenetratemto theinversionwhereit is destryed by the negative buoyancgy (Fig. 21 illustratesthe
enegy budgetof the mixedlayer). Sothe entrainmentt the top of the mixed layeris fed by upward diffusion of
turbulent kinetic enagy produced in thewk of the mixed layer

Sincethe dominanttermsareof the orderof w?/h , it is to be expectedthatthe buoyangy flux atz = A is also
proportional to this quantityAn olvious closure therefore is:

w'8,);, = Co(w'8,’), (87)

wherethe “entrainment’constantC,, is determinedrom experimentaldata.The numericalvalueof C, is about
0.2 Oriedonksand Enneles 1984).

Theadwantage®f integral modelsareobvious: (i) they arerelatively simple,(ii) they donotrely onverticalreso-
lution and(iii) they arephysically realisticfor simplecasesasthe mixedlayer Disadwantagesre:(i) this type of
modelsis difficult to implementasthey involve a moving boundarycondition(the top of the boundarylayer)for
the atmospherabore the PBL, (ii) the similarity profilesarelessobviousfor e.g.the stableboundarylayerand
virtually unknovn for morecomplicatecdboundarylayersase.g.the baroclinicor cloudy boundarylayerandy(iii)
thetransitionbetweerdifferentscalingregimes(e.g.from unstableo stable)aredifficult to handle For mixedlayer
modelsin particularit hasto be addedhatthey performverywell for awell mixed quantityaspotentialtempera-
ture, ut quite poorly for less well méd quantities as momentum and specific humidity

Becausef the technicalcomplicationsof having a moving lower boundaryconditionin a forecastmodel,Dear-
dorff (1972) proposedo combinethe integral boundarylayer approachwith a fixed vertical grid structure.This
schemeavasspeciallydesignedor GCM’s with poorverticalresolution.Thediagnosedoundarylayerheightcan
bebelow andabovethelowestmodellevel (Fig. 22). Theboundaryayerheightcanbeseerasanadditionalmodel
level atthe heightwherethe structureof the atmospherehangegirastically After every time step,with the PBL
scheme the grid points inside the boundary layer are adjusted to & layer profile.
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Figure 21. Normalizedtermsof theturbulencekinetic enegy equation.Thenormalizations on wi/h . (Fig.5.4
from Stull 1988)

Figure 22. Grid point structure eardorff's(1972) PBL model.

3.3 Grid point modelswith K-closure
Geneal description

A fairly simpleclosurefor modelsthatresolhe theboundarylayerexplicitly, is the K-typeclosure.ln analogywith
molecular difusion, it is assumed that the fescare proportional to the gradieritsijis, 1979):
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u'w' = - M%] ,v'w' = —KM%/, (88)
—a - g 96 i 9q 89
we =K, 7= K3 (89)

TheexchangecoeficientK is notapropertyof thefluid asin moleculardiffusion,but depend®ntheflow. Surface
layer similarity pr@ides the formulation foK near the sudce (i.e. in the lwest model layer):

lZ

Moy

lZ
KM = —2
Ou

du
dz

du

Tl (90)

wherel = kz. Useof the sameexpressionin the outerlayer (above the lowestmodellevel), would be consistent
with theideasof local scaling(Section2.2) for the stableboundarylayer, providedthat @, , @, and @, arepro-
portionalto z for largez /L. In this way the lengthscalez dropsout for largez. Two problemsarisefrom sucha
simpleextensionof surfacelayersimilarity bothrelatedto the lack of anupperboundto /: (i) thediffusioncoefi-
cientbecomewerylargein neutralsituationsand(ii) with @, differentfrom @, in stablesituationgnecessarjor
reasongo beexplainedlater),local scalingbreaksdown and/ remainsanessentiapartof the parametrizationTo
limit the length scal®lackadar(1962) proposed the folling expression:

~I

(91)

>l

1,
kz

This formulationobeys surfacelayer similarity andis consistentvith local scalingfor the stableboundarylayer.

The only additionalparametethat hasbeenintroducedis the asymptotidengthscaleA, which is oftenthe same
for momentumandheat.The ideais thatthe turbulencelengthscaleis limited by the boundarylayer height.In

someparametrizationa ~ u= /for A ~ h, whereh is adiagnosedoundarylayerheight.Sincetheresultsarenot

very sensitie to the gact \alue ofl, this parameter is often chosen constant.

Expressiong90) containg which depend®nz/L in the surfacelayerandthereforeon the surfacefluxes.Above
the surfacelayerthe @-functionsdependon//kL insteadof z/ L to be consistenwvith the ideasof local scaling.
An incorvenientaspecf Eg. (90) is thatit containsfluxeswhich makesthe closureanimplicit one.To find an
explicit closure we substitute the closure assumptions in the definition of thén@tdength and obtain:

de,
._ga; _ L Py
Ri=2— =—— 92
Oyjdyj? kL .
dz

Thisis arelationbetweerthe gradientRichardsomumberand!/ L which canbe solved numericallywhenthe ¢-
functionsarespecified Insteadof closureassumptior{90) it is muchmoreefficient to specifystability functions
that depend on the Richardson number because thenveréhiesfluses explicitly in terms of model ariables:

du
4

K, = I°F,, (93)

d_U‘ , K, =I°F,
dz

whereF,, = F,,(Ri) andF,, = F,(Ri), and by definitonF,, = ¢/, Fy = (@u@) .
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Equation(93)is theclosureasit is actuallyusedin mary models.ThefunctionsF',, and F', arespecifiedasan-
alytical functionsof Ri or aretatulated.In bothcaseghey arederived from empiricaldataon ¢,, andg, which
arefunctionsof z/L (orl/kL), sotheindependentariablehasbeentransformedrom z/L (orl/kL) to Ri with

Eq. (92)

19
level
model

3890
2200
1400
810
395
180
33

2
Q

31

level

model

1800 U’ V’ T’ q
1360 U Vv, T, q
970 U,- v, T’ q
640 U’ v’ T’ q
356 U v, T, q
150 U’ v’ T. q
33 U VvV, T, q

\

4

o Z_—_———_—__>> o0, o,

Ts’qs

Figure 23. Theertical grid structure near the sack in the ECMWF model (194el version and 31-leel
version). Solid lines represent modeldks; dashed lines are fluxvbds.

The gradientsasneededn the closureassumptiorare computedrom the grid point valuesby meansof a finite

differenceapproximation(cf. Fig. 23). A staggeredyrid is usedwith flux levels betweerthefull modellevels. A

simplefinite differenceapproximation(assumindinearly interpolatedprofilesbetweermodellevels)is notaccu-
ratenearthe surface,wherethe profilesof wind temperatur@ndmoistureshav pronouncedon-linearbehaiour
particularlynearthe surface.To derive afinite differenceform for the surfacelayerwe assumehattheflux is con-
stantwith heightandintegratetheclosureassumptionfrom thesurfaceto z = z, wherez, is theheightof thelowest
model level. This results in the usual sack layer profiles:

_ o [,0%1 , .0 [f1Q
U, = pku*[m% +10-w,, DLD} (94)
T z
_ Yo [,nO% 40 10
Vl pku*[ln % + 1D— lPM DL D:| (95)
_ (=w'8)ol .21 | 4O [f10]
018, = S| i BB )
_ (=w'q')o[.0%1 , 4O (f10
a1-a; = S| InEE + 18- v 57)
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Theseexpressionganbeinterpretedasan exactfinite differencerepresentatioof the lowestmodellayer. Unfor-
tunatelyit is animplicit formulationasit containsz/ L . Again we canrelatethe “flux-stability parameter’z/ L
to the lulk Richardson numbeR:,,:

Zl(evl - evo)

. _ 8
Rlb - x5 2 (98)
% |y
Z
InE2L + 10y [f10
L InEEL 410y a0y
oM O "MOrL0O

ThisequatiorrelatesRi, to z, /L, z,/z,, andz,/z,,. For computationaéfficiency the stability functionsareusually
representech termsof the bulk RichardsomumberR;i,. The surfacefluxesof momentum(t, andt, ), heat(H)
and vater \apour(‘E) are pressed in modelaviables at the l@est model leel in the follaving way:

Tx
E = C,\,,|U1|U1 (100)
T
Ey = C,\,,|U1|V1 (101)
H
—— = Cy|U(8,-6y) (102)
pc,
‘E
_B = CQ|U1|(Q1_q5) (103)
where
.z z
Cn = Cunfm %%Lb'ZT;’ZTT-E (104)
_ . %1 A1
CH - CQNFQ%%’ Zm' ZED (105)
_ . A1 210
Cq = CMNFM%LbiZ.TMvZED (106)
With the neutral transfer cdifients defined as:
2
Cun = kz (107)
In Eb—lg
oM

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 39



3

The parametrization of the planetary boundary layer

Q
T
P4

I

(108)

Con = 0 (109)
Inlinoanl

The closureassumptionsre hiddennow in the empiricalfunctionsof the Richardsomumber which are never
measuredlirectly. The reasonis thatthey dependon the surfaceconditions(surfaceroughnesdengths)which
malesit difficult to determinghemdirectly from data.Experimentshowever, do provide dataonthe ¢ or W func-
tions. Fromtherewe canderive numericallythe F functionsfor differentsurfaceroughnessengthsandmake an
empiricalfit to be usedin theforecastmodel.However the F' functions(104)}{106) depencdon threedifferentpa-
rametersandit canbedifficult to obtainsimpleempiricalexpressionghatareaccuratdor all possiblevalesof the
parametersin mary modelsthe threeroughnessengthsarethe samewhich reduceghe numberof independent
parameters to 2,ub the empirical functions can still baifly inaccurate as will illustrated subsequently

The stability functions

The maindifficulty with K-closureis the specificationof the stability functions.Louis et al. (1982)give anover-
view of how thesdunctionhave evolvedin theoperationaECMWF modelastheresultof adjustmentsnthebasis

physicalagumentsandmodelperformanceThefunctionsthathave beenusedsinceDecembef 981are(Louis et
al. 1982):

2bRi, .
Fy=1-—————— for Riz<0 (110)
1+ Cj(—Riy)
3bRi, .
Fy=1-——— for Ri;<0 (111)
1+Cp(=Riy)
- 1 .
Fy, = - —> for Riy>0 (112)
1+ 2bRiy(1+dRi,)
_ 1 .
F, = : —5 for Riz>0 (113)
1+3bRiy(1+dRiy)
whereb =5,¢ =5, andd =5, and
zomH :
C), = 3bc———— inthe surface layer, ar
[nf+ 220
Zom

2

C, = l—2 above the surface layt
3z
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Extensve diagnosticof operationaforecasthasshovn thatthediffusionwastoo strongin themiddleandupper
tropospherewherethe jet streamwaspartially smearedut by the actionof the vertical diffusionschemelt was
thereforedecidedto make a roughestimateof the boundarylayer heightandto switch off the schemeabove the
boundarylayerin stablesituations This changevasintroducedoperationallyin Januaryl988.The poorperform-
anceof theschemeaabove theboundarylayercanbeattributedto the shapeof the stability functionin the Richard-
son number range of 0.1 to 1.

An alternatve form of the stability functions(the F(Ri) functions)canbe derived from the @ functions(34)35)
in unstablesituationsand(39)+40) in stableflow. We will call themthe M.O. functions.The comparisorof the
stability functionsis shawvn in Fig. 24 . We seethatfor positive Richardsomumberghe functionsderived from
@y and @, dependon the surfaceroughnessength. The mostpronouncediifferenceabove the surfacelayeris
thattheM.O. functionsgive muchsmallervaluesabove Ri = 0.1in comparisorio theLouisetal. (1982)functions.

It shouldberealizedthatthe shapeof the stability functionsis subjectto anongoingdebatgHogstrom1988).The
difficulties originatefrom limitationsin the conceptof local diffusionandfrom uncertaintiesn the experimental
data.An exampleof thefirst difficulty is theunstableor convective boundarylayerwherethediffusionis notlocal.
Thereasorthatalocal schemestill performsreasonablyvell is thatthe coeficientsbecomdargeandthereforethe
profilesvirtually uniform irrespectve of the exact magnitudeof the diffusion coeficients.For quantitiesthatare
not well mixedin the corvective boundarylayerase.g.moistureor wind in a baroclinicPBL, alocal schemes
expectedto belessappropriateA secondexampleof the sameproblemis diffusionin stablystratifiedflow in the
intermittentregime.Local scalingworksfairly well in thefully turbulentregimeupto Richardsomumbersof 0.2.
Beyond0.2,turbulencebecomesntermittentandthediffusive characteristicarenotwell understoodAlso wave-
turbulenceinteractionis a relevantprocessn this range.The reportedmagnitudeof the diffusion coeficientsin
clearair turbulence(RichardsomumbersbetweerD.2 and1) variesby andorderof magnituderom onestudyto
the other (Kennedyand Shapiro1980; Uedaet al. 1981; Kondo et al. 1978; Nieuwstadt1984; Kim and Mahrt
1991).Theshapeof functions@,, andq,, asexpressedvy Egs.(39)(40)is reasonablyvell documentedseeBel-
jaarsandHoltslag1991)for weakandmoderatestability. Theratio @,/ @y , however, is inspiredby theideathat
this ratio shouldbecomeproportionalR: for large RichardsomumberqseeEq. (92)). This particularasymptotic
behaiour is muchlessdocumentedput is quit relevantto thetransformatiorfrom z /L to Ri in Eq.(92). Another
parametethatdeterminego alarge extentthediffusionin theclearair turbulencedomainis theasymptotidength
scaleA. A simpleparametrizatiorstratey is to selectstability functionswhich arereasonablywell documented
from Ri = 0 to Ri = 0.2, apply physical constraintdor large Richardsomumbersasin Egs.(39)+(40) andadjust
A to obtainreasonabléiffusioncoeficientsin the clearair turbulencedomaine.g.onthebasisof databy Kennedy
and Shapiro (1980).

One column simulations

To illustratethe characteristicef K-closure a singlecolumnversionof theverticaldiffusionschemehasbeenin-

tegratedover 9 hourswith constangeostrophidorcingandconstanforcing from thesurface.ln thisway, anearly
steadystateis obtained.The selectedorcing is a constangeostrophiavind of 10 m/sanda constansurfaceheat
flux. The surfaceroughnes$engthis 0.1 m. Fig. 25 shavsthe A andB parameterin thedraglaw of Egs.(63)—
(64) astheresultof theparametrizatiomvith Louisetal. (1982)stability functionsandwith theM.O. stability func-
tions. Thecomparisorwith empiricaldatashawslittle differencethe maindifferenceis thattheM.O schemecov-

ersamuchlargerdimensionlesstability rangethanthe Louis et al. scheméor the samerangeof surfacefluxes.
Thedifferencebetweerthe two schemess moreobviousin theFigs.26 and27 for a dowvnward heatflux of 20
W/m. Firstof all we seathatthesurfacestresss muchsmallerwith theM.O. schemeandthatthePBL is lessdeep.
Boundarylayer heightswith the M.O. schemeare muchmorerealisticandcomparemuchbetterwith dataasfor

instanceexpressedby theempiricalequilibriumheightsproposedy Zilitink evich (1972)or obsenationsby Nieu-
wstadt(1981).
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With arelatively low numberof grid pointsin the PBL, significantdiscretizatiorerrorscanbe expected.Theshal-
low stableboundarylayer could be particularlyaffectedasit is only resoled by two or threemodellevels. The
effect of resolutionon the structureof the stableboundarylayeris shavn in Fig. 28, wherea simulationwith the
19-level modelresolutionis comparedo a simulationwith threetimesasmary levels. We seethattheresultsare
very similar andthatthelow resolutionsimulationis fairly accurateThe unexpectedrobustnes®f the numerical
schemas relatedto the treatmenof the surfacelayerwherea considerablgartof the shearandtemperaturgra-
dientsareconcentratedn the surfacelayerthe schemeusestheintegral profile functions(94)+97) asa bulk for-

mulationratherthanafinite differenceform. It is known from otherapplicationghattheintegral profile functions
are quite accurate also whettrapolated outside the sade layerVanWijk et al. 1990).
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Figure 24. Stability functions accordingltouis et al. (1982) and dexed from the uniersalg-functions (M.O.
scheme) abee the surdce layer and for didrent surce roughness lengths in the aad layer
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Figure 25.A andB parameteri thegeostrophiaraglaw assimulatedwith the Louis etal. (1982)functionsand
the M.O. stability functions.
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Figure 26. Flux profiles in the stable boundary layer withis et al. (1982) functions (solid) and itexegy
obtained functions from the M.@:functions (dashed).
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Figure 27. Adig. 25, but for wind and temperature profiles
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Figure 28. lllustration of resolution dependence of a 9-hougriatien for the stable boundary layer in one
column mode.

Concluding emarks

Theadwantageof K-closurewith local expressiongor thediffusioncoeficientsis thatit is fully consistentvith the
grid pointformulationof themodelandthatthe sameschemecanbe usedfor stable unstableparoclinic,land,sea
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etc.A disadwantagds thata numberof modellevelsareneededo resole the boundarylayer. Onthe otherhand,
it is quite remarkablethatthe schemeperformsfairly well with 2 levelsin a shallov stableboundarylayer The
reasoris thatthesurfacelayerapproximatioris exactin thesenseahatthesurfacelayerprofile betweerthesurface
andthelowestmodellevel is representedxactly. Theresolutionis only neededo obtainareasonablshearstress
profile, but flux profilesaregenerallyfairly linearasfunction of heightandcanbe representeavith a few points
only. Properresolutionis neededhoweverto resole inversions Sincethepositionof theinversionis variable good
resolutionis neededroughoutthelowertroposphergBeljaars1991).Thisis obviously a disadwantagecompared
to mixedlayermodelswherea dedicatednodelvariableexiststo keeptrack of theinversionheight.Anotherdis-
adwantages thattheclosureis localanddoesnotaccounfor the“integral” aspect®f e.g.thecorvective boundary
layer. Althoughthe physicsof the corvective boundarylayeris notwell describedwith local closure thisis nota
realproblemin practicebecause well mixedlayeris alwaysproducedvhenthe exchangecoeficientsaresuffi-
ciently large.Local closurehasits limitations of courseasit doesnot describeaspectascountergradientfluxes,
not well-mixed parametergtc. The maindisadwantageof local closureis thatit doesnot describeentrainmentt
thetop of themixedlayer, becaus¢henon-localmechanisnof entrainments notrepresentedtall by alocal clo-
sureschemeWith local closurethe entrainmentateis generallyzeroasthelocal closureproduces/ery smallex-
change coditients in stable stratification.

In summarywe cansaythe K-typeclosureis very realisticfor the stablePBL if theresolutionis sufficient; alsoin
the unstable boundary layevell-mixed quantities are well representedt éntrainment is not modelled at all.

3.4 K-profile closures

An interestingclosurewhich hasbeenproposedor low resolutionmodelsis the K-profile closure(seeTroenand
Mahrt1986andHoltslagetal. 1990).Theexchangecoeficientsarenotexpressedn local gradientdut asintegral
profilesfor theentirePBL. The boundarylayer heightandthe surfacefluxesareusedasscalingparametersilso
countergradientermsareincludedin theformulation.The exchangecoeficientsareprescribedasfollows for the
stable boundary layer and the unstableasmgriayer{/A < 0.1):

ww = K& vw = Ky S- (114)
—a 00 —— 2

w'e = Ky3 . wyq :KHa_Z , (115)
Ky = kwszgl—%g (116)
K, =kwgz —ngr‘l (117)

U«
Wg = (p—M (118)
pr=X (119)

LY

In theunstableouterlayerthe sameexpressionsireusedexceptthatw, andPr areevaluatedatz = 0.1 2 andthat
a counter gradient term is introduced in the heat and moisture equations:
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I T — e T I —_—
0o = KH%—VGE L wq = KHEg—Z—ng , (120)
_ ~w'8)o _ ~w'q')o -
Ve - C w h ’ yq - C w h ’ C~8 (121)

wherew is evaluatedat the top of the surfacelayer (z/h = 0.1). If the stability functionsobey free corvection
scaling, this closure will automatically ptide the usual free coaction \elocity scale:

wy = Wrewd)”, Cc=8, (122)

g, —ar 1/3
w, = [e—(w'e'v )oh] (123)

Thisclosureis againanimplicit closurein thesensehattheexpressiongor thefluxescontainthefluxes.In practice
this is solved by treatingthe surfacelayer exactly asis donein thelocal closureschemeAfter the surfacefluxes
have been computed on the basis of the profiles at th@peetime step, thexehange codicients are specified.

Theboundarylayerheightis anessentiapartof the parametrizatiorn this schemeandhasto bediagnosedThe
following expression is used

_ RifU(R)* +V(h))
Ty G OB

h

(124)

whereRi, is a critical Richardsomumberwith a numericalvalueof about0.5, 6, is a virtual temperaturesome-
wherein thesurfacelayer(e.g.10m) and6, (h) is thevirtual potentialtemperaturatthetop of theboundaryayer.

For the corvective boundarylayerthe surfacetemperaturés augmentedvith thetemperaturexcesshatthether-
mals hae with respect to their surroundings:

C(w'e(' )o

S

8, = 6, + (125)

Oneof the main advantagef this schemses thatit is extremelyrobustwith respecto numericalstability. The
explicit calculationof thediffusion coeficientsin thelocal K-closurecanintroducestability problemsevenif the
solutionmethodof the diffusionequationis fully implicit (KalnayandKanamitsul1988;GirardandDelage1990;
Beljaars1991).The K-profile methodis muchmorestableasit doesnotallow for oscillationsin the profile of ex-
change codicients.

A secondadwantageis that the non-localaspectf this closureallow for the inclusion of entrainmentin the
schemeHowever, in theformulationasproposedy TroenandMahrt, the entrainments highly dependentnthe
details of the numerical formulation and on tleetical resolution.

A disadantagenf theschemas thatit maybedifficult to developgeneralizationfor cloudyandbaroclinicbound-
ary layers.
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3.5 TKE-closure

Thesimplest‘higher order” closureis the specificatiorof the diffusion coeficientswith a prognosticvariablefor
theturbulencekineticenegy (TKE). Many differentformulationshave beenproposedmostof themare*“truncat-
ed” versionf full 2ndorderclosureschemesA goodoverview of thedifferentapproximationss givenby Mellor
andMellor andYamadg1974).Implementationgn thecontext of forecastmodelsarediscussedby Delage(1974),
Miyakodaand Sirutis (1977),Manton(1983), Thierry andLacarrerrg(1983),Smith (1984)andDtmenil (1987).
An example of such a closure is the one propose@igrry and Lacarrerre (1983):

dE _ ——0U ——0V g—— Od[m -, pwn_
7 u'w' s —v'w' I:)Ow 3 w'+ pDS, (126)
Ky = CxlgEY? . Ky=0.Ky , Kg=0azK, . (127)
3/2
e=ck (128)
lS
10! IL._' = — d_E_
Ew + . Kpg (129)
1_1 . Cpg nl Cler Cles
L k' h ke Th OMM2T T (130)
h
m, = 1/%1—0 L for L<0
2= LE43
= 0 for L>0
1_
7= 0 locally unstable
S
1/2
= [E%%g—g} EY? locally stable
C.,=0125, Cr=05, a,=1, op=1,
Clg1=15, Clgy =5, Clga=0005, Clgg=1, Clgs=15,
1 1 Cxi 01 ,Cikoy, ., . Ciks
= = — 4 =82 L= 4 TR +
il i el >hi i (L (131)
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. h

2= VB-CLuEl  for L<o

3
"

= 0 for L>0
CLKl = 15 y CLKZ = 11 y CLK3 = 0.0025, CLK4 = 1 y CLKS = 3 .

The purposeof usingthe TKE equationis to have a prognosticequationfor the turbulentvelocity scale A diag-
nosticequatiornis still neededor thelengthscalesMore advancedmodelsincludeanequatiorfor thelengthscale
(Mellor andYamadal982)or for the dissipationrate (DeteringandEtling 1985,Beljaarsetal. 1987,Duynkerke
and Driedonks 1987). Here we limit to diagnostic length scales.

Thebackgrounaf theclosureis relatively simple:we replaceheunknonvn termsby dimensionallycorrectexpres-
sionsin known modelvariables.The natureof the expressionss suchthatthey representhe physicsof the con-
sideredterms.Finally, adjustableconstantsare usedto obtaina goodfit with data.In the exampleabove, the
diffusioncoeficientsarechoserproportionalto aturbulentvelocity scaleandaturbulentlengthscale Both scales
aresupposedo representhelargetransportingeddies andthe velocity scaleis derivedfrom theturbulentkinetic
enepgy. Thelengthscaleis kz nearthe surface,proportionalto 2 (boundarylayer height)in neutralandunstable
PBL's andlimited by the Obukhov L in very stableflow. The diffusion of TKE is describedn the sameway as
diffusionof momentummandheati.e. down-gradientDissipation(transformatiorinto heatby viscousforces)takes
placeat the smallestturbulent scaleswhich are not modelledat all. The conceptof enegy cascadés usedhere
which saysthatthe enegy lossat large scaleds equalto the dissipationat small scaleshecauseo enegy canbe
lostin the decayof turbulencefrom large scalesto small scalesWe thereforecanmodelthe dissipationin terms
of large scalevelocity andlengthscales The amountof enegy lost per unit of time on the cascadéy the large
eddiesis proportionalto E divide by the eddyturn-over-time 1/EY? . This explainsthe parametrizatiorof € in
terms of lage eddy characteristics.

TheTKE equatiorincludesadwectionterms but theturbulencetermshaverelatively shorttime scalesvhichmalkes
thatthe equationis in quasi-equilibriummostof thetime. To simplify theequationtheadwectiontermscanbene-
glectedwhereaghetime dependenceanberetainedsimply asatechniqueo “iterate” the solutiontowardsequi-
librium. The main advantageof TKE closureis thatit is the simplestclosurewith somenon-localturbulence
aspectsBy meanwf the diffusion of turbulencefrom the productionareain the mixed layertowardsthe capping
inversion,this closureis capableof describingentrainmentalthoughnot necessarilguantitatvely correct) Apart
from thisadwantaget alsoenablegheintroductionof moreadvancedcloud parametrizatioscheme$mith 1984;
DuynkerkeandDriedonks1987).1t is disappointinghowever, thatexperiencesofarat ECMWF hasindicatedthat
theschemas moredemandingn verticalresolution.Fromtwo differentstudies(Dtmenil 1987;Manton1983)it
wasconcludedhatthe TKE closurehashardly advantage®ver the simplerLouis (1979)closurewith theresolu-
tion thatis availablein the PBL with the 19 level ECMWF model.A morefundamentaproblemwith higherorder
closureschemess thattheseschemeslo notnecessarilyeproducehesurfacelayersimilarity laws. Thesesurface
layerlaws arealwaysneededo specifythe surfaceboundaryconditionat the lowestmodellevel. This mayresult
in an inconsistencbetween the leest model layer and the layers aloft.

4. L1ST OF SYMBOLS

Cm: Cp, Cq Transfer codicients for momentum, heat and moisture
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Cuni Cuns Con Neutral transfer coétients for momentum, heat and moisture

o
kS

Specific heat at constant pressure

E Turbulence kinetic engy

E Evaporation

f Coriolis parameter

f Functional dependence in general
g Acceleration of graity

h Boundary layer height

F\, Fy Stability functions of Richardson number
H Heat flux

k Von Karman constant

K, K, Turbulent difusion coeficients for momentum and heat
l Turhbulence length scale

L Obukhov length

L Latent heat of &porization

p Pressure

Po Surface pressure

q Specific humidity of vater \apour

q, Liquid water specific humidity

q; Total water specific humidity

R Gas constant for dry air

R, Gas constant for ater \apour

Ri Richardson number

Ri, Bulk Richardson number

s Dry static enagy

s Liquid water static engy

Sy Virtual dry static engy

T Temperature

uv,w Resoled or meam, y andz velocities
U Horizontal ector(U, V)

Us Vg Geostrophic wind components

Us Friction welocity

u,v,w Total welocities inx, y andz directions
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u',v',w' Turbulent parts of the, y andz velocities

Wwe Entrainment rate

w, Resoled \ertical \elocity

Wig Corvective welocity scale in the suate layer

W Corvective welocity scale in the outer layer

x Horizontal coordinate (usually west—east)

y Horizontal coordinate (usually north—south)

z Vertical coordinate (height abe the surdice)

€ Dissipation of turbilence kinetic engy

dum: Oy Dimensionless wind and temperature gradients
Y Potential temperature gradient abanixed layer
Y Wy Dimensionless stability corrections in wind and temp. profiles
0 Potential temperature

6, Liquid water potential temperature

0, Virtual potential temperature

6, Mixed layer temperature

AB,, Temperature jump at the top of the etdayer

0. Turbulent temperature scale

Asymptotic turlulence length scale

N Local Ohukhor length

o Standard déation

T Turbulent stress

T Surface stress

T, T, Horizontal components of stress

Te0 Tyo Horizontal components of sade stress
v Kinematic viscosity of air

p Density
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