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Improved RANS approach turbulence modeling

Reynolds stresses, . u.u.
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Modification of pressure-scalar correlation,

in the stably stratified turbulence

The relaxation linear model employed for the slow term: : U.

and in ‘standard’ the second order closure models usually assume, that
p =E/

But, such closure may not necessarily apply to stably stratified flows!

Indeed, the time scale , must include a buoyancy frequency N
(effect of internal waves on turbulent transport) :

2n12
6, = /[1+a “N7]
The physical reason behind (*) is that in stably stratified flows,

eddies work against gravity and lose the TKE, which converted to
potential energy.



Full Explicit Models for Turbulent Momentum and
Heat Fluxes
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Improved RANS approach turbulence modeling:
eddy diffusivities of momentum and heat
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Improved RANS approach turbulence modeling:
the closure procedure

Turbulent kinetic energy
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Pa3BMTHE NOrpaHUYHOro CJjiosl Hag NJIOCKOU 3eMHOM

NnOoBEPXHOCTbIO
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MpoTuBOrpaaMeHTHbLIN NEePEHOC Tenaa B HUXKHEN
aTmocdepe

P UamepeHuamu camonetHoit nabopatopum odukcuposanca (Telford
and Warner, 1964) cnerka NOJIOXKUTENIbHbIN rpagueHT
NOTeHUUaNbHOMU TemnepaTypbl NPU Hanpas/IeHHOM BBepPX MNOTOKe
Tenna (B ananasoHe BbicoT oT 150 m go 1250m)

w >0, /z>0u ecnmw = Ky /270
Ky<0(?)

» Bonpoc: Kak HanpaB/ieHHbIW BBepX NOTOK Tenjia MOXeT
COXpPaHATbCA npu nucuyesatrowiem nnn cCnerKa
NONOXUTESIbHOM rpagueHTte NOTEeHUMANbHOM
Temnepartypbi?




DEARDORFF’ COUNTER-GRADIENT( 1966)

(/2 - (w¥2)/w

upperlimit —

=0,65 Cm ' (h =350m; Telford & Warner,1964)



Understanding of ‘counter-gradient’ heat flux

D_ P, 2w / Zz>0
D—t:P2+D2 2

"smoothing'" term

D, (w? 2z turbulentdiffusion

= korpa auddysua npeHebpeMMO Mmana, NOTOK Tenna AoMKeH 6biTh
Hanpas/ieH No rpagueHTy:

w = K, / z

= korga AndPY3UOHHDIN YNEeH NONOKUTENEH U NPEBOCXOAUT
CrIa*KUBAIOLW UM Y1eH, NPOTUBOrPaAUEHTHbIN NOTOK TenJ1a MOXeT
umeTb mecto. TONbKO TOoraa NopoXAaeHne MoXeT 6biTb OTPULLATENBHO:

P, 2w / z<O0!
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AvarHoctnka NnpoTMBOrpaanMeHTHOro NOToKa Tensia B ropoAaCcKOM
KOHBeKTuBHom AlC
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Counter-Gradient term (Improved RANS- approach)
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Buxpesaa audody3ma umnynbca u
Tensa B YyCTOUUUBO
CTPpaTUGUNLUUPOBAHHOM
aTMochepHOM NorpaHNYHOM cnoe



Computational GABLS Scenario (BLM.2006. 118: 273-303)

=»The boundary layer is driven by an imposed geostrophic wind, with a
specified surface cooling rate.

— A vertical domain of 400 m is used, with a grid mesh of 6.25m (64
vertical levels), and a time step of 2.5 s.

— A constant geostrophic wind with height, of 8 m/s in the x-direction,
is prescribed.

— The initial potential temperature equals 265 K up to 100 m, and then
it increases at a rate of 0.01 K/m until the domain top, where a value of
268 K is reached.

=>» Surface boundary conditions:

— The turbulent values are computed using the MOST according to the
noniterative procedure of Louis (1979)

— The surface temperature is decreasing at a constant rate of 0.25 K/h.
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The potential temperature in the SSBL
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270

The surface temperature (265 K
initially) decreasing at a constant
rate of 0.05 K/h. Such a profile
developed into the observed
profile (square symbols at the
left on a figure) after 8 h of
simulation.

The elevated inversion layer within the
SBL, similar to the ones here, have been
found by Kosovic and Carry (2000) on
the Arctic sea in their LES simulations.
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Profiles of temperature and vertical heat flux
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Inverse Turbulent Prandtl Number in the SBL
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BepTukanbHbie npodunu PrT B
KBasmyctaHoBuBLuemcs yctonuusowm MINC

PrT RANS mopgenupoBaHue ﬂq DNS/LES mopenupoBaHue
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LES or RANS ?

Modeling SBL by LES:

JAS. 2013. Vol. 70, 1513-
1527.

Ri
g

Imroved RANS approach
modeling of SBL
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JHepreTuka yctTouiumBso
CTPATUPULUNPOBAHHOIO
aTMmocdepHOro NnorpaHNYHoOro cnos



Behavior of turbulent potential energy (TPE) in
stably stratified PBL

@ field data (Uttal et aI 2005
® -lab experiments (Ohya, 200

_ f@ LES data
- Simulation @

the full turbulent energy
Ec=(1/2)uu

Er/E 0.21 with growthRij




BepTuKanbHbiN TYPOYNEHTHbIN NOTOK
MMNYNbCa

- (D -field data (Uttal et al., 2002)

- (@ - lab experiments (Ohya, 2001)

@ - LES data (Zilitinkevich et al., 2008)
@ - Simulation
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BepTuKanbHbIN TYPOYNEHTHLIU NOTOK
Tenna

(D - field data (Uttal et al., 2002)
@ - lab experiments (Ohya, 2001)
@ - LES data

@ - Simulation




[lepemerkaemocCTb
TYPOYNEeHTHOCTU B YCTOMYUBO
cTtpatudumnumposaHHom AllC



SBL. Turbulence intermittency near to surface

The SBL is formed at surface cooling.
This figure shows the development of turbulent heat flux near
the surface during a clear night with relatively weak winds.
Intermittent turbulence is characterized by brief episodes of
turbulence with intervening periods of relatively weak or

The dashed line
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MNepemeKaowanca TypbyneHTHOCTb B61M3N NOBEPXHOCTU B
yctonuusom AlC

e YpaBHeHMue 6anaHca TKE

DE
— + Diff (E ) = HOpOoIHCOCHUE (cdeuz, nﬂaeyuecmb) ouccunauus

Dt _
2 2 2
Diff (E)=— w 22X "% P _ 4B
< 2 Py
K _
lpapueHTHaa napameTpusauma: A = i (E =1/2 ”,-”,-)

‘TypbyneHTHoe uncno NpaHata’ & . : < 0p <

0 < 1, ecan 3HaKKM mexaHmM3moB nepeHoca A u B ogmHaKoBbI
o .. > |» €C/M 3HaKM MexaHnW3moB A 1 B NpoTUBONONOXKHbI
E
v
KoHnBektusHbIn AlNC (Deardorff and Willis,1985; LES: Moeng et al.)
Ycronuusbit ANC e61u3u nosepxHocmu (LES):Kosovic and Curry,2000



SBL: modeling of intermittent turbulence near to surface

TKE transport equation (E =1/2 ﬁ)

DE _| K E+(P+G) £
Dt Z0, Z

‘Standard’ (e. g. Duynkerke, 1988), O , | accelerates the turbulent diffusion,
smoothing out the intermittent bursts.
Of ; 7.5 is necessary for simulating intermittent turbulence.

® [lpn ymeHbleHUU BepTUKanbHo andoysum TKE ( E >1 )

TpebyeTcAa yBennyeHMe NOTOKa Auccunauuu ( <1 ) ;
TPaAHCNOPTHbINA Y/NieH B YPaBHEHUU ABNAETCA UCTOYHUKOM

KOHBepreHumMn noTtokKa B C/IOM.

_ K, - (P+B) _2
t z z - E 2E




SBL. Simulation of turbulent energy intermittency near to
surface: sensitivity test of improved RANS-approach

In the present study has been tested capability of
Improved RANS-approach in reproduction of the intermittent turbulence.

Time series of TKE for a quasi-steady state of SBL

The vertical intermittent events under
N external conditions of low-wind and
£, JMMMJWMAM\[\ Mol b clear skies are generated at surface,

’ i — propagating upwards through
the turbulence transfer term
in the TKE equation.

z=7.8125m

Time series of friction velocity
nearest to surface




MNepemerxkaowmmnca TypbyneHTHbIN NOTOK Tenna
B6/211M3UN noacTunaoen NoBepxXHOCTH

U3amepeHua:
BLM.2010.136. 165-174 RANS mopgenupoBaHue
w  (Kmc?Y WO (K m ct)
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HuskoypoBHeBasa cTpya B yctonunsom AlC
N reHepauua TypobyneHTHOCTU




SBL. Intermittency of elevated turbulence generated
by Low-level-Jet (LLJ): simulation with RANS-scheme

potential temperature

three layered profile:
1 - strong gradient
2 - weaker gradient
3 - slack gradient

275 280 285 290 295 300

(K)

Vertical profiles (a) wind speed and (b) potential
temperature for strong SBL with the LLJ.




MepemexaroLwasica TYpOyNneHTHOCTb Ha rpaHMLuax
CTPYMHOro Te4eHus1 B KBa3MyCTaHOBUBLLUEMCSH YCTOMYMBOM
nrc

RANS mopenuposanue LES : JAS 2011. V. 68. 2142-2155.
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Low level jet and inertial oscillation

dU uw

S f(V V 1
2 ( o) ” (D
dv W

Y _ f(U U )
m ( o) ” (2)
V=2 f Vdz= (uw),

0
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Turbulent flux of momentum

atmospheric data

40 h
50 h




Turbulent flux of heat

atmospheric data

>
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CROSS-ISOBARIC FLOW AND INERTIAL OSCILLATION




CROSS-ISOBARIC FLOW AND INERTIAL OSCILLATION
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Low Level Jet and Inertial Oscillation Evolution in Time
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Buxpesoit nepeHoc umnynbca u
Tensaa B cBoboaHoU atmocdepe



Eddy diffusivities in upper troposphere and lower stratosphere

30 miles




Eddy Mixing in the Free Atmosphere

® Diffusion processes in the free atmosphere play an
important role in the transport of momentum, heat, and
mass on global and regional scales, although the eddy
diffusivities there is much smaller than in the
atmospheric boundary layer.

® |n particular, diffusion processes of minor components
in the upper troposphere and lower stratosphere are
essential to global warming, stratospheric ozone
depletion and transboundary air pollution problems
because they govern the exchange of mass between the
troposphere and stratosphere.



Features of Eddy Mixing in the Free Atmosphere

® In the upper troposphere and lower stratosphere, air is
usually stably stratified, and internal gravity waves
induced by boundary layer flow and geography are
predominant.

® The turbulence eddies in these layers are generated
intermittently and sporadically when gravity waves
breaking and shear instability occur.

® These turbulence eddies transport heat and mass, and
then they are partly destructed by buoyancy and viscous
forces. Thus, turbulent motions and diffusion processes

in these layers are complicated and not yet well
understood!



Atmospheric conditions for measurements in the free
atmosphere
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FIG. 2. Atmospheric conditions at 1200 LST 4 Oct 2000. Horizontal bars indicate root-mean-
square fluctuating velocities during 2 h (1100-1300 LST) at typical heights. Horizontal lines in
T, RH, and mixing ratio plots indicate the region of radar range coverage.



Ueda et al. JAS. 2012. Vol.69, 323-337
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Ueda et al. JAS.

2012. Vol.69, 323-337
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UT and LS & Kh~Km: Explanation

®|n upper troposphere (UT) and lower stratosphere (LS) the
turbulent eddies are produced by shear instability and wave
breaking.

oBy these motions, momentum and heat are considered to be
transferred simultaneously in the same manner.

eAfter these events, turbulent eddies are quickly destroyed by
buoyancy and do not contribute significantly to vertical diffusion of
heat and momentum.

*The result of Kh~Km is a remarkable contrast to in
the outer region of the SBL where the ratio Kh/Km is

0.1- 0.02 in such strong stratification conditions.
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TypbyneHTHasA UMPKYNAUMA Haa
OCTPOBOM Tenna B
YCTOUYNBO CTPATUPNLNPOBAHHON

OKpyXxatLieun cpeae



[[opoackou norpaHNYHbLIU CIIOU

A typical urban domain over flat terrain
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Mopaenb ropoAckoro ocTpoBa Tenna U peanbHbIN
nPoOTOTUN

(a) PeanbHblid MCTOYHWK (b) NabopatopHas moaens
Tenna u npuMece Ans npoToTuna (a)

WCTOYHMK NpUMecu

TeHeBas doTorpachus passutoro TypbyneHTHOro hakena
Hag HarpeTeiM guckom (b)



JIlabopaTopHoe uccnegoBsaHue TennoBoro cakena
Hag NoOKann3oBaHHbLIM UCTOYHUKOM Tenna B

yCTOMYMBO cTpatuduumMpoBaHHON cpene
(Lu et al. J. Appl. Meteor. 1997. V. 36, No. 10)
Acrylic plastic

Polystyrene foam

— Aluminum

Polystyrene foam

FiG. 2. Schematic of convection tank.



Pa3Butue tepmuyeckoro cpakena Hag noKkanmsoBaHHbIM
MCTOYHUKOM Tensia B YCTOMYUBO CTpaTU(PULUMPOBAHHOMU
cpepe
JlabopaTopHbIN IKCNEePUMEHT




Cxema unpkynsauum Han
MCTOYHUKOM Tenna

7 ‘ ambient temperature profile,
slope = dT,/0z in model, or
00,/0z at full scale.

T~

temperature profile
inside plume




Onpegensouwas cuctema ypaBHeHUMN
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TypOyneHTHbIe NOTOKMU
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UucneHHbIN MeTOo
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BbluncnurtenbHas ceTKka

CmMeLwleHHas
ceTkKa.

Pa3HOCTHbIE
ypaBHEHUSA
peLlatoTcH

METOAOOM MNMPOroHKW.
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JlnHnmn Toka (aBa pasHoBpaLlaloWmMXcsa BUXPA
Hag OCTPOBOM Tenna)

OkcnepumeHT Lu et al. 1997 (Fr=0.077, Re =8280)
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PagnanbHasa(ropusoHTanbHasa) CKOpPOCTb Ha
pa3fMYHbIX BbICOTaX

kecnepumeHT Lu et al. 1997 (Fr=0.077,Re =8280)
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UHTeHCMBHOCTU TYpOyneHTHOCTU B paKene Hag OCTPOBOM Tenna
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ducnepcua temnepaTypbl
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DKCIIEPUMEHT

Lu et al. 1997 BrruucieHnsuslie npoduin
Re =4500, Fr =0.088 ]
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dopma TennoBoro gakena
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1. BbluucneHHbIn npocdunb  TemnepaTypbl
BHyTPM nnyma (dpakena) umeeTr XapakTepHoe
“B3gytmne” (swelling): Temnepatypa BHyTpWU nnyma
HUXe, YeM TemrepaTypa CHapyXu Ha TOW ke caMoMu
BbicoTe. CosgaeTca  obnacTtb  OTpuUaTesibHOM
nnasyyvyectun, BCcneacremMe BO3BbILLEHUA TJlyMa B
LleHTpe

2. Takoe noBedeHWe MoOKasbiBAET, YTO MIyMm
MMeeT BO3BbILLAKLLYIOCA BEPXHK YacTb B
doopme “wnansl”




NMpodmnun TemnepaTtypbl B TeNNOBOM hakene
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BepTukanbHbIn npocdunb gucnepcumn

TeMnepaTtypbl
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ing) B BepxHen yacTtu nrayma
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