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Atmospheric boundary layer (ABL)
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Horizontally homogeneous ABL

* Flat terrain + uniform surface + uniform atmospheric forcing
- Mean flow and turbulence statistics are independent of x and y.

oU ouw
E _fC(V_Vg) 82 9
oV ovw
a _fC(Ug_U) 82 y
0o __oud
ot 0z’

4 of 24




Mathematical formulation

Solve
oq 0q 0°q
_— f q’ , 59
ot 0z 0z
subject to
q(Z,t — O) — (Qinitial ABL with
K- € model:
o U
btop (q, 8—q, .. ) =0 /V\
o (z2=Ztop,t) q=|©
P K
(a2 o ;
< (z=2bot,t)
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Maple/FORTRAN 1d-solver

 KTH PhDs, Lazeroms and Zeli, used a Maple/FORTRAN 1d-solver for their ABL
simulations (written by S. Wallin).

Input:
High-level description of model K
equations and BCs. 7, The equation
l _> eq U := Diff(U,t) = Diff(nut(y)*Diff(U,y),y) + Px;
eq k := Diff(k,t) = (l-fw(y))*(Pk(y) - Jk(y)*k +
Map|e code Diff ((nut(y)/sigk)*Diff(k,y),vy) )
+ fw(y) * (Pklog(y) - Jk(y)*k);
eq eps := Diff(eps,t) = (1-fw(y))*(Peps(y) - Jeps(y)*
Automatic discretization and eps +
generation of FORTRAN code. Diff ((nut(y) /sigeps) *Diff (eps,y) ,y)
Input: fw(y) *cfl(y) * (epslog(y) - eps);
Grid ~ —» | FORTRAN code
Initial conditions
Model parameters
Run code. eq := [eq U, eq k, eq eps 1;

[ Results ]
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New Python 1d-solver

* Inthe Autumn 2021, a similar code was written in Python (by S. Wallin).

Input:

High-level description of model
equations and BCs.

Grid

Initial conditions

Model parameters

|

Python code

l Run code.

[ Results ]
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Python code verification

Can the Python code reproduce ABL results
from Lazeroms (2015) and Zeli (2021)?

Some preliminary results for the GABLS 1 case:

250
200 /el et al. (2020)
== == Python code
150+
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Wall boundary
condition for ABLs
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Example: neutral atmospheric channel flow

Assume Top BC: % =0
 No Coriolis
* Neutral ABL (= no temperature)

 Regular K-€ model

oU ouw
ot = Ve
0K
W :P—8+DK,
Oe £ g2
3_t: 51?73_052E +Da

W_—V a_U

- oz
K? Wall BC: 77

Vy = fm
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Wall boundary condition (BC) for ABLs

zZ
* Model wall BC with neutral |77~ ! |
log-law.
iml Jreran
1.0 City
U 4 -
® (](2) — _hl % 0.1 Farmland with closed appearance
Y
2 . i
o f((z) _ u? 0.01 Airport runway areas
vV fm 0.001  Snow surfaces
3
i U, 0.0001 Water areas (lakes, fjords, open sea)
e £(2) == .
______ . ]ﬂ
Afp--=---- —\
U(z=2y) =0
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Coordinate transformation

A
z

* Numerically convenient to re-definez>z+2z, | | |




A naive BC implementation 1/2

A
z

e SetBC.: [
o U(z=0)=0
o« K(z=0)= =
o 5(220):%

* Estimate friction velocity from first cell via log-law:

K}Ul

Uy =

In (22 J s




A naive BC implementation 2/2

+ Analytical steady-state value of u.: ~ 1©t?"8°" = \/ fVoH
5 0 Friction velocity evolution
keps
15 777 target
Target u, =0.330000 m/s _
i, (m/s] 1.0- Finall u,=1.764194 m/s u. overestimated!
0.5-
0.0
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A more elaborate BC 1/4

* Assuggested by Zeli et al. (2019): 77777
0K
E :E)(Plog_5)+(1_Z))(P_E+DI{):
Oc | £ g2
5 D(€10g — €) p|+ (1 —b) (C’ﬂ ?73 — CEQE | DE)
" '
P]Og B K 2?:25[{(1].5(;51 -+ Z{])
f[).?'?)}{lf} .
Elog _ Jm 1
k(21 + 20)
* Idea: relax g, towards log-law value. Set D=0 in first ZS ““““ D Iﬂ
cell-center to be consistent with log-law.
Pog= €10gy When K, attains log-law value. 77/
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A more elaborate BC 2/4

e Zelietal. (2019) suggested theBCs: |77 —

e U(z=0)=0
e K(z=0)= —»
)

e c(z=0

* | found the U=0 BC to be problematic for numerical
convergence =2 changed to flux BC*:

3
: ay z=0 - ZS ______ D ]ﬂ

*(and set an artificial wall eddy viscosity to still obtain U(0)=0; could then set dK/dy=deps/dy=0) 16 of 24




A more elaborate BC 3/4

Friction velocity evolution

1.0 1
keps
----- target
0.8 1
Target u, =0.330000 m/s
u; [m/s] 5 6 Finall u,=0.330004 m/s
0.4
0.2

0 50000 100000 150000
t

Converge to the correct value!
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A more elaborate BC 4/4

i —— 1d-solver

300 1 N Bk log-law
i
|
i
z [m] 200- :
I
|
i
100 - i
I
|
|
O |

0 10 0.00 0.25 0.0 0.1

U [m/s] K [m?/s?] e [m?/s?]

The profiles obey log-law at bottom of domain,
except a small overshoot of TKE.
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The “TKE overshoot”-problem 1/3

e (Qvershoot occurs in second cell.

Second cell

K [m?3/s?]

—— 1d-solver CC

011 7T log-law target \




The “TKE overshoot”-problem 2/3

* Not only for channel flow; occurs for any ABL type.
« A commonly observed problem in various codes.

Sumner & Masson (2012) Richards & Norris (2011)
a
‘ ; - - 30 1 ;
> ¢ L Tl Ban(4) —— van der Laan et al. (2017) Eq 53
2 200 el 0 80 ' ' - — = Ko
o3 [? ' i Log-law i
4 i j ! = = Solver !
g@ L é :
S z [m] 4 e N
% \Q P ! 1 D .................................. o
5 . 200 o —
% ol - : k.
o TR ‘ : ‘ ; A
&, i R P 0 ) B i i e,
e - 0 1 2 3 4 5 0 Y
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The “TKE overshoot”-problem 3/3

* Itis adiscretization problem connected to the shear stress. 10
Dy = —— : = Dy —
U (‘:),Z U ‘z?; AZ?; 8 1
oU Ué—kl o U.'-l—l
P=—tw— = P|. = : - |
B ( Az i[-] ©
e Richards & Norris (2011) derived an analytical estimate of 4
the production overestimation:
2_
3 1 2
u
PZ?::HZ,; (l_l(A‘”/Z)Z) 0
- - 10 L1 12 13
o a [-]
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A solution to the “TKE overshoot”-problem

* Richards & Norris (2011) suggested an alternative discretization of the shear production:

No peak in

K [m?/s?] second cell!

—— 1d-solver CC
01d T log-law target \
0 100 200 300 109 10! 102

z [m] z [m] 22 of 24




Comparison of methods

m— [0g-law

—— Naive

-=- FElaborate BC

-+- Elaborate BC + RN prod

10°;
z [m]
10! 3
107 : I
0 20 0.0 0.2 0.4 0.0

U [m/s] K [m?/s?]
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Wall BC: log-law

- All ABL simulations are
based on log-law BC.

Summary

a 1.0

Friction velocity evolution

- Modify K and € egs. MTWS]O:G:
- Use flux BC for U. ol

—— keps
----- target

Target u, =0.330000 m/s
Finall u,=0.330004 m/s

0

50000

100000
t

150000

- TKE overshoot often
observed in 2" cell.

- Can be removed by
consistent discretization.

10°

10! 102
z [m]
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Extra slides
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Turbulence modelling for ABL

- Need to model ww, 7w and w.
* Recent work by Lazeroms (2015) and Zeli (2021) investigated using Explicit
Algebraic Reynolds Stress models (EARSMs).

— ettt

vvvvvvvvvvvvvvvvv

nnnnnnnnnnnnnnnnn
ooooooooooo

Turbulence modelling
applied to the atmospheric | = oecosimessintngneeringmechanic

bo

e layer Modelling of stably-stratified,
convective and transitional
atmospheric boundary layers using the
explicit algebraic Reynolds-stress model

VELIBOR ZELI
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Explicit Algebraic Reynolds Stress Model (EARSM)

* Three algebraic expressions:

., [oU 9V 06 )

ww = i (@z’ 0z 6’2:’K’K9’C)

- . [oU 0V 06 )

o= 2 (@z’ 0z’ 6’2:’K’KQ’C)

— . [oU 0V 06
wg_fg(@Z’anaZ’K}Kejc)

e Three transport equations:

0K

— =P —=¢ D

Y + G+ Dk

0Ky

— = — D, .

5 Py — e + Dk,
P 4 (oG
87‘ — EIK EQK EJK €
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Shear stresses

Should plot the shear stresses at the faces or use a nodes-average:
1

¢

uw; =

W, 1+ ww,_ 1

0.001 —— 1d-solver CC

-0.024 --=--- log-law target

—0.04 1
uw [m?/s?] 0.06 1
—0.08 1

—0.10
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