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Transfer of atmospheric momentum to the surface
(drag) in the ECMWF model

e Turbulence scheme:
* Roughness length (vegetation dependent table over land)

* Turbulent Orographic Form Drag for scales < 5km (TOFD)
e Subgrid orography scheme for scales > 5 km: Lott and Miller (1997):

* Low level blocking

* G@Gravity wave generation
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Surface roughness length (definition)

Example for wind:

u, , z
=—In(—)
Ko7,

eSurface roughness length is defined on the In z
basis of logarithmic profile.
eFor z/L small, profiles are logarithmic. 10
eRoughness length is defined by intersection
with ordinate. 1
0.1
i L. 0.01f
Often displacement height is used to - U
obtain U=0 for z=0:
.+ Z
_~ | ( ) e Roughness lengths for momentum, heat

om and moisture are not the same.

eRoughness lengths are surface properties.

S ECMWF training course: boundary layer; surface layer



Roughness length over land

Geographical fields based on land use tables:

Ice surface 0.0001 m
Short grass 0.01m
Long grass 0.05m
Pasture 0.20 m
Suburban housing 0.6 m
Forest, cities 1-5m

Llanthony valley, S. Wales
Many models use orographic roughness enhancement to represent drag

from sub-grid orography. ECMWEF also use used this before 2006 with

roughness lengths up to a maximum of 100 m.
SCECMWF training course: boundary layer; surface layer



Sub-grid orography

<€— Effect: upper air drag due

h: mean (resolved) topographic to gravity wave breaking

o
height at each gridpoint
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€&— Effect: Near surface drag
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h: topographic height above sea level
(from global 1km data set)



Orographic slope spectrum

F(k) ~ k™

F(k) ~k™*

Examples of spectra of orographic slope
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Since 2006 ECMWEF uses “Turbulent Orographic Form Drag (TOFD)”
implemented as a tendency (or flux divergence) on model levels

Orographic form drag (simplified Wood and Mason, 1993):

fos = 208C_0°U%(h )

yo
a, Shape parameters
C, Drag coefficient
% Silhouette slope
U Wind speed
h, Reference height

Vertical distribution (Wood et al, 2001):
. —z2/h,,
Z-o o z-os €

S ECMWEF training course: boundary layer; surface layer
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Parameterization of flux divergence with a continuous orographic
spectrum:
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Assume: h_~min(2/k,2/k) k =0.003m™
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Write flux divergence as:

© 1,2
o, _ —2pa,BCm_[— F(k)U?(c, /k)e*" rdk
0z * h.

0

Beljaars, Brown and Wood, 2004, QJRMS, 130, 1327-1347
S ECMWEF training course: boundary layer; surface layer



Simple properties of gravity waves

In order to prepare for a description of the parameterization of gravity-wave drag, we examine
some simple properties of gravity waves excited by two-dimensional stably stratified flow over
orography.

We assume that the horizontal scales of these waves is sufficiently small that the Rossby
number is large (ie Coriolis forces can be neglected), and the equations of motion can be
written as

M M WM TP (1)
ot X oz p OX
oW oW ow 1 op
—+U—+W + +g =0 2)
ot OX oz p Oz
ou 1 o

+ w) =0
ox T 5 oz (W) (3)
66’ 89 86’ _0
Gt ax 82 (4)

(After T. Palmer ‘Theory of linear gravity waves’, ECMWF
£2ECMWF meteorological training course, 2004)



Simple properties of gravity waves

The Boussinesq approximation is used whereby density is treated as a constant except where
it is coupled to gravity in the buoyancy term of the vertical momentum equation. Linearising
(1)-(4) about a uniform hydrostatic flow u, with constant density p, and static stability N, with

dIng,(z) dp,

N? =
J dz dz

— _pog’

u=u,+u’, w=0+wW, p=p,+0, pP=p,+ P,

results in the perturbation variables

ou +u, ou N 1 op _o, (5)
ot OX  p, OX
8W+uoaw+16p_pgzo, (6)
ot OX p, 0z P,

ou N ow _o, (7)
OoxX oz

o0 + U, 90 ,w% _o (8)
ot OX oz
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Simple properties of gravity waves

Assuming density fluctuations to be dependent on temperature only

pL_9 (9)
o &,
Equations (5-9) are five equations in five unknowns. These can be reduced to one linear
equation 2 2\0/ 2\0/ 2\0/
[g+uoij o 2+6 . + N2 —=0. (10)
ot OX OX oz OX

We now look for sinusoidal solutions of the general form

W' =Wexp| i (kx+mz —at) |,

where k =27z/A, isthe horizontal wavenumber
m=2x/A, is the vertical wavenumber
w Is the wave frequency

Substitution leads to the dispersion relation

2
(W— u k) (kz + m2) — Nzkz = O’ Derivation steps:
Y 1. Use (9) to eliminate 8’ from (8) -> resulting in
Nk equation for p’ . Result: (8A)

2. Take total derivative of ( 6) and eliminate p’ with

/ 2 2 ] (8A). Result: (6A)
k +m 3. Take total derivative of (5). Result (5A)

4. Take partial x-derivative of (6A) and subtract

o~ W/ is the intrinsic frequency partial y-derivative of (5A). Result (6B).
UECMWF 5. Eliminate du/0x from (6B) using (7)

w = W—uokZi



Sinusoidal hill

Consider stationary waves forced by sinusoidal orography with elevation h(x)
h=h sinkx k=27z/4

The lower boundary condition (the vertical component of the wind at the surface must

vanish) is oh

w(z =0) =u, =~ u.kh, coskx
X

For steady state situations with w=0, m can be derived from the dispersion relation:
N2

2

Uy

— k?

ué(k2+m2)—N2:O — m’=
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=N?/u?

_k2

Solutions periodic in x that satisfy the surface boundary condition:

wt = Re{ive™" 1 = Re{uykh, ™"}

k> N/u,

M is imaginary: Evanescent solution
w = u.kh e ™ cos kx

From the continuity equation,

ut = uph, |m|e T sin kx
rutwt =0
B e o |
_/_\\

,K/\W%»H

k< N/u,

M is real: Propagating solution

wh = upkh,, cos(kx + mz)

ut = —u,mh _ cos(kx + mz)

routwt=-0.5r, u; kmh’
W
/
/ / /



Summary: two regimes

k>N/U (i.e. narrow-ridge case) k<N/U (i.e. wider mountains)
(or equivalently Unt/L>N, i.e. high frequency) (or equivalently Unt/L<N, i.e. low frequency)
Evanescent solution (i.e. fading away) Wave solution
Non-dimensional length NL/U<n Non-dimensional length NL/U>n
ewaves decay exponentially with height eenergy/momentum transported upwards

evertical phase lines ewaves propagate without loss of amplitude
elinear theory -> no drag. Steep small scales ephase lines tilt upstream as z increases
leading to form drag -> TOFD scheme

w= Ae ™7 coskx w = Acos(kx+mz)
For typical atmospheric wind and stability (U=10 m/s and N=0.01 s-1 ):
L=3 km . | , , L SR -

S s Durran, 2003

Cross-Radge Distance (km) Cross-Fadge Distance (km)
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What happens to the moment flux associated with gravity waves

T 17 71T 1T 1T T T T T 7 T 1
19 17 February 1870 —
Momentum flux: —,O(U’W') 18 1 ‘; _
is constant and density decreases with height, so the 17 T d:/ _
amplitude of gravity wave increases until they break 16 %///Ang%?pt }f}yff/ % ////é
15 — -
—~ 141 -
§ 13 -
@ 12 -
ou 190 — 5 i
—=——\puw g ]
ot poz o i
0
L] .
Stress rapidly changing; strong 5 -
dissipation/wave breaking; cu/ot #0 % N
. 4+ Mean ridge —
Stress largely unchanged; little N attitude i
dissipation/wave breaking; ou /ot ~ 0 ol Lowest terrain _
. y L altitude _
Wave breaking occurs: Ul a1 D
1. When wave perturbation leads to convective 930 —16 —12 08 -04 00 04
overturning Morizontally averaged momentum fiux (Nm™)

2. Due to shear instability when locally the

) o Mean observed profile of momentum flux over
Richardson number drops below a critical value

Rocky mountains on 17 February 1970 (from Lilly
£SECMWF and Kennedy 1973)



Single lenticular cloud

Figure 4: Single lenticular cloud over Laguna Verde. Bolivia. This cloud was probably formed
by a vertically propagating mountain wave. (Copyright Bernhard Miihr. www.wolkenatlas.de)

SECMWF Durran, 2003



What happens if height is not small ?

After Lott and Miller (1997) Gravity waves

I

Coriolis effect ignored

elinear/flow-over regime (Nh/U small) Blocking occurs if surface air has
less kinetic energy than the

potential energy barrier presented
by the mountain

enon-linear/blocked regime (Nh/U large)

heﬁ‘ = HCU/ N Height h_ is such that the Froude
number Nh_/U reaches its critical
Zok — h - heﬁp value H_

See Hunt and Snyder (1980
CECMWF yder (1980)



The ECMWEF sub-grid orography scheme

* Horizontal scales smaller than 5 km: waves are evanescent and flow
around steep orographic features will lead to form drag : Turbulent
Orographic Form Drag (TOFD)

* Horizontal scales between 5 km and model resolution: The subgrid
orography scheme according to Lott and Miller (1997)

e Blocking below the blocking height: Strong drag on model levels
dependent on geometry of subgrid orography

* Gravity wave generation by “effective” subgrid mountain height:
gravity wave generation dependent on geometry of subgrid
orography

? | | | hIheff

Zpik

SCECMWF



The ECMWEF sub-grid orography scheme

Conceptual picture of
*Elliptically shaped mountains are assumed with aspect model grid box

ratio a/b, and orientation { with respect to the wind

2
y? = E;Etﬁ i '\I\;: z;zz K :0.5((ah/ax) (ah/ay \ju
0 =05tan(M /L) L:o.5((ah/ax) (ah/ay
ot =K+(LU+MO™ e eniay)
=h?—(h)’

SCECMWF

Elliptic mountains are equally spaced Q Q
*Subgrid orography is characterized by:
e Standard deviation p
* Slopeo
* Orientation 0
* Anisotropy y (1:circular; O: ridge) %
<0




Preparation of the data sets to characterize the sub-grid orography

2. Reduce to 5 km resolution by
smoothing

1. Global 1km resolution surface
elevation data

gridpoints
N

3. Compute mean orography at model
resolution

4. Subtract model orography (3) from
5km orography (2)

5. Compute standard deviation, slope,
orientation and anisotropy for every grid >
box

SCECMWF
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Resolution sensitivity of sub-grid fields

mean orography standard deviation (p) slope (o)
/ land sea mask
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Horizontal resolutions: ERA40~120km; T511~40km; T799~25km
SCECMWF



The surface drag due to blocking and gravity wave generation

Drag at height z below blocking height applied on model levels:

1/2
Do (2) = PC4 max(z—l,oj T | Lo 2 (Bcoszl//+Csinzl//)—U |
r)2u\ z+u 2

with 1 — cos’ iy +ysin’ y
y oS’ i +sin° i

Gravity wave stress above blocking height:

Tons = PuUn |\|Hheﬁ2%e(5cos2 w,, +Csin’y,,,(B—C)siny,, cosy,,)

« B,C,G are constants u : Standard deviation
* Index H indicates the characteristic height (21) c : Slope
* Yis computed from 6 and wind direction 0 : Orientation

* Density of ellipses per grid box is characterized by u/c v : Anisotropy

SCECMWF



Gravity wave dissipation

eStrongest dissipation occurs in regions where the wave becomes unstable and breaks
down into turbulence, referred to as wave breaking:

e Convective instability: where the amplitude of the wave becomes so large that it
causes relatively cold air to rise over less dense, warm air

N2

min

= N?2 {1+ NU5 h} dh : amplitude of wave

N : mean Brunt-Vaisala frequency

e Kelvin-Helmholtz instability also important: associated with shear zones.
Amplitude of wave is reduced such that Ri_.. reaches critical value of 0.25
(saturation hypothesis; Lindzen 1981)

2
Ri. =N _nRi 1-a 8h : amplitude of wave
i 2 /2 2\?
1 (1+Ri"?a?)
a=N|sh|/U Ri : mean Richardson number
n=0u/oz

SCECMWF



Numerics of fast processes

The time scales of flow blocking, TOFD and turbulent diffusion are short at the lowest
model levels and raise stability issues. The tendency from these processes can be written
as:

Y _pb-cuu

dt

dv h

E =D-C |U |V where C= Cvdf +Cb|ock +Ctofd

To minimize time step dependencies, the three schemes are solved for together in one
implicit computation:

n+1_ n
U U b c"U"faU™ +d—a)u™
At
N+l \yn
\%: D" —C" UV ™ + (L= )V "}

a =1.5 to avoid (non-linear) instabilities in the vertical diffusion scheme.

— See: Orr (2007), Evaluation of revised parametrizations of sub-grid
< ECMWF orographic drag, ECMWF Technical Memorandum 536.



Impact of scheme

Alleviation of systematic westerly bias in low resolution

model (2.5°x3.75°) in 1985

CONTROL EXPERIMENT [Ci

I
Lm?/mxz
ao8 R\\\\
1098
T 00k ‘0, %
S s
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Icelandic/Aleutian lows
are too deep

.

Siberian high too weak

3 - and too far south

- Flow too zonal / westerly bias

e Azores anticyclone
too far east

MERN JRNURRY 1984-1493E

GRAVLITY WAVE EXPERIMENT (G)

Without GWD scheme

Mean January sea level
pressure (mb) for years 1984
to 1986

Analysis (best guess)

SCECMWF

From Palmer et al. 1986

With GWD scheme

alleviation of westerly bias

| —

better agreement




Surface stresses averaged over of 26 days (T511L91); Jan 2012

East/West SO stress
LGWS, fvq4(24) 20120106-20120131, GI_av:0, GI_sd:0.07
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North/South cross section 90N to 90S (averaged over 180W to 180E)
averaged of 26 5-day forecasts

U Day-5 U-err without SO Day-5 U-err with SO
U, fvg6(120) 20120106-20120131; Aver E/W: -180 to 180 deg U_diff, fvg6(120)-fvg6(0); 20120106-20120131; Aver E/W: -180 to 180 deg U_diff, fuq4(120)-fvq4(0); 20120106-20120131; Aver 80 10 180 deg
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North/South cross section 90N to 90S (averaged over 180W to 180E)
averaged of 26 5-day forecasts

Day-5 T-difference: Turb&SO - Turb

T_diff, fvq4(120)-fvg6(120); 20120106-20120131; Aver E/W: -180 to 180 deg
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Gravity wave stress in the stratosphere causes a-geostrophic
meridional circulation which results in warming in polar stratosphere



North/South cross section 50N to 20N (averaged over 105W to 115W)
averaged of 26 5-day forecasts

U Day-5 U-err without SO Day-5 U-err with SO

U, fvq6(120) 20120106-20120131; Aver E/W: -115 to -105 deg

U_diff, fvq6(120)-fvq6(0); 20120106-20120131; Aver E/W:-115t0 -105 deg U_diff, fvqd(120)-fvq4(0); 20120106-20120131; Aver E/W: -115 to -105 deg
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WGNE Drag project — comparison of surface stress

PBL over water PBL+SGO over land
" 1019 Surface torques - PBL term, contribution from water - Jan 2012 - 00-24h " 10§u1‘face torques - PBL+SGO terms, contribution from land - Jan 2012 - 00-24h
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Much better agreement over water than over land !

Link to Drag Project website* (A. Zadra and J. Bacmeister):
SCECMWF http://collaboration.cmc.ec.gc.ca/science/rpn/drag_project/index.html
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Impact on medium range forecasts

Change in RMSE Z500hPa due to about 10% increase
In TOFD or Blocking stress

Z: 20° to 90°, 500hPa

010
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DGD :_ - ';_F_: ---------------------
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Sandu et al. 2016
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