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• Initial	conditions
• Geostrophic	wind:	Ug=8.0	m/s,	Vg=0.0	m/s
• Potential	temperature:	265K	up	to	100m,	then	it	increases	at	a	rate	of	0.01	K/m

• Boundary	conditions
• MOST	wall	model	at	surface	and	no	stress	and	no	penetration	at	the	simulation	domain	top
• Prescribed	surface	temperature	with	a	constant	decreasing	rate	of	0.25	K/h
• Roughness	 length	z0m =	z0h =	0.1	m

• Higher	stabilities
• Increasing	the	surface	cooling	rate	from	0.25K/h
• We	also	test	much	higher	stabilities	than	GABLS,	going	up	to	2.5K/h	(Case	A-F)

• LES	setup
• Simulation	domain

– 162X162X160	grid	points
– 800X800X400	m3

• SGS	model:	Lagrangian scale-dependent	dynamic	(Bou-Zeid et	al.	Phys.	Fluids 2005)
• Courant-Friedrichs-Lewy	(CFL)	number	is	around	0.1	
• Total	physical	run	time:	10	hours
• Statistics	were	obtained	with	the	results	of	the	last	three	hour

GABLS	and	LES	runs
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• With	increasing	stability:
• Stronger	wind	speed	peak,	
and	vertical	gradient	of	mean	
temperature

• Lower	low-level	jet,	and	
shallower	boundary-layer

• Decrease	in	surface	
momentum	and	increase	in	
temperature	flux

[Huang	and	Bou-Zeid,	JAS,	2013]
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tests showed that the results, for all the stabilities sim-
ulated here, did not vary much as this resolution was
approached. It results in grid cell dimensions of ap-
proximately 5 m 3 5 m 3 2.5 m, which in our LES also
represents the dimensions of the filter.
The full signal of a turbulent variable can be decom-

posed into a Reynolds average (represented by upper-
case letters) and a turbulent part (represented by
a prime) or into a resolved part (represented by a tilde)
and an SGS part (represented by double primes) (e.g.,
u5U1u0 5 ~u1u00). Note that in LES we only solve for
the resolved fields and hence we directly obtain only the
resolved part of the statistical moments. For the first-
order moments, the mean of the resolved part is in
practice a very accurate estimates of the mean of the
total (resolved 1 SGS). For second-order moments, we
can model the SGS components, which are important in
this case, to recover the totals for some important
quantities (e.g., stresses and scalar fluxes). As such, in
this paper, we use the term ‘‘mean’’ to refer to the mean
of the total, including the modeled SGS part for the
second-order moments only, unless otherwise stated.
Six steady surface cooling rates are prescribed to

simulate increasingly stable ABLs, including the one
studied by the GABLS project—namely, 20.25, 20.5,
21, 21.5, 22, and 22.5 K h21, denoted as cases A–F,
respectively. The statistics are computed at quasi equi-
librium, defined as the state of the SABL where the
height of that layer and the surface fluxes of momentum
and heat change relatively slowly with time, allowing
turbulence to be close to equilibrium at any instant. A
list of the primary mean characteristics at quasi equi-
librium are tabulated in Table 1, which includes the
ABL height h, friction velocity u* 5 (2ts)

1/2, surface
temperature scale u*52qsu21

* , the Obukhov length at
the surface LMO 5 u2*Qs(kgu*)

21, and the Ozmidov
length at the surface LOZ 5 !1/2N23/2

BV ; ts represents the
kinematic surface stress, qs the surface buoyancy flux,
Qs the surface potential temperature, ! the dissipation
rate (we will detail how we compute it in section 5), and
NBV 5 [(g/Q)(dQ/dz)]1/2 the Brunt–V€ais€al€a frequency.

We calculate h following Beare et al. (2006); that is, it is
the height where the mean stress falls to 5% of its sur-
face value divided by 0.95.

3. Validation of LES results

The LES code with the dynamic SGS model has been
tested extensively forABL flows over homogeneous and
heterogeneous surfaces (Bou-Zeid et al. 2004, 2005),
urban flows and wind tunnel flows over cubes (Tseng
et al. 2006), and flow in plant canopies (Yue et al. 2007b).
The code was also validated for stable and unstable
ABL flows and for diurnal cycles (Kumar et al. 2006;
Kleissl et al. 2006; Kumar et al. 2010) for values of the
flux Richardson number at the surface up to about 4.
These validations analyzed mean velocity profiles, Sma-
gorinsky coefficient values, stress profiles, and other sta-
tistics that confirm that this LES code can realistically
reproduce observed and theoretical ABL statistics. Yue
et al. (2007a) compared the LES results to PIV data for
flow in a plant canopy and concluded that the quadrant
analysis results from the LES matched PIV results very
well, suggesting that the coherent structures, which di-
rectly affect the quadrant analysis statistics, are well
represented.
However, given the particular difficulties in modeling

the SABL, we conduct in this section further tests
comparing our LES results against those in Beare et al.
(2006), which corresponds to case A and which were
compared to observational data, before increasing sta-
bility and investigating how it modifies turbulence
structures within the SABL. We will also later in the
paper show direct comparison of the LES results with
field experimental data for buoyant TKE destruction
under all the simulated stabilities. The time step is
set such that the maximum Courant–Friedrichs–Lewy
(CFL) number is around 0.1, which is the low value
needed for numerical accuracy and stability of the code.
In Figs. 1 and 2, we compare the major results of case A
at four different resolutions with those obtained by the
LES models in Beare et al. (2006) (the horizontal reso-
lutions of our simulations are increased proportionally
to our vertical resolution, though only the vertical grid
spacingDz is listed in the figures). Note that all the mean
statistics at quasi equilibrium in this paper are obtained
by averaging over horizontal planes and over the last 3 h
except for the mean potential temperature, which we
only average over hour 9 to be consistent with Beare
et al. (2006). Beare et al. (2006) concluded that a reso-
lution of Dz 5 3.125 m or less is ideal for simulating
such a moderately stable ABL, while acceptable per-
formance can still be achieved with a resolution of
Dz 5 6.25 m. Basu and Port"e-Agel (2006) showed that

TABLE 1. Mean boundary layer characteristics for stable ABL
simulations with steady surface cooling rates.

Case
Cooling

rate (K h21) h (m)
u*

(m s21) u* (K)
LMO(z 5 0)

(m)
LOZ

(m)

A 0.25 158 0.247 0.0392 104 14.4
B 0.5 128 0.226 0.0653 51.9 8.15
C 1 106 0.208 0.114 24.8 4.31
D 1.5 94.5 0.198 0.158 15.9 2.88
E 2 86.9 0.190 0.199 11.5 2.11
F 2.5 81.5 0.184 0.237 8.93 1.65
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Local	scaling	theory
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1) Pr generally ranges between 0.6 and 0.8 except close
to the surface.

2) Pr becomes more dependent on height as stability
increases. For cases A–C, Pr is more or less constant
in the middle and upper SABL. However, Pr starts to
vary with z for case D, with its minimum located
around z 5 0.2h, and this variability increases from
case D to case F. This suggests that, under very stable
conditions, the transport efficiency of momentum
flux relative to heat flux first decreases and then
increases with height (as the effect of the proximity
to the wall decreases and the effect of stability starts
to dominate at higher elevations); this is consistent
with the finding in Howell and Sun (1999), based on
experimental data, that Pr at 3 m is generally higher
than that at 10-m level.

3) Pr tends to increase with increasing stability, which
is in agreement with the modeling results of
Venayagamoorthy and Stretch (2010) and with field-
observed trends for the SGSPr (Bou-Zeid et al. 2010).

A parameter that is more directly relevant for SABL
parameterizations related to the local-scaling theory is
the turbulent diffusivity. Following Nieuwstadt (1984),
Km and Kh are nondimensionalized as

fKm
5KmL

21t21/2 (10)

and, similarly,

fK
h
5KhL

21t21/2 . (11)

The left panels in Fig. 14 depictfKm
andfKh

as functions
of z/L for cases A–F, along with the LES results at a 2-m
resolution in Beare et al. (2006), which correspond only
to case A in our simulation. Beare et al. (2006) claim
a good agreement arising from the comparison between
the LES results they collected and the local-scaling
theory. Although our results of case A do generally fall
in the range of the LES results reported in Beare et al.
(2006), it is clear from Fig. 14 that the agreement of
Beare et al. (2006) with the local-scaling theory reflects
the limited range of z/L and stabilities tested in that
study. Instead of approaching a constant value, bothfKm

and fKh
monotonically increase with increasing z/L and

stability; and the collapse of the curves when plotted
against z/L is only observed near the surface where z/L
is small. In fact, the variability of fKm

and fKh
is directly

associated with the violation of the constant Richardson
number assumption as fKm

5 kRif and fKh
5 kRif /Pr.

In contrast, we define a constant length-scale l and plot
fKm

and fKh
against l/L in the right panels of Fig. 14

[assuming l 5 1 m for now; in Part II of this study
(Huang et al. 2013) an appropriate length scale is de-
termined], and we find that fKm

and fKh
collapse well

with l/L except close to the ground where l/L is rela-
tively small. This suggests that far from the land surface
in the SABL, the z-less limit of the local-scaling theory
applies well for the stability range we impose here, z is
not a relevant length scale anymore, and its inclusion in
eddy diffusivity models away from the surface can be
problematic since it does not result in universal func-
tions. Consequently, z/L is an appropriate dimension-
less parameter for the SABL near the surface. Farther
aloft, z/L is not appropriate for the observed z-less
scaling behavior, and instead, our LES data indicate that
z should be replaced by a constant length-scale l to
explain it. This issue is further explored in Huang et al.
(2013), where the value of l is determined and these
findings are used to provide better parameterizations of
the SABL.
In addition to the local-scaling argument, Nieuwstadt

(1984, 1985) also derived an expression for the ver-
tical profiles of stress and temperature flux at quasi
equilibrium:

t/ts5 (12 z/h)3/2 (12)

and

q/qs5 12 z/h . (13)

Figure 15 examines these predictions and compares
them to our LES results for different stabilities. Note

FIG. 14. Variations of dimensionless parameters for turbulent
diffusivities (top) fKm

and (bottom) fKh
against (left) z/L and

(right) l/L for cases A–F (assuming l5 1 m). The gray areas in the
left panels represent the ranges of the corresponding LES results in
Beare et al. (2006).
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• Dimensionless	
combinations	of	variables	
should	be	functions	of	𝑧/Λ
(Nieuwstadt1984).		
However…

• Eddy	diffusivities	are	z-less	
under	strongly	stable	
conditions.

[Huang	and	Bou-Zeid,	JAS,	2013]
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Local	Richardson	number	similarity
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The	new	model	(HBG)

0 0.5 1 1.5 2 2.5 3 3.5
0

0.5

1

1.5

2

2.5

3

3.5

lm
LES [m]

l mSH
P  [m

]

 

 

Case A
Case B
Case C
Case D
Case E
Case F

1
lm
=
1
lN
+
Rig
λ

=
1
κz

+
1
l∞
+
Rig
λSHARP:

0 0.5 1 1.5 2 2.5 3 3.5
0

0.5

1

1.5

2

2.5

3

3.5

lm
LES [m]

l mH
BG

 [m
]

 

 

Case A
Case B
Case C
Case D
Case E
Case F

[Huang et	al.,	JAS,	 2013]

Testing	 the	HBG	model	under	strong	stabilities |		Jing	Huang



GABLS4	SCM/LSM	inter-comparison

• Based	on	a	real	case	on	11	Dec.	2009	under	strong	stability	(Ri>1)	
at	DomeC Antarctica
• Stage	1b	– Coupling	of	SCM	with	LSM,	prescribed	initial	surface	and	soil	
conditions	and	atmospheric	forcing

• Stage	2	– Same	as	Stage	1b	BUT the	surface	temperature	is	given
• Stage	3	– idealized	case:	no	radiation,	no	moisture,	no	prescribed	
atmospheric	forcing,	only	prescribed	surface	temperature	and	constant	
geostrophic	wind	speed
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From	O.	Traullé (left)	and	E.	Brun (right)
http://www.cnrm-game-meteo.fr/aladin/meshtml/GABLS4/GABLS4.html
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Single	column	model	- CCAM

• CCAM:	Cubic-Conformal	Atmospheric	Model	developed	by	CSIRO
• Support	a	variable-resolution	global	grid	using	Schmidt	transformation
• Three	SABL	schemes:
– The	HBG	model

– The	Louis	(1979)	model	(a	long-tail	type)

– A	standard	prognostic	k-eps	model
– A	modified	Louis	(1979)	model
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• Land	surface	model	CABLE:	Community	
Atmosphere	Biosphere	Land	Exchange	
model	developed	by	CSIRO	and	BOM
• Biophysical	component
– Surface	radiation	transfer
– Canopy	turbulence

– Two-leaf	turbulence
– Six	soil	and	three	snow	layers

• Biogeochemical	component
• Land	use	and	land	use	change
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Surface	temperature
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• K-eps	scheme	collapses	during	night
• Low	surface	temperature
• Shallow	SABL

• Louis	scheme
• Overestimate	surface	temperature
• Give	spurious	deep	SABL

• HBG	and	Louis	9m	perform	similarly
• Slightly	shallower	SABL	for	HBG

Stage	1b

Testing	 the	HBG	model	under	strong	stabilities |		Jing	Huang

Dec 11
00:00

Dec 11
06:00

Dec 11
12:00

Dec 11
18:00

Dec 12
00:00

Dec 12
06:00

Dec 12
12:00

22
5

23
0

23
5

24
0

24
5

25
0

Tg
 [K

]

Observation
HBG
Louis
k−eps
Louis 9m

HPBL

Dec 11
00:00:00

Dec 11
06:00:00

Dec 11
12:00:00

Dec 11
18:00:00

Dec 12
00:00:00

Dec 12
06:00:00

Dec 12
12:00:00

0
20

0
40

0
60

0
80

0
10

00

hp
bl

 [m
]

HBG
Louis
k−eps
Louis 9m

ℎ𝑝𝑏𝑙 = ℎCDE.EFCG/0.95



Surface	sensible	heat	flux
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Stage	1b Stage	2 Stage	3

• Observation	flux	is	actually	at	z	=	7m	– k-eps	produces	too	little	flux
• Louis	scheme	leads	to	more	flux	during	night
• HBG	and	Louis	9m	still	perform	similarly
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Temperature	at	42	m
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• Louis	scheme	overestimates	temperature	at	42m
• K-eps	scheme	
• Best	result	for	Stage	1&2
• Constant	temperature	during	night	at	Stage	3	as	a	result	of	a	shallow	SABL	and	no	prescribed	
atmospheric	forcing

• HBG	and	Louis	9m	still	perform	similarly

Stage	1b Stage	2 Stage	3
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Wind	speed	profile	at	18T
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• Louis	scheme	leads	to	fast	wind	speed	increase	at	surface
• Relative	to	HBG,	Louis	9m	scheme	causes	a	longer	mixing	length	under	strong	stabilities

• HBG	produces	 a	low-level	jet	while	Louis	 9m	does	 not
• Still	needs	investigation	on	the	elevated	low-level	 jet	and	wind	speed	near	surface

• K-eps	gives	right	LLJ	but	wrong	shear	at	the	top	of	SABL

Stage	1b
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Conclusions

• The	HBG	scheme	has	been	tested	under	strong	stabilities	(Ri>1)	using	
CSIRO-developed	SCM	(CCAM)	and	LSM	(CABLE).

• The	HBG	scheme	gives
• The	best	overall	result
• Elevated	LLJ

• The	original	Louis	(1979)	scheme	leads	to
• Overestimated	surface	temperature
• Spurious	deep	SABL

• The	k-eps	scheme	could	collapse	under	strong	stabilities
• Underestimated	 surface	temperature
• Too	shallow	SABL
• Right	LLJ

• Louis	9m
• Similar	to	HBG
• No	LLJ	simulated
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