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Abstract. The atmospheric boundary layer (ABL) model of Weng and Taylor with E—¢
turbulence closure is applied to simulate the one-dimensional stably stratified ABL. The model
has been run for nine hours from specified initial wind, potential temperature and turbulent
kinetic energy profiles, and with a specified cooling rate applied at the surface. Different runs
are conducted for different cooling rates, geostrophic winds and surface roughnesses. The
results are discussed and compared with other models, large-eddy simulations and published
field data.
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1. Introduction

Much progress has been made in our understanding of the stably stratified
atmospheric boundary layer (ABL) in the last twenty or thirty years.
Numerical modelling, including large-eddy simulation (LES), has played an
important role in the advance of our understanding.

In their LES study of the stable arctic ABL, Kosovi¢c and Curry (2000)
used Beaufort Sea Arctic Stratus Experiment (BASE) data to impose initial
and boundary conditions for simulating the horizontally homogeneous,
clear-air Arctic boundary layer, characterized by a weak to moderate
downward heat flux at the surface, and moderate to strong geostrophic
winds. Brown et al. (1994) have also conducted a series of LES runs of the
stable boundary layer (SBL) with a ‘stochastic backscatter’ subgrid model.
Both showed a general agreement between the model results and observa-
tions or theoretical models.

Several commonly used 1.5-order turbulence closure schemes to model the
ABL were discussed in Weng and Taylor (2003). In these closure schemes, the
turbulent fluxes are locally related to mean vertical gradients and an eddy
diffusivity, which depends on the turbulence kinetic energy, E, and a turbulent
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length scale, ¢. The equation for the length scale can be either diagnostic or
prognostic. The so-called E—/ closure scheme uses a prognostic equation for E
and diagnostic equation for the turbulence length scale, while in an E—e tur-
bulence closure, prognostic equations for both £ and the dissipation rate € are
used and the length scale is formulated from E and e. This is effectively anal-
ogous to having a prognostic equation for ¢. Previous applications of the
standard e equation in boundary-layer modelling studies yield too deep a
boundary layer. Various investigators proposed modifications to the produc-
tion and destruction terms in the € equation, see for example, Detering and
Etling (1985) and Xu and Taylor (1997) for the neutral ABL; Apsley and Castro
(1997) and Weng and Taylor (2003) for the stable ABL. In their modelling study
of the stably stratified boundary layer, Freedman and Jacobson (2003) also
used a modified E—e turbulent closure scheme through enforced consistency
with Monin-Obukhov similarity theory. This leads to a dependence on the flux
Richardson number, Rig, being included in either of the two usual coefficients,
¢.1 and ¢, in the € equation (Ri; was included in ¢, in their study).

Weng and Taylor (2003) have shown that the simple E—¢ turbulence
closure, which uses the turbulent kinetic energy equation together with a
diagnostic equation for the turbulence length scale, performs quite well in
most atmospheric conditions compared with the schemes that include the
prognostic equations for both the turbulent kinetic energy and a length scale.
In this paper, we further investigate the SBL using Weng and Taylor’s ABL
model with E—¢ turbulence closure. A quasi-steady state of the stably
stratified boundary layer is achieved by running the model for nine hours,
and specifying a constant cooling rate at the surface. Different model runs are
also made by exploring the parameter space by varying surface cooling rate,
geostrophic wind and surface roughness. The model results are compared
using hypotheses related to the stable ABL in a quasi-steady state. The bulk
characteristics of the simulated quasi-steady, stably-stratified ABL are
compared with other model studies and published observations.

2. The Model

For completeness, we briefly outline the ABL model of Weng and Taylor
(2003) with an E-/ turbulence closure scheme. The model context is a one-
dimensional (1D), horizontally homogeneous, dry boundary layer; its mean
structure depends only on time ¢ and the vertical coordinate z. It consists of
three prognostic equations governing the evolution of the horizontal wind
components U and V, and the potential temperature O:
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Here u, v, w and 0 are instantaneous fluctuations from the mean, f is the
Coriolis parameter, U, and V, are components of the geostrophic wind,
—(uw) and —(vw) are the (kinematic) shear stress components in the x and y
directions respectively, (w8) is the vertical heat flux (positive upwards, in
kinematic units) and angle brackets ({ )) represent an ensemble/short-time
averaged mean. It is assumed that radiative flux divergence is small and can
be neglected. The vertical flux terms are evaluated through an eddy diffu-
sivity as

ou

—(uw) = K, 5 (4)
o) = K 2L 5
—(wb) = K, aa—(;) (6)

In the E—¢ turbulence closure scheme, the eddy viscosity for momentum, K,,,,
and the eddy diffusivity for heat, K, are expressed as

Km = ém(aE)lﬂa (7)

Ky = Em(ocE)l/z/Pr, (8)

where /,, is a turbulent mixing length, the constant  is the ratio of the surface
shear stress to the turbulent kinetic energy (=0.3 is used) and Pr is the
turbulent Prandtl number (defined as Pr=K,,/K},; the constant value of 0.85
is used here, see Kantha and Clayson, 2000). The usual 1D prognostic
equation for E is
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where f is the coefficient of thermal expansion and g is the acceleration due
to gravity. The vertical diffusion coefficient, K,, is assumed equal to K,,.
The first two terms on the R.H.S. of Equation (9) represent turbulent
kinetic energy production by the shear, the third is the buoyancy term, the
fourth is the dissipation and the last term represents the diffusion of E in
the vertical. The dissipation rate of turbulence kinetic energy, ¢, is expressed
as

(aE)*?
7

€= (10)
where /¢, is a dissipation length scale.
In the E—/ closure scheme, following Delage (1974) for stable flow, the
turbulent length scales are modelled as follows:
1 1 1 B

= 11
. K(Z+Z())—’_é()—i_K?LQ7 ( )

E_K(z—i—zo)_'_%_'_ kL,

where the von Karman constant k =0.4, z, is the surface roughness length, f3.
is an empirical constant (=4.8) and L, is the local Obukhov length, depen-
dent on z and ¢, and defined by

((utv)2+<vvv>2)
KBg(wo)

Here, £, is a limiting length scale to the eddies under neutral thermal strat-
ification, and may be set either as a constant (Mason and King, 1984) or may
be related to the geostrophic wind speed and Coriolis parameter,
€0=0.00027\Ug\f_1 (Weng and Taylor, 2003). Here, we set £, as a constant,
which is taken to be 40 m.

Equation (12) is deduced from Equation (9) with the assumption of a
constant flux layer. We note that from the length-scale formulae (11) and
(12), £,, and ¢, are proportional to z+z, near the ground and limited by £,
and kB, 'Lo higher up. As the boundary layer becomes more stable, the
effects of the thermal term (involving L) will dominate and the value of £, is
larger than that of /Z,,,.

The model uses a stretched vertical coordinate (a log-linear transform) to
ensure sufficient resolution near the surface and to resolve strong vertical
gradients. Equations are transformed into the new coordinate system before
they are discretized into their finite difference equivalents. Flow variables are
stored on a staggered grid, where mean variables (U, V and T) are at layer

3/4

Ly = — (13)
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midpoints and turbulent quantities (£ and turbulent fluxes) are at the lower
boundary level (z=0) and z, (the top of the computation domain, set to
4000 m). To obtain a smooth solution, especially in the top part of the
boundary layer, 301 grid points and a time step of 10 s are used. The
numerical scheme employed for time integration is Crank-Nicolson. The
resulting set of difference equations is solved using a block LU factorization
algorithm (Karpik, 1988).

The surface boundary conditions used are a non-slip condition for velocity
(U=V=0), a specified cooling rate for potential temperature (®) and the
assumption that production balances the dissipation of the turbulent kinetic
energy (P=e¢). At the upper boundary, we specify (U, V)= (U, V), ©=0,
(constant) and set the vertical derivatives of E, €, shear stresses and other
turbulent fluxes to zero.

3. Results and Discussions

The model is used to study a simple, shear-driven, stable boundary layer.
Unlike in Weng and Taylor (2003) where the simulations started from a
neutral stratification wind profile, here simulations start from constant |Uyg|
to avoid substantial inertial oscillations above the stable boundary layer. The
model is run for nine hours following a ‘transition’ from neutral stratification
near the surface to a stable situation with a specified cooling rate at the
surface.

A total of 50 simulations were conducted. The common parameters used
in all the runs are the Coriolis parameter, f=1.39 x 10™* s™! and the reference
potential temperature, ©,=263.5 K. The initial conditions for wind, poten-
tial temperature and E profiles are as follows, (U, V)= (U,, V,) for z > 0 m;
©=265 K for 0 < z < 100 m and, in most cases, increasing at 0.01 K m™' to
the domain top; E=0.4(1 —z/250) m* s> for 0 < z < 250 m and a minimum
value of 107 m? s™ for the rest of the grid points. Other quantities are
initialized as follows: (uw)=0.3E, (vw)=(wb)=0; ¢,, and ¢, from Equations
(11) and (12) for neutral flow and K,,,, K, and ¢ from Equations (7)—(8) and
(10) respectively. All the other parameters and a summary of forty-two of the
runs can be found in Table I. To study the effects of the initial potential
temperature inversion strength on the SBL, eight further runs are carried out.
The parameters used in the seven Runs G1-G7 are the same as those cor-
responding ones in Run AI-Run A7 except that the initial potential tem-
perature O(z) =constant is used for all heights. The parameters used in Run
H2 are the same as Run A2 except that the strength of the initial potential
temperature inversion is 0.005 K m™" instead of 0.01 K m™'. Note that Run
A2 corresponds to the GEWEX (Global Energy and Water Cycle Experi-
ment) Atmospheric Boundary Layer Study — GABLS case, which is used in
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TABLE 1
Some parameters used in the simulations of the SBL.

Runs Cooling rate (K h™") (Ug, Vg) (m sh zo (m)
A

1 0.125 (8,0) 0.1
2 0.25 (8,0) 0.1
3 0.5 (8,0) 0.1
4 1.0 (8,0) 0.1
5 1.5 (8,0) 0.1
6 2.0 (8,0) 0.1
7 2.5 (8,0) 0.1
B

1 0.125 (8,0) 0.01
2 0.25 (8,0) 0.01
3 0.5 (8,0) 0.01
4 1.0 (8,0) 0.01
5 1.5 (8,0) 0.01
6 2.0 (8,0) 0.01
7 2.5 (8,0) 0.01
C

1 0.125 (10,0) 0.1
2 0.25 (10,0) 0.1
3 0.5 (10,0) 0.1
4 1.0 (10,0) 0.1
5 1.5 (10,0) 0.1
6 2.0 (10,0) 0.1
7 2.5 (10,0) 0.1
D

1 0.125 (10,0) 0.01
2 0.25 (10,0) 0.01
3 0.5 (10,0) 0.01
4 1.0 (10,0) 0.01
5 1.5 (10,0) 0.01
6 2.0 (10,0) 0.01
7 2.5 (10,0) 0.01
E

1 0.125 (5,0) 0.1
2 0.25 (5,0) 0.1
3 0.5 (5,0) 0.1
4 1.0 (5,0) 0.1
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Table 1. Continued.

Runs Cooling rate (K h™") (Ug, Vg) (m ) zo (m)
5 1.5 (5,0 0.1
6 2.0 (5,0) 0.1
7 2.5 (5,0 0.1
F

1 0.125 (5,0) 0.01
2 0.25 (5,0 0.01
3 0.5 (5,0 0.01
4 1.0 (5,0) 0.01
5 1.5 (5,0 0.01
6 2.0 (5,0) 0.01
7 2.5 (5,0) 0.01

the single-column model intercomparison, see Cuxart et al. (2005). We first
look at this GABLS case.

A sensitivity study was carried out to test our set-up with a smaller
integration time step (d¢=15 s) and a finer grid size (V,=601) and the effect of
the capped temperature inversion strength. Figure 1 shows the time evolution
of the surface values of u,g, (WB)y, Lo, and /. (see below for the definition)
from Run A2 with two different time steps and grid sizes, and from Runs G2
and H2. The results from the two A2 runs are almost identical for those
surface values, at least for the first nine hours after transition. However, there
are some oscillations and differences in A, for the first few hours. The noise is
much reduced for the higher resolution and the discrepancies almost disap-
pear in the last four or five hours. The results presented in the remainder of
the paper are all from runs with dfr=10s and N,=301 unless stated
otherwise.

The effects of the capped temperature inversions are mainly on /., espe-
cially for the first three hours after transition. After four hours, /4, is almost a
constant. There is little effect of the capped temperature inversions on surface
values of u,, (w0) and Lo. If we are mainly interested in the quasi-steady
model results, the capped temperature inversions produce slightly smaller
values of &.. There are almost no differences for the surface values of u,, (w0)
and Lg, see also Figure 7.

Figure 2 shows the model predicted vertical profiles of the wind speed
(VU2 + 12), potential temperature (©), shear stress (t) and heat flux ((w6)) at
different times after the transition, for Run A2. The development of the
stable boundary layer appears reasonable — a supergeostrophic wind or
nocturnal jet is apparent at low levels and the convex shape of the © profile is
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Figure 1. Time evolution of the surface friction velocity (u.), heat flux ((w8),), surface
Obukhov length (Lo) and boundary-layer height (4,) with different time steps and grid sizes
from Run A2, G2 and H2.

consistent with expectations for a turbulence-driven SBL (André and Mahrt,
1982).

Due to the net loss of heat to the ground and no compensating heat flux at
the top, the boundary layer as a whole must cool. A quasi-steady state or
stationary stable boundary layer is achieved if the turbulent fluxes are
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Figure 2. Vertical profiles of mean (a) wind speed, (b) potential temperature (c) shear stress
and (d) heat flux at three different times during the cooling period from Run A2. Calcu-
lated boundary-layer heights at the ninth hours are also shown. Open symbols correspond
to every second grid level.

independent of time (Nieuwstadt, 1984). Although the vertical profile of t
does not change much after five hours cooling, the vertical profile of (w6)
continues to change for two more hours. We can say that after seven hours
cooling, the stable boundary layer reaches its quasi-steady or stationary state,
see Figure 2¢ and 2d.
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One of the important parameters for ABL modelling is the depth of the
boundary layer, 4. The most commonly used definition is that / is the height
where a turbulent quantity falls to 5% of its surface value. This turbulent
quantity can be turbulent kinetic energy, £ (Weng and Taylor, 2003) or heat
flux, (wO) (Brown et al., 1994; Freedman and Jacobson, 2003) or shear stress,
1 (Kantha and Clayson, 2000; Cuxart et al., 2005). These heights are here
denoted as /g, h.ey and h, respectively. Based on the ninth-hour model
results, calculated boundary-layer heights /g, A0, and A, are also shown in
Figure 2. The value of /i is almost identical as that of /i, and both are smaller
than that of /ey (this is true for all our model runs). Similar results were
found in other models, see Cuxart et al. (2005). We can see that the maximum
wind speed occurs at s, and above /¢y the turbulence almost diminishes.

For the quasi-steady state SBL, Zilitinkevich (1972) suggested that the
boundary-layer height can be estimated from

h:c(u*Lo/f)]/z7 (14)

where c is a constant and L, here is the surface value. From his local scaling
model, Nieuwstadt (1985) found that ¢ = /3xRi;, where Ri; is the flux
Richardson number. Freedman and Jacobson (2003) showed that Riy — 1/6.
from Monin-Obukhov similarity theory. Taking the value used here, §.=4.8,
we have Rir =~ 0.21. which leads to ¢ ~ 0.38, slightly smaller than the value
¢ =~ 0.4 given by Garratt (1982). From our model results at the ninth hour,
u==0.27ms™" and Lo=122.5 m, Equation (14) predicts #=185 m with
c¢=0.38. This compares well with our model results of (hg /5y,
hy)=(175,191,175) m.
For a stationary SBL, Nieuwstadt (1984) suggested

t/uy = (1= z/h)*?, (15)

(w0)/(w0)o= (1 —z/h), (16)

where the subscript ‘0’ represents the surface value. Our model results,
together with the theoretical prediction of Nieuwstadt, are shown in Fig-
ure 3. The agreement is very good except close to the top of the boundary
layer. Although Equations (15) and (16) are deduced for the stationary SBL
and we note that for Run A2, the stable boundary layer reaches its quasi-
steady state only after seven hours of cooling, the fifth hour’s data can also be
well described by these similarity equations. This implies that our model
results obey the similarity form before the boundary layer fully achieves a
quasi-steady state.

From his stationary SBL model, Nicuwstadt (1985) has also shown that
the normalized eddy viscosity can be expressed as
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Figure 3. Turbulent fluxes from Run A2, normalized by their surface values as a function
of non-dimensional height (z/h), are compared with Nieuwstadt’s theoretical predictions.
h= h, for model results.

Ky,  kz/Lo(1— z/h)2
u,Lo, 1+ B.z/L,

(17)

Here L, is a surface value. Our model results, together with the theoretical
profiles, are shown in Figure 4, where it can be seen that the agreement is
quite good except in the top part of the boundary layer. Similar results were
also found in Freedman and Jacobson’s (2003) study, who used a E—e tur-
bulence closure with a modified e equation, see their Figure 7.

Although we might regard the SBL as reaching its quasi-steady state after
seven hours of constant cooling, it is interesting to see how steady the SBL
really is. For Case A2, we have run the model for a total of 126 hours, which
is about 10 times the period of an inertial oscillation, 7 (=2n/f ~ 12.556 h).
Figure 5 shows wind speeds and wind hodographs at three different heights.
For the first couple of .7 after the transition, there are quite large changes in
wind speed, especially around the boundary-layer height. The wind speed
levels off thereafter for the lower part of boundary layer (see wind speeds at
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Figure 4. Vertical profiles of non-dimensional eddy viscosity, K, vs. z/h, from Runs A,
compared with Nieuwstadt’s theory (1985).

z=10, 100 m), while the wind speed at z=175 m (the height where the
boundary-layer height, /., is calculated from the definition at the ninth hour)
oscillates with an amplitude that reduces slowly. At the time of 10 .7, the
amplitude is about 0.2 m s~'. From the wind hodograph plot, one can see
that wind direction changes little for the lower part of the boundary layer a
few hours after transition. For the wind speed at z=175 m, the effect of an
inertial oscillation can also be clearly seen.

Figure 6 shows the time evolution of the surface friction velocity (u.), the
surface heat flux ((w0)), the surface Obukhov length (L,) and the boundary-
layer height (%.) from runs in group A. An initial increase in u,y for a very
short period of time is due to the fact that the model adjusts itself after using
the specified initial profile. If the model is run from its neutral boundary-layer
state with a specified cooling rate, u,o decreases immediately, see Weng and
Taylor (2003). There are fairly rapid decreases of u,y, within the first two
hours after the transition, which then level off, while decreases of (w6), take
longer, especially for the relative large cooling rates. Note also there are local
maxima in (w0}, for the large cooling rates, and the Obukhov length and the
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Figure 5. (a) evolution of the wind speed with time, and (b) wind hodographs at three
different heights from Run A2.

boundary-layer height level off very quickly after the initial quick variation,
despite continuous changes of u,y and (w6),. Small oscillations are found in
h. for the first few hours, especially for the lower cooling rates. Note from
Figure 1 that these oscillations are reduced in computations with higher
vertical resolution. Some of the useful parameters for runs in group A at the
ninth hour are listed in Table II. As expected, the boundary-layer depth, 4.,
the turbulent kinetic energy, FE, the friction velocity, u., and the Obukhov
length, L, decrease as the stability increases, while the downward heat flux,
—(wB)y and the surface mean wind angle or the surface stress angle, o, in-
crease as the stability increases.

The model has simulated very simple, horizontally homogenous SBL
situations and it is difficult to make detailed comparisons with field obser-
vations. Here, we look at several bulk parameters compared with published
field data and with other modelling results.

Model predictions of the Zilitinkevich gonstant, ¢ = h(f/u.L )1/ ?. the
geostrophic drag coefficient, Cy = (u,/|U, |) , and the surface mean wind
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Figure 6. Evolution of the surface friction velocity (uxg), heat flux ({(w6),), surface Obukhov
length (Lo) and boundary-layer height (%) under different cooling rate from Runs A.

angle, o, plotted against the stability parameter, p=x u,/fL,, are shown in
Figure 7. These plots are the results after nine hours and include data from
all sets of runs (A—F) listed in Table I and from Runs G. Also shown are the
modified E—e turbulence closure model results of Freedman and Jacobson
(2003), some LES results of Kosovic and Curry (2000) and Brown et al.
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TABLE II

Final values (after nine hours) of some characteristics of simulated SBL for runs in group
A (JUg/=8 m s™" and z=0.1 m).

Run Ey (m® s7%) o (ms™h w0y (m s~ K) h, (m) Lo (m) o (degree)
Al 0.293 0.297 —0.0076 227.8 231.9 33.7
A2 0.244 0.270 —0.0108 175.2 122.5 35.7
A3 0.183 0.234 -0.0148 129.7 58.6 39.1
A4 0.126 0.194 -0.0187 84.4 26.3 43.5
A5 0.098 0.171 —-0.0209 62.5 16.1 46.0
A6 0.080 0.155 —-0.0224 49.9 11.3 47.7
A7 0.068 0.143 —-0.0233 41.9 8.4 48.8

(1994), and field data of Caughey et al. (1979) and Lenschow et al. (1988).
The scatter in LES (probably due to the different subgrid parameterizations
and domain sizes used) and field data (possible effects of temporal variability,
slope effects and spatial heterogeneity) makes it difficulty to establish the
model’s accuracy. The broad tendency is that ¢ and « increase with stability,
while C, decreases with stability, as found in our model prediction and in the
observations.

There is not much difference in model results of Runs A and G except in
near-neutral conditions (small values of p). The capped temperature inver-
sion layer appears to exert little effect on these parameters for a quasi-steady
SBL.

In our model, the effects of the geostrophic wind speed, |Ug|, and the
surface roughness length, z,, on ¢ are small. Most of the differences are
confined to p <15, corresponding to near-neutral conditions. The value of ¢
first increases as p increases, from around 0.2 for p = 0 to 0.4 at p ~ 10 and
then levels off as p increase further. For u> 20, it is almost a constant and
¢ =~ 0.45. Our E—¢ model results for ¢ are slightly larger than those of the
modified £—e model by Freedman and Jacobson (2003). The LES results of
Brown et al. (1994) and the field data of Caughey et al. (1979) indicate that ¢
is larger, but the data of Kantha and Clayson (2000) and Lenschow et al.
(1988) are compatible with our model results. According to theoretical
modelling studies, the relatively high value of Caughey et al. (1979) is
apparently appropriate to the early stages of development of the stable layer
but ¢ progressively decreases as a steady state is approached, see Pasquill and
Smith (1983).

Our model results show good agreement with those of Freedman and
Jacobson, who used an E—¢ turbulence closure with a modified € equation
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Figure 7. Variations of the Zilitinkevich constant (c), the geostrophic drag coefficient (Cg)
and surface mean wind angle () with the stability p (=« u«/fL,). Each set of runs (A-G)
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For Run H2, p ~ 6.3.
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through enforced consistency with Monin-Obukhov similarity theory. There
is little effect of U, on Cy and . However, the effect of zy on C, and o is more
pronounced; see Figure 7 and compare Runs A and B for example. For small
values of p, there are differences in C,, and the larger the value of surface
roughness, the larger is C,. As stability increases, the difference becomes
small. At p=40, it almost disappears. For a given stability, large values of
the surface roughness cause a large surface wind angle. The two groups of
curves corresponds to two different surface roughness. The difference in «
with two different z, values remains almost the same for all stabilities in our
runs.

4. Summary and Conclusions

A series of stable atmospheric boundary layers have been simulated with the
ABL model of Weng and Taylor (2003). The stable boundary layer was
developed by applying surface cooling to a specified initial state. Different
values of cooling rate, geostrophic wind and surface roughness are also used in
the simulations. The model results show good agreement with Nieuwstadt’s
(1985) theory, the modified E—e model results of Freedman and Jacobson
(2003), and, to a lesser extent, with the LES model results of Brown et al. (1994)
and Kosovi¢ and Curry (2000) and with the field data of Caughey et al. (1979)
and Lenschow et al. (1988)

Some effects of inertial oscillations are noted in the boundary layer and
just above. The effect of an elevated capped temperature inversion is more
pronounced on /. than on surface values of u,, (w0) and Lo, especially for
near-neutral conditions. Zilitinkevich’s ‘constant’, ¢, is not really a constant,
especially for low stability, p<10. The present model results show that ¢
increases quite rapidly, from around 0.2 for p ~ 0 to 0.4 for p ~ 10, and
then levels off to about 0.45 as p increases. This value is slightly higher than
0.4 suggested by Garratt (1982), but is in the range of 0.2 to 0.7 quoted by
Pasquill and Smith (1983) from various empirical estimates. There is very
little effect of the geostrophic wind on ¢, the drag coeflicient, C, and surface
mean wind angle, «, when these quantities are plotted against the stability
parameter, p=x u,/fL,. The surface roughness (zq) also exerts little effect on
¢ while the effects of zy on C, are mostly for n <30 and the effect almost
disappears for p>40. However, the effect of z, on « remains almost the same
across the stability range of our model runs, at about 4 to 5 degrees between
zo=0.01 and 0.1 m.

Our present modelling studies of the stable boundary layer are for simple
situations, i.e., by applying a surface cooling rate. Future work will incorporate
a soil model or land surface scheme coupled to the surface energy budget.
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