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ABSTRACT 

A two-dimensional second-order turbulence-closure model based on Mellor-Yamada level 3 is used to examine 
the nocturnal turbulence characteristics over Rattlesnake Mountain in Washington. Simulations of mean hor­
izontal velocities and potential temperatures agree well with data. The equations for the components of the 
turbulent kinetic energy ( TKE) show that anisotropy contributes in ways that are counter to our intuition 
developed from mean flow considerations: shear production under stable conditions forces the suppression of 
the vertical component proportion of total TKE, while potential-temperature variance under stable conditions 
leads to a positive ( countergradient) contribution to the heat flux that increases the vertical component proportion 
of total TKE. This paper provides a qualitative analysis of simulated turbulence fields, which indicates significant 
variation over the windward and leeward slopes. From the simulation results, turbulence anisotropy is seen to 
develop in the katabatic tlow region where vertical wind shears and atmospheric stability are large. An enhancement 
of the vertical component proportion of the total TKE takes place over the leeward slope as the downslope 
distance increases. The countcrgradient portion of the turbulent heat tlux plays an important role in producing 
regions of anisotropy. 

1. Introduction 

There have been numerous studies, both field and 
numerical, that examine boundary-layer variables over 
nonhomogeneous terrain under stable conditions. 
Manins and Sawford ( 1979a) used a hydraulic model 
to show the importance of interfacial mixing in the 
growth of katabatic flow. Rao and Snodgrass ( 1981 ) 
presented a nonstationary one-dimensional model to 
study the equilibrium structure ofkatabatic flow. Gar­
rett ( 1983) and Heilman and Dobosy ( 1985) incor­
porated canopy, soil, and radiation parameterizations 
in one-dimensional models to study katabatic flow. 
Two- and three-dimensional models have been used 
by Yamada ( 1981, 1983), Garrett and Smith ( 1984), 
McNider and Pielke ( 1984 ), Nappo and Rao ( 1987), 
Bader et al. ( 1987), Leone and Lee ( 1989), and Ya­
mada and Bunker ( 1989) to study drainage flows over 
various complex terrain features. Field studies of noc-
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tumal conditions over complex terrain have been re­
ported by Manins and Sawford ( l 979b), Doran and 
Horst (1983), Gudiksen ( 1983). Horst and Doran 
( 1982, 1986), Whiteman and Barr ( 1986), Doran et 
al. (1989), Clements et al. (1989), Stone and Hoard 
(1989), and Shinn et al. (1989). 

Many of the previous studies have concentrated on 
simulating and measuring mean fields. Most models 
are able to simulate mean fields adequately. However, 
the turbulence structure over nonhomogeneous terrain 
in stable conditions has not been extensively reported 
in the literature. Unfortunately, field measurements of 
turbulence structure over nonhomogeneous terrain are 
limited. This does not allow for extensive model ver­
ification. Nevertheless, turbulence modeling should at 
least qualitatively provide some insight into how terrain 
features affect the turbulence structure under stable 
conditions. 

In this study, the level-3 turbulence scheme of Mellor 
and Yamada ( 197 4) is used to simulate the mean and 
turbulence field over Rattlesnake Mountain, and the 
results are compared to observations wherever possible. 
This scheme is relatively simple, but does allow for a 
limited degree of anisotropy. Yamada ( 1983) used level 
2.5 to simulate conditions at Rattlesnake Mountain. 
We have extended his work and evaluated the turbu­
lence structure at this site. 



AUGUST 1991 W. E. HEILMAN AND E. S. TAKLE 1107 

2. Model overview 

Mellor and Yamada (1974) presented a four-level 
hierarchy for turbulence closure applicable to bound­
ary-layer processes. The attractiveness oflevel 3 of this 
hierarchy, which is used in this study, is that some 
departure from turbulence isotropy is allowed, and yet 
the scheme is significantly less complicated than the 
full mean Reynolds stress equations of level 4. The 
turbulence portion of the level-3 model consists of 
prognostic equations for turbulent kinetic energy 
(TKE), length scale, and virtual potential temperature 
variance, while diagnostic equations are incorporated 
for all other turbulent quantities. Mean variables pre­
dicted by the level-3 model include the horizontal wind 
components and virtual potential temperature. Vertical 
wind speeds are computed from the incompressible 
form of the continuity equation. Simulation of the 
ground surface cooling is accomplished through the 
use of the force-restore method of Deardorff (1978). 
A complete listing of the model equations can be found 
in Heilman ( 1988). 

The two-dimensional form of the boundary-layer 
equations used in the present model is transformed to 
a nonorthogonal terrain-following coordinate system, 
with the modified height coordinate given by 

S _ Z - Zg(X) (l) 
H- Zg(X)' 

where z is the Cartesian height, Zg(x) is the height of 
the ground above some reference, x is the horizontal 
distance from some reference point, and His the height 
of the model top. The general transformation equations 
of Kasahara ( 197 4) are employed, where only varia­
tions in the s and x directions are allowed. 

The two-dimensional level-3 diagnostic equations 
for the TKE components, momentum fluxes, and tur­
bulent fluxes are given by 

(:.:)=~'(:) 
(

-4Pxx + 2Pyy - 2(jgw'8~) 
+ {}_ 2Pxx - 4Pyy - 2(jgw'8~ (2) 

q 2Pxx + 2Pyy + 4{jgw'8~ 

( u'(J~) 
v'(J~ = 3~2 
w'(J~ 

-(u'w')(a8v/as)(H - zg)- 1 

- (w'8~)(CJU/os)(H - zg)-1 

X -(v'w')(a8v/os)(H - Zg)- 1 (4) 

- (w'8~)(av;as)(H - zg)- 1 

-(w'2 )(a8v/os)(H - zg)- 1 + {jg8~2 

-ufWi al!j 
Pu= (H-zg) as· (5) 

A complete list of symbols can be found in the Ap­
pendix. 

Equation ( 2) describes the effects of mechanical 
production of turbulence and turbulent heat flux on 
turbulence isotropy. The anisotropic terms contribute 
to the components ofTKE in ways that are counter to 
our intuition developed from mean flow considera­
tions. For example, large shears under stable conditions 
force the suppression of the vertical component pro­
portion of the total TKE. This redistribution has no 
effect on the total TKE, since the sum of the terms in 
brackets in Eq. ( 2) is zero. However, as can be seen 
from Eqs. ( 3) and ( 4), this anisotropy in the TKE 
(more specifically, the modification of w'2 ) does create 
changes in the modeled vertical fluxes of momentum 
and heat. The quantity P xx becomes large negative un­
der strong shear. This increases u'2 [through the first 
component ofEq. (2)] and decreases w'2 [through the 
third component of Eq. (2)]. The decreased w'2 re­
duces the vertical fluxes of both momentum [second 
and third components of Eq. ( 3)] and heat [third 
component ofEq. ( 4 )]. The level-3 scheme ofMellor­
Yamada also allows for a potential temperature vari­
ance contribution to the heat flux that is of opposite 
sign to the contribution from the mean gradient under 
stable conditions. This could lead to a countergradient 
heat flux ifthe last term in the third component of the 
rhs ofEq. ( 4) is larger than the first term. Such a coun­
tergradient term would arrest the decrease of w' 2 

through the last term in Eq. (2). 
Nocturnal drainage flows are prime examples of an­

isotropic conditions created by large shears in hori­
zontal velocity. Such flows then would create vertical 
fluxes of momentum and heat that would be less than 
expected if the fluxes were modeled by use of a tur­
bulent diffusivity that depends only on the total TKE 
(e.g., Garrett 1983; Bader et al. 1987). 

3. Computational processes 

Rattlesnake Mountain, located in south-central 
Washington, is a nearly two-dimensional ridge oriented 



1108 JOURNAL OF APPLIED METEOROLOGY VOLUME 30 

from northwest to southeast. The ridge characteristics 
and experimental data have been compiled by Horst 
and Doran ( 1982). Data collected on the night of 1 
July 1980 from three meteorological towers and a teth­
ersonde were used for model comparisons. The slope 
of the terrain varied from 21° at towers A and B to 8° 
at tower C (see Fig. 1 ) . The computational domain 
spans a 5.58 X 1.1 km2 region. The~ horizontal grid 
spacing for the model is set at 180 m, and the vertical 
grid spacing is constant near the surface and log-linear 
above. Near the surface, the vertical grid spacing is 
approximately 2 m. The grid is staggered in th~ verti~al, 
with the velocity components calculated at gnd pomts 
between those used for calculating all other variables 
(Heilman 1984). An alternating-direction-implicit 
method (Polezhaev 1967) is used to solve the atmo­
spheric governing equations at the in1terior grid points. 

The use of a hydrostatic model with relatively fine 
grid resolution to simulate atmospheric conditions over 
terrain with slope angles similar to those encountered 
on Rattlesnake Mountain must be doltle carefully. Song 
et al. ( 1985) have shown the impo1iance of nonhy­
drostatic effects when simulating atmospheric features 
with small-length scales. However, nonhydrostatic ef­
fects were also shown to be much less significant when 
atmospheric stability increases. The conditions simu­
lated in this study are characterized by extreme stability 
in the inversion layer. Although the grid spacing is set 
at 180 m and the maximum slope angJe of the constant 
height surfaces is 21 °, the significant stability in the 
low-level inversion layer will mitigate,, to a large extent, 
the nonhydrostatic effects. Many of the previous sim­
ulations of drainage flow conditions over complex ter­
rain have, in fact, been hydrostatic (Yamada 1981, 
1983; Garrett and Smith, 1984; McNider and Pielke 
1984; Yamada and Bunker 1989). 

Inflow and outflow lateral boundary conditions are 
specified, with the one-dimensional version of the 
model equations used at the inflow boundary. Neu­
cmann conditions are specified at the top boundary for 
U, V, 8v, and /, while q 2 and 8~2 are set at 0.0001 
m2 s-2 and 0.0 K 2 , respectively, at the model top. The 
pressure gradient in the model is expressed in te~s of 
geostrophic wind components Ug and Vg that are given 
values of2.8 m s-1 and 0.0 m s- 1

, respectively, at the 
model top. These values are in accordance with the 
measured data. Implied in these values is the alignment 
of the x axis with the geostrophic wind direction of 
225°. Bottom boundary conditions for the model are 
based on the work of Businger et al. ( 1971 ) , Mellor 
and Yamada (1974), and Deardorff(l978). 

Initial conditions for the mean quantities are ob­
tained from the 1July1980 tethersonde data centered 
at 2000 PST. The initial wind field at the tethersonde 
site is assumed to be logarithmic from the ground up 
to the level where it matches the geostrophic wind, 
with u* = 0.2 m s-1 and z0 = 0.03 m. The wind speeds 
at other locations are scaled to conserve mass. The ini-

tial vertical potential temperature field is assumed 
constant; 8v = 305.3 K. Initial conditions for q2

, I, 
8~2 are obtained from the diagnostic relations of level 
2 of the Mellor-Yamada hierarchy (Yamada 1975; 
Yamada 1983). 

The model was run with a 10-s time step for a 3-h 
period, beginning at 2000 PST and ending at 2300 PST. 
The presented results correspond to 2300 PST. 

4. Numerical results 

a. Mean velocities 

Figure 1 shows the entire simulated velocity field 
over Rattlesnake Mountain at 2300 PST. A very shal­
low drainage layer exists on both sides of the ridge, 
with flow reversal occurring on the windward side. The 
conspicuous vertical velocities near the model top result 
from the use of the transformed incompressible con­
tinuity equation, with no adjustment at the model top. 

Profiles of horizontal velocity within the drainage 
layer are shown in Fig. 2. On the windward side of the 
ridge, negative velocities occur at horizontal loca~ions 
of x < 2.34 km. Above this region of negative velocities, 
the vertical shears are large as the U velocities increase 
with height toward the ambient conditions. On the le~­
ward side of the ridge, a maximum speed of approxi­
mately 3.4 m s- 1 occurs at x = 4.50 km. The depth of 
the drainage layer and the levels of the speed maxima 
increase with increasing distance from the ridge top. 
The structure of the induced katabatic flow on both 
sides of the ridge is agrees with results of Arritt and 
Pielke ( 1986), who found induced katabatic flow to 
be stronger and exist at a lower height with an opposing 
ambient wind than with a following ambient wind. 
Chang et al. ( 1982) observed an analogous phenom­
enon in the simulation of a coastal area, where an op­
posing synoptic wind strengthened and lowered the 
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FIG. I. Simulated velocities over Rattlesnake Mountain at 2300 
PST I July 1980. Tower locations are indicated by A, B, and C and 
tethersonde location is indicated by T. 
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FIG. 2. Simulated U-velocity profiles at eight locations over Rat­
tlesnake Mountain at 2300 PST 1July1980. 

wind maximum in a sea-breeze simulation. On the 
windward side of the ridge, the drainage-layer depth is 
quite uniform, and the maxima always occur very close 
to the surface. On the other hand, the leeward drainage 

depth does not remain uniform but increases with in­
creasing downslope distance. The difference between 
the induced katabatic flow and the ambient flow is 
much stronger on the windward side of the ridge. As 
a result, mechanical production of turbulence above 
the drainage layer should be much larger on the wind­
ward side. 

Comparisons of the simulated mean velocities with 
the measured velocities at towers B and C are shown 
in Fig. 3. The tower data, reported every 10 min, have 
been averaged over a 1-h period from 2230 to 2330 
PST. Both profiles compare quite favorably with the 
data. 

b. Mean potential temperature 

The potential temperature profiles are shown in Fig. 
4. Radiational cooling of the surface produces a low­
level inversion layer. All the windward profiles in this 
inversion layer are very similar. On the leeward side, 
however, the coldest air exists at large distances from 
the ridge top. There is enhanced stability at a height 
of 4-8 m above the surface on the leeward side of the 
ridge top in comparison with the windward side. The 
maximum lapse rate in this region is about 1 K m-1 

over the leeward slope and 0.5 K m- 1 over the wind­
ward slope. This increased stability affects the turbu­
lence structure by increasing the buoyant dissipation. 
The vertical extent of the enhanced stability increases 
with x on the leeward side, with the strongest stability 
occurring over the steepest portion of the leeward slope. 

Comparisons of model results with the observed po­
tential temperature profiles at the tower and tether­
sonde sites are shown in Fig. 5. The model predictions 
show reasonable agreement with the data. Small dif­
ferences in the profiles can be expected because the 
virtual potential temperature field initially was set to 
a constant value obtained from an analysis of the upper­
level potential temperature and mixing ratio profiles 
at the tethersonde site. Actual potential temperature 
profiles at the tower and tethersonde sites indicate 
nonhomogeneous and slightly stable conditions near 
the surface. 

c. Turbulence 

The simulated mean velocities and virtual potential 
temperatures result in a simulated turbulence structure 
that exhibits some interesting features. For example, 
the TKE profiles shown in Fig. 6 indicate marked dif­
ferences over the windward and leeward slopes. It is 
noteworthy that TKE maxima over the windward slope 
are elevated and do not exist at precisely the same 
height as the wind shear maxima (see Fig. 2). An 
analysis of the mechanical production of TKE 
( u'w' au I as) indicates that production has a relative 
maximum at the same height as the TKE maximum. 
Figure 7 clearly shows that the absolute values u'w' are 
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FIG. 3. Simulated and measured U-velocity profiles (a) at tower 
Band (b) at tower Con Rattlesnake Mountain at 2300 PST I July 
1980. 

largest at nearly the same elevations as the maxima in 
the TKE profiles over the windward slope, although 
the TKE profiles are smoother and show less distinct 

maxima. Obviously, both the Reynolds stress and ver-
tical wind shear play a role in determiining the structure 
of mechanical production, and they may not neces-
sarily reach a maximum at the same level. According 
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and (d) at the tethersonde site on Rattlesnake Mountain at 2300 PST I July 1980 

to Eq. ( 3), the Reynolds stress is dependent on the 
vertical component of TKE as well as the total TKE. 
Thus, departures from turbulence isotropy affect the 
profiles of Reynolds stress and the associated profiles 
of mechanical production of TKE. If the Reynolds 
stress is parameterized in terms of the vertical wind 
shear and an eddy diffusivity dependent on the total 
TKE (e.g., Garrett 1983), the region of maximum TKE 
under stable conditions should exist very close to the 
region of maximum vertical wind shear and mechan-

ical production. Second- and higher-order closure 
models allow for the calculation of Reynolds stresses 
independent of any constraints of prescribed eddy dif­
fusivities. Such models reveal the role of anisotropic 
effects on the total turbulence structure. 

On the leeward side of the ridge, TKE maxima exist 
just above the surface where, in this case, the vertical 
wind shear is the strongest. Above the drainage flow 
maxima ( 10 m), the TKE is about 50% less than the 
TKE over the windward slope at the same height above 
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the surface. The suppression of TKE in this region is 
related to the reduced vertical wind shear and Reynolds 
stress in this region (see Figs. 2 and 7). Because the 
ambient flow does not oppose the drainage flow over 
the leeward slope, there is a reduction in the product 
of Reynolds stress and vertical willLd shear above the 

drainage flow maxima. This prevents mechanical pro­
duction of TKE from playing a m~jor role in this re­
gion. 

The lack of turbulence data over Rattlesnake 
Mountain does not allow for model verification of tur­
bulence results. However, the TKE values obtained in 
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this simulation are similar to the model and experi­
mental data of Yamada and Bunker ( 1989) and Shinn 
et al. ( 1989). 

Another interesting feature of the turbulence struc­
ture is the behavior of the vertical turbulent heat flux 
over the windward and leeward slopes, as shown in 
Fig. 8. All the windward profiles are very similar; how­
ever, the leeward profiles show much more spatial 
variability. The contribution__gf the countergradient 
heat flux component ( 312{3g8~2 / q) in the expression 
for the vertical heat flux [see Eq. ( 4)] results in regions 
within the inversion layer having upward fluxes. The 
reason for the variability is that the simulated virtual 
potential temperature variances are nearly twice as large 
over the leeward slope in the drainage layer. The large 
variances increase sufficiently the countergradient por­
tion of the turbulent heat flux to cause the heat fluxes 
to be quite variable and certainly more positive than 
if the gradient portion acted alone. __ 

The simulated horizontal heat flux u' 8 ~ over the lee­
ward slope (not shown) takes on positive values below 
the drainage flow maxima and negative values above. 
This is consistent with the data obtained by Horst and 
Doran ( 1988). Over the windward slope, simulated 
values of u'O~ are negative below the drainage flow 
maxima and positive above_. __ _ 

The model prediction ofu'8~/w'8~ on both sides of 
the ridge top where w'O~ is negative yields values near 
2.5 just above the drainage flow maxima, increasing 
to about 4.0 near the top of the drainage layer. These 
values are similar-to the data analyzed at Cabauw, The 
Netherlands, by Nieuwstadt ( 1984). Data obtained by 
Horst and Doran ( 1988) over Rattlesnake Mountain 
indicate similar values, but the values decrease in mag­
nitude as values of distance above the slope normalized 
by a local Obukhov length increase. 

As noted in the discussion of the TKE structure, the 
product of u'w' and au/ as determines the mechanical 
production ofTKE. Large stresses in the inversion layer 
tend to suppress values of w' 2 / q2 and enhance 
u'2 /q 2 [see Eq. (2)]. Profiles of w' 2q2 are shown in 
Fig. 9. The minima in the w'2 I q2 profiles over the 
windward slope occur at the same heights where the 
mechanical production values are large. Over the lee­
ward slope, the suppression ofw' 2 

/ q2 values is observed 
near the drainage flow maxima where the Reynolds 
stresses and mechanical production of TKE are very 
small. Even though the Reynolds stress is relatively 
weak at those levels, the increased stability there is suf­
ficient to force significant anisotropy. 
_Above the drainage layer over the leeward slope, 
w'2 

/ q2 values tend to increase as x increases. There 
are two mechanisms responsible for this phenomenon. 
The first mechanism is the decrease in absolute value 
of the Reynolds stress above 10 m as x increases (see 
Fig. 7). This decrease in the downward flux of mo­
mentum tends to reduce the mechanical production 
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FIG. 8. Simulated vertical turbulent heat flux profiles at eight lo­
cations over Rattlesnake Mountain at 2300 PST I July 1980. 

forcing ofanisotropy, as shown in Eq. (2). If the Reyn­
olds stress is weak, the anisotropy generated by the 
turbulent heat flux can dominate. This is the second 
mechanism responsible for the increase in w' 2 

/ q2 as x 
increases over the leeward slope. As stated earlier, the 
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FIG. 9. Simulated profiles of the vertical component proportion 
of the TKE over Rattlesnake Mountain at 2300 PST I July 1980. 

turbulent heat flux is comprised of a gradient portion 
and a countergradient portion given by 3lif3g()~2 / q [see 
Eq. ( 4)]. The increases in w' 2 / q 2 values occur at 
heights where the gradient portion of the vertical heat 

flux is small, as shown by the nearly adiabatic condi­
tions above 12 m in Fig. 4. If the gradient portion of 
the vertical heat flux is small enouglh, the countergra­
dient heat flux can force the total he:at flux to become 
positive. This is evident in the heat flux profiles shown 
in Fig. 8. The countergradient heat flux causes the total 
heat flux to be quite erratic in the inversion layer, and 
to become positive and increase as x increases above 
the inversion layer. Upward heat fluxes in regions of 
weak mechanical production of turbulence anisotropy 
will tend to increase w' 2 

/ q2 values beyond the isotropic 
limit . 

5. Summary and conclusions 

A two-dimensional second-order closure model 
based on level 3 of the Mellor-Yamada turbulence hi­
erarchy has been applied to the Rattlesnake Mountain 
data for 1 July 1980 as an extension of the work of 
Yamada ( 1983). The model is used to simulate mean 
and turbulence quantities during nocturnal drainage 
flow conditions. Mean velocities and potential tem­
peratures are examined for purposes of model verifi­
cation and mean effects. Turbulence characteristics are 
examined in terms of variations in TKE, anisotropy, 
momentum fluxes, and heat fluxes. 

The mean velocity profiles indicate the development 
of drainage layers over both the windward and leeward 
slopes of Rattlesnake Mountain. The ambient flow af­
fects the strength and position of the katabatic flow 
maxima. The drainage layer grows with increasing dis­
tance from the ridge top over the leeward slope, indi­
cating significant interfacial entrainment. 

Simulated potential temperatures suggest enhanced 
stability over the leeward slope above the drainage flow 
maxima. Stability is less above the drainage flow max­
ima over the windward slope, suggesting increased tur­
bulence there . 

The TKE profiles reflect regions of increased me­
chanical production. Turbulence is reduced by about 
50% over the leeward slope at a height where turbulence 
is at a maximum over the windward slope. The inter­
action of the vertical mean wind shear and the asso­
ciated Reynolds stresses produces differences in the 
mechanical production of TKE over the windward and 
leeward slopes. 

The turbulence field develops significant anisotropy 
near the surface where vertical wind shears and stability 
are large. Over the leeward slope above the drainage 
layer, anisotropy increases with increasing downslope 
distance. The vertical component proportion of the to­
tal TKE is enhanced in this region due to the coun­
tergradient portion of the heat flux. This countergra­
dient process in stable conditions is dependent on the 
evolution of the virtual potential temperature variance 
field. The present simulation produces variances that 
are significantly larger above the drainage layer over 
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the leeward slope than over the windward slope. As a 
result, the anisotropy in the turbulence field above the 
drainage layer is larger over the leeward slope. 

The results from the present study should be ob­
served qualitatively in regions of significant turbulence 
anisotropy. The use oflevel 3 of the Mellor-Yamada 
hierarchy implies small departures from isotropy. 
However, the departures in this simulation are not 
small. This stretches the Rotta ( 1951) parameterization 
of pressure-velocity-gradient correlations that is used 
in level 3 of the Mellor-Yamada hierarchy to the limit 
of validity. Nevertheless, qualitative analysis of the re­
sults indicate anisotropic tendencies that should not 
be ignored in characterizing complex-terrain effects on 
the turbulence structure during stable conditions. 

A1 =0.92} 
A2 = 0.74 
C1=0.08 
g 
H 
I 

/1 =Ail} 
/2 = Azl 
q2 
q2/2 
s 

u 
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u' 

w' 

x,y 
z 
Zg 

APPENDIX 

List of Symbols 

Constants of proportionality in Mellor­
Yamada scheme 

Acceleration of gravity 
Height of model top 
Master length scale for Mellor-Yamada 

scheme 
Length scales for tendency toward iso-

tropy in Mellor-Yamada scheme 
(u'2 + v'2 + w'2) 
Turbulent kinetic energy 
Height coordinate in the terrain-follow­

ing coordinate system 
Mean horizontal velocity in x direction 
Geostrophic velocity in x direction 

Horizontal perturbation velocity in x di-
rection 

Friction velocity 
Mean velocity in y direction 
Geostrophic velocity in y direction 
Horizontal perturbation velocity in y di-

rection 
Vertical perturbation velocity in z direc-

tion 
Horizontal Cartesian coordinates 
Vertical Cartesian coordinate 
Height of the ground above some reference 

height 
Roughness length 
Coefficient of thermal expansion 
Mean virtual potential temperature 
Perturbation virtual potential temperature 
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