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Abstract. Near-surface wind profiles in the nocturnal boundary layer, depth h, above relatively flat, tree- 
covered terrain are described in the context of the analysis of Garratt (1980) for the unstable atmospheric 
boundary layer. The observations at two sites imply a surface-based transition layer, of depth z., within 
which the observed non-dimensional protiles QL are a modified form of the inertial sub-layer relation 
QM(z/L) = (1 + 52/L) according to 

QL-(1 + 5z/L)exp[-0.7(1-z/z,)], 

where z is height above the zero-plane displacement and L is the Monin-Obukhov length. 
At both sites the depth z. is significantly smaller than the appropriate neutral value (zIN) found from the 

previous analysis, as might be expected in the presence of a buoyant sink for turbulent kinetic energy. 

1. Introduction 

In a recent paper (Garratt, 1980 - G80), observations from two towers situated 5 km 
apart in relatively flat, tree-covered terrain - the Koorin experiment (Clarke and Brook, 
1979) - were used to investigate flux-profile relations in the height range z/z, from 5 
to 85, z being height above the zero-plane displacement and z0 the aerodynamic 
roughness length. The analysis, which was confined to the daytime atmospheric 
boundary layer (ABL), confirmed that a lower height limit exists (at z = z,) to the validity 
of the Monin-Obukhov functions QM, Jz/L) in unstable conditions and, by implica- 
tion, of the logarithmic wind law in neutral conditions. Here L is the Monin-Obukhov 
length, whilst subscripts M and H refer to momentum and heat transfer, respectively. 
The results were consistent with the level z* marking a separation between the inertial 
sub-layer above and a transition layer below, both of which constitute the inner layer, 
or atmospheric surface layer. 

For wind at both sites, the depth z* was found to be approximately constant in 
unstable conditions and equal to 36,6 being the tree spacing. The values z,/z, N 35 and 
150 at the denser (M2, with z, = 0.9 m) and less dense (Ml, with z, = 0.4 m) surfaces 
respectively, compared with a value of about 10 for high-density vegetation (the Thetford 
forest) inferred from the results of Raupach (1979). Within the transition layer, the 
observed non-dimensional profiles Q” were well represented by 

fD” = @(z/L) exp { - a1 (1 - z/z*)} z I z* (1) 

both for wind and temperature with a, = 0.7, where @(z/L) is the profile form in the 
inertial sub-layer. The functional form of Equation (1) was obtained from a non-rigorous 
dimensional argument. It implies a ‘kink’ in the @‘/@(z/L) variation with z/z, at z = z* , 
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which in practice would be smoothed by the turbulent mixing process. Equation (1) 
should be interpreted mainly as a convenient interpolation formula for velocity gradients 
immediately above rough surfaces, and is retained here for direct comparison of the 
present analysis with that of the daytime data. 

The observations used by G80 were made in the unstable ABL, of depth h varying 
between 1500-2500 m, implying the depth of the atmospheric surface layer 
h, N 150-250 m. Thus all of the observations (maximum level z N 43 m) were made well 
within the surface layer, where @(z/L) has been well determined from experiments above 
low-z,, surfaces. In contrast, little was known of the evolutionary nature and the depth 
h of the nocturnal boundary layer (NBL) at the Koorin experiment, so that nighttime 
observations were excluded from the analysis of G80. Details of the Koorin NBL are 
now available (e.g., Garratt, 1982), and the present paper describes the extension of the 
near-surface profile analysis to the nocturnal situation, but restricted to the momentum 
case. 

2. The Stable Surface Layer 

Within the inertial sublayer, the profile form suggested by Monin and Obukhov (1954) 
is: 

@(z/L) = CD(O) + jz/L (2) 

for z < h, , h, being the height of the surface layer. For a neutral ABL, h, is approximately 
0.1 h (e.g., Tennekes and Lumley 1972; p. 162) and of similar magnitude in the NBL 
if we take the suggested relation of Zeman (1979), viz: 

h,/h = 
0.3 

1 + (h/L)- ’ 

with h/L - 1 (Garratt, 1982). Note that Equation (3) implies h,/L + 0.3 as h/L -+ ~0. 
Observations above low-z, surfaces generally support Equation (2) for z/L 5 1 (e.g., 

Webb, 1970; Businger et al., 1971; Hicks, 1976) with 

Q(O) = 1; 55/?,< 10 

for wind and temperature. Garratt and Brost (1981) give a summary of fl values, with 
the suggestion that these may be influenced by radiative cooling effects (their Table 7). 
Both Webb (1970) and Hicks (1976) discussed the breakdown of Equation (2) at larger 
values of z/L, but Equation (3) with h/L = 3 (typical of the mid-latitude NBL: see 
Garratt, 1982) implies h,/L N 0.25, so that their observations cannot be representative 
of the surface layer, but rather of the core of the (very shallow) NBL. Indeed the validity 
of Equation (2) out to z/L N 1 implies that the profile form above the surface layer and 
into the central region of the NBL does not deviate significantly from the loglinear form. 
At extreme stability, the linear profile form deduced by Hicks (1976) is probably 
representative of the bulk of the NBL (e.g., Zeman, 1979) rather than the surface layer 
itself. 
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3. Koorin NBL 

3.1 GENERAL FEATURES 

The nocturnal turbulent boundary layer occurs frequently over land under clear skies 
when the geostrophic wind is not too low. Under these conditions it is possible to 
distinguish a shallow, fully-turbulent layer persisting from sunset to sunrise. Because of 
its time-evolving nature, the NBL may never reach steady-state (e.g., Zeman 1979; 
Nieuwstadt and Tennekes, 198 1) and it may be affected significantly by drainage flows 
(e.g., Brost and Wyngaard, 1978). In addition, long-wave radiative cooling may be an 
important influence, particularly on flow dynamics above the NBL and on surface-layer 
properties (Garratt and Brost, 1981). 

During the Koorin experiment, skies were generally clear at night with average 
geostrophic winds varying between 5 and 17 m s- ‘. Of thirty nights’ observations, only 
three have an NBL persisting for more than a few hours after sunset (approximately 
1800 local time); several have intermittent periods with non-zero surface fluxes 
occurring around midnight. We follow Garratt (1982) and use in the present analysis 
only the three nights mentioned above. For two of these, turbulent activity ceased 
abruptly around midnight, apparently related to the passage of a sea-breeze front 
propagating inland from the coastline 200 km distant. 

Evidence discussed by Garratt (1982) suggested a significant influence of drainage 
flow upon the scaled depth of the NBL, the actual depth h, taken as the height where 
the gradient Richardson number Ri = 0.25*, varying, typically, between loo-250 m. 
Equation (3) implies, with h/L N 1 (Garratt, 1982) that h, 2: 15-40 m compared to the 
probable daytime range of 150-250 m. 

3.2 OBSERVATIONS 

Profile observations were made at two towers, Ml and M2, separated by 5 km, with 
night-time surface fluxes measured by eddy covariance techniques at M2 only. In order 
to utilise wind profile data at site Ml, indirect estimates of friction velocity u* and 
sensible heat flux H were made as described in the Appendix. All of the data used in 
the present paper can be found in Clarke and Brook (1979). Values of d, the zero-plane 
displacement, were taken as 4.8 and 7.1 m at M 1 and M2 respectively (as used in G80). 
Temperature profile data (available at Ml only) in the non-dimensional form 0; are 
not presented here since these were found to be excessively scattered. The major source 
of the scatter probably resides in the relatively small values of the turbulent temperature 
scale 8, observed at night (N -0.1 “C) compared to daytime (N 0.5 “C), and the 
consequent larger relative errors in 0:. 

Tower-averaged fluxes and estimates of h for the relevant three nights (Days 7/8; 
27/28, and 28/29) can be found in Appendix 2 of Garratt (1982). Turbulent fluxes 

* This value is taken as representative of the possible range 0.13 s Ri, 5 0.5, where Ri, is the critical value, 
although h is not very sensitive to values within the range. 
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Fig. 1. The friction coefficient U./U(Z) at z = 13.7 m (level 4 at M2) as a function of gradient Richardson 
number Ri (Y = 13.4 m at M 1). Ri range is denoted by horizontal bar; vertical bai denotes standard deviation 

of individual data about mean. The continuous curve is based on Equation (4). 

measured throughout the experiment at M2 at night showed the expected relation with 
Ri, viz, mean flux = 0 when Ri 2 0.25. This is illustrated in Figure 1 for the case of U* 
determined from eddy covariances, where we show the friction coefficient u*/u(z) as a 
function of Ri(z) with z = 13.7 m (level 4 at M2). Note that U* and u are observed at 
M2 whilst Ri is inferred from profile data at Ml. The continuous curve represents the 
inertial sub-layer relation 

ku/u, = In z/z, + pz/L (4) 

with z/L = Ri/(l - /3Ri), fi = 5, z, = 0.85 m and k, the von Karman constant, set equal 
to 0.41. 

4. Surface-Layer Analysis 

4.1 OBSERVED GRADIENTS (DR 

The observed non-dimensional gradients for wind are calculated from 

@, = (kz/u,) &/r3z (5) 

using U(Z) at 5 levels on each of masts M 1 and M2. We show in Figure 2 (I$,, as a function 
of z/L for both Ml and M2, together with the inertial sub-layer relation (Equation (2)) 
with p = 5 and 7.5. The observations are also presented in Figure 3 in the form 
@,JO,,(z/L) as a function of z/h, where @,&z/L) is given by Equation (2) with p = 5. 
This shows that the bulk of the observations are found with z/L ,< 0.2, and z/h $ 0.2, 
with the upper levels probably lying above the surface layer on occasions. Two 
important features of the observations are evident in Figures 2, 3: 
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Fig. 2. Observed gradient @, as function of z/L: (a) at Ml (0) and (b) at M2 (0). Continuous curves 
represent mM = 1 + fiz/L, with j = 5 and 7.5. 
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Fig. 3. Observed quantity C&‘@,&z/L) versus z/h, for Ml (0) and M2 (0) data, with 
q&/L) = 1 f 5z/L. 
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(i) Observed gradient @L is significantly less than inertial sub-layer values at small 
z/L (5 0.1); 

(ii) @R tends to QM(z/L) with 5 5 /? 5 7.5 at larger values of z/L. 
These two aspects of the observations can be interpreted with the transition-layer 

concept, following the results of G80 for the daytime surface layer. 

4.2. TRANSITION-LAYER DEPTH z* 

Garratt (1980) grouped the daytime data into small L ranges and, using Equation (l), 
applied ‘least square’ fits at each mast. These gave values of z* and a, which were plotted 
as functions of L in Figures 4 and 5 of G80. There were no significant stability trends, 
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Fig. 4. Variation of observed normalised depth Z./Z .N with stability z.JL, for Ml (0) and M2 (( 
Continuous curve in unstable conditions is based on linear regression analysis. 

1). 

Fig. 5. Observed quantity @~/D.&/L) versus z/z., for Ml (0) and M2 (0) data, with 
@,&z/L) = 1 + 5z/L. Continuous curve for z/z. 5 1 represents Equation (6) with d, = 0.7. 
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TABLE I 

Estimated values of z. at M 1 and M2 for several L ranges, together with 
relevant NBL quantities. 

Site Mean L 

Cm) 

Z* Z./Z.* z*,v/L 
0-4 

Ml ‘neutral 60 1.00 0.00 
160 22 0.37 0.38 
120 22 0.37 0.50 
80 22 0.37 0.75 

M2 ‘neutral 30 1.00 0.00 
350 17 0.57 0.09 
190 13 0.43 0.16 
125 13 0.43 0.24 
50 10 0.33 0.60 

the implied neutral z* values (denoted zeN) being 60 m at Ml and 30 m at M2, with 
txl N 0.7 at both sites. 

Similar procedures have been followed with the present data sets using Equation (1) 
with @(z/L) defined by Equation (2) with /? = 5. The parameter a, was again found to 
be N 0.7, with no significant variations with L or between sites Ml and M2. Values of 
z* are shown in Table I, together with several quantities relevant to the present 
discussion, and have an estimated uncertainty of approximately f 5 m. Figure 4 shows 
the combined daytime and night-time data for Ml and M2, in the form z./zWN as a 
function of stability z,,/L (daytime data from G80). The curves are drawn to represent 
broadly the mean variation of z* with stability. 

At any one site, z* in stable conditions is significantly smaller than the neutral value. 
This is physically plausible given that the surface-generated wakes which define the 
transition layer by their vertical penetration must do work against gravity. The decrease 
of z* with increasing stability is analogous to the collapse of the ABL under the action 
of surface and clear-air radiative cooling. 

4.3 GRADIENT FUNCTION yM 

Let yM represent @+,/QM(z/L) so that the proposed formula (cf. Equation (1)) is 

yM = exp { - a1 (1 - z/z*)} z I z* (6) 

with yM = 1 for z 2 z+ . These are shown in Figure 5 as continuous curves with a1 = 0.7, 
and compared with individual data, with @(z/L) = (1 + 5z/L), using values of z* for 
each L range. The observed behaviour is similar to that of the daytime data shown in 
Figures (6-8) of G80. 

However Equation (6) is different from the form assumed by Raupach et al. (1980) 
in describing neutral wind profiles (the analysis was done in terms of U(Z) rather than 
aU/&) above rough surfaces in the wind tunnel. They assumed constant eddy diffusivity 
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in the transition layer, = ku,z,, implying yM = z/z,, and giving 

; (U(Z) - u(z*)) = -(l - z/z*) z < z* (74 

compared with that derived from Equation (6), again for neutral conditions - e.g., 
Appendix 1 in G80 - 

& (U(Z) - ~(2~)) = a In (z/z,) 

-aa,(l-z/z,)-... 

z < z* G’b) 

where a, = 0.7, a = exp (- aJ = 0.5. 
Continuous curves representing Equation (7a) and (7b) are shown in Figure 6, which 

should be compared with Figure 11 of Raupach et al. (1980). The straight line represents 
the logarithmic law, with k = 0.4. Evidently the wake diffusion effect in the wind tunnel 
is somewhat greater than that over the Koorin surface although differences may in part 
be due to uncertainty in d, the zero-plane displacement. Pecked curves shown in the 
figure suggest that Equation (6) with a1 = 1.05 (a = 0.35) most closely represents the 
wind-tunnel data. 

1 

0 

In Vz, 

-1 

Fig. 6. Velocity profiles above a rough surface, with the curves described as follows: (a) logarithmic law, 
k = 0.40; (b) Equation (7b) with OL = 0.5, representing Koorin data; (c) Equation (7a) from Raupach er al. 
(1980) representing wind-tunnel data; (d) Equation (7b) with a = 0.35 (hypothetical); (e) Equation (7b) with 

c( = 0.25 (hypothetical). 
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4.4 DEPENDENCE OF ANALYSIS UPON d 

The sensitivity of (I$, to the assumed values of d has been discussed extensively by Hicks 
et al. (1979), Raupach (1979), Raupach et al. (1979), Garratt (1979, 1980). In the 
analyses of both unstable and stable data, we have taken most probable values of d 
(see G80), with no dependence upon stability. If such a dependence was admitted, less 
variation of z* with stability would result for smaller values of d in unstable, and larger 
values in stable, conditions. Extreme values of d are limited by the ground (d = 0) and 
by the treetops (d = 8 m (Ml) and 9.5 m (M2)). Influences on the stable-data analysis 
due to varying d are probably similar to those found by Garratt (1979) for the unstable 
analysis. Certainly a choice of d N 0 removes systematic deviation of @L from QM (z/L), 
but such a choice does not seem to be physically acceptable. At the other extreme, taking 
d at the treetops reduces @L still further below mM (z/L), implying larger values of z, 
(but still less than Zig). 

5. Conclusions 

The transition-layer depth z*, on the order of several tens of metres over the Koorin 
surface, is found to decrease significantly as stability increases. This is consistent with 
the well-known influences of stability upon inertial sub-layer and boundary-layer depths. 

Inferences of the depth h, from observed NBL depths suggest that the transition layer 
over our very rough surface occupies most of the inertial sub-layer when stably stratified. 

Finally the gradient function 

yM = exp { - cIr (1 - z/z*)} 

with a, = 0.7, and used by G80 to describe the unstable data, also describes the stable 
data. 

Appendix: Calculation of Fluxes at Ml 

To calculate u*, use has been made of the drag relation 

u* = JCD u(T) (Al) 

applied to the Ml layer between levels 4 and 5 (Z = 34.3 m). Here u(Z) is the observed 
layer mean wind speed and CD can be expressed as the multiple of two terms: CDN, 
the neutral drag coefficient ( = 0.0081 for z, = 0.4 m) and a stability function readily 
calculated from the observed gradient Richardson number Ri (this assumes z = 34.3 m 
lies above the transition layer, an assumption confirmed by later analysis). In the case 
of H, an average of two estimates was taken for each run, the estimates being based on 
the following considerations. Firstly, the observed Ri implies a value of z/L and hence, 
with the calculated u., an estimate H, . The second estimate used the analogous relation 
for heat flux to Equation (Al), viz., 

Hz = PC, 44 (‘4 - 8(z)>, WI 
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where the neutral coefficient C,, = 0.0052 for Ml; p is air density and c the specific 
heat of air at constant pressure; 0(z) and $ are the observed temperatures at z and the 
surface (radiometric), respectively. The assumed value of H is then given by 0.5 
(H, + H,) = z?. 

It is of interest to compare Ml estimates of u* and H with those measured directly 
at M2. Firstly, consider the geostrophic wind relation (e.g., Arya, 1977) 

u,/G = {(h h/z,, - A)’ + B2} - 1’2, 643) 

where G is geostrophic wind, and A, B are known functions of the stability parameter 
h/L. Assuming both the observed h and G apply equally to Ml and M2, application 
of (A3) to both sites (z,, = 0.85 m at M2), and taking A = 1, B = 3 for h/L = 1.5, gives 

E,(M2)/Z*(Ml) = 1.13 

which compares favourably with the observed value of 1.1. Individual values are shown 
in Figure 7(a), with the straight line representing the above calculated ratio. 

Secondly we compare M 1 estimates of H (viz. A) with those implied by surface energy 
balance at Ml(H3) and with M2 values. The energy balance relation 

H,=R-G-U 644) 

Us tms-II . 
. 

t6 .* 
M2 . 

I / 

.* 

0.4 
. .*. 

. 
. 

0 @2 04 06 
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li (Wm-21 k lWme2) 

Ml 

u* 

(01 

lms-‘1 

0 -20 -40 -60 -80 -30 -50 -70 -90 -110 

H31Wmw2j Ml HlWm-2) M2 

Fig. 7. Comparison ofnight-time U. and H values: (a) u* calculated at M 1 vs. U. observed at M2; the straight 
line represents the relation U. (M2) = 1.13 I(* (Ml) described in the text. (b) H calculated at Ml (I?) vs. value 
calculated from energy balance at Ml (H3); a straight line of 45” slope is also shown. (c) H at Ml VS. 

observed value at M2 (this excludes Day 29 data); a straight line of 45” slope is also shown. 
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can be combined with the transfer relation for evaporation E, viz, 

E = PG - 4(z)) 

r, + (C&4(z))-’ ’ 
645) 

where R is net radiation, G the surface soil heat flux, il the latent heat of vaporisation, 
qi is the saturated specific humidity at surface temperature and r, is a ‘surface’ resistance 
given by Garratt (1978). Mean values at Ml of Z? and H3 are -58 and -62 W m-‘, 
respectively, individual values plotted in Figure 7(b) showing good correlation. In 
addition, mean night-time values are comparable at M 1 and M2 (- 63 and - 73 W m-‘, 
respectively), consistent with the near-equality in mean daytime values of 225 and 
234 W m-‘. Individual values shown in Figure 7(c) do show however considerable 
differences, but this may be due, in part, to the space separation of the two masts. 

Finally the data analysis excludes times immediately after the evening transition from 
unstable to stable boundary layer (18 : 00 and 19 : 00 local time), and at 23 : 00 on Day 7 
and Day 27 when the sea-breeze perturbation is first apparent in the data as a whole. 
The measured and calculated fluxes used in the analysis are shown below. 

Day Time Observed fluxes at M2 

u* H 

Calculated fluxes at M 1 

u* H 

1 20:oo 0.25 -44 0.35 -54 

21:oo 0.43 -69 0.47 -61 

22:oo 0.51 -63 0.45 -63 

21 20:oo 0.30 -39 0.36 -58 
21:oo 0.38 -48 0.47 -14 
22:oo 0.57 -11 0.43 -63 

28 20:oo 0.49 -101 0.47 -59 
21:oo 0.50 -103 0.49 -63 
22:oo 0.69 -98 0.53 -65 
23:00 0.65 -88 0.50 -64 

29 0o:oo 0.56 C-61) 0.41 -53 
01:oo 0.44 C-65) 0.43 -56 
02:oo 0.46 C-63) 0.44 -54 
03:oo 0.52 C-48) 0.36 -41 
04:oo 0.41 C-50) 0.37 -43 
05:oo 0.44 C-50) 0.33 -43 

In the above, units of H and U* are W mm2 and m s- ‘, respectively; H values at M2 
on Day 29 are based on Ml values, taking into account the difference in mean values 
found in the other data (Garratt, 1982). 
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