SUPPLEMENTARY MATERIAL
S1 - FORMULA DERIVATION

COWAN’S MODEL
Cowan (1968) estimated that the eddy diffusivity scaled with the velocity within the canopy:
Ky(z) Ku(Hc)

H __H

U(z) Uy

forz <H,

Ky (2) = Ky (H) % 1)

Substituting (S1) into the force balance equation (8) in the main text gives:
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This differential equation doesn’t have a canonical solution, unlike Inoue (1963). The one proposed
by Cowan is:

3 (S3)

U(z) = Uy

To simplify the forthcoming analysis we will use Cowan’s substitution of 5., = [C,za From
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(S3) it follows that the first and second derivates are:
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Equations (S3), (54), and (S5) allow us to interrogate whether Cowan’s solution satisfies the force
balance equation (S2) imposed by his assumption of the eddy diffusivity (51). The check is presented
below:
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We can see that the proposed velocity (S3) satisfies the force balance equation (S2) developed by
the assumption regarding eddy diffusivity (S1). To derive the relationship between d, and z,,, the
CSL velocity gradient at H, is calculated from (S4):

dU(Ho) _ Un Bew coshBewlle) _— BewUn (S6)
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Equating the velocity gradient at H,. given by the CSL, equation (S6) with the velocity gradient
generated by the ISL at H., and expanding the definition of 3., gives:
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Using the relationship that was shown in the main text equation (S14) K, (H,.) for we get:
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It is not possible to simplify the equation further given the approach utilized. We use the
relationship derived for Inoue. Using the relationship derived from the velocity matching approach in
the text equation (15), we see that z;,, can be written as;
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THOM’'S MODEL
Thom (1971) assumed that the eddy diffusivity within the canopy was constant. This allows the force
balance relationship shown in the main text equation (S14):

d < dU(z)
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This differential equation doesn’t have a canonical solution, unlike Inoue (1963). The one proposed
by Cowan is:

The solution given by Thom is of the form:
Uy (510)
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The first and second derivates generated by the solution proposed by Thom is:
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Substituting to the velocity derivatives relationships here we get;
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Thom’s simplifying assumption of constant eddy diffusivity up to H. allows us to use the eddy
diffusivity calculated from the ISL using dimensional arguments. In the ISL, the length-scale is the
distance from the (vertically translated) surface and the velocity scale is u,. So, the diffusivity at H,,
using k as the proportionality constant, can be written as:

Ky(H.) = u.k(H. — dy) (S14)
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Using this identity we get:
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This allows us to write Thom's velocity model in terms of the non-dimensional parameters that the
other models use. So the velocity profile becomes:
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By velocity derivative matching we get the following answer:
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Substituting the value for the alpha from (S15) we get;
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This result is very similar to Inoue’s with the difference of 0.5. This can be understood due to their
insistence having a something constant through the canopy, in Inoue’s case it was the mixing length
and in Thom’s it was the diffusivity.

WANG'S MODEL

All of the models discussed till can be used only in dense canopies. This is not the case with Wang
(2012) who modelled the effect of the ground in influencing the wind velocity profile in the CSL
within the sparse canopies. The eddy diffusivity to satisfy this condition is parameterized as:

Ky (z) = kzspu, (519)
This diffusivity is the same as in the ISL, with the exception of s;. s, represents the effect of canopy
elements on the eddy length scale. The force balance equation (S14) becomes:
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Where the right hand side has been linearized and the effect of that linearization has been taken up
in the transformation of drag coefficient into C;. This makes the analytical solution:
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Here, modified Bessel functions of the first (I,.(*)) and second kind (K, (*)), where x is the order of
the Bessel function and the rest of the constants are;
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The parameterisation of the ground roughness is done by a roughness length for momentum that
characterizes the ground surface z,4. Now using the velocity gradient matching at the canopy
height, we get;
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S2 — FLOW CHART OF INVESTIGATION
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FIGURE S1: FLOW CHART OF IVESTIGATION

S3 —ROBUSTNESS OF METHODS UTILIZED

The following sense checks are performed in order to ascertain the utility of the data:

1. At sites with more than 2 wind speed sensors d,, is calculated using the numerical derivative
method and compared to the non-linear squared method. As can be seen in the Figure S2,
the NLS method averaged across the numerical derivative results and matched the variation
in dg. This variation is can be said to be independent of the variation z,,,. Additionally the
comparable results across the two methods shows that the numerical derivative method
used with just two sensors is valid.
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FIGURE S2: NUMERICAL DERIVATIVE (Y-AXIS) AND NLS dO COMPARISON FOR THREE DIFFERENT
HEIGHTS (GIVEN AS 3 DIFFERENT PANELS) FOR GINGIN

2. Atsites with more than 2 wind speed sensors z is calculated using the non-linear squared
method with d,. As can be seen in Figure $3, the two values match and the variation in z,
can be said to be independent of the variation d,,.
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FIGURE S3: COMPARISON OF Z,,, FROM USING FIXED d (Y-AXIS) AND WITH VARIABLE d (X-AXIS)
FOR THREE SITES WITH MORE THAN 2 SENSORS

At sites with more than 2 wind speed sensors z; is calculated its relationship with d,. As can
be seen in Figure S4, the method of z,,, determination in places with only two sensors



where a relationship between d, and zy,,,.
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FIGURE S4: RELATIONSHIP BETWEEN DO AND ZOM AT SITES WHERE THEY ARE CALCULATED
SIMULTANEOUSLY

S4 — DATE RANGE OF DATA IN THE STUDY

Site Start End

Alice Springs Jan 2012 Dec 2019
Yanco Jan 2014 Oct 2020
Gingin Jan 2015 Dec 2019
Poker Flat Nov 2010 Dec 2016
Willow Creek

<2007 Aug 1999 Nov 2006
Willow Creek

>2010 Dec 2010 Apr 2017
Bartlett Feb 2017 Apr 2021

Charleston Mar 2001 Dec 2011



S5 —VARIATION OF MODELS WITH c aH,
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FIGURE S5: THE RESULTS OF THE WIND SPEED MODELS FOR THE GIVEN PARAMETERS WITHIN THE CSL AND UPTO 4
H_ IN THE ISL FOR THE FOUR MODELS AND FOR FOUR SETS OF 3 AND cgqaH..



S6 — Zg,, THEORETICAL RESULTS
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FIGURE S6: THE VARIATION OF ZOm/Hc AS FUNCTIONS OF THE TWO NON-DIMENSIONAL PARAMETERS ﬁ AND
C4aH . WITH VALUES GENERATED USING THE 4 DIFFERENT MODELS DISPLAYED AS A) THE CHANGE IN COLOURS FOR
DIFFERENT VALUES OF B (v-Axis) AND cqaH, (LOG X-AXIS) CONTOUR PLOTS FOR THE FOUR MODELS SELECTED IN
THE PAPER. THE DIFFERENT COLOURED VERTICAL LINES REPRESENT SECTIONS OF DIFFERENT CANOPY DENSITIES
INCREASING FROM LOWEST AT DARK BLUE TO HIGHEST AT RED. THESE SECTIONS FROM THE GRAPH ARE THEN PLOTTED
IN B) WITH S\BETAS ON THE X-AXIS AND THE VALUE OF ZOm/Hc ON THE Y-AXIS FOR THE FOUR DIFFERENT CANOPY
DENSITIES THAT WERE DISPLAYED TAKEN FROM A).

S7 —DISTRIBUTION OF INVALID VALUES

Site Good Upper Lower  Method
Alice Springs 3211 9 761

Yanco 799 1069 702 NLS
Gingin 2756 0 54

Poker Flat 1446 2 630

Willow Creek 61506 3137 7207

Bartlett 2711 7 417 Numerical
Charleston 4388 471 104

S8 =z, EMPERICAL VARIATION

The empirical results of zy,,, are presented graphically in Figure S7 and numerically in Error! Reference
source not found.. The scale here, however, is fixed across different sites between 0 to 5 m. This is
because z,, doesn’t represent a simple vertical translation in the log profile like dy, but rather
changes the shape of the profile, extracting greater momentum from the fluid flow above it for greater
values of zy,,. Therefore, the representation of the absolute change is more important than the
change with reference to a given height H..



The deciduous dense canopies produce a standard deviation of less than 1m. The Charleston and
Willow Creek 2 sites zy,, means lie in between the conventional (upper) and Raupach (lower)
estimates. However, they are within one standard deviation of the Charleston mean but not the
Willow Creek 2 mean. The standard deviation of the deciduous transitional species is again the largest
in the given set and the conventional assumption of 0.12H, gives estimates within 1 standard
deviation of the mean. The evergreen sparse canopies give small standard deviations and their means
are quite well predicted by the conventional assumption 0.12H,.. The grassland site gives a very low
estimate indicating a smooth surface, and a low standard deviation as well.
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FIGURE S7: DISTRIBUTION OF Zg,,, FOR DIFFERENT SITES. THE Y AXIS REPRESENTS THE VALUE OF Z,;, [M] SCALED
UNIFORMLY ACROSS ALL THE PANELS. THESE ARE SCALED TO THE BE 0 TO 5 METERS FOR EACH SITE. THE X AXIS
REPRESENTS THE PROBABILITY DENSITY. THE COLOURS REPRESENT WHETHER THE CANOPIES ARE EVERGREEN OR
DECIDUOUS, AND THE SEASON IN CASE THEY ARE DECIDUOUS. THE LIGHT BLUE HORIZONTAL LINE REPRESENTS THE
CONVENTION OF 0. 12 H. AND THE DARK BLUE LINE IS THE RAUPACH ASSUMPTION OF Zg,,. THESE ARE GIVEN

ALONGSIDE THE MEANS FOR EACH OF THE PROBABILITY DENSITY FUNCTIONS.

The standard deviation for the majority of the estimates is close to half the mean of the empirical
estimate. This is taken to be reason enough to concur with the literature that postulates the

variation of dy and z,,, at a site.

S9 — OBSERVATIONS OF 8

The nondimensional variable 8 was computed for each site and season, with PDFs provided. At all
sites, 5 showed non-trivial variability, consistent with its hypothesized role in causing variability in



dy. At most sites, at least some of the observed values of 8 exceeded the 0.33. In the dense
deciduous sites Charleston and Willow Creek 2, fewer than 50% of the observed f§ values are lower
than 0.3 (see Error! Reference source not found.).
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FIGURE S8: PROBABILITY DENSITY FUNCTION OF B MEASURED AT DIFFERENT SITES AND SEASONS. THE VERTICAL LINE
REPRESENTS B = 1/3 WHICH IS ESTIMATED TO BE ITS MAXIMUM THEORETICAL VALUE.



S10 - PDFS OF caH,
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S11— RELATIONSHIP BETWEEN dy/H, AND
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FIGURE S10: THE DISTRIBUTION OF MEASURED f8 (X-AXIS) AND EMPIRICALLY ESTIMATED dy / H . SHOWN BY POINTS.
THE LINES INDICATE THE MODELS PREDICTED VALUE OF d g/ H . FOR GIVEN 8 USING THE CHOSEN MEDIAN VALUE OF
c,aH . INDICATED BY THE SOLID LINE, AND THE 10TH AND 90TH PERCENTILE SHOWN AS THE SHADED REGIONS

S12 — USING THE ANALYTICAL VELOCITY FUNCTIONS

The utility of the median value of can be looked at in the intended use of the analytical CSL velocity
models, i.e. estimating the U at various z within the CSL. For this assessment the median values of
cqaH, are used with the measured values of § in the equations Error! Reference source not found.,
Error! Reference source not found., Error! Reference source not found., and Error! Reference source



not found., to estimate U(z) within the CSL for the three selected sites presented on the y axis. This
is compared with the observed wind speed on the x axis. The same figure for all the sites is given in
the supplementary material. In Cowan and Thom, a measurement of d,/H, was required to estimate
the velocity in the canopy as well, as is shown in equations Error! Reference source not found. and
Error! Reference source not found., and this was used from the empirically estimated d,/H..

The results in Error! Reference source not found. show that the models generally do a poor job of
predicting the wind velocity within a canopy. For Bartlett, the momentum absorbed by the canopy is
underestimated. Therefore, the predicted velocities are higher across the four models, as can be seen
by the scatter plot populating the region above the 1:1 line for both seasons. This is more pronounced
in the lower canopy (as can be seen by the distance from the 1:1 for the Hic = 0.67compared to Hic =

0.83 at Bartlett), as the underestimation of the momentum extracted by the canopy accumulates, i.e.
there is more momentum that should’ve been extracted by a higher c;a and going down the canopy
height this ‘extra unextracted’ momentum keeps accumulating. This effect is exacerbated for the leaf
off season, as the c;aH, is even lower than the erroneous low initial estimate.

For Charleston, the problem is the opposite as there is an overestimation of the momentum extracted
by the canopy. Therefore, the models regularly predict the velocity to be considerably lower than the
velocity that is measured as is shown by the scatter plot populating the region below the 1:1 line. The
leaf off season here has an ameliorating effect, where the overestimation of the momentum extracted
by a high value for c;aH, is reduced. As the height of measurement is low at Charleston and there is
a high c,aH,, according to the models all the momentum has been extracted from the wind as can be
seen in the densest panel in Error! Reference source not found..

Gingin scatter plot is the closest to the 1:1 line. At the low height oin = 0.27 the Cowan and Wang

models perform the best (Wang being especially formulated with sparse canopies in mind). Inoue and
Thom may overestimate the velocity because of their lower boundary condition is not met in the
sparse canopies as can be seen in Error! Reference source not found.’s sparse panel.

The model comparison shows the values predicted by Inoue are more scattered than the others. Wang
on the other hand, gives a compact distribution as can be seen especially for the Bartlett panels. In all,
the median cyaH, estimated by using dy,/H. and 8 the analytical CSL models are seldom able to
recreate reality within the CSL. Their moderate success at Gingin, given that they have been calibrated
using the wind profile above the canopy is commendable.
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S13 - EMPIRICAL d, VS ACTUAL PDF
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FIGURE S12: PREDICTION OF VARIATION OF dO (IN METERS ON THE Y-AXIS) USING VARIOUS THEORIES. THE SHADED
AREA IS THE EMPIRICALLY CALCULATED do AND THE LINE IS SHOWING THE DISTRIBUTION PREDICTED BY THE MODEL.

S14 — Performance of d, for half an hour predictions



Site Season variable | r2 adjr2 rmse | int slp
. 0.007 | 0007 | 0.195| 2.247| 0017
ustar 0.062 | 0061 | 0.346| 2.077| 0.089
Inoue 0.102 | 0101 | 1.129| 1.520| 0.441

Gingin Evergreen

Cowan 0011 | 0011 | 0.199| -0.040| 0.021
Thom 002 | 0101 1.129| 1.520| 0.441
Wang 0.088 | 0.088 | 0.837| 1.562| 0.294
u 0.250 | 0.250 | 0.601 | 1.664| 0.267
ustar 0330 | 0330 0.641| 1.497| 0347
Alce Springs o Inoue 0.066 | 0.065| 1.008 | 2.497 | -0.247
BreeN  cowan | 0.006 | 0.005| 0.186| -0.021| 0.011
Thom 0.066 | 0.065| 1.008 | 2.497 | -0.247
Wang 0123 | 0122 | 0728 | 2267 | -0.243
U 0023 | 0022 0.134| 5125| 0.022
ustar 0.000 | -0.001 | 0.038| 5.249| 0.001
Inoue 0021 | 0020 0978| 5.829| -0.152
Cowan 0.015| 0014 | 1.251| 1.765| -0.162
Thom 0021 | 0020| 0978| 5.829| -0.152
Leaf off Wang 0.020 | 0019 | 0477 | 5572| -0.073
u 0079 | 0079 | 0.150 | 5.523| 0.046
ustar 0.003 | 0.002| 0.031| 5.805| -0.002
Inoue 0.000 | -0.001 | 0.936| 5.647| 0.008
Leaf on Cowan | 0.009| 0.008| 1.874| 3.605| -0.184
Thom 0.000 | -0.001 | 0.936| 5.647| 0.008
Charleston Wang 0.009 | 0.009 | 0568 | 5.476| 0.058
U 0.051 | 0.050| 1.240 | 12.818 | 0.052
ustar 0.193 | 0.193 | 2.227 | 10.869 | 0.198
Willow Creek < 2007 Leaf on Inoue 0.093 | 0.093 | 4.230 | 17.412| -0.252
Cowan 0.003 | 0.002 | 2.384| 0989 | -0.022
Thom 0.093 | 0.093 | 4.230 | 17.412 | -0.252




Wang 0.127 | 0.127] 2.851| 16.666| -0.200
u 0.074 | 0073 | 1.667 | 12.824| 0.082

ustar 0.195| 0.195| 2.283| 11.285| 0.196

Inoue 0.111| 0.111| 4257 | 18132 -0.272

Leaf off Cowan | 0017 | 0017 | 3.982| -0.100| 0.092

Thom 0.111 | 0.111]| 4257 | 18132 | -0272

Wang 0.165 | 0.165| 2.978 | 17.523 | -0.237

u 0.064 | 0064 | 0253 | 20.860| 0.050

ustar 0.168 | 0.168 | 0.444| 18.649 | 0.151

Inoue 0.101 | 0.101| 3.243 | 39.278 | -0.818

Leaf off Cowan | 0.155| 0.155| 7.622| 69.041 | -2.467

Thom 0.101 | 0.101| 3.243| 39.278 | -0.818

Wang 0.111| 0.110| 2.540 | 36.463 | -0.677

Willow Creek > 2010 u 0.067 | 0067 | 0.321| 20212| 0.074
ustar 0230 | 0230 0500| 16.734| 0.233

Inoue 0.111| 0.111| 3.176 | 42.133 | -0.961

Leaf on Cowan | 0.192| 0.192 | 7.093 | 78.762 | -2.953

Thom 0.111| 0.111| 3.176 | 42.133 | -0.961

Wang 0.138 | 0.138| 1.839| 35.461| -0.630

u 0.016 | 0015| 0.790 | 7.744| 0.021

ustar 0.104 | 0.103| 1.697| 6967 | 0.117

Inoue 0.039 | 0038| 4642| 7.259| 0217

Leaf off Cowan 0.048 | 0.047 | 0.000| 0.000| 0.000

Thom 0.039 | 0038| 4642| 7.259| 0217

Bartlett Wang 0012 | 0012| 3.556| 6.753| 0.088
u 0.030 | 0028 0554| 12.604| 0.022

ustar 0.167 | 0.165| 1.362| 11.189| 0.138

Leaf on Inoue 0.020| 0019| 4127 | 11.533| 0.136

Cowan | 0.073| 0071| 2.284| -1.308| 0.145

Thom 0.020| 0019| 4127 | 11.533| 0.136




Wang 0.027| 0025] 2.615] 12.009| 0.098
u 0.063 | 0061| 0.114| 0974 0045
ustar 0.160 | 0.159| 0.238| 0.863| 0.160
Inoue 0.055| 0054 0688| 1.021| 0.259
Poker Flat Evergreen I wan | 0020 0018 | 0187| -0.023| 0041
Thom 0.055| 0054| 0688| 1.021| 0.259
Wang 0.052| 0051| 0520| 0882 0.193

S15 - PERFORMANCE OF zy,,, MODELS HALF AN HOUR PREDICTIONS




Site Season variable | r2 adjr2 rmse | int slp
] 0.000 | -0.001 | 0.011| 0.888| 0.000
ustar 0.069 | 0.068 | 0.078| 0.827| 0072
Inoue 0.190 | 0.190 | 0.818 | -0.146 | 1.433

Gingin Evergreen

Cowan 0.259 | 0.259 | 0.305| 0.766| 0.616
Thom 0.190 | 0.190 | 0.818 | -0.146 | 1.433
Wang 0.209 | 0209 | 0532| 0.159| 0.970
U 0017 | 0017 | 0.022| 0.785| 0.012
ustar 0.142 | 0.141| 0.074| 0699| 0122
Alce Springs . Inoue 0.002 | 0002 | 0.876| 1.008| 0.209
BreeN  Fcowan | 0.025| 0.024| 0394| 1.066| 0.254
Thom 0.002 | 0002 | 0.876| 1.008| 0.209
Wang 0.000 | -0.001 | 0.651| 1.036| 0.029
U 0.019 | 0018 | 0.078| 0.688| 0.028
ustar 0.005| 0004 | 0.014| 0699| 0.002
Inoue 0.006 | 0.005| 0.665| 0.764 | 0.145
Cowan 0.020 | 0019 | 0.749 | 2287 | 0.282
Thom 0.006 | 0.005| 0.665| 0.764 | 0.145
Leaf off Wang 0.017 | 0016 | 0320| 0671| 0.111
Charleston u 0.099 | 0098 | 0.106| 0.625| 0.060
ustar 0.003 | 0003 | 0.012| 0.662| -0.001
Inoue 0.046 | 0046 | 0.778| 0587 | 0.337
Leaf on Cowan | 0018 | 0017 | 1.346| 2389 | 0.310
Thom 0.046 | 0046 | 0.778| 0587 | 0337
Wang 0.107 | 0.107 | 0452 | 0.508| 0.276
U 0.005| 0.004 | 0.076 | 2.839| 0.004
ustar 0.192 | 0.191| 0561 | 2.304| 0.191
Willow Creek < 2007 Leaf on Inoue 0.003 | 0.002 | 3.247 | 3.848| -0.118
Cowan 0.002 | 0002 | 2.057| 6536| 0.067
Thom 0.003 | 0002 | 3.247| 3.848| -0.118




Wang 0.002 | 0002 ] 2.266| 3.381] -0.077
u 0.004 | 0.004| 0.088| 2.340| 0.005

ustar 0.152 | 0.152| 0425| 1.993| 0.146

Inoue 0.005 | 0.005| 3.374| 3.626| -0.196

Leaf off Cowan | 0.002| 0002| 2.281| 5606| 0.085

Thom 0.005| 0.005| 3.374| 3.626| -0.19

Wang 0.007 | 0.006| 2.350| 3.158 | -0.159

u 0.018 | 0018 | 0.053| 1.158| 0.015

ustar 0.205| 0.205| 0.191| 0938| 0.198

Inoue 0012 | 0011 3.101| 2.783| -0.700

Leaf off Cowan 0.014 | 0014 | 6.965| 8690 | -1.695

Thom 0012 | 0011 3.101| 2.783| -0.700

Wang 0022 | 0021| 2.611| 2.687| -0.799

Willow Creek > 2010 u 0.029 | 0028| 0.107| 1.347| 0034
ustar 0267 | 0267| 0247| 1.006| 0276

Inoue 0022 | 0022] 3.037| 3376 -0.847

Leaf on Cowan | 0.030| 0030 6.542| 10.264| -2.132

Thom 0.022 | 0022 3.037| 3.376| -0.847

Wang 0.030 | 0030 | 1.844| 2.536| -0.600

U 0.030 | 0.030| 0.199 | 2.446| 0.030

ustar 0.046 | 0.046 | 0.249| 2.404| 0048

Inoue 0.169 | 0.169 | 2.859 | 0.736| 1.135

Leaf off Cowan 0273 | 0273 | 1.014| 2523| 0538

Thom 0.169 | 0.169 | 2.859 | 0.736| 1.135

Bartlett Wang 0204 | 0204 1.820| 1.141| 0.799
U 0.005 | 0003 | 0.132| 2.063| 0.008

ustar 0.075| 0073 | 0244 1.931| 0.061

Leaf on Inoue 0.264 | 0263 | 1.616| 0.554| 0878

Cowan | 0364| 0363| 1.091| 3.010| 0.727

Thom 0.264 | 0263 | 1.616| 0.554| 0.878




Wang 0302 0301] 0923] 0945| 0551
u 0.014 | 0012| 0.055| 0.395| -0.024
ustar 0206 | 0205| 0.143| 0.294| 0268
Inoue 0480 | 0479 | 0338| -0.183| 1.913
Poker Flat Evergreen I wan | 0453 | 0452 | 0226| 0265| 0752
Thom 0.480 | 0479 | 0338| -0.183| 1.913
Wang 0.444 | 0443 | 0268 | -0042| 1.360




