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Abstract

Values of the momentum roughness length, 2, and displacement height, 4, derived from wind profiles and
momentum flux measurements, are selected from the literature for a variety of sparse canopies. These include
savannah, tiger-bush and several row crops. A quality assessment of these data, conducted using criteria such as
available fetch, height of wind speed measurement and homogeneity of the experimental site, reduced the initial
total of fourteen sites to eight. These datapoints, combined with values carried forward from earlier studies on
the parameterization of z¢ and 4, led to a maximum number of 16 and 24 datapoints available for 4 and =z,
respectively

The data are compared with estimates of roughness length and displacement height as predicted from a detailed
drag partition model, R92 (Raupach, 1992), and a simplified version of this model, R94 (Raupach, 1994). A key
parameter in these models is the roughness density or frontal area index, \.

Both the comprehensive and the simplified model give accurate predictions of measured zp and d values, but
the optimal model coefficients are significantly different from the ones originally proposed in R92 and R94. The
original model coefficients are based predominantly on measured aerodynamic parameters of relatively closed
canopies and they were fitted ‘by eye’. In this paper, best-fit coefficients are found from a least squares mini-
mization using the 29 and 4 values of selected good-quality data for sparse canopies and for the added, mainly
closed canopies.

According to a statistical analysis, based on the coefficient of determination (+?), the number of observations
and the number of fitted model coefficients, the simplified model, R94, is deemed to be the most appropriate for
future z9 and d predictions. A Cg value of 0.35 and a ¢; value of about 20 are found to be appropriate for a large
range of canopies varying in density from closed to very sparse. In this case, 99% of the total variance occurring
in the d-data across 16 selected canopies can be explained, whereas the analogous value for the zo-data (24 data-
points available) is 81%. This makes the R94 model, with only two coefficients and its relatively simple equa~
tions, a useful universal tool for predicting zg and 4 values for all kinds of canopies.

For comparison, a similar fitting exercise is made using simple linear equations based on obstacle height only
(e.g. Brutsaert, 1982) and another formula involving canopy height as well as roughness density (Lettau, 1969).
The fitted Brutsaert equations explain 98% and 62% of the variance in the 4 and z¢-data, respectively. Lettau’s
equation for prediction of zy performs unsatisfactorily (#* values <0, even after fitting of the coefficient) and so
it is concluded that the drag partition model is definitely the most effective for prediction of the momentum
roughness lengths for a wide range of canopy densities.

Introduction ment height, d. These parameters are usually found by

Models of momentum transfer to the ground describe  fitting the logarithmic wind profile equation to measured
the surface in terms of two key parameters—the aerody- wind profiles. Their values are then assigned to the
namic roughness length, 2o , and the zero plane displace- surface and used in subsequent calculations, such as of
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land-atmosphere interactions in -a climate model. It is
inconvenient . to _measure wind profiles over all the sur-
faces considered 'in a large-scale model so, naturally
enough, there have been attempts to relate 2y and 4
directly to measurable surface properties.

Early attempts were made to express zo and 4 as
simple fractions of the vegetation height (see Brutsaert,
1982). Typically, it was found’ ¢/ ~ 0:13 and d/h ~
0.66. These relationships were based predominantly on
data obtained in humid areas for agricultural crops and
forests covering most of the ground area. However, it is

clear that plant height cannot be the. only. vegetative

characteristic involved and measured values often depart
considerably from these norms, particularly for sparse
canopies and row crops. As examples, Garratt (1980)
found z9/% = 0.05 for a sparse savannah vegetation while
Hatfield (1989) found 2¢/% = 0.5 for a cotton canopy. In
these cases, other factors such as plant spacing or foliage
area ‘density must have a role.

Sparse canopies are found mostly in areas governed by
a (semi-) arid climate which cannot support full vegeta-
tive cover. Recently, climatological interest has shifted to
these drier areas and several experiments can. be men-~

tioned in- this context including FIVE (Sellers et al.,

1988), HAPEX-Mobilhy (André et al., 1986), SEBEX
(Wallace et al., 1992), EFEDA (Bolle et al., 1993),
MONSOON (Kustas and Goodrich, 1994) ahd HAPEX-
Sahel (Goutorbe et al., 1994). More insight is needed
into the considerable influence of these semi-arid areas
on global circulation, triggered by growing concern about
the greenhouse effect and desertification (ICITHI, 1986;
Hare and Ogallo, 1993). Hence, there is a need for reli-
able -values. of surface parameters, such as roughness
length, representative for these sparse canopies.

More sophisticated models have been drawn up to -

describe zg and 4 for sparse canopies. Most of these mod-
els are based on a partitioning of total drag; 7 (kg m™ s7)
into canopy and ground components, so they apply to both
closed and sparse canopies. Drag partitioning was intro-
duced by Schlichting (1936) and it was tested by Marshall
(1971) using wind tunnel experiments. Follow-up studies
were made by Wooding et al. (1973), Seginer (1974), Arya
(1975) and Kondo and Akashi (1976). Since then, Raupach
(1992) (referred to here as R92) has developed a simple
. analytical treatment of drag partition theory based on scal-
ing and dimensional analysis. In 1994, he published a sim-
plified version of his model (Raupach, 1994) (R94), which
involved fewer independent variables and coefficients. Cor-
rigenda to R92 and R94 appeared in Raupach (1995).

A key parameter in Raupach’s drag partition model is
the roughness density or frontal area index, A(-), defined
by

\ = bh/D?, 1)

which was introduced by Lettau (1969) and formally
justified by Wooding ez al. (1973). Here, h(m) and b(m)
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are the roughness element height and breadth, and D(m)
is element spacing.

In this paper literature values of 29 and 4 measured
over a number of sparse canopies and row crops are
extracted. The quality of these values is assessed, taking
into account site characteristics-and instrument locations.
The most reliable of them are retained for comparison
with the theoretical estimates and: they are combined
with several other well-tested 29 and 4 values, found
mainly for closed canopies, also from the literature.
Next, the ability of Raupach’s drag partition model is
tested. . Raupach’s model, in its full and simplified ver-
sions, was originally calibrated using mostly measure-
ments from relatively closed real canopies (A = 0.5). It
will be tested here to find whether it can also predict
roughness parameters for sparser canopies.

For comparison, the original Lettau (1969) equation
which relates 2o directly to A, and the simple relation-
ships using canopy height only (e.g. Brutsaert, 1982) are
also tested on the data. For all parameterizations, model
coefficients will be calculated using a least squares mini-
mization. procedure and the models’ skills to describe the
data will be compared.

Material and Methods

CRITERIA FOR RATING THE QUALITY OF
EXPERIMENTAL ROUGHNESS PARAMETERS

Limits of the logarithmic wind profile equation

All methods used to determine zg and 4 make use of the
logarithmic wind profile (Tennekes, 1973), relating wind-
speed, »(m s™), at a level 2, to the friction velocity #* (m

s
u= l/;[m(zz‘d)-wm(zzdﬂ, @)

where W,(-) is the integrated stability function with L
(m) the Obukhov length and # is the von Karman con-
stant.

Eq. (2) describes the wind. profile above the roughness
sublayer, when the air flow is in equilibrium with a level,

- homogeneous surface. If field data are to be analyzed

using Eq. (2), they must be from instruments located
above the roughness sub-layer, high enough to ensure
that they are not influenced by the rather different tur-
bulence-generating processes operating near the canopy
top. Furthermore, the instruments must be located at a
height that will ensure sufficient fetch over uniform
ground.

The depth of roughness sublayer, z*

Early on, the depth of the roughness sublayer was calcu-
lated as a multiple of canopy height, which is a practical
criterion for low-concentration surfaces (Raupach et al.,
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1980). A multiplication factor of 2.0 has been quoted by
O’Loughlin and Annambhotla (1969), while Garratt
(1978) used a value of 4.5. Later, the idea developed that
non-logarithmic behaviour close above vegetation was
caused by ‘the action of turbulent wakes generated by
the flow around the roughness elements’ (Garratt, 1980).
From this arose the view that the depth of the roughness
layer is described more adequately by the spacing of the
roughness elements (see Garratt, 1980; Raupach ez al,
1980; Chen Fazu and Schwerdtfeger, 1989). Recently,
ideas have changed again. It has now been shown that
the turbulence-generating processes near the top of many
plant canopies bear a strong resemblance to those operat-
ing about the velocity inflexion in a mixing layer (Rau-
pach et al., 1989; Raupach et al., 1996; Brunet, 1996).

The vertical length scale for the active canopy turbu-
lence, L, is given by uy/(dun/dz) where 4 is canopy
height, #; is mean velocity at % and (dwy/dz) is measured
at the inflexion of the velocity profile, located near the
top of the canopy. The influence of this turbulence
might be expected to extend above the canopy top by a
distance which scales on L, by analogy with mixing lay-
ers. That is, 2* ~ & + cLs, where the constant ¢ has a
value which is probably about two or three.

Measurements to calculate Lg are rarely available. It is
likely that 2 is proportional to Ls. A very preliminary
analysis (Raupach, pers. com. 1996) suggests that L, = 6z
so0 2* = h + 15 2 is as good a guess as can be man-
aged at present. This relationship bears a strong similar-
ity to the relationship proposed by De Bruin and Moore
(1985), viz.

z¥ = 2029 + 4, 3)
so either expression will do for the data screening.

Fetch

Fetch is the distance the wind passes over uniform
ground before reaching an observation point. Fetch is
adequate for use of Eq. (2) when it is long enough for
the wind flow to come into equilibrium with the ground
up to at least the height of the highest wind instruments.
A commonly-used rule of thumb is that this occurs when
fetch is at least one hundred times the height of the
highest anemometer. However, this criterion ignores the
well-known dependence of the rate of equilibration on
the roughness of the underlying surface (e.g. Gash,
1986). A formula which takes this dependence into
account is given by Wieringa (1993):

F= ZOz[ln 10z 1], )

B

where, z is height of the top instrument and F is the
minimum fetch requirement. This formula takes no
account of atmospheric stability, which will lead to an
overestimation of the required fetch during unstable con-

ditions and underestimation in stable conditions. This
could be taken into account (see Lloyd, 1995), but Eq.
(4) is used here to screen the data, because measures of
stability are not easily deduced for the experiments
described in the literature.

The adequacy of fetch in each experiment has been
checked by comparing the fetch available at each site
with the minimum adequate fetch calculated from Eq.
(4), using the experimentally-determined roughness
length in each case.

SUMMARY OF EXPERIMENTS AND ASSESSMENT OF
DATA QUALITY

Raupach (1992, 1994) has collated data from a number of
experiments, where experimental values of 29, 4 and A
are available. Of these, the majority of the data for rela-
tively sparse ‘canopies’ (A < 0.5) are from experiments in
wind tunnels (O’Loughlin, 1965; Raupach ez al., 1980).
Here, the data set has been extended by collating data
from field sites with sparse canopies.

In the literature, 14 determinations of zp and 4 from
field sites with sparse vegetation have been identified.
Five of these sites had savannah-type vegetation with
undergrowths of sparse forbs and/or grass, seven were
row crops (including vineyards) with bare soil between,
two were tiger-bush with elongated patches of small trees
and lower vegetation interspersed by bare soil, and two
were from orchards with grass covering the ground. Two .
sets of data are included for each of two sites because
they had two different values of zg depending on wind
direction (R5), or leaf area index of the overstorey
canopy (R7). From these reports, the 14 values of zg and
d, have been extracted along with the relevant vegetation
characteristics (height 4, breadth &, spacing D, and
canopy density N).- These are reported in Table 1.

Also in Table 1 are the quality ratings for each deter-
mination. Fetch was rated by assigning a ‘+’ when the
experimental fetch exceeded minimum requirements as
given by Eq. (4), a ‘0’ when fetch was close to the mini-
mum, and a ‘-’ when fetch was less than half the calcu-
lated minimum requirement. Sometimes the 'assessed
fetches were stated explicitly in the references, while in
two cases it was given as ‘several kilometers’ (S2, S3). In
two cases, the fetch varied with wind direction (S4 and
R5) and, in these cases, all the different experimental
fetches had to be larger than the calculated fetch. Homo-
geneity of the experimental sites was judged qualitatively
as good (+) or moderate (0) depending mainly on the
variety of surrounding surface types.

The height of the profile instruments was judged to be
good (+) when all 4-levels were higher than z¥ | poor (-)
when no levels were above z* and moderate (0) when
two or three levels were above z* as calculated by
Eq. (3).

For the final quality rating, good (+) is given only to
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Table 1. Summary of canopy and aerodynamic characteristics plus quality rating of 14 bush-type sparse canopies. The
‘+’, ‘0’ and -’ signs denote good, moderate and poor quality, respectively.

Vegetion h D b A 20 d Fetch Homo- 2z* Data  Reference

type [m] [m] [m] [m] [m] geneity quality

Scattered crops

Savannah, S1 2.3 5.0 3.5 0.32 0.44 1.80 + + 0 0 Chen Fazu and

: Schwerdtfeger (1989

Savannah, S2 8.0 20.0 2.0 0.04 0.40 4.80 + + + + Garratt (1980

Savannah, S3 9.5 10.0 2.0 0.19 0.90 7.10 + + + + Garratt (1980

Savannah, S4 2.3 34 3.0 0.60 0.17 0.93 - 0 0 - Lloyd et al. (1992

Savannah, S5 25 6.6 3.0 0.17 0.25 150  + 0 0 0 Verhoef (1995

Tiger-bush,T1 4.0 40 20 0.05 0.44 2.00 0 + + 0 Dolman et al. (1992

Tiger-bush, T2 4.0 40 20 0.05 0.15 3.70 0 + - - Verhoef (1995

Row crops

Vineyard, R1 090 1.5/50 '0.70 0.04 0.095 0.0 + + - - Hicks (1973

Vineyard, R2 0.90 25 0.90 0.13 0.08 0.31 + + 0 0 Van den Hurk (1995

Cotton, R3 049 1.0/0.5 025 0.19 0.066 0.31 + 0 0 0 Kustas et al. (1989

Cotton, R4 0.38 1.0 0.30 0.10 0.16  0.10 + + - - Hatfield (1989

Vineyard, R5 1.5 1.75 0.30 0.15 0.55 0.0 0 0 - - (a) Riou ez al. (1987)
parallel flow

Vineyard, RS 1.5 1.75 0.30 0.15 0.20 0.75 0 0 0 0 (b) Riou ez al. (1987)
across flow

Vineyard, R6 2.0 2.0 1.0 0.50 0.25 1.40 - + - - Weiss and Allen (1976)

Orchard, R7 3.7 7.3 4.0 0.28 0.23 0.92 - 0 0 - (a) Randall (1969)
leafless

Orchard, R7 3.7 7.3 4.0 0.28 1.22 0.92 - 0 - (b) Randall (1969)
full leaf

those data sets with three plus signs in the foregoing
columns, poor (-) means that at least one of the three
criteria was rated poor, and moderate (0) describes the
remainder.

These three criteria for data quality were all met
clearly in only two cases, as indicated in Table 1. These
are from measurements at the savannah sites S2 and S3.
Data quality from six of the remaining experiments is
compromised by being marginal with respect to at least
one criterion, while data from the residual eight cases all
. clearly fail at least one criterion, so the 29 and 4 values
calculated for them are considered unreliable.

The most frequent limitation on data quality in these
experiments was that the lower anemometers were placed
below the level z*. Only three experiments were com-
pletely satisfactory in this respect: they were experiments
S2, S3 and T1. In six cases, none of the anemometers
was sited above z* by the above criterion. In the remain-
ing cases, some of the anemometers were below z*. For
the cases R5 (b) and R7(a) only two out of five and seven
levels were higher than z* while for cases S1, S4, S5,
R2, and for R3 the lowest one or two anemometers were
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too low. Ideally, all of these data should be discarded,
but this would leave rather few data for analysis so the
marginal data from S1, S5, R2, R3 and R5(b) have been
retained. For the same reason, data from one site with
marginal fetch, T1 have been retained. Thus,  eight
experimental values of 29 and 4 have been deemed reli-
able enough to investigate the models for 2y and 4 to be
described in the next section. These are from the experi-
ments S1, S2, S3, S5, T1, R2, R3 and R5(b)).

These eight results have been used along with values
from R92 to test the models for 2y and 4 over a wide
range of A\. Many of the results collated in R92 are
unsuited for testing the R92 model because independent
data on 4 and D are not available. The extra data include
those from 5 wind-tunnel experiments with sparse arrays
of cylinders, (Raupach er al, 1980), and eleven experi-
ménts on denser canopies outdoors (as given in Raupach
et al., 1991). In some cases, zo data only were reported.
As a result, there were 24 datapoints to check the R94
performance for predicting z¢ (8 new, 5 wind-tunnel and
11 outdoors from R92) and 16 datapoints to test the pre-
diction of 4 with R94 (8 new, 0 wind-tunnel and 8 out-
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doors from R92). To check the performance of the R92
parameterization to predict 29, 13 datapoints were used
(8 new, 5 wind-tunnel), whereas only the eight new data-
points were available for 4.

MODEL FORMULATIONS

Raupach’s model for zo and d.

A brief outline of the relevant parts of R92 and R94,
with the corrections given in R95 taken into account, is
given here. For more detail the reader is referred to the
original works.

The model for zp and 4 is based on an analysis of the
deviation of the wind profile from its ideal logarithmic
form within the roughness sublayer. For the wind profile
in that region, R92 writes: ’

kuy _ ln(h—dj+‘l’,,. 5)

U oy

where Wj(-) is a vegetation influence function and u; is
wind speed at the top of the canopy (m s'). To obtain
values for z¢ from this equation, R92 derives expressions
for ¥y, d and ¥ = up/u.

For W¥;, R92 first notes that, experimentally, the wind
profile near canopy top is linear, so he writes

k(u(z) —w(z,)) _ 2—2,
Us - Ry — d ’

(6)

where z,(—) is the height at which the eddy diffusivities
and, therefore, the gradient of this profile, matches that
of the unmodified log profile. This z,-is lower than the
height of the vegetation sublayer, z* with which z, is
incorrectly identified in R92. R92 then argues that 2z, — 4
will be proportional to the vertical length scale for

canopy turbulence which will, in turn, be proportional to
(h — d). Therefore

2w —d = cp(h — d) ™
This leads to the relationship
W) = In() - 1 + 3, ®)

where ¢, is a dimensionless constant, to be found from
empirical data. Identifying L; with (A — 4) rather than
with zg, as in the earlier discussion, is a matter of prefer-
ence at this stage. The advantage of making Lg propor-
tional to (# — 4) is that it allows R92 to reduce the
expression for ‘¥; to the constant value given by Eq. (8).
To obtain an expression for 4, R92 assumed that 4 is
the mean level of momentum absorption by a rough sur-
face or the centroid of the drag force profile (Thom,
1971; Jackson 1981). R92 proposed that the position of
this centroid is governed by the vertical spread of the
strong shear layer formed behind a typical roughness ele-
ment and, in particular, by the vertical distance over

which the shear layer can spread before it reaches the
next element downwind. This implies that (2 — dg)/D =~
us/uy = ¥, which leads to

(h— dR)/h = ca(b/(hA))™Y ", C)

where dp is the centroid of the drag force Tz (per unit
area) acting on the roughness elements only and ¢; is a
constant. Accounting for the drag on the ground, Ty ,
the overall centroid of the drag force profile is

d = Tpdp + Tsds. (10)

If the centroid ds of the drag on the substrate surface is
zero (no understorey, as assumed in R92 and R94), the
following formula can be applied for calculation of 4/#4:

a_(g Y, (B) .
f(nm)l "’(hx)y : (1)

where B = Cgr/Cs. Here, Cs is the drag coefficient for
the substrate surface free of obstructions (when A = 0)
and Cpr is the drag coefficient of an isolated, surface-
mounted roughness element.

A simpler description of d/h is given in R94:

; 1-on{-la)

1-24 =

T )

where A is the canopy area index given by A = 2A and
41 1s a free parameter.

Eq. (11) includes the unknown quantity 7y, which also
appears in the modified log profile equation (Eq. (5)).
The expression for this quantity ¥ is based on the drag
partitioning theory developed in R92.

In R92 and R94, sparse vegetation is idealized as a collec-
tion of upright cylinders, of height 4, breadth 4 and spacing
D standing on a substrate plane, as shown in Fig. 1.

(12)

72 A7
RTINS
20 e s,

Height h

v

7B—re;dth b

Spacing D

Fig. 1 Lay-out of Raupach’s drag partition model showing iso-
lated, cylinder-shaped, roughness elements with height, h, breadth,
b and spacing, D.
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According to R92, the total drag can be divided into drag
acting on the scattered elements, Tz (kg m™ s72), and drag
acting on the substrate, Ts (kg m™' s72). R92 argued that the
shear stress acting on the substrate is given by:

Ts(A) = pCsuis exp[—cl(u—hjkil. 13)

Us

The equation for the stress on the isolated roughness ele-
ments is:

Ts(A) = ApCrul exp|:—cl[~u—”]7\.:|. (14)
Ue

where p is the density of air (kg m™) and the other vari-
ables are as described before. The coefficient ¢; is an
empirical coefficient determined by the rate at which an
element wake spreads in the cross-stream direction. The
factor u/u, accounts for the sheltering of the surface
and the roughness elements.

The total drag on the obstructions plus the substrate
is T = pui and summing Eq. (13) and Eq. (14) gives

¥ =2 = (Cs +ACR)™ exp(cAy / 2). (152)
Uw
as in R92. This is an implicit equation for y which can
be solved to give Y as a function of A. In R94 this for-
mula is approximated by the explicit equation:

¥="t=(Cs +AC), (15b)
which applies strictly only in the limit as A —0; in prac-
tice it can be used for A < 0.1. An expression for the
roughness length is then obtained by substituting either
Eq. (15a) or Eq. (15b) into Eq. (5).

From Eq. (15a), it follows that Y increases with A up
to a value of A, beyond which it decreases again.
According to R94, the value A, can be interpreted as
the onset of oversheltering, the point at which adding
further roughness elements to the surface does not affect
the bulk drag because additional elements merely shelter
one another.

Constants for the drag partition model

The equations above contain a number of coefficients
whose values must be deduced from the underlying
theory or found empirically by fitting the model to
empirical data. These constants are ¢1, ¢, Cs, Cr, ¢z and
¢q1. Of these, Raupach was able to deduce satisfactory
values for ¢, and Cp from the underlying model, while
the others were deduced empirically by fitting the model
to data on stress partitioning and, for ¢;, on 2y and 4,
choosing the constants from within ranges that theory
suggests are reasonable. R92 admits that his model for zg
and 4 is ‘more speculative’ so the empirical determina-
tion of ¢;, Cp, ¢ and ¢4, will be continued using the
data sets described earlier.
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For ¢y, the value ¢, = 2.0 has been adopted, giving a
¥}, value of 0.20 as in R94 and R9S. The drag coefficient
for unobstructed bare soil is given in R92 as Cg = 0.003.
This value should be suitable for row crop and tiger-
bush sites where the ground is bare soil. However, it is
probably too small for savannah sites where the ground
is grassed beneath the shrubs. A new value for Cs can be
calculated from the formula Cs = #%/45, using Eq. (5)
with standard values for zg/% and 4d/h taken from the lit-
erature for long grass and heather (Wieringa, 1993). This
gives Cg = 0.018. Because savannah grass is usually
rather sparse, the intermediate value Cs = 0.010 has
been adopted for this type of vegetation.

In R92, an overstorey drag coefficient Cp = 0.3 is
chosen for bush-like obstacles; this value is between 0.25
(vertical-axis cylinders) and 0.4 (cubes). Values in a
range from 0.25 to 0.8 will be tested.

In R92, ¢; = 0.6 is stated to be appropriate for most
canopies. It is acknowledged that different ¢; values may
be necessary to describe different types of canopy (closed
versus sparse or, within the sparse range, row-crops ver-
sus scattered crops). Here, ¢d values were varied between
0.3 and 1.2; this being the range suggested in R92.

In R94, a value of ¢41 = 7.5 was deemed most appro-
priate. Here, the constant ¢; was allowed to take values
in the range 0.0 to 100.

In R92, a value of the constant ¢; = 0.37 was selected.
This is appropriate for cylinder-like obstacles with 4/ ~
1. Other values might be more appropriate with other
values of &/h. In particular, a larger value may be more
appropriate for tiger-bush, where 5/% is larger. In the
least squares minimization here, values in the range —5.0
to 1.0 were tested. Raupach (1992) tested the model with
¢1 = 0.25,0.37, 0.5 and 1.0.

Other parameterizations

As mentioned in the introduction, other, much simpler,
parameterizations have been used to calculate zg and 4.
The simplest express zp and 4 as constant fractions of
canopy height, allowing no dependence on A, thus

20 = kik, (16a)
d = kah, (16b)

where k1 and k; are empirical constants. Brutsaert (1982)
gives the values £; = 0.13 and £y = 0.66. These are
well established values taken from wind profile measure-
ments over many agricultural crops and other dense
canopies. An equation for zg which includes a depen-
dence on A was proposed by Lettau (1969). It is

20 = k3l (17)

where k3 is a theoretical constant, equal to 0.5.
The predictive skill of these equations will also be
tested.
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Statistical methods

In the model evaluations below, the ability of the various
models to predict zg and 4 has been compared, using the
coefficient of determination, #*, as the measure of the
performance of a mode; #* is a measure of the total vari-
ance accounted for by the model:

r2 - z:;l(}/obs‘ B a)z B Z:;l(y;bsi B ?,;[')2 (18)
2?:1 (Y”bs" h a)2

where Yy is the sth observation, cal; is the ith model cal-
culation and Y is the mean of the observed Y data. The
best model is the one giving a #* closest or equal to 1.0.

Comparisons will be made directly using the standard
or recommended model coefficients and with coefficients
optimized to fit the various data sets. This optimization
will be performed using the criterion that #* should be a
maximum.

A complication arises here _because choosing
coefficients which maximize the #* for one quantity, say
20, may not maximize it when predicting another, say 4.
In most cases coefficients are chosen to give a more accu~-
rate zg-prediction has been chosen because error in zg
more strongly affects calculated momentum transfer in
larger-scale models.

Once optimum coefficient values are found, to test
whether the resulting model is significantly better than the
others which may, or may not, also have been optimized,

Model Selection Criterion is used:

> (Yo - f'”)2 2p

MSC = In Zl(Yb _TM)Z - 19

where the symbols are as defined before and with p the
number of fitted coefficients used in a model and # the
number of observations (MicroMath, 1993). This criterion
allows comparison of the predictive skill of models with
various numbers of fitted coefficients and observations.
The best model will be the one with the largest MSC.

Results and discussion

Here, experimental values of zp and 4 are compared with
the values predicted by the various models. The eight
acceptable experimental values of zp and 4 from Table 1
are used plus several of the values collated in R92 and
used there to test and parameterize the drag partition
model. Firstly, these experimental data are compared with
the predictions of the various models using coefficient
values taken directly from the literature. Comparisons are
also made with coefficients selected so as to optimize
their fit to the experimental data. The MSC criterion is
used to compare the predictive ability of the models.

The performance of the models is summarized in
Table 2. Its first two columns identify the model and
whether the coefficients have been optimized (+) or not
(-). The next column gives the aerodynamic characteris-
tic for which the predictive power of the model has been
tested, with the number of available observations in
brackets. The following two or three columns give the
model coefficients and their values. These are either the
standard values or those found from Least Squares Mini-
mization (LSM), predicting 29 or 4 (see column 3). The
final columns give the coefficient of determination 7> for
the aerodynamic property under optimization and the
model selection criterion (MSC).

Preliminary testing of the R92 model showed that sat-
isfactory roughness estimates could be obtained only for
those cases where 4/%4 # 1 and when C; was kept at the
values suggested in the previous section (0.003 and 0.01
for bare ground and understoreys, respectively). There-
fore, only three coefficients were varied during the LSM
for R92: ¢4, Cg and ¢1. In the case of the R94 model, Cr
and ¢4 were optimized. In both cases, ¢, = 2.0. For Egs.
(16) and (17), &1, k2 and k3 were fitted to the data.

PERFORMANCE OF MODELS WITHOUT OPTIMIZED
COEFFICIENTS

Values of #* were first calculated using standard values
for the coefficients in each of the models. The #* values
for d were high, ranging from 0.92 (R92 model) to 0.96
(R94 model). This means that prediction of 4 with the
non-optimized coefficients was satisfactory over the
entire A-range.

This is not true for the zg values. In particular, the val-
ues of #* for 29 were negative for Eqs. (16a) and (17). This
means that these equations are quite unsuitable for pre-
dicting 2g over the full range of canopies from very sparse
to dense (taking the average of the 24 measurements would
give a better prediction with # = 0.0). The main cause of
the low #* value of 0.43 for the R92 model is the value of
¥, (~ 0.2) used in Eq. (5), in combination with the model
coefficients. originally suggested. Originally (see R92), ¥,
had a value of 0.75 but a sign error in the equation
describing ¢,, showed that ¢, ~ 2.0 (so not 4.5) and hence
¥y, ~ 0.2 (see R94, R95). This is also the cause of the neg-
ative ¢1-values found in Table 2 when R92 is optimized.
The R94 parameterization with the original values for Cp
and ¢ results in a #* for zg of 0.20. It must be concluded
that all parameterizations with their original parameter val-
ues are unable to predict reliable zy values for the wide

variety of canopies considered here.

PERFORMANCE OF MODELS WITH OPTIMIZED COEFFI-
CIENTS

As shown above, the current model coefficients of R92,
R94 and Egs. (16) and (17) are not very satisfactory.
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Table 2. Parameter combinations and their coefficients of determination #* and MSC for zg and d-predictions using the
‘accepted’ (fair/good quality data, n=8) data set and a combination of the ‘accepted’ and extra datapoints obtained
from Raupach et al. (1980) and Raupach et al. (1991). The first and the second column indicate which model has been
used and whether the model coefficients were optimized (+) or not (-).

Model Optimization Variable Parameter Coefficient of MSC
determ%nation
¥
R92 ¢ Cr ¢r 20 d 20 d
- zp (n=13) 0.6 0.30 0.37 0.43 0.56
- d (n=8) 0.6 0.30 0.37 0.92 2.53
+ 29 (n=13) 0.20 0.42 -1.3 0.84 1.35
+ d (n=8) 0.20 0.47 -3.8 0.98 3.54
R9%4 Cdl
- zp (n=24) 0.30 7.5 0.20 0.22
- d (n=16) 0.30 7.5 0.96 322
+ 20 (n=24) 0.35 20.6 0.81 1.51
+ d (n=16) 21.0 0.99 4.11
Eq. (16) and (17) k1 k2 k3
- 20 (n=24) 0.013 -5.90 -1.93
- d (n=16) 0.67 0.93 2.66
- zo (n=24) 0.50 <-100 -6.58
+ zp (n=24) 0.046 0.62 0.89
+ d (n=16) 0.82 0.98 3.95
+ 20 (n=24) 0.017 -0.42 -0.43

However, they can be improved by fitting the models to
the data using a least-squares criterion.

For R92, optimization on the #* for zg yields the value
of 0.20 for ¢z this is close to the lowest value of 0.3 sug-
gested by Raupach. For ¢;, the optimum value is
negative, for reasons explained above. Optimization of
the coefficients for 4 also yields cd = 0.20 and a negative
cj=value. The Cg value of ~ 0.45 is somewhat higher
than Cg = 0.3, as given in R92.

For R94, optimization on z¢ gives Cp close to the
value adopted in R94, but ¢;; = 20.6. The latter is con-
siderably higher than that proposed in R94. Optimization
of ¢s1 on d (note that Eq. (12) is independent on Cpg)
gives a similarly high value of 21.0. In R94 the much
lower value of 7.5 was obtained by requiring Eq. (12) to
match the d-data as given in Fig. 1b of R94. However,
this graph consisted of only 8 datapoints representing
relatively closed canopies. Furthermore, it was noticed
that a change of +10% in ¢4 changes d/k only by
+1.5%, which ‘makes a considerably higher ¢;; value
plausible.
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Fig. 2 shows the #* values for zq (Fig. 2a) and 4 (Fig.
2b) as a function of their determining coefficient(s). Fig.
2b indicates that for any value of ¢; greater than 5 a
value of # of at least 0.9 can be obtained. The optimum
value of ¢z is around 20, but Fig. 2b shows that predic-
tion of 4 is very insensitive to the exact value, as also
found by Raupach (1994). However, for reliable values of
20, ¢g1 exhibits a much narrower band (see Fig. 2a), with
best predictions for ¢z ranging between 15 and 25.
Because the optimum ¢z values for prediction of 29 and
d are so close together and keeping in mind that zg is the
more important, ¢;; = 20.6 will be used for further cal-
culations.

The results of the much simpler equations of Brut-
saert (1982) and Lettau (1969) are also shown in Table 2.
The coefficient values k; (0.046) and k3 (0.017) found
by model optimization are much lower than the well-
established values commonly used for productive (i.e. not
very sparse) agricultural crops and forests. The opti-
mized constant k; = 0.82 is somewhat higher than the
usual value of 0.67. It is clear that these fitted
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Fig. 2 The coefficient of determination ¥, which is a measure of
the variance in the dependent variable explained by the model, as a
function of the model parameters Cr and/ or cd). (a) ¥ for predic-
tion of zp and (b) ¥ for prediction of d.

coefficients have limited value for prediction of zg over a
whole range of canopy types and spacing. This is

confirmed by the low #* values for these models (Table -

2; ¥* = 0.62 and —0.42).
Table 2 shows that fitting the model parameters largely
improves zo predictions in all cases. The R92 model,
with its extra coefficient, performed somewhat better (+*
= 0.84) than the R94 version (** = 0.81). The # values
of Egs. (16a) and (17) improved too, but their predictive
performance is still much lower than the other two mod-
els. The #* values for 4 increased to values very close to
1.0.

The last two columns of Table 2 give the MSC values
for the various unfitted and fitted models to establish

their ranking as predictors of zp and 4, taking into
account the number of coefficients and observations. The
best predictor of zg is R94 with fitted coefficients.” For
the prediction of &, the fitted R94 model again shows the
best performance, closely followed by the fitted Eq.
(16b).

In Fig. 3, this ‘best’ model for predicting 29 and 4 is
compared to the original, non-optimized R94 model.
Also shown are the data used in the analysis—the eight
acceptable (+ and 0) values from the present survey and
the values carried forward from the earlier studies (open
circles). A has been chosen: rather than, A (see R94) for
the x-axis because information on the leaf area index was
not available in most, cases: For the.two surfaces where A
was avgilable: (85, and:‘R2), the assumption. that A = 21
worked very well.
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Fig. 3 Experimental values of d/k and log(20/h) as a function of
log(A) for the selected (sufficient fetch, enough measurements above
z*) vegetation-types of Table 1 (closed circles) and selected data
from Raupach et al. (1980) and Raupack et al. (1991) as indi-
cated by the open circles. The dashed lines represent the R94 with
original parameter values (Cp = 0.3 and cdy = 7.5).The continu-
ous hines give the R94 model predictions with Cr = 0.35 and cd;
= 20.6.
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The dashed line in both figures predicts the estimate
. with the original coefficients (Cz = 0.3 and ¢; = 7.5).
The solid line represents drag partition theory with the
R94 coefficients set to the optimal values given in Table
2,1e. ¢q1 = 20.6 and.Cg = 0.35.

It appears that the canopies presented in Table 1, in
combination with the extra data enable verification of
Raupach’s theory down: to values of log (A) = 2.

Conclusions

It is shown that measured values of roughness length and
displacement height of a wide range of canopies compare
well with values calculated with Raupach’s drag partition
model (Raupach, 1992; 1994; 1995), which ‘makes this
model a useful tool for 29 and d-predictions. However, it
appears that the original coefficients, as suggested in
Raupach (1992; 1994; 1995), give sub-optimal estimates
of zp and 4 for this selection of canopies, which led to
new suggestions for the model coefficients.

The low numbér of coefficients (two: Cg and ¢;1) and
the relatively high caefficient of determination »* lead to
the conclusion that the simplified version of the model
(Raupach, 1994) is more appropriate than the original,
comprehensive, model (Raupach, 1992). To get reliable
estimates of zg (#* = 0.81) and 4 (* = 0.99) for up to 24
canopies, ranging from very sparse to dense, a Cg value
of 0.35 and a ¢4 value of about 20 appeared appropriate.
The latter value is plausible although it is consider-
ably higher than the originally suggested value of 7.5,
which was based mainly on measured values of closed
canopies. ;

The equation 4 = 0.67h fits the data well (#* = 0.93).
However, the simple rule of thumb (29 = £/, with £; =
0.13), gives poor estimates of zg (#* < 0) ovet the whole
range of canopy densities. Optimization results in k; =
0.046 with #* = 0.62. Lettau’s formula for 29, which also
involved canopy density (Lettau, 1969), generally per-
formed badly (#* < 0 ), even after fitting.

It can be concluded that Raupach’s drag partition
models R92 and R94 with new, tuned coefficients per-
form significantly better than the alternative simpler
models.
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