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Abstract. The Reynolds stress field of the urban roughness sublayer is studied experimentally at a site
in the centre of Ziirich (Switzerland). Turbulence observations at various heights within and above a
street canyon are used together with profiles of mean variables to determine an average profile of
Reynolds stress for the lowest few tens of meters of an urban roughness sublayer.

The spatially averaged net vertical transport of momentum or Reynolds stress is found to be
essentially zero at a height close to the average zero plane displacement and increases higher up in
the urban roughness sublayer. A parameterisation for the height dependence is provided based on the
height above zero plane displacement and a reference friction velocity. Results of a quadrant analysis
for Reynolds stress indicate that eddies of the organized shear flow are broken up in the vicinity of
the zero plane displacement into smaller, less correlated (random) flow patterns. Although not constant
with height, turbulent flux of momentum is shown to be the relevant process for the description of the
profile of mean wind speed even in the urban roughness sublayer.

1. Introduction

An urban surface consists of low and high buildings, trees and other roughness
elements, which are arrayed in blocks or standing by themselves, intersected by
streets, crossings or open surfaces. This complex morphology results in a modified
flow and turbulence structure in the lowest few tens of meters of the urban
atmosphere in contrast to the flow over ‘ideal and homogeneous’ surfaces. In
addition, and at a larger scale, an urban boundary layer develops due to the
altered roughness and thermal properties of a city as a whole. In this paper, the
turbulent transport of momentum, i.e., the Reynolds stress field in the vicinity of
roof level is discussed.

The lowest part of the urban boundary layer, the urban surface layer (or inner
layer) has to be considered in two parts: (1) Since the ratio between the height
of the boundary layer, z,, and the height scale of the roughness elements, 4,
remains finite (z;/h being of the order of 10%) a flow region with measurable and
considerable vertical extension can be found close to the surface where no inertial
sublayer behaviour can be expected. Following Raupach (1981) this layer, where
the turbulence structure is fully three-dimensional and depends explicitly on the
properties of the roughness, will be called the roughness sublayer (RS); (2) The
remaining part of the surface layer is the inertial sublayer (IS). Here, Monin-
Obukhov similarity theory applies. However, it has to be noted that the roughness
sublayer may, at least for certain flow conditions, extend to considerable heights,
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Fig. 1. Boundary-layer structure over a rough (urban) surface. A daytime situation is displayed where
z; denotes the mixed layer height. Modified after Oke (1988).

so that the inertial sublayer may be ‘squeezed’ between the RS- and the overlying
layer. This vertical structure is sketched in Figure 1. The lower boundary of the
urban RS can alternatively be defined as the top of the urban canopy layer (UCL),
which corresponds roughly to the average height of buildings (Oke, 1988), or as
the level z = d, where d is the zero plane displacement. Some evidence for the
latter choice will be presented in the following.

Very little is known about the characteristics of turbulence in the UCL and the
urban RS. Thus urban diffusion modelling (on a local scale) is often based on
Monin-Obukhov similarity theory (e.g., Gryning and Lyck, 1984; Gross, 1989),
which is neither obvious nor verified. An urban environment has a great density
of pollutant sources, most of them being located within the RS or the UCL, where
a substantial part of the diffusion process takes place.

The measurements presented here were obtained as a part of the Ziirich Urban
Climate Programme between March 1987 and May 1988. In a companion paper
(Rotach, 1993a, hereafter referred to as II) other findings of this study that are
essential for the results on Reynolds stress are presented. In particular, it is
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shown that local scaling as proposed by Hogstrom et al. (1982) provides a good
representation of the data within the RS. This means that, e.g., the non-dimension-
alized gradient of wind speed can be described with the same semi-empirical
function as in the inertial sublayer, provided that all variables are considered as
local values (see also Rotach, 1990). Thus knowledge of ‘turbulent transport of
momentum (or the local friction velocity) can substantially improve the pre-
dictability of other turbulence variables (see II) and average flow properties (Sec-
tion 5).

2. Measurements

Observations were taken in the city of Ziirich (Switzerland) on two towers, one
of them located on top of a five-story building and the other within the neighbour-
ing street canyon. Instruments were mounted at four levels on each tower with
the lowest level of the ‘roof-top tower’ corresponding to the highest level of the
‘canyon tower’ (Figure 2). The site is located in the center of the flat part of the
urban area with no distinct terrain elevation within a radius of about 2 km. This
part of the city is a mixed residential/commercial area that can be considered
typical for a large part of the city (there is no distinct ‘city center’, i.e., an
area with much higher buildings than the surrounding urban/suburban structure).
Blocks of buildings, a few small parks and a school yard, streets and squares can
be found in the close vicinity. Buildings are fairly regularly distributed within a
radius of about 300 m and do not vary significantly in height (approximately 20 m).
Street canyons are characterized by a height-to-width ratio of about unity.

Routine observations provided three profiles of mean wind speed, temperature
and specific humidity: one on the roof-top tower (labelled ‘R’ in Figure 2, together
with the respective height above street level), one in the middle of the street
canyon (labelled ‘CC’, canyon centre) and one within the street canyon, closer to
the wall (labelled ‘CW’, canyon wall). Turbulence measurements were performed
with two ultra sonic anemometers in different height combinations (Table I). One
instrument used was a Kaijo Denki three-dimensional probe (TR-61C) while the
other combined two two-dimensional probes (Kaijo Denki TJ-51) to form a three-
dimensional sensor. Both instruments were extensively tested and calibrated in a
wind tunnel. The accuracy of mean values was found to be better than 4% for
levelled instruments after applying a calibration scheme to individual wind vectors,
mainly dependent on the direction of the approaching flow with respect to the
instrument (Rotach, 1991). The uncertainty of the turbulence statistics was as-
sessed following Wyngaard (1973):
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Fig. 2. Schematic view of the measurement site. The symbol for sonic anemometer denotes ail {but
not simultaneously) realized positions of measurements.
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where ‘@’ denotes the accuracy of the respective turbulent flux (u'w’, v'w’ or
w'8"), T, is the averaging period (50 min), u, and 8, the friction velocity and
characteristic temperature, respectively, and z’ the height above zero plane dis-
placement. If the errors for all three turbulent fluxes were smaller than 25%, a
run was accepted for further analysis. The sampling frequency was 1s™" for both
instruments. Before the analysis was performed, all variables of each run were
linearly detrended and checked for stationarity using a run test (Bendat and
Piersol, 1986).

The zero plane displacement d was determined for eight separate 45°-sectors of
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TABLE I
Configuration and duration of turbulence observations at the measurement site
No 3D Sonic 2 X 2D Sonic Number of Date
50-min runs**
Position* Height Position* Height 3D 2D
above above
street street
1 23R 23.3 23R 23.3 15 3 10/11.03.87
2 23R 23.3 23R 23.3 15 15 16.06.87
3 28R 28.3 23R 233 4 4 7.10.87
4 28R 28.3 23R 23.3 4 4 5.11.87
5 23CW 233 23R 23.3 6 6 8/9.12.87
6 23CW 23.3 13CW 13.0 11 11 16/17.3.88
7 16CW 16.7 13CW 13.0 3 3 23/24.3.88
8 16CW 16.7 13CW 13.0 9 9 27/28.3.88
9 16CW 16.7 13CW 13.0 1 1 29.3.88
10 13CC 13.0 13CwW 13.0 15 15 4-6.4.88
11 28R 28.3 23R 233 25 25 15-25.4.88
13 28R 28.3 23R 233 15 15 6/7.5.88

* As defined in Figure 2
** Not yet subject to any rejection (due to errors, unstationarity, . . .).

wind direction, as outlined in detail in Rotach (1993b). The values d; for these
wind direction sectors range from 9 to 16 m and thus correspond to d/h between
0.5 and 0.87, where A denotes the local building height (18.3 m). An average (over
all wind direction sectors) (d) = 13.6 m was computed, where the angular brackets
denote a spatial average (see Section 3).

3. Concepts

The total turbulent transport of horizontal momentum in the vertical direction in
the inertial sublayer is given by

T=p(u'w? + Vw2, 3)
This quantity is referred to as Reynolds Stress in the following. The friction
velocity u, is then

e (3)

Under ideal conditions and with the x-axis of the coordinate system in the
direction of the mean wind, the second term on the right hand side of (3), v'w’,
vanishes (Busch, 1973). However, the measurements of the fluctuating wind com-
ponents at the present site show that even if the coordinate system is aligned with
the mean wind direction for each run, the vertical flux of lateral momentum
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(~v'w’) does not vanish completely for all runs. This indicates that the direction
of the action of friction forces is not exactly aligned with the mean wind direction
(if no horizontal averages are considered). As a consequence, the more general
definition of Reynolds stress (from (3)) has been adopted for the calculation of
the friction velocity. However, the results presented in the folowing sections are
not sensitive to this definition of u,.

3.1. HoriZONTAL AVERAGES

As the flow within the UCL and RS is essentially three-dimensional, measurements
or model predictions for a single point in the horizontal plane cannot lead to a
general description of the flow. It is therefore appropriate to consider horizontal
averages (Raupach and Shaw, 1982). Formally, an averaging operator can be
defined (Raupach and Shaw, 1982) as

@== [ocysra, )

where () denotes a scalar field defined in the air but not at the points occupied
by the roughness elements, and A is the area of a region R of the xy-plane. The
angle brackets denote the horizontal average. In analogy to the decomposition of
a time-dependent scalar flow variable into its mean and turbulent parts, we can
write

Q(x, y, 1) = Q) + (Q)'(x, y, 1), (6)

where the double prime indicates a departure from the horizontal average. Details
on the properties of this averaging operator may be found in Raupach and Shaw
(1982). In particular, they point out the importance of the sequence of temporal
and spatial averaging. When the time averaging is applied first, an extra contribu-
tion to the Reynolds stress, the so-called dispersive covariance (#"Ww") is introduced.
It arises from the spatial correlation of quantities averaged in time but varying

with position. The total spatially averaged covariance then is
<uvwrl> —_ (ﬂ"W") + <W> . (7)

The dispersive covariance was estimated to be at least an order of magnitude
smaller than (u'w’) at the present site (Rotach, 1991). It is therefore neglected as
suggested for many other flows (Mulhearn, 1978; Raupach et al., 1986).

In contrast to wind tunnel experiments, where it is easily possible to obtain
measurements at a sufficiently large number of horizontal positions in order to
calculate horizontal averages according to Equation (5), this requirement is very
difficult to meet in a field study. On the other hand, it can be argued that for
different wind directions, a fixed instrument on a boom represents a variety of
horizontal positions relative to the respective upwind (and downwind) geometry
if there is no predominant wind direction. Thus, averaging over all runs with
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different wind directions can be interpreted as an estimate of a horizontal average.
However, a single measurement at one fixed location (e.g., above the roof) cannot
provide information about the flow in another location (e.g., above a street
canyon). When this first-order approximation for horizontal averages is used in
the case of an urban RS or CL, it is therefore advisable to obtain measurements
at more than one position in the horizontal plane to take different entities of
urban morphology such as buildings or street canyons into account. At the present
site, two positions in the horizontal plane were available immediately above the
roof level (23.3 m) and within the canyon (13 m, see Figure 2). At these two
levels, horizontal averages are estimated by averaging over both positions and all
wind directions. At positions 28R and 16CW (Figure 2) averages are computed
over all available runs (i.e., wind directions). Note that at the lowest position,
i.e., at 13 m above street level, the measurements were taken below the zero plane
displacement for certain wind direction sectors. If therefore RS characteristics are
considered in the following, only those runs with z — d; = 0 m are included into
the analysis.

3.2. THE SCALING VELOCITY

In order to compare observations at different heights, a scaling or reference
velocity is defined that can be computed for all runs irrespective of the configur-
ation (i.e, the combination of heights, cf. Table I) of the turbulence measurements:

_di ks

u*r - NS
dz' ®,,(z'/L)

®)

where 7z’ = z — d, and the stability (z'/L) is calculated from the gradient Richard-
son number (Businger et al., 1971). The subscript ‘r’ refers to ‘reference’. The
function ®,, is the semi-empirical function for the dimensionless wind shear. The
formulation of Businger et al. (1971) modified after Hogstrom (1988) has been
used. The gradient of the mean wind speed is computed by fitting a second-order
polynomial in In(z’) to the data and taking the derivative with respect to z’.
Equation (8) is evaluated at the uppermost level of profile measurements (position
38R, Figure 2) thus assuming that

— this level is least disturbed by individual roughness elements

- horizontal inhomogeneity plays a minor role at this height (u,, being indepen-
dent of wind direction)

— inertial sublayer scaling is valid at this level of evaluation.

While the first assumption is obvious, it has been shown that horizontal inhomo-
geneity for roughness effects can be neglected already at lower heights, namely
at position 28R (see II). The third assumption cannot be proved from the present
data. However, as local scaling holds even closer to the roof level than position
38R (see II), Equation (8) assures that u,, is at least related to Reynolds stress
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at the level of evaluation. It is clear that the calculation of u,, from the data at
the end of a measured profile might be dangerous. However, the height variation
of uy, in the vicinity of position 38R is reasonably small (on the order of 0.01s™*
or 2% per m, typically) thus indicating that the profiles are well behaved. The
sensitivity u,, to measurement uncertainties may furthermore be assessed as fol-
lows: when (artificially) changing the measured wind speed before the calculation
of u,, at either position 28R or 38R by +2% (which corresponds to the absolute
accuracy of the anemometers as given by the manufacturer), the resulting changes
in u,, are less than +8%. Even if the gradients of mean wind speed and of potential
temperature are crudely approximated by the tespective finite differences,
uy, is found to be relatively little affected (less than 15%). Taking into account
the error of a friction velocity if it had been directly measured, it is therefore
concluded that u,, from Equation (8) is reasonably well defined when evaluated
at position 38R.

The measure for stability, z’/L, that is required for the calculation of &, in
Equation (8) will also be used to stratify the data according to stability if necessary.
Taking the concept of local scaling into account, it can be identified with inertial
sublayer stability to an extent that corresponds to the relation between u,, and
the proper IS friction velocity. Being determined at the largest possible distance
from the surface, it refers to the most characteristic stability measure extractable
from the present data set.

3.3. CONDITIONAL SAMPLING

A useful tool for investigating the nature and mechanisms of turbulent processes
is the method of conditional sampling. Contributions to the total mean Reynolds
stress originate from four different quadrants in the (u, w)-plane. Following Rau-
pach (1981) they are defined as:

— outward interaction, i=1, w=0,w=0
— ejections, i=2, uW=0,w=0
— inward interactions, i=3, u=0,w=0
—~ sweeps, i=4, u=0,w=0.

Quadrants one and three give positive contributions and quadrants two and four
negative contributions to the turbulent flux of momentum. Additionally, a hyper-
bolic hole H is defined, excluding from the analysis a region of instantaneous
values of |u'w’| that are smaller than H - |u'w’|. Systematic variation of the hole
size H allows the investigation of the contributions to the total Reynolds stress,
whether they are large and sparse or small and frequent. If [ ] denotes a con-
ditional average, we have
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[u'wis = lim —Tl— T"u'(z)w'(t)z,-,,{(u'(t),w'(t)) dr, )

Tag—> 1,400

where T, is the averaging time and 7 the indicator function defined as

1 if (&', w') is in quadrant { and
L ,w)= |lu'w'|= H|u'w'| (10)

0 otherwise.

The stress fraction for quadrant i, S; g, is then
Si,H = _:_—)—‘ (11)

and the time fraction, §; g, is the average of I, ;y over the time period of interest
6,',[_[ = I,-’H(u', W’) . (12)

Note that through (11) the sum S, for i = 1,4 at hole size zero is unity.
Different quantities can be defined from the stress fractions. The difference ASy
between sweeps and ejections

ASH = S4’H - Sz)H (13)
or their respective ratio

S2 o
Y= (14)
S4,0
at hole size zero. Both AS; and vy are measures of the relative importance of
sweeps and ejections. The exuberance E (Shaw et al., 1983) is defined as

E = S10t 83,

, 15
52,0 + S4,0 ( )

i.e., the ratio of upward (u'w’ = 0) to downward (u'w’ < 0) flux of momentum.
The exuberance may also be interpreted as the ratio of uncorrelated (‘random”)
to organized contributions to the total turbulent transport of momentum. Within
the inertial sublayer over a smooth surface, the exuberance is commonly about
—0.16 (Raupach, 1981).

4. Height Dependence of Reynolds Stress

4.1. OBSERVATIONS

A comparison of the Reynolds stress simultaneously measured at two heights
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above the roof level is shown in Figure 3 (expressed as local friction velocity).
‘Level 1’ denotes position 23R (Figure 2), whereas ‘level 2’ refers either to position
28R (triangles) or to position 23R (diamonds). These latter runs (where both sonic
anemometers were mounted on the roof top tower, approximately 2 m apart) have
been included to make sure that the observed increase of Reynolds stress with
height is not due to systematic instrument differences. Figure 3 shows that the
Reynolds stress is systematically larger at the upper level, position 28R, compared
to the lower level. The difference appears to be larger for large u, and thus near-
neutral stratification. However, the Obukhov length L also becomes essentially
local if u, is not constant with height, and in consequence the same applies to the
measure of stability, z'/L.

Figure 4a shows the height dependence of Reynolds stress normalized with 1,
(see Section 3). There is a clear increase of Reynolds stress with height, with very
small values at the lowest level. The scatter at the various positions of measurement
is partly due to measurement uncertainties and partly due to horizontal inhomo-
geneity. It decreases with height as the latter decreases (see IT). An indication of
horizontal inhomogeneity is also given by the difference in the mean values at
horizontally separated positions at the same level (positions 23R and 23CW, and
13CC and 13CW, respectively). At cross-canyon flow (Figure 4b) or flow parallel
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to the canyon, these differences tend to be more pronounced, while the run-to-run
variability is clearly reduced. However, the requirements for horizontal averages as
outlined in Section 3 cannot be met any longer due to the limited number of data
at each level and due to the much weaker variation in upwind/downwind geometry.
Thus any results concerning a wind direction dependence would be rather tentative
and will not be discussed here. The gradient of the horizontally averaged Reynold
stress seems to decrease with height, indicating that a constant value might be
approached as observed in wind tunnel studies over rough surfaces {(e.g., Raupach
et al., 1980).

Figures Sa—c show the scaled profiles of local u, in three categories of stability.
Again, the run-to-run variability is reduced at the various levels compared to
Figure 4a. This indicates that stability affects the vertical profile of Reynolds stress
and any model for this height dependence has to take this into account. While
the near-neutral profile shows a less pronounced gradient and, in particular, non-
negligible vertical transport of momentum within the canyon (position 13CW),
the moderately unstable profile corresponds roughly to the overall mean (Figure
4a) and the strongly unstable profile is shifted towards smaller values.

As far as the author knows, there is no published study on the height dependence
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Fig. 4. Scaled profile of u,(z) for (a) all wind directions and (b) for approaching flow (above roof)

within a sector of £30° from the northeast (orthogonal to the canyon). Error bars refer to run-to-run

variability (standard deviation) and the numbers next to each symbol indicate the number of obser-

vations available to calculate average values (and variances). Diamonds: positions 23R and 28R; plus
signs: positions 13CW, 16CW and 23CW; triangles: position 13CC.

of Reynolds stress in a comparable environment. However, in many wind tunnei
experiments, where flow over rough surfaces was studied, a similar increase of
Reynolds stress with height was observed (Antonia and Luxton, 1971; Mulhearn
and Finnigan, 1978; Raupach et al., 1980) but usually attributed to measurement
difficulties close to the surface. Nevertheless, Mulhearn and Finnigan (1978) men-
tion that it seems to be characteristic of a RS that Reynolds stress increases with
height. On the other hand, Raupach er al. (1986) report an essentially constant
Reynolds stress with height within the roughness sublayer over an artificial rough
surface.

In the present case it can be excluded that the observed profiles of Reynolds
stress are attributed to measurement errors. It can be ruled out that the two sonie
anemometers differ systematically (Figure 3) or that the measurements at the lower
levels are biased. Furthermore, a simple consideration shows that the observed
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behaviour is consistent with the generally accepted picture of flow close to a
surface: within the very first millimeters or centimeters above a smooth surface,
the flow is laminar due to the small Reynolds number, and turbulent fluxes must
vanish at the top of this layer. It seems therefore to be a helpful picture to consider
the RS as the layer within which Reynolds stress increases from zero to the IS
value. While this is a very thin layer (compared to the height of the IS) in the
case of a smooth surface, it has a considerable vertical extension over a rough,
e.g., urban surface. However, as Reynolds stress vanishes at a height close to the
displacement height in the spatial average, the given analogy is only useful in a
spatially averaged sense (with an appropriate horizontal averaging scale that will
also considerably differ for smooth and rough surfaces). It is worth noting that
the picture given above implies that the horizontal average of streamwise changes
of pressure fluctuations, i.e., {(dp"/dx), increases when approaching the ‘surface’ if
viscous drag can be neglected (see Equation (18) in Section 5). This is consistent
with observations of the pressure distribution around isolated obstacles such as an
isolated fence (Jacobs, 1984).
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4.2. PARAMETRIC MODEL

Assuming that an average of the scaled Reynolds stress over all wind directions
and (where available) horizontal positions provides a reasonable measure for the
horizontally averaged stress field (Section 3), the following statistical model for
the height dependence of u, can be formulated:

(us(2))

Usr

= Cy(1 — exp{—Coz’'H"">. (16)

Here, C; and C, are numerical coefficients and the exponent 1/3 has been intro-
duced without physical reasoning for better performance. The model has been
designed such that Reynold stress vanishes at the zero plane displacement height
in the horizontal average, thus referring to z' = 0 as the level of mean momentum
absorption (Thom, 1971). Furthermore, Equation (16) ensures that at large z' a
constant value is approached as can be expected from wind tunnel experiments
(Antonia and Luxton, 1971; Raupach et al., 1980) and seems also to be supported
by the present data (Figure 4). For the parameter fit, the data of Figure 4a have
been grouped into intervals of 2m in z’, for each of which an average (u.)/uy,
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Fig. 5. As Figure 4, but for (a) near neutral (|z’/L| < 0.05), (b) weakly unstable and (c) strongly
unstable runs. The stability is calculated as outlined in Section 3.2.

and z' was computed. The lowest interval was extended to slightly negative values
of z' (but still z’= —0.5m, i.e., the resolution of the zero plane displacement
heights d;) in order to avoid an average computed from too small an ensemble
(with all three data points originating from the same wind direction sector). The
parameter fit yields C; =1.19 and C, = 0.025 with an rms difference between
model and measurements of about 0.03 (Figure 6). For comparison, a linear model
has also been evaluated which shows, however, a much larger rms difference
(0.07) to the data besides not having physically reasonable asymptotic behaviour
for large z' and z' = C.

With the obtained parameters for the present site, {u,) reaches a value of
1.19u,, at large z'. Thus it seems that the present reference friction velocity,
Uy, 18 still some 20% smaller than the ‘true’ IS friction velocity u's and all the
measurements were taken entirely within the RS. An evaluation of the height of
the roughness sublayer, z, is therefore not possible from the present data set.
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of 2m in z'. The parametric model, Equation (16), is shown as the full line and a linear best fit is
given by the dashed line.

5. Resulting Profile of Mean Wind Speed

Considering a thin layer of height 8z within the roughness sublayer, the turbulent
transport supplies this layer with momentum from above. Due to the decrease of
Reynolds stress near the surface, the turbulent transport through the bottom of
this layer is diminished resulting in a profile of mean wind with a smaller gradient
than a semi-logarithmic profile. Close to the surface, the wind speed must therefore
be larger than predicted by Equation (8). This qualitative behaviour is in agree-
ment with wind tunnel observations of Raupach ez al. (1980).

Assuming that local scaling holds for the non-dimensional gradient of mean
wind speed, i.e.

ke
dz’ u(z")

=®,,(z'/L{z"), (17)

where u,{z") refers to Equation (16), the profile of mean wind speed can be
calculated.. This was done for all runs by numerically integrating Equation (17)
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Fig. 7. Average profiles of scaled wind speed. ‘Calculated’ refers to Equation (17). ‘Constant flux’
was calculated with u,(z) = const. = u,, and 8,(z) = const. = g,,. The latter quantity is defined in
analogy 10 uy,.

downward from the uppermost level (position 38R). The turbulent flux of sensible
heat (for the calculation of the local Obukhov length L(z’)) was parameterized
based on data presented in Rotach (1991). Finally, all the profiles are scaled with
u,, and averaged. In Figure 7, this average ‘calculated’ profile is compared to the
measured profile, which was averaged in the same manner. Note that the lowest
two profile-levels within the canyon are not included since they are located below
the mean zero plane displacement height and thus, Equation (16) may not be
applied. It can be seen that the correspondence between calculated and measured
average profiles is excellent. For comparison, a ‘constant flux’ profile was calcu-
lated in the same manner but with assumed constant turbulent fluxes of momentum
(corresponding to u,,) and sensible heat. Figure 7 shows that the observed profile
of turbulent transport of momentum explains the measured profile of mean wind
speed. This result is, in fact, another way of stating that local scaling is a useful
approach for momentum in the roughness sublayer (see II).

The above result concerning the profile of mean wind speed raises the question:
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how is the observed gradient of Reynolds stress balanced in the momentum
conservation equation? The horizontally averaged streamwise Navier—Stokes
equation for stationary conditions and neutral flow (no buoyancy forces) within
and above a canopy can be written as (Raupach and Shaw, 1982)

@28 4 iy 8B o Dy =
ox 9z 9z ax

- _Lap) 1<§p—"> + VY (18)

g ox  pl\ox

where the last two terms on the rths represent the forces per unit mass of air
exerted by form and viscous drag, respectively. Within the canopy (i.e., below
roof level), where the largest gradient of Reynolds stress occurs, it is most likely
balanced by the spatial distribution of drag forces (the second term on the rhs of
Equation (18)) (assuming that viscous forces can be neglected). Higher up, in the
roughness sublayer, where this contribution is zero, the gradient of Reynolds stress
is still of the order 107> m s~ (Equation (16)) and must be balanced either by
advection (the first two terms on the lhs of Equation (18)) or by a mean horizontal
gradient of turbulence kinetic energy or pressure on a scale larger than the horizon-
tal averaging scale. Mesoscale features like the urban heat island or a distinct
increase in surface roughness have to be taken into account to assess the relative
importance of the various terms in Equation (18). Considering highly idealized
model results for a step change in surface roughness (Claussen, 1987) and a heat
island (Liithi et al., 1989), it is found that the advective terms and the horizontal
gradient of turbulent kinetic energy are all at least an order of magnitude too
small (apart from very close to the roughness change) to balance the measured
gradient in Reynolds stress. The vertical advection term has furthermore the wrong
sign. On the other hand, both these processes which are typical for urban scale
flow modification, lead to a negative mean horizontal pressure gradient (over the
heated or rougher surface, respectively) that is of the required order of magnitude.
Thus an explanation for the Reynolds stress gradient may be the mesoscale pres-
sure distribution of an urban area due to thermal and/or roughness effects.

6. Conditional Sampling for Reynolds Stress

The Reynolds stress field within and above the street canyon was examined using
the technique of conditional sampling (see Section 3) in order to illustrate the
effect of forces exerted on the flow by form drag at different heights. Figure §
shows the vertical distribution of the averaged stress fractions at hole size zero,
S:0. At the uppermost level, outward and inward interactions are small with
almost the same numerical value while sweeps (i = 4) slightly dominate ejections
(i =2) (see Table II). These stress fractions are similar to those observed in an
inertial sublayer by Raupach (1981). At the 23.3 m level, the dominance of sweeps
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Fig. 8. Awveraged vertical profiles of the four contributions to Reynolds stress S;,, i = 1,2,3,4. At
the second highest level (z = 23.3m) S, is computed as an average of measurements at positions 23R
and 23CW, respectively.

TABLE II

Parameters related to quadrant analysis. For definitions see Section 3

Position z (m) zlh S2.0/84,0 AS, E*

28R 28.3 1.55 0.921 0.051 —-0.190
23R 23.3 1.27 0.887 0.107 —0.415
23CW 23.3 1.27 0.655 0.273 —0.237
16CW 16.7 0.91 0.592 0.383 —-0.331
13CW 13 0.71 0.856 0.321 —0.758

* Exuberance as defined in Equation (15)

is much more pronounced, mainly due to the ‘above canyon’ runs (position 23CW),
whereas the ratio between S, o and S, above the roof remains unchanged com-
pared to 28.3 m. Below roof level the contribution of sweeps further increases and
thus ASy, the difference between S, o and S, 4, becomes larger (S, /5S4 smailer).
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The large contributions of all stress fractions at the lowest level arise from averag-
ing over a number of runs with small, sometimes positive momentum transport.
At this height, the total turbulent flux of momentum is often found to be small
due to near cancellation of large absolute contributious of the individual sectors
with opposite signs. Note that for the averaging as shown in Figure 8, those runs
with total Reynolds stress smaller than 0.05m?s > were excluded to avoid the
results being dominated by single runs (this essentially affects only the contribu-
tions at the lowest levels and in particular in the mid-canyon position 13CC. For
this position none of the runs surpassed the threshold given above).

A comparison of the exuberances (i.e., the ratio of upward to downward trans-
port of momentum, Equation (15)) at the two levels above the roof (Table II)
shows the increasing importance of inward and outward interactions at 23.3m
compared to the upper level. These arise from the disturbance of the more or less
organized shear flow at a presumably small length scale. Figure 9 illustrates this
in an example. While the fluctuations of the longitudinal component are often
similar at both heights, the low-frequency variations of w' are broken up at the
lower level into fluctuations of higher frequency that are less correlated to the u'-
component. This leads to the larger contributions of interactions at the expense
of sweeps and ejections close to the surface. Furthermore, from Figure 10 it is
evident that for the lower level above the roof, the larger contribution of Sectors
1 and 3 is due to small-scale turbulent motion. For example, the contribution of
inward interactions, S; o at position 23R is approximately —0.34 while at position
28R, S350 ~ —0.11. For hole size 5, on the other hand, the contribution of inward
interactions is already smaller than —0.05 at both heights.

The contributions of the four quadrants at varying hole sizes and for the different
heights (Figure 10) indicate that sweeps are associated with processes of much
larger scale than ejections. Particularly at positions 23CW and 16CW, closely
above and below roof level, respectively, significant contributions to momentum
transport due to sweeps occur at hole sizes up to 30. To a somewhat lesser extent,
this is also observed at position 23R but not at the uppermost level. This behaviour
indicates that momentum is transported into the street canyon by sporadically
penetrating eddies from above. From Figure 10, a tendency for increasing, partly
offsetting contributions from the four quadrants can be observed with decreasing
height at both positions in the horizontal plane (i.e., ‘above roof’ and ‘above and
within the canyon’). This is a further indication for the ‘disorganisation’ of the
flow or, in other words, the reduction of correlation between the u’- and w'-
fluctuations when approaching the surface due to wake pressure effects. Figure 11
gives a comparison between the summed stress and time fractions (Equation (12))
as a function of hole size and at different heights as a measure for intermittency.
The most intermittent turbulence is observed at the 16.7 m level. Here, about
70% of the total momentum transfer at hole size 5 oceurs during less than 10%
of the time and the ratio between total time fractions and total stress fractions is
only 0.129 (cf. Table IIT). At the other extreme, the level near the zero-plane



*90BIINS 9Y} 0} IS0 W ¢ SUONOBISIUT premur 10 premino se readde 1oas] 1oddn oy j8 paaresqo suonosfo pue sdooms yorym Jurmp
= S[eardur own oziseydwo sealv papeYyS ez wonised (q) pue Ygz uonisod () 'SQT JO [BAISIUL UASOYD AJLBXNGIR UB JOJ M, 7 PUR M ¢, 71 JO SOLIOS owiL], 6 "SI

[s] sunL [s] sumy

‘

T osl 09t ot ozt o0t 4] o or 0z o (414 081 o9t Qw— N Qm— . om— X N Q.n

L 1 [ W | A I i i S WY N S | 3 A Lo, i L ) T W

TURBULENCE CLOSE TO A ROUGH URBAN SURFACE




22 M. W. ROTACH

= x i=1
2 \
— 1
\
g ‘\
ot !
) )
O
«
j
=
n
n
)
-
-
/p)] ¢
1 i=3 \‘ i=4
.
1.0 llqiilrign]xr]fr IENENEEEBERREENER

30 20 10 0 10 20 30
Hole Size H

Fig. 10. Magnitude of the stress fractions, |S; |, (i = 1,2, 3, 4) for varying hole sizes H. The symbols
refer to the measurement positions. Diamonds: 28R; crosses: 23R; stars: 23CW; squares: 16CW,
triangles: 13CW. Large numbers in the corner of each box denote the quadrant number ;.

displacement height within the canyon (position 13CW), large fractions of total
stress occur up to hole size 30 during an almost comparable fraction of time (note,
that total stress is very close to zero on average at this height). There are no
significant differences in intermittency between the three positions above roof
level (Table III). From the aforementioned observations, the general features of

the transport of momentum close to an urban surface may be summarized as
follows:

— The organized shear flow, characterized by the IS type of distribution of stress
contributions at a mid roughness-sublayer position, is distorted when approach-
ing the surface due to wake pressure effects, resulting in a less correlated flow
structure.

— As a result, the exuberance decreases from —0.2 at the mid RS position to
—0.8 at the ‘surface’ (i.e. the zero plane displacement).

— At a given horizontal position, the stress contributions of any sector increase

when approaching the surface. This again illustrates the uncorrelated (‘random’)
nature of turbulence close to the ground.
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Fig. 11. Comparison of the summed stress fractions £ S, i (i = 1 to 4, triangles) and the summed time

fractions = &; i (i = 1 to 4, plus sigus) for different hole sizes H. (a) position 28R, (b) position 23R

(solid lines) and position 23CW (dashed lines, above canyon), (c) position 16CW and (d) position
13CW.

TABLE II

The ratio of summed time fractions to summed stress fractions
2 8, 1/Z 8, 1 (i =1 to 4) at hole sizes 5 and 10

Height z (m) Hole size 5 Hole size 10
28.3 0.166 0.081
23.3 (23R) 0.199 0.111
23.3 (23CW) 0.171 0.092
16.7 0.129 0.065

13 0.633 0.571
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TABLE IV

Characterization of turbulent transport of momentum at various non-dirmensional heights in an urban
roughness sublayer

z/h Position Characteristics

1.55 28R About 30% of total stress contributions occur at hole sizes smaller than 5. Sweeps
slightly dominate ejections. Small interactions. Distribution of contributions simi-
lar to IS behaviour.

1.27 23R Enhanced contributions from the interactions (as compared to z/k = 1.55). Tend-
ency to smaller scale transport of momentum (40% of total stress contribution
at hole size smaller than 5). Sweeps slightly dominate over ejections. All §;,
larger than at z/h = 1.55.

1.27 23CW Sweeps clearly dominate ejections at all hole sizes, while the interactions are
much smaller than at the same height above the roof. No enhanced intermittency
compared to positions 23R and 28R.

0.91 16CW Transport of momentum occurs at large hole sizes (more than 70% of total stress
at hole sizes larger than 5) and strongly intermittent. Downward transport is
partially offset by upward transport (interactions). Sweeps clearly dominate.

0.71 13CW Almost no net transport of momentum with large contributions S;, (larger than
1) from all sectors. Large stress fractions at hole sizes up to 30 also with consider-
able time fractions at this hole size.

— Sweeps contribute much more to momentum exchange between the street can-
yon and the urban RS than ejections. Their dominance decreases with height.

— Transport of momentum is most intermittent immediately below the roof level
while at the mid-canyon position, the (very small) net transport of momentum
is highly continuous. Between the three positions above the roof level, no large
variation in intermittency can be observed.

A characterization of the momentum transport at the various (non-dimensional)
heights is given in Table IV.

The present results are in good agreement with measurements by Raupach
(1981) for artificial rough and smooth surfaces in a wind tunnel study. The inertial
sublayer is identified in these wind tunnel experiments as a layer with
S20=84,=0.6, both having significant contributions at H =10, whereas
St =S3,=—0.1 with vanishing contributions for H = 5. Within the roughness
sublayer over the roughest surface, sweeps dominate the turbulent transport of
momentum and have significant contributions to total stress up to A = 20, whereas
ejections cease to contribute already at / = 5. The main differences to the present
observations are:

—~ Raupach (1981) observes clear roughness sublayer behaviour at z/h = 1.46,
whereas at a comparable height, z/# = 1.55, over the urban surface, the distribu-
tion of the four quadrants tends towards inertial sublayer behaviour.

— The rapid decrease of contributions from ejections as the hole size increases, is
not so pronounced in the urban RS as observed in the wind tunnel. However,
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Raupach points out that the ratio of sweeps to ejections (or the difference
between them) is strongly dependent on the density of roughness elements.

- The behaviour of Raupach’s ‘within canopy’ level (z/h = 0.53) compares to the
present position 16CW (z/h = 0.91) rather than to position 13CW (z/h = 0.71).
However, this is associated with considerably larger total downward transport
of momentum at the mid-canopy height in the wind tunnel experiment than at
the present position 13CW (see the results of Raupach et al., 1980). It seems,
that for ‘d-type’ roughness (in the notation of Perry er al., 1969) where recirculat-
ing vortices can be formed behind roughness elements (as can be anticipated
for the present case), ejections do not dominate momentum transfer (Townsend,
1976), but rather momentum transfer is stopped at a certain level (identified to
be the mean zero plane displacement in the present study).

This last point is also the main discrepancy when comparing the present results
to a corn canopy flow (Shaw et al., 1983). For this type of canopy, no decrease
of the exuberance (to larger negative values) with decreasing height was observed
but rather a relatively constant value of —0.2. It arose from approximately constant
contributions (within the canopy) from the interactions while the contribution of
sweeps increases with decreasing height (in the upper half of the canopy) and that
of ejections decreases. Within and above a deciduous forest (Baldocchi and Mey-
ers, 1988), the vertical structure of the stress field is also similar to the present
results in some respects. At a level within the crown area, where the total momen-
tum transfer is already small compared to above-canopy values, the contributions
to total stress from the four quadrants become very large (=1.5) and partially
offset each other. Furthermore, the exuberance within a deciduous forest canopy
ranges between —0.3 and —0.8 (associated with small total momentum transport)
comparable to the values found for the UCL. Baldocchi and Meyers (1988) argue
that large (negative) exuberance values may be associated with wake turbulence
and secondary circulations. The present urban canopy, for which the importance
of wake effects has been shown earlier and the presence of vortices can be assumed
(at least in some cases with appropriate wind direction), strongly supports this
hypothesis.

7. Summary and Conclusions

Measurements from a site in the centre of a major city shows that Reynolds stress
increases with height within the urban roughness sublayer. Vertical turbulent
transport of momentum is found to be negligible at a height close to the average
zero plane displacement (d). It is shown that this height dependence of Reynolds
stress does not result from measurement errors. The profile of Reynolds stress
within the roughness sublayer reduces the gradient of mean wind speed with
respect to the inertial sublayer prediction. However, it is shown that turbulent
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transport is still the relevant process that counteracts the loss of momentum due
to frictional forces close to the surface.

The above characteristics of Reynolds stress are valid if horizontal averages are
considered. In the present study, horizontal averages have been approximated
using measurements at fixed positions in the horizontal plane, but with different
directions of the approaching wind. Thus each location represents a variety of
upwind (and downwind) geometries. The average profile of Reynolds stress has
been parameterised describing the local friction velocity, u.(z), in terms of the
height above the zero plane displacement and a reference u,,. Similar character-
istics of Reynolds stress have been observed in roughness sublayers over artificial
rough surfaces. Nevertheless, it remains to be shown to what extent the observed
profile of Reynolds stress can be considered typical for an urban roughness sub-
layer. In particular, it will have to be examined in greater detail (and using data
from various sites) in what way building geometry determines the shape of the
Reynolds stress profile.

As the roughness elements are approached, the flow’s ‘organized’ turbulence
structure is broken up into small-scale disturbances, resulting in larger (‘random’)
upward and smaller (‘organized’) downward contributions to total momentum
transfer. The use of the conditional sampling technique shows that this behaviour
is associated with a tendency for increasing, partly offsetting contributions from
the four quadrants and for increasing negative values of the exuberance with
decreasing height. Furthermore, sweeps are found to be far more important than
ejections for the exchange between canyon air and the roughness sublayer above.
The most intermittent turbulence is observed closely below roof level where
considerable contributions to momentum transport occur at hole sizes up to 30.
In general, the results from the quadrant analysis of momentum transport are in
good agreement with those reported from artificial or vegetated rough surfaces.

The results presented here may have some important consequences on urban
diffusion modelling. First it is noted that there exists an urban reughness sublayer
with a vertical extension of a few times the building height. At the present site,
this layer is characterized by the non-constant Reynolds stress and the requirement
of local scaling (see II). The present observations indicate that the flow character-
istics in the RS are altered with respect to surface-layer similarity predictions
(which are commonly used in practice throughout the roughness sublayer). Both
advection through the modified profile of mean wind speed and turbulent mixing
are affected. However, the question to what extent the present results for momen-
tum transport apply to turbulent transport of scalars {e.g., a pollutant) remains
unanswered and further experimental and conceptual effort is needed.
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