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Abstract Turbulent transport of momentum and scalars over an urban canopy is investi-
gated using the quadrant analysis technique. High-frequency measurements are available
at three levels above the urban canopy (47, 140 and 280m). The characteristics of coher-
ent ejection—sweep motions (flux contributions and time fractions) at the three levels are
analyzed, particularly focusing on the difference between ejections and sweeps, the dissim-
ilarity between momentum and scalars, and the dissimilarity between the different scalars
(i.e., temperature, water vapour and CO,). It is found that ejections dominate momentum
and scalar transfer at all three levels under unstable conditions, while sweeps are the domi-
nant eddy motions for transporting momentum and scalars in the urban roughness sublayer
under neutral and stable conditions. The flux contributions and time fractions of ejections
and sweeps can be adequately captured by assuming a Gaussian joint probability density
function for flow variables. However, the inequality of flux contributions from ejections and
sweeps is more accurately reproduced by the third-order cumulant expansion method (CEM).
The incomplete cumulant expansion method (ICEM) also works well except for CO; at 47 m
where the skewness of CO; fluctuations is significantly larger than that for vertical velocity.
The dissimilarity between momentum and scalar transfers is linked to the dissimilarity in the
characteristics of ejection—sweep motions and is further quantified by measures of transport
efficiencies. Atmospheric stability is the controlling factor for the transport efficiencies of
momentum and heat, and fitted functions from the literature describe their behaviour fairly
accurately. However, transport efficiencies of water vapour and CO, are less affected by the
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atmospheric stability. The dissimilarity among the three scalars examined in this study is
linked to the active role of temperature and to the surface heterogeneity effect.

Keywords Ejections and sweeps - Quadrant analysis - Reynolds analogy -
Scalar similarity - Transport efficiency - Urban canopy

1 Introduction

A better understanding of the transport of momentum and scalars (heat, water vapour, carbon
dioxide, etc.) at the air-surface interface and in the turbulent atmospheric boundary layer
(ABL) is of crucial importance for the parametrizations of land—atmosphere exchanges in
numerical weather prediction models. It can also have positive impacts in a range of disci-
plines such as hydrology and ecology. Coherent turbulent motions have been shown to be
responsible for a large fraction of these momentum and scalar fluxes (Robinson 1991; Maru-
sicetal. 2010; Smits etal. 2011). Their characteristics have been studied over different natural
surfaces, including water (Li and Bou-Zeid 2011), vineyards (Francone et al. 2012), and veg-
etation canopies (see e.g., Shaw et al. 1983; Paw et al. 1992; Katul and C1 1997; Katul et al.
1997; Poggi et al. 2004; Dupont and Patton 2012; see Raupach and Thom 1981 and Finnigan
2000 for comprehensive reviews). Many studies have also examined coherent structures and
their influence on turbulent flow and transport over urban canopies (e.g., Rotach 1993a,b;
Roth 1993; Roth and Oke 1993, 1995; Grimmond and Oke 2002; Kanda et al. 2004; Feigen-
winter and Vogt 2005; Kanda 2006; Moriwaki and Kanda 2006; Christen et al. 2007, 2009;
Horiguchi et al. 2010; Inagaki and Kanda 2010; Wood et al. 2010; also see Roth 2000 and
Fernando 2010 for comprehensive reviews). While these studies have considerably advanced
our understanding of urban flow and turbulence, many open questions remain particularly
in relation to the characteristics of coherent structures in urban environments, how they are
modulated by atmospheric stability, and how they affect urban-atmosphere exchanges of
momentum and scalars. In addition, urban morphology, which significantly affects urban
flow and turbulence (see e.g., Wood et al. 2010), as well as the urban surface energy balance
(see e.g., Piringer et al. 2002; Grimmond et al. 2010, 2011) and hence stability, varies signif-
icantly between different cities. Additional analyses are therefore needed to generalize the
effect of urbanization on coherent turbulent motions and on momentum and scalar transport
over urban canopies. Such conclusions can help improve high-resolution urban microclimate
models (see e.g., Chen et al. 2011; Wang et al. 2013) and air quality models in urban terrain
(see e.g., Britter and Hanna 2003; Fernando et al. 2010), which are becoming increasingly
indispensable considering the sustained and rapid growth of the urban population (Grimm et
al. 2008).

Due to aerodynamic and thermodynamic differences between bluff buildings and perme-
able plants, turbulent flow over urban canopies shows distinct features as compared to that
over vegetation canopies (see Roth 2000 for a review). For example, the form drag due to
bluff buildings augments the turbulent transport of momentum in urban canopies but has
no effect on the transport of scalars; on the other hand, the leaves and trunks in vegetation
canopies offer more exchange surfaces for scalars as compared to buildings but resist the flow
less than bluff bodies. As such, turbulent structures and turbulent transports of momentum
and scalars are expected to be different over an urban canopy compared to their counterparts
over a vegetation canopy. Despite these distinctions, the subdivision of the ABL into various
layers has conventionally followed similar criteria and nomenclatures over the two types
of canopies. The flow over urban areas in the atmospheric boundary layer (i.e., the urban
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Fig. 1 Different sublayers of an urban boundary layer (following the classification of Oke 1988)

boundary layer) can conceptually be subdivided into different regimes: the urban canopy,
the roughness sublayer, the surface layer and the outer (mixed) layer (see Fig. 1). The urban
canopy layer usually refers to the layer from the ground to the rooftop level; in that layer the
flow is very complex and mainly determined by the geometry of the canopy in the vicinity of
the point of interest. The roughness sublayer is the layer in which the atmospheric flow is still
affected by individual roughness elements but where turbulence has initiated its homogeniza-
tion of the flow. The roughness sublayer is typically of thickness 2 ~ 5 Hy, where Hy is the
average building height (Roth 2000; Arnfield 2003; Fernando 2010). Above the roughness
sublayer, turbulent mixing has completely blended the effects of individual roughness ele-
ments, creating a layer in which the wind profile is logarithmic under neutral conditions and
turbulent fuxes are nearly constant with height. This is the surface layer as shown in Fig. 1,
which is also sometimes referred to as the constant-flux layer (see e.g., Arnfield 2003; Fer-
nando 2010). Above the surface layer is the outer layer where the wind profile is no longer
logarithmic and the fluxes vary significantly with height. It is also called the mixed layer
under unstable conditions in which the profiles of mean wind and scalar concentrations are
almost constant. Except for some wind-tunnel and large-eddy simulation studies (see e.g.,
Kanda et al. 2004; Kanda 2006; Inagaki and Kanda 2010; B6hm et al. 2012), there has been
no consistent study on the characteristics of coherent eddy structures in various sublayers
over real urban terrain (i.e., the roughness sublayer, the surface layer, and the outer layer).
This is related to the scarcity of very tall meteorological towers that span several of these
sublayers in densely built areas.

In this study, we explore the characteristics of turbulent structures over a real, highly-
urbanized surface in a major city (Beijing, China) with turbulence measurements from a very
tall tower at three different levels: 47, 140, and 280 m. It has been shown that measurements
at 47m are within the roughness sublayer (Miao et al. 2012), given that the characteristic
building height for that area is 18 ~ 19m (Miao et al. 2012) and that there are very tall
buildings (70 ~ 90 m) within a circle of about 1-km radius (Al-Jiboori 2008). Measurements
at 140 m should be above the roughness sublayer when the height of the roughness sublayer

@ Springer



488 L. Wang et al.

is estimated based on the mean building height, but some effects from the very tall buildings
might be noticeable; these measurements are within the surface layer (Miao et al. 2012).
Measurements at 280 m are typically in the outer layer.

Another prominent feature of urban terrain is the significant spatial heterogeneity in the
source/sink distributions of momentum and different scalars, which will reinforce the effects
of thermal stability to influence the similarity, or lack thereof, of turbulent transports. Previous
studies have shown that atmospheric stability is a critical factor that controls momentum-—
scalar transport dissimilarity (Li and Bou-Zeid 2011; Dupont and Patton 2012), while the
transport similarity between different scalars is primarily affected by surface source/sink
distributions (Moriwaki and Kanda 2006; Williams et al. 2007; Detto et al. 2008; Moene
and Schuttemeyer 2008; Iwata et al. 2010) and non-local effects such as advection and
entrainment (Bruin et al. 1999; Sempreviva and Gryning 2000; Lee et al. 2004; Asanuma
et al. 2007; Cava et al. 2008; Katul et al. 2008; Li et al. 2012). Nevertheless, most of these
studies focus on the dissimilarity between temperature and water vapour (see e.g., Cava et al.
2008; Detto et al. 2008; Katul et al. 2008; Moene and Schuttemeyer 2008; Li et al. 2012; Zhao
et al. 2013). Less is known about the dissimilarity between temperature and CO», and the
dissimilarity between water vapour and CO;, particularly in urban environments. A notable
exception is the study by Moriwaki and Kanda (2006), which examined the dissimilarity
among temperature, water vapour and CO, over a suburban area of Tokyo, Japan but only
under unstable conditions. Their results indicate that heat is always transferred by thermal
and organized motions more efficiently than water vapour and CO,. The dissimilarity is
also caused by the heterogeneity in the source distributions of these scalars since, if the
surface sources are well correlated for sensible heat, water vapour, and CO», the two passive
scalars would accompany temperature in these thermals and the dissimilarity would not be
detectable. These observations were later confirmed by Nordbo et al. (2013) using datasets
collected at three locations in Helsinki. Moreover, Nordbo et al. (2013) reported that the
transport of sensible heat is less efficient than transports of water vapour and CO; under
stable conditions. They also observed significant intra-city variability in turbulent transport
efficiencies of scalars, suggesting that some determining physical factors that vary between
these locations remain elusive. This motivates us to investigate the dissimilarity in turbulent
transports of momentum and scalars as well as the dissimilarity among turbulent transports of
different scalars using the Beijing tower datasets under both unstable and stable conditions.

The paper is organized in the following way: Sect. 2 describes the dataset and method-
ology and Sect. 3 presents the main results and discussions. Conclusions are presented in
Sect. 4.

2 Data and Methodology
2.1 Experimental Set-Up and Data Processing

The data used in the study were obtained at an urban site in Beijing, China (39.97°N,116.37°E)
between May 1 and August 31 2011. The flux tower is 325 m high and has turbulence mea-
surements at three different levels: 47, 140 and 280m. The location of the tower and the
impervious surface fraction in the surrounding areas are shown in Fig. 2. Since no simple
analytical footprint model exists for heterogeneous surfaces, and since the impact of sta-
bility on such footprints is complex and poorly understood, we make a simple estimate of
the footprint of the measurement at different heights to serve a guideline of the sampled
area. This simple estimate suffices since the details of the footprint are not quantitatively
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Fig.2 a Topographic map of Beijing (courtesy of Google). b The impervious surface fraction retrieved from
Landsat TMS satellite image on 28 May, 2007. The circles roughly indicate the footprints of measurements at
different heights and have radii of 100z where z is the sensor height. The yellow star in b denotes the position
of the Beijing Tower (39.97°N, 116.37°E)

Table 1 Fractions of land-cover

types within the footprints of Height (m) Impervious Vegetated Soil
measuF?ments at three levels on 47 0.74 0.05 021
the Beijing Tower
140 0.73 0.05 0.22
280 0.67 0.05 0.28

used in any of our analyses. Noting that the internal boundary and equilibrium layer heights
under neutral conditions grow roughly as (1/10)x and (1/100)x respectively (x is the fetch
after some surface transition, see e.g., Brutsaert 1982), but that under unstable conditions
the internal boundary layer can grow much faster than (1/10)x, we estimate the footprint of
a measurement at height z as a circle of radius 100z that is centred at the flux tower. These
circles are shown in Fig. 2 and will simply be referred to as “footprints” hereafter. Hence, we
are not explicitly tracking the exact source areas of turbulent fluxes and the details of each
transition from one land cover to another; we are rather interested in a qualitative assessment
of surface heterogeneity.

The surface compositions in the footprints of the flux tower are separated into three
categories: impervious (including both ground and buildings), vegetated, and bare soil; the
categorization is obtained by processing the Landsat TM5 images (of horizontal resolution
30m). The details for the processing procedures follow Wu and Murray (2003) and Hou
et al. (2013). As can be seen from Fig. 2 and Table 1, impervious/built-up surfaces are the
dominant land-cover type. The fractions of impervious surfaces in all of the three footprints
exceed 65 %; but they decrease from the innermost footprint, corresponding to the lowest
measurement level, to the outermost footprint, corresponding to the highest measurement
level. Bare soil is the second most common surface type with fractions ranging from 20
to 30 %, while vegetated surfaces have the lowest fractions and the fractions in the three
footprints are 5 %.

The measurements available at this flux tower have been reported elsewhere (Al-Jiboori
etal. 2002; Al-Jiboori 2008; Li et al. 2010; Miao et al. 2012), along with other site and exper-
imental details. Therefore, only instruments, data and methods of specific relevance to this
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study are described here. As mentioned earlier, the flux tower is 325 m high and has turbu-
lence measurements at 47, 140 and 280 m. Three-dimensional sonic anemometers (CSAT3,
Campbell Scientific Inc., USA) and open-path gas analyzers (LI-7500, LI-COR, USA) are
combined to measure wind velocity, air temperature, water vapour and CO, concentrations
at a frequency of 10Hz. The azimuth angles of the three sonic anemometers are 110°, 120°,
and 150° at 47, 140, and 280 m, respectively. Other instruments included sensors measur-
ing hourly-averaged wind speed, wind direction, air temperature, and specific humidity at
multiple heights ranging from 8 to 320 m.

Data processing includes linear detrending and density correction (Webb et al. 1980);
the latter is applied to the instantaneous data following Detto and Katul (2007). In order
to correct the tilt of the anemometer, the standard double-rotation method was compared
to the planar fit method (Wilczak et al. 2001) that uses the whole dataset to determine
a single plane representing the installed sonic alignment. Despite large pitch angles that
were sometimes noted in the double-rotation methods, the two methods produce overall
similar fluxes with correlation coefficients of determination always exceeding 0.86 when the
averaging period is 1 h. In the following analysis, only results with the planar fit method are
presented.

. . . . —2  —\1/4 . .
Friction velocity u, is calculated following u, = (u/w’ + vw’ ) , while sensible

heat, latent heat, and carbon dioxide fluxes are respectively calculated following,

H = pCpuw'T’, (1)

L E = va’p,’j, ()
— i

F. = w/pcoza 3)

where u, v, and w are the streamwise, cross-stream, and vertical velocities (m g1 ), respec-
tively, T is the air temperature (K), p, is the water vapour density (kg m), PCo, is the density
of carbon dioxide (kg m~3, not the density of carbon), p is the air density (kgm™3), C p and
L, are the specific heat capacity at constant pressure (J kg~'K~') and the latent heat of
vaporization of water (J kg~!), respectively. The overbar denotes the Reynolds average, and
the prime denotes the turbulent fluctuation from this average. The Obukhov length scale
L(m) is calculated following
3

_ _ Tu;, _ @)
Kg (w’T’ + 0.61%111’,0{))

L=

where « is the von Karman constant (0.4) and g is the acceleration due to gravity (9.81 m s72).
Air density and specific humidity are first calculated based on the sonic-measured temper-
ature, LICOR-measured water vapour concentration and pressure, and the sonic-measured
temperature is then corrected to obtain air temperature. The above procedure is iterated until
the calculated air temperature converges.

A few averaging periods are tested following the method used in Finnigan et al. (2003).
When the averaging period changes from 0.5 to 1 h or from 1 to 2 h, the changes in momentum
fluxes are small (within 3 %). When the averaging period increases from 0.5 to 1 h, the sensible
heat flux is increased by 7 %, while the latent heat flux and CO; flux are decreased by 4 and
5 %, respectively. When the averaging period is further increased to 2h, the sensible heat
flux is further increased by an additional 1%, while the latent heat flux and CO, flux are
further decreased by additional 6 and 4 %, respectively. The optimal time period is difficult to
determine: shorter times can filter flux contributions from larger motions and compromise the
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Table 2 The number of

segments at different levels under Heights (m) Near-neutral Unstable Stble
neutr.a!, unstable and stable 47 360 438 29
conditions
140 50 671 57
280 8 276 114

statistical convergences of the Reynolds averages, while longer times can result in erroneously
enhanced fluxes due to changes in the means at scales smaller than the averaging times (which
add spurious turbulent perturbations). Therefore, an averaging period of 1h is chosen in the
following analysis as a compromise between these conflicting requirements.

Following Li and Bou-Zeid (2011), only data that satisfy the following criteria are used:

(1) wind directions face the sonic anemometers and the angle between the wind direction
and the tower has to be smaller than 135°;

(2) the variance of the velocity, temperature, and water vapour concentration for each seg-
ment is at least five times larger than the root-mean-square noise of the instrument as
specified by the manufacturer so that the signal-to-noise ratio is sufficiently large;

(3) the absolute values of momentum and scalar fluxes must be larger than a threshold:
uy >01ms !, |H| > 10Wm™2, |L,E| > I0Wm~2, and |F¢| > 0.0l mgm~2s~!
to ensure turbulent fluxes are well resolved by the instruments. Unusually large turbulent
fluxes are also excluded from the analyses since they are likely to be associated with
measurement problems such as spikes: sensible and latent heat fluxes should be within
the range from —200 W m~2 to 400 W m~2; the CO, flux should be within the range
from —2mgm—2s~! to 4mg m~2s .

After the above procedures and filters are applied, the number of segments that remains
is listed in Table 2. The near-neutral, unstable, and stable conditions are delineated based
on the local stability parameter (z — zq)/L, where z is the height of the measurement, zq is
the displacement height (= 5.4 m, see Al-Jiboori and Hu 2005 and Al-Jiboori 2008), and L
is the local Obukhov length (computed with fluxes used at the given height). The use of a
local L is required due to the large range of measurement heights. Many previous studies
show that the local stability parameter (z — zq)/L can be used for roughness sublayer and/or
mixed layer when turbulence statistics such as the standard deviations and the correlation
coefficients are examined (Roth 1993; Roth and Oke 1993; Al-Jiboori et al. 2002; Christen
et al. 2007; Al-Jiboori 2008; Wood et al. 2010). These studies involve different datasets
collected over different urban surfaces, including datasets collected at this Beijing tower. As
such, we also used the local stability parameter to separate the dataset into neutral conditions
(—0.2 < (z—2z4)/L < 0.2), unstable conditions (—10 < (z —zg4)/L < —0.2) and stable
conditions (0.2 < (z —zq)/L < 10). In the analysis of transport efficiencies, we also used
smaller bins in terms of the stability parameter (see Sect. 3.3).

Figure 3 displays wind roses at the three levels using the wind data measured by the
sonic anemometers and filtered using the above procedures. As can be seen from Fig. 3,
south and south-west directions are the most frequent during the analysis period (summer),
which is due to the influence of the east Asian monsoon (see also Ding et al. 2008). From
Fig. 2 it can be also seen that the southern part of the footprint, which is the area of the
footprint contributing the most to the fluxes in view of these dominant wind directions, is
generally more urbanized as compared to the northern part. Hence, it is expected that the
dataset analyzed would mainly represent the characteristics associated with turbulent flows
over highly urbanized areas, regardless of measurement height.
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2.2 Quadrant Analysis and Characteristics of Ejection—-Sweep Motions

Quadrant analysis has been widely used to identify and characterize coherent turbulent
motions (Willmart and Lu 1972; Lu and Willmart 1973; Antonia 1981; Raupach 1981), and
has also been applied to flow over vegetated canopies (see e.g., Shaw et al. 1983; Bergstrom
and Hagstrom 1989; Gao et al. 1989; Paw et al. 1992; Katul and CI 1997; Katul et al. 1997),
as well as over urban canopies (Christen et al. 2007). We perform such an analysis here to
probe the differences between the results for momentum and different scalars, and to assess
the impact of stability on coherent motions over urban terrain.

Quadrant analysis separates the instantaneous momentum flux (u’w’) and scalar fluxes
(W'T’, w'py, w'peg,) into four quadrants depending on the sign of two turbulent fluctuation
components. The definition of each quadrant for momentum flux is as follows:

quadrant 1: u’ > 0, w’ > 0, outward interactions,
quadrant 2: u’ < 0, w’ > 0, ejections,

quadrant 3: u’ < 0, w’ < 0, inward interactions,
quadrant 4: ' > 0, w’ < 0, sweeps.

As can be seen from the above definition, only fluxes from quadrants 2 and 4 (where u’w’ < 0)
contribute to the net downward momentum flux (which is the sum of the contributions from
all four quadrants), while those from inward and outward interactions (quadrants 1 and 3)
are counter-gradient fluxes that produce upward (positive) momentum flux and reduce the
net downward momentum transport.

For scalars, the turbulent fluxes can be upward (positive) or downward (negative) depend-
ing on the bulk vertical gradients. Hence, following the same convention where ejections and
sweeps contribute fluxes of the same sign as the dominant net flux, the definition of each
quadrant for a scalar flux is:

quadrant1: ¢’ > 0, w’ > 0, ejection when w’c’ > 0; outward interactions when w’c’ < 0,
quadrant2: ¢’ < 0, w’ > 0, outward interactions when w’c’ > 0; ejection when w’c’ < 0;
quadrant 3: ¢’ < 0, w’ < 0, sweep when w’c’ > 0; inward interactions when w’c’ < 0;
quadrant 4: ¢’ > 0, w’ < 0, inward interactions when w’c’ > 0; sweep when w'c’ < 0;

wherec = T, py or pco,. We note that when w'c’ < 0, the definition of the four quadrants is
identical to that for momentum, while when w’c¢’ > 0 itis different. The consistent criterion in
our definition is that ejections and sweeps are always the dominant eddy types for producing
fluxes and they are of the same sign and direction as the net flux, but the quadrants that they
occupy depend on the sign of the net flux during the averaging period. This is similar to the
nomenclature used in Katul et al. (1997; 1997) and Francone et al. (2012); it is pointed out
that ejection and sweep motions that produce negative scalar fluxes (for example, downward
sensible heat flux or latent heat flux) are not well studied in urban environments where such
downward scalar fluxes are less common than upward fluxes.

The characteristics of ejections and sweeps that are of particular interest to us are their
flux contributions and time fractions. The flux contribution of each quadrant is defined as:

! A4l
S (i) = —=, )
w’a’
where
Ty
7 1 7!
wa'i =— [ wal;(t)dt, (6)
T,
0
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where a = u (horizontal velocity) or c(any scalar quantity), and i indicates the quadrant
(i =1,2,3,4); T, is the averaging period which is 1h in our study, and

1 if w'd is in quadrant i
I = .
0 otherwise.

The time fraction of each quadrant is defined as
T,

D(@i) = i/I,-(t)dt. )
T,
0
Statistical modelling of these characteristics of ejections and sweeps has been examined
in many previous studies (Shaw et al. 1983; Katul and Cl 1997; Katul et al. 1997, 2006;
Francone et al. 2012). A Gaussian joint probability density function (PDF) can be used to
characterize the flux contributions and time fractions of the ejection—sweep motions (Katul
and Cl 1997; Katul et al. 1997; Katsouvas et al. 2007). Assuming the flow variables are
Gaussian-distributed, the flux contributions of ejections and sweeps are identical and can be

described as (Katsouvas et al. 2007)

0.5 .
(—1+ I/Ria) + arcsin (| Ryq|)

7 ®)

Sejeclion = steep =025+

where R,,, = w’a’/(oy0,) is the correlation coefficient between w and a, and oy, and o,
are the standard deviations of w and a, respectively. Again, a = u (horizontal velocity) or ¢
(any scalar quantity). The time fractions of ejections and sweeps are given by (Katsouvas et
al. 2007)

arcsin (| Ry )
27 ’

As shown in Eqs. 8 and 9, a Gaussian joint PDF results in equality between ejections and
sweeps. As such, departures from a Gaussian joint PDF need to be taken into account in order
to recover the often-observed unequal flux contributions and time fraction of ejections and
sweeps. A third-order Gram—Charlier distribution is usually used to model the PDF of vertical
velocity, horizontal velocity and scalars, and the cumulant expansion method (CEM) is used
to predict the inequality between flux contributions from ejections and sweeps (Nakagawa
and Nezu 1977; Raupach 1981; Shaw et al. 1983; Katul and CI 1997). This results in a
modified model where the relative importance of contributions from quadrant 4 (sweep for
momentum and scalars when w’c’ < 0) and quadrant 2 (ejection for momentum and scalars
when w’c’ < 0) is related to the third-order flow statistics through (Raupach 1981; Shaw et
al. 1983)

Dejection = Dsweep =025+ (9)

1 1
AS, = steep - Sejection = m (nga (Mo3 — M30) + (M21 — M12)) ) (10)

where M;; are the dimensionless (i + j) order joint moments given by
W)’ (@)’
i' = .
T 0w ()

In order to apply Eq. 10 to scalars when w’c’ > 0, a minor coordinate transformation is
needed as discussed in Katul et al. (1997; 1997). Katul et al. (1997; 1997) also found that for

an
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practical purposes %Rwa (M3 — M3p) is small relative to (M2; — M12). As a result, Eq. 10
can be simplified to

AS, = steep — Pejection = m (M21 — Mp2). (12)
Equation 12 is usually referred to as an incomplete cumulant expansion method (ICEM) due
to the exclusion of the skewness terms Mo3 and M3g. Comparing CEM (Eq. 10) and ICEM

(Eq. 12) suggests that only when the ratio %Rwa (Mo — M30)/(M21 — M) is small can

the term %Rwa (Mo3z — M3p) be safely neglected. Through Eq. 12, the imbalance between
ejections and sweeps in terms of the flux contribution is linked to the scalar variance budgets
that involve variance transport terms like M. This ICEM has been demonstrated to work
robustly over a variety of vegetated surfaces and under different stability conditions (Katul
et al. 2006). However, it has not been tested over complex bluff urban canopies where the
skewness of horizontal wind and scalars (Mo3) can significantly deviate from that of the
vertical wind (M3p) (see e.g., Graf et al. 2010; Bohm et al. 2012).

2.3 Turbulent Transport Efficiencies

The traditional transport efficiencies are usually defined based on the correlation coefficient

Al
Rwa = — (13)

OwOq

Similar to Wyngaard and Moeng (1992), another measure of transport efficiency can also be
defined as the ratio of the total flux divided by the flux that is transported downgradient by
ejections and sweeps

! 4!
Fotal _ W' a total

=% e R (14)

downgradient W'a’ ejection + w'a sweep
Note that in our definition, ejection and sweep events always act in the same direction as
the net turbulent fluxes, while inward and outward interactions produce upgradient transport
in the opposite direction to the net fluxes. As such, the transport efficiency defined above is
always within the range of [0, 1]. This measure of transport efficiency can be analytically
expressed as a function of the correlation coefficient R,,, when a Gaussian joint PDF is

assumed (see Eq. 9 in Wyngaard and Moeng 1992).

3 Results and Discussions
3.1 Characteristics of Ejection—-Sweep Motions

In this section, we examine the characteristics of ejection—sweep motions (i.e., flux contribu-
tion and time fraction) over the urban canopy using turbulence measurements at three different
levels. Figure 4 shows the flux contributions from ejections and sweeps to the momentum
flux, sensible heat flux, latent heat flux and CO, flux (from top to bottom) under stable,
near-neutral, and unstable conditions (from left to right). The dots indicate the median values
and the error bars denote the standard derivations over all available periods at each level
(see Table 1). It is clear that the ejection—sweep motions have distinct flux contributions in
different stability regimes. Under unstable conditions, ejections contribute more than sweeps
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to momentum flux, sensible heat flux, latent heat flux and CO» flux on average, which is in
agreement with many previous studies that were conducted over a variety of surface types
(Maitani and Ohtaki 1987; Maitani and Shaw 1990; Katul and Cl 1997; Katul et al. 1997,
Moriwaki and Kanda 2006; Li and Bou-Zeid 2011; Dupont and Patton 2012; Francone et al.
2012). This is linked to the ‘buoyantly-driven’ structures or thermal plumes that are abun-
dant under unstable conditions (see e.g., Paw et al. 1992; Li and Bou-Zeid 2011; Dupont and
Patton 2012). Moriwaki and Kanda (2006) suggest that the ratios of flux contributions from
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ejections to those from sweeps are highest for sensible heat flux and lowest for CO, flux
under unstable conditions when the three scalars (i.e., temperature, water vapour and CO»
concentration) are inter-compared. This is, however, not observed in our results. For example,
the ratio of the flux contribution from ejections to that from sweeps is higher for the CO, flux
than for the latent heat flux at 140 and 280 m. This underlines the role of urban morphology
and surface composition, particularly the correlation of water vapour and CO; sources with
those of sensible heat at the surface, in determining the ejection—sweep balance. The differ-
ence in the ratios of flux contributions is also linked to the difference in the turbulent transport
efficiencies of water vapour and CO, (Moriwaki and Kanda 2006), as will be seen later.

Under neutral and stable conditions, flux contributions from sweeps are larger than those
from ejections at the lowest level (i.e., 47 m), which is within the urban roughness sublayer.
Above the roughness sublayer, flux contributions from ejections become comparable to or
exceed those from sweeps on average. This is also in agreement with previous studies that
show sweeps dominate the momentum flux (see Shaw et al. 1983; Finnigan 2000; Poggi et
al. 2004; Katul et al. 2006; Finnigan et al. 2009; Bohm et al. 2012) and the sensible heat
flux (see Finnigan 2000; Christen et al. 2007; Dupont and Patton 2012) within canopies or
roughness sublayers, while ejections dominate above the roughness sublayer. We also note
that previous work has shown that the relative importance of ejections and sweeps changes
with height within and above the roughness sublayer. Most of these studies are based on
turbulence measurements/simulations within and/or above vegetation canopies (see Finnigan
2000 and Finnigan et al. 2009 for reviews), nevertheless, several studies were also conducted
over real urban canopies (Christen et al. 2007) or over rough walls with bluff objects in
wind tunnels (Coceal et al. 2007; Bohm et al. 2012). This suggests that the observation of
sweeps-dominated momentum and scalar transports in the canopy or roughness sublayer
under neutral or stable conditions holds for both vegetation and urban canopies.

The time fractions of ejections and sweeps are also notably different under different
stability regimes, as can be seen from Fig. 5. Sweeps occupy more time compared to ejections
under unstable conditions, suggesting that ejections are more intermittent, particularly for
sensible heat flux and CO; flux. The fact that ejections contribute more to the fluxes (Fig. 4)
while occupying less time (Fig. 5) clearly demonstrates that ejections are more efficient than
sweeps under unstable conditions. This is again related to the ‘buoyantly-driven’ intense
thermals under unstable conditions that are surrounded by slower subsiding columns of air
and that are more efficient at transporting scalars than momentum (Li and Bou-Zeid 2011;
Dupont and Patton 2012).

Under neutral and stable conditions, the time fractions of sweeps are slightly larger than
those of ejections for CO; flux at all three levels, particularly at 47 m. However, for momentum
flux, sensible heat and latent heat fluxes at 47 m, the time fractions of sweeps are less than
or close to those of ejections. Given that the flux contribution of sweeps is larger than that
of ejections (Fig. 4), while the time fraction of sweeps is less than or very close to that of
ejections (Fig. 5) at 47 m, one can infer that sweeps transport momentum, sensible heat and
latent heat more efficiently than ejections within the urban roughness sublayer. In addition,
it also suggests that sweeps may transport CO» less efficiently than temperature and water
vapour since the time fraction of sweeps is the largest for CO, among the three scalars. This
is further examined using measures of turbulent transport efficiencies in Sect. 3.3.

3.2 Statistical Modelling of Ejection-Sweep Motions

In this section, the aim is to assess statistical models for characterizing ejection—sweep
motions over an urban canopy. First, the Gaussian models for calculating the flux contributions
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and time fractions of ejections and sweeps (Eqgs. 8, 9) are evaluated. Under stable and near-
neutral conditions, the Gaussian models reproduce the flux contributions and time fractions
of ejections and sweeps fairly accurately for both momentum and scalar fluxes at all three
levels (not shown). Under unstable conditions, however, departures from model predictions
are occasionally seen, especially for scalar fluxes (not shown), which are caused by significant
deviations of scalar PDFs from a Gaussian distribution (Chu et al. 1996; Liu et al. 2011).
Previous studies also found that the skewness of scalars become increasingly larger than zero
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as instability increases (Li and Bou-Zeid 2011). Given that the difference between the time
fractions of ejections and sweeps is almost a linear function of the skewness (see Eq. 18 in
Katul et al. 1997), the Gaussian models, which predict identical time fractions of ejections
and sweeps, cannot capture the unequal time fractions of ejections and sweeps resulting from
non-zero skewness of scalars.

The remainder of this section is focused on modelling the inequality between ejections and
sweeps in terms of flux contributions as observed in Fig. 4. The difference in flux contributions
between ejections and sweeps (ASy = Sejection — Ssweep) 1S important given that it can be
linked to the scalar variance budgets (Katul et al. 2006). The CEM and ICEM are used to
model the difference in flux contributions from ejections and sweeps as functions of third-
order cumulants (M;;,i + j = 3). Since no significant qualitative difference is observed
among the three levels, here only the results at 140m are shown in Fig. 6. It appears that
both CEM and ICEM yield reasonable estimates of the relative importance of ejections and
sweeps, especially for the momentum flux (see the top panels of Fig. 6).

Table 3 presents a quantitative comparison between the results from the CEM and ICEM
at all three levels for momentum and all scalars, including the simulated mean absolute A S,,
the ratio of the simulated and observed mean absolute A S,, and the root-mean-square error
(RM SE) between simulated and observed A S,. Since A S, can be either positive or negative,
the modelled and observed mean values given in Table 3 are the mean of absolute AS,. As
one can see, the CEM and ICEM give slightly different mean values of absolute A S, but the
CEM does not necessarily produce better results when compared to observed mean A S,,. For
example, the ratios of the simulated and observed mean absolute AS, for momentum flux
are closer to unity when the ICEM is used. Moreover, the RM SE generated by the ICEM is
sometimes smaller than that generated by the CEM, as suggested by the italicised values in
Table 3. In summary, Table 3 suggests that the ICEM yields similar results as the CEM. One
notable exception is associated with CO; at 47 m, where the ICEM generates a much larger
RM S E than does CEM and the ratio of the modelled and observed mean absolute A S, from
ICEM significantly deviates from unity.

It is of particular interest that the ICEM yields overall similar results as the CEM (Katul
et al. 2006), suggesting that it is reasonable to ignore the contributions from the skewness
terms in modelling the inequality between flux contributions from ejections and sweeps over
bluff urban canopies. Figure 7 further examines this assumption by showing the cumulative

distribution function (CDF) of the absolute value of %Rwa (Mo3 — M3gp) / (M3 — My2). As

mentioned earlier, only when this ratio is small can the term %Rwa (Mo3z — M3p) be safely
neglected and the CEM and ICEM will generate similar results. As can be seen from Fig. 7, this
is the case for momentum, temperature and water vapour at all three heights. For momen-
tum, over 90 % of the segments have absolute values of this ratio < 0.5; for temperature
and water vapour, about 80 % of the segments have absolute values of this ratio < 0.5.
However, for CO;, a large fraction of the segments have large absolute values of this
ratio, in particular, at 47 m. This suggests that the skewness of CO; is significantly dif-
ferent from the skewness of vertical velocity. This is in agreement with the results shown
in Table 3 that the ICEM generates a much larger RM SE than does the CEM and the
ratio of the modelled and observed mean absolute AS, from the ICEM significantly devi-
ates from unity for CO, at 47 m. Consequently, one can conclude that the ICEM fails for
scalars such as CO; that have very different skewness from that of the vertical velocity,
which can occur over heterogeneous surfaces such as the urban surface examined in this
study.
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3.3 Turbulent Transport Efficiencies of Momentum and Scalars

Previous sections examine the characteristics of coherent ejection—sweep motions where
dissimilarity between momentum and scalars and among different scalars is observed. In this
section, turbulent transport efficiencies are studied. Figure 8 shows the correlation coefficients
(Ryw, Rut, Rug, Ruco,) at the three levels (from bottom to top: 47, 140, and 280m). Also
shown are some fitted functions proposed in the literature, some of which are based on
experimental datasets collected over short, sparse vegetation surfaces (Bruin et al. 1993) and
some of which are based on experimental datasets collected over tall, bluff urban canopies
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Table 3 The modelled mean absolute AS, values, the ratios of modelled and measured mean absolute A S,
values, and the root-mean-square errors (RMSE) of the modelled A S, by CEM and ICEM

Height (m) Momentum Temperature Water vapour COy
CEM ICEM CEM ICEM CEM ICEM CEM ICEM
Mean
47 0.24 0.27 0.19 0.21 0.17 0.20 0.21 0.28
140 0.30 0.33 0.17 0.21 0.17 0.18 0.15 0.19
280 0.34 0.38 0.25 0.32 0.18 0.20 0.22 0.26
Ratio of means
47 0.92 1.05 0.93 1.06 0.94 1.09 1.03 1.39
140 0.91 1.01 0.89 1.15 0.93 1.02 0.91 1.12
280 0.94 1.03 0.90 1.16 0.91 1.00 0.90 1.06
RMSE
47 0.003 0.004 0.001 0.003 0.002 0.004 0.015 0.038
140 0.004 0.003 0.002 0.004 0.005 0.006 0.006 0.006
280 0.006 0.006 0.032 0.025 0.006 0.008 0.013 0.007
u T
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Fig. 7 The cumulative distribution function (cdf) of the ratio %Rwu (M3 — M30)/(M21 — M) for
momentum, temperature, water vapour and CO» at the three heights

(Quan and Hu 2009; Wood et al. 2010). It needs to be pointed out that Quan and Hu (2009)
also used a dataset collected at this Beijing tower, but only measurements at 47m were
considered and they did not explicitly consider the displacement height (z4) in their fitting
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Fig. 8 Transport efficiencies of momentum and scalars under stable (left panels) and unstable (right panel)
conditions at 47 m (bottom panel), 140 m (middle panel) and 280 m (top panel). The vertical error bars denote
the standard deviation within each bin. The solid lines are fitted functions from Bruin et al. (1993); the dashed
lines are fitted functions from Quan and Hu (2009) and the dotted lines are fitted functions from Wood et al.
(2010)

@ Springer



Transport of Momentum and Scalars 503

process. Another difference is that when they calculated surface fluxes, only yaw rotation is
conducted so that the x axis is aligned to the mean flow. Nevertheless, our analysis found
that the pitch angle sometimes can be large due to either complex terrain or the fact that the
sonic anemometer was not aligned exactly vertically. The fitted functions from Wood et al.
(2010) are based on turbulence measurements at 190.3 m on a flux tower in London, UK, and
the displacement height is considered when fitting a function for the transport efficiency.

Under unstable conditions (0.2 < —(z — zq)/L < 10), there is a fair agreement between
the observed turbulent transport efficiency for momentum and the fitted functions proposed
in the literature, all of which indicate that the turbulent transport efficiency for momentum
decreases as instability increases. Interestingly, the two fitted functions based on experimental
datasets collected over urban canopies are below the fitted function over vegetation surfaces
in this stability region, suggesting larger turbulent transport efficiencies for momentum over
urban canopies (Roth 2000). The observed turbulent transport efficiencies for momentum
at 140 and 280m follow the fitted functions based on experimental datasets over urban
canopies more closely, while the turbulent transport efficiency for momentum at 47 m seems
to agree with the fitted function that is based on the experimental dataset over vegetation
surface. Under near-neutral conditions (—0.2 < (z — zq)/L < 0.2) and stable conditions
(0.2 < (z — za)/L < 10), larger deviations from the fitted functions are observed. Under
stable conditions, the transport efficiency of momentum clearly shows a decreasing trend
with (z — zq)/L at all levels, which is in agreement with the two fitted functions proposed
for urban surfaces, but is not predicted by the fitted function proposed for vegetated surfaces.
Note that the fitted functions are not smooth at (z — zq)/L = 0 as the atmosphere undergoes
transition from unstable to stable, which is due to the fitting process as mentioned in Wood
et al. (2010).

The transport efficiencies of scalars show significant differences from the transport effi-
ciency of momentum. All fitted functions indicate that the transport efficiency of heat increase
with —(z — z4)/L under unstable conditions, which is observed at the three levels. The two
fitted functions for urban canopies also indicate that the transport efficiency of heat (the
absolute magnitude) increases with (z — zq)/L under stable conditions, which is however
not clearly observed. As such, the agreement between the measured transport efficiency of
heat and the fitted functions (in particular the two functions for urban canopies) is satisfac-
tory under unstable conditions, but not under stable conditions. The large variability of the
transport efficiency of heat is not surprising given that the three fitted functions have already
displayed large differences among each other.

It should be pointed out that the transport efficiencies of momentum and heat have self-
correlations with the Obukhov length scale L. Nevertheless, the transport efficiencies of
water vapour and CO» should not be affected by self-correlation. As can be seen from Fig. 8,
the transport efficiencies of water vapour and CO; show distinct features as compared to
the transport efficiency of heat. Despite their slight increase with atmosphere instability at
47 m under unstable conditions, they are almost unaltered by atmospheric instability at 140
and 280 m under both stable and unstable conditions, which is in agreement with Moriwaki
and Kanda (2006). The transport efficiencies remain 0.2-0.4 with a slightly increasing trend
observed as the atmosphere changes from stable to unstable conditions, indicating that these
scalars are transported with equal efficiency by mechanical and buoyancy generated turbu-
lence. These observations clearly indicate scalar dissimilarity, which is as expected over such
a heterogeneous surface and suggest that many fitted functions proposed for the turbulent
transport efficiency of heat cannot be simply extended for describing the turbulent transport
efficiency of other scalars. Under stable conditions, the turbulent transport efficiency of heat
becomes negative due to the downward heat fluxes; nevertheless, the turbulent transport effi-
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ciencies of water vapour and CO, remain positive, implying that the latent heat flux and CO,
flux are upward even under stable conditions. When the absolute magnitudes are consid-
ered, the turbulent transport efficiencies of water vapour and CO, are comparable to that of
temperature under stable conditions, as shall be seen later. The dissimilarity seen among the
three scalars is further investigated by examining the ratios of these transport efficiencies.

Figure 9 shows the ratios of transport efficiencies of water vapour and CO to the transport
efficiency of temperature, where the signs of transport efficiencies are not considered. When
the ratios < 1, heat is transported more efficiently than water vapour and CO,, and vice versa.
Two different measures of transport efficiencies, the correlation coefficient and the efficiency
based on flux contributions from ejections and sweeps, are both shown on Fig. 9. As one can
see, the two measures of transport efficiencies yield similar patterns and trends despite of
differences in the magnitude. Under very unstable conditions, the ratios are generally <1,
implying that heat is transported more efficiently than other scalars. This has been observed
and analyzed by many previous studies (Warhaft 1976; Katul and Parlange 1994; Katul and
C11999; Assouline et al. 2008; Li et al. 2012; Zhao et al. 2013). The buoyant production term
in the sensible heat flux budget equation is always more significant than that in the water
vapour/CO» flux budget equations. As the atmosphere tends towards neutral, temperature
fluctuations can be easily generated by horizontal temperature gradients, which result in an
increase in the temperature variance and a concomitant reduction in the transport efficiency
(see also Nordbo et al. 2013). This effect is less prominent for inactive scalars such as water
vapour and COj, and as a result, the ratios of transport efficiencies of water vapour and CO;
to the transport efficacy of temperature increase. Note that, although water vapour can modify
the dynamics of the atmospheric flow to a certain degree, it is usually viewed as an inactive
scalar rather than an active scalar. Under stable conditions, the transport efficiencies of the
three scalars are similar at 140 and 280 m, implying scalar similarity under stable conditions
(Dias and Brutsaert 1996). The ratio being &~ 1 at 280 m might suggest that turbulence is very
weak and the height of the stable ABL is below 280 m. At 47 m, heat is transported more
efficiently than the other two scalars, and the transport efficiency of water vapour is slightly
higher than that of CO, and is thus closer to that of heat. The lower transport efficiency of
CO, observed at 47 m under stable conditions is in agreement with the larger time fractions of
sweeps as observed in Fig. 5. Our findings are nonetheless not in agreement with Nordbo et
al. (2013) who observed that heat is always transported less efficiently than water vapour and
CO; under stable conditions. This highlights the need of further investigation on turbulent
transports of scalars over urban canopies under stable conditions.

The differences seen between temperature and the other two inactive scalars can also
be induced through the surface heterogeneity effect (i.e., the sources and sinks for scalars
are different). As suggested by Moriwaki and Kanda (2006), some thermal structures that
transport heat under unstable conditions may also transport water vapour and CO; but others
may not due to the mismatch between the location of a thermal structure and the region of
high water vapour or CO> concentration. In addition, the heterogeneity of sources and sinks
can also produce dissimilarity between water vapour and CO, (Moriwaki and Kanda 2006;
Williams et al. 2007; Nordbo et al. 2013). Moriwaki and Kanda (2004) show that the main
source of water vapour over a residential area in Tokyo, Japan is vegetation transpiration,
while the main source of CO; is the consumption of fossil fuels, from both vehicles, home
heating, and the exhalations of humans. Around the Beijing tower, the fraction of vegetation
and soil is not negligible and the latent heat flux in summer months is of comparable magnitude
to that observed by Moriwaki and Kanda (2004) (see e.g., Miao et al. 2012). Some studies
also suggest that the major source of CO; in Beijing is transportation and heating/cooling
(Liu et al. 2012; Song and Wang 2012). As such, the dissimilarity between water vapour
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and CO; is expected, which is indeed observed in Fig. 9. Nevertheless, it is interesting to
observe that at 47 m, the transport of water vapour is more efficient than CO; under unstable
conditions while the opposite is true at 140 and 280 m. Moriwaki and Kanda (2006) and
Nordbo et al. (2013) also observed a higher transport efficiency for water vapour than CO,
under unstable conditions. The height at which turbulence measurements used in Moriwaki
and Kanda (2006) is taken is 29 m, and the three eddy-covariance stations employed in the
study of Nordbo et al. (2013) have heights of 31, 41.8, and 60 m. As such, our observation that
water vapour is transported more efficiently at 47 m under unstable conditions is in agreement
with these two studies. At higher levels, the turbulent transport is also affected by advection,
top—down diffusion, and other large-scale processes that may also induce scalar dissimilarity
(see e.g., McNaughton and Laubach 1998; Lee et al. 2004; Asanuma et al. 2007; Cava et al.
2008; Katul et al. 2008; Huang et al. 2009; Li et al. 2012).

4 Conclusions

Turbulence measurements available at the Beijing’s 325 m flux tower (at 47, 140 and 280 m)
provide valuable opportunities to examine turbulent structures over extremely rough and
heterogeneous surfaces in the atmospheric boundary layer. In this study, the quadrant analysis
technique is used to examine the turbulent transport of momentum, temperature, water vapour
and CO,. The characteristics of ejection—sweep motions are quantified, and it is found that the
ejection—sweep motions at all three levels are strongly affected by the atmospheric stability.
Under unstable conditions, ejections contribute more to the total fluxes than do sweeps
but occupy less time, which is linked to the ‘buoyantly-driven’ structures or thermal plumes.
Under neutral and stable conditions, sweeps dominate momentum transfer and scalar transfer
at the lowest level, which is within the urban roughness sublayer.

Modelling of the characteristics of ejections and sweeps such as flux contributions and time
fractions is also investigated in this study. A Gaussian joint probability density function for
flow variables is sufficient to reproduce the flux contributions and time fractions of ejections
and sweeps. Nevertheless, in order to capture the unequal flux contributions from ejections and
sweeps, third-order statistics have to be included. The third-order cumulant expansion method
(CEM) and the truncated incomplete cumulant expansion method (ICEM) both reasonably
reproduce the imbalance between flux contributions from ejections and sweeps. However,
the ICEM is not applicable for CO; at 47 m due to the fact that CO, at 47 m has a significantly
larger skewness than vertical velocity.

Dissimilarity between momentum and scalar transfer is observed in the characteristics of
ejection—sweep motions. For example, the flux contributions and time fractions of ejections
and sweeps are different for momentum and scalars. The relative importance of ejections
and sweeps is also different for momentum and scalars. The time fractions of sweeps at 47 m
are slightly larger than those of ejections for CO; flux but smaller than or close to those of
ejections for momentum, heat and water vapour fluxes. The departures of the characteristics
of ejections and sweeps from Gaussian model predictions are larger for scalars than for
momentum under unstable conditions. As compared to the CEM, the ICEM also reproduces
the imbalance between contributions from ejections and sweeps for the momentum flux;
nevertheless, the ICEM does not work well for CO; at 47m due to the breakdown of its
assumption. These dissimilarities in the characteristics of turbulent structures are strongly
linked to the different transport efficiencies of momentum and scalars.

A transport efficiency measure based on quadrant analysis, together with the traditional
transport efficiency measure based on the correlation coefficient, are used to quantify the
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dissimilarity between the turbulent transport of momentum and scalars. The results indicate
that atmospheric stability has important effects on transport efficiencies of momentum and
heat; under unstable conditions, the transport efficiency of momentum decreases as insta-
bility increases while the transport efficiency of heat increases; under stable conditions, the
transport efficiency of momentum decreases while the transport efficiency of heat does not
display a clear trend. The transport efficiencies of momentum and heat are also compared to
fitted functions from three previous studies of which two are based on experimental datasets
over urban canopies. Our results are in broad agreement with these studies, particularly for
momentum. Nevertheless, some discrepancies are observed under near-neutral and stable
conditions.

Compared to the transport efficiency of heat, the transport efficiencies of water vapour and
CO; are not significantly altered by the atmospheric stability. The dissimilarity among the
three scalars is further examined using the ratios of transport efficiencies of water vapour and
CO;, to the transport efficiency of heat. Under very unstable conditions, heat is transported
more efficiently than is water vapour and CO;, which is in agreement with many previous
studies. As the atmosphere tends towards neutral, the ratios increase due to a significant
decrease in the transport efficiency of heat. Under very stable conditions, the three scalars
are transported similarly at 140 and 280 m; at 47 m, the transport of water vapour is more
efficient than that of CO;, which is in agreement with the finding that the time fractions of
sweeps are larger for CO, given that sweeps are the dominant mechanism for scalar transport
in the roughness sublayer. The dissimilarity among scalars is caused by the combination of
the active role of temperature and the surface heterogeneity effect.

There are some limitations of this study that are important to appreciate. First, the results
are based on measurements at three levels but it is well-known that turbulence changes
significantly with heights even within the same layer as shown in Fig. 1. As such, the results
might not represent the whole picture of a given layer. Second, the sources and sinks for
scalars are likely to vary seasonally and annually. The rapid urbanization in Beijing can
also lead to changes in the surface properties, which will affect the turbulent transport of
momentum and scalars within and above the urban canopy. These effects are not considered
here but may be important for other applications.
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