7/ Urban Micrometeorology

7.1 Introduction

Having examined the urban fine arosol flux measurements made @ove the City of
Edinburgh in chapter six, this sdion focuses on aspects of urban micrometeorology
relevant to pdlutant and heat transport. The purpose of this chapter is to present results
suppating the findings of chapter six, rather than to provide afull review of urban

micrometeorology or to develop further generali sed results.
7.1.1 Badkground

Investigations of urban micrometeorology are wmparatively well represented in the
literature, with comprehensive treaments of the urban heat baance, city scde
aegodynamic (e.g. Feigenwinter et. al., 1999 and roughnessbehaviour (e.g. Grimmond
and Oke, 1999 Grimmondet. a., 199§ and the so-cdled uban hea isand effed (e.g.
Grimmondand Oke, 1999 avail able. Recently much attention hes al'so been devoted to
the study of airflow through uban canyon systems, with a view to understanding the
behaviour of pallutants on the scale of individual streds and to elucidate the medhanism
by which pdlutants are removed from the immediate vicinity of sources (e.g. Barlow
and Belcher, 20@).

7.1.2 Investigations of the Urban Hea Balance

Whil e there have been attempts to extend ou existing knowledge of turbulent spectral
and co-spectra behaviour to the boundary layers of cities (notably by Roth and Oke,
1993, more pubished data ae required before an asessment can be made of the
spedfic effects of urban surfaces on the structure of turbulence. To date, studies have
exclusively used parameterisations for crop surfaces (e.g. Panofsky and Dutton, 1984
Wyngaad and Coté, 1979. Presumably the use of full range spectra modds with

124



higher roughness lengths would give rise to larger “peak frequencies’, however there
are no examples of the gplicaion d full range spectral models (e.g. Kaimal et. al.,

1972 to wrban surfacesin the literature.

The following sedions include experimental results from abowve the City of Edinburgh
gained from the UMIST CPC flux system. These serve to elucidate the mechanisms of
agosol and hea transport above the study city. Detail s of the experimental arrangement

are given in chaptersthree ad six.

7.2 Urban Heat Balance

As for any surface, the net energy inpu to an urban areamust be equalled by energy
loss In the case of cities, there is an extra term in the energy balance not present for
natural or semi-natural surfaces. Along with incoming short wave radiation,
anthropogenic heat inpu must also be mnsidered. In terms of dired energy balance
measurements, this additional energy manifests itself as an increase in latent and
sensible hed fluxes and a decrease in net radiation (R,)). The decrease in net radiation is
due to increased upwvard long wave emisson, —acarding to the Stephan-Bolzmann law
an increase of 1 °C in surfacetemperature (assuming black body emissvity) results in
anincreasein R, of 5 — 6W m™. However, determination o the anthropogenic energy
inpu from estimates of the deficit in R, is complicaed by the fad that the palluted
urban boundry layer also gives rise to an increase in dovnward long wave flux (R_g).
The energy balance can be expressd as:

R +E, +E, =/E+H (7.1)

where E¢ and Eq« are the fossl fuel and nonfosdl fuel derived comporents of the
anthropogenic energy inpu respedively, and R, = S + R4 - Ry with § being the
(global) incident short wave radiation. This smplified expresson for the urban energy
balance a3aumes integration ower a significant time period (idedly at least one full

diurnal cycle) so that hed storage dfects can be negleded.
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Nemitz et. al. (2002€) estimated that the total anthropogenic energy input was 44 W m’
2 from an analysis of the energy balance of the study city, measured duing the SASUA
3 campaign. The analysis is shown in figure 1. There are a number of interesting
feauresin figure 1. The integrated sum of sensible and latent hea flux is larger than the
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Figure 1. Dirnally averaged mesured fluxes of sensible and latent hea fluxes, net
radiation and solar radiation for Edinburgh city centre. From Nemitz et. al. (2002)

downward net radiation flux. This is acourted for by the alditional 44 W m? nated
abowe, + infact this disparity is how the figure was cdculated.

The turbulent hea fluxes are naticealy out of phase with the radiation fluxes. This is
attributed to the combined effeds of hed storage in the fabric of buildings and aher
man made surfaces, and the fad that the diurna cycle of E; (= Ex + Eq) is different to
that of R, (this was aso naed in chapter six with resped to aerosol emisson). The
source of the latent hed flux is unclea, given the dficient drainage dharaderistics of
cities. However, a possble source may, again, be axthropogenic activity. Severa such
adivities produce water vapou (e.g. cooking, combustion), and it is difficult to see a

12¢



aternative source of nocturnal water vapour emisson when sensible hea fluxes are

either negligible or negative & night.

To afirst approximation, the arthropogenic energy inpu can be subdvided into the two
comporents mentioned above using the available measurements. During the third
SASUA campaign, CO, fluxes were measured at the dty centre site. Asuming that all
of the measured CO, emisson was due to fossl fuel combustion, that the fuels
resporsible for those emissons had a C + H ratio of 0.866and that 45 MJ g* was the
average caorific value of the fuels, Nemitz et. al. (2002 e) show that approximately
30% of the anthropogenic heat inpu (E;) is derived from fossl fuel combustion (Eg).
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Figure 2. Diurnal average energy input from fossil fuels (derived form CO2 flux

measurements) and non-fossil fuel sources. From Nemitz et. al. (2002
This cdculation is shown in figure 2, where the E; is explicitly derived from the net
energy imbalance measured over the study city. Further sensible hea flux
measurements are included in chapter six in suppat of the aeosol transport
measurements. The foll owing sedion introduces the spedral and co-spedral analyses of

sensible hea and fine mode aerosol fluxes from the third urban measurement campaign.



7.3 Power Spedral Behaviour

Power spedra (as detail ed in chapter two) of verticd wind velocity, air temperature and
agosol concentration are presented here & a means of assessng their respective
variances in the urban bourdary layer. The spedra are presented as threedimensional
plots of power spedrum (Sa) vs. stability parameter (2), in order to assess ther
variability under different stratifications. This gyle of presentation hes nat previously
been used in the literature, bu is an efficient means of gaining an impresson d the
stabili ty dependence of scdar transport mechanisms. All power spedrain this dion
are normalised by the variance of the quantity in question. For further ease of

comparison, the frequencies presented are non-dimensionali sed as discussed in chapters

two and four.
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Figure 3. Verticd wind speed power spedrum vs. stability parameter from the third

urban measurement campaign (SASUA 3).
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7.3.1 Verticd Wind Sped

The range of verticd wind speed power spedra is displayed in figure 3. There is no
large variation in the low frequency behaviour or peak frequency in these normalised
spedra. With the exception d an oulying paint in the most unstable caegory, the
spedra behave & predicted (see sedion on spectral analysis in chapter 2). At high
frequencies, the onset of white noise is determined by the amospheric stability
parameter. The dharaderistic positive gradient appears at the lowest frequencies in the
neutral spedra. That this is apparent is a result of the normalisation d the power
spedral density. The variance in the time series is comparatively low at all frequencies
in the neutral boundxry layer, and the un-normalised variance d& which white noise

appeasis smilar acrossthe whale stabili ty range.
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Figure 4. Verticd wind speed power spedrum vs. stability parameter from the
third urban measurement campaign (SASUA 3).
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7.3.2 Air Temperature

Figure 4 displays the power spectrum of virtual temperature measured by the ultrasonic
anemometer. Similarly to the verticd wind speed pover spectrum presented abowve, the
white noise asciated with the limit of the anemometer temperature resolution is first
encourtered aroundthe neutral limit. This is associated with extremely low hea fluxes
giving rise to very little “structure” in the time series of air temperature. As outlined
abowe, the @solute values of the spedra aoundneutral stability are very low, and have
been raised here by the spectral density normalisation used.

f=ng/

Figure 5. Fine mode a@osol concentration power spedrum vs. stability parameter from the

third urban measurement campaign (SASUA 3).
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7.3.3 Fine Aerosol Concentration

Figure 5 shows the final power spedrum to be examined. The frequency dependent
behaviour of the aeosol time series appears to be uniform aaoss the stability range.
The onset of white noise appears in a similar locaion to that observed in the neutra
wind spead power spedra arossall values of z. The “fold” visible & aroundf ~ 107 is
not thought to be significant. It appeas to be an artefact of the averaging process used
for this st of power spedra. Examination d the c-spectrum of Wand c later will show
that this is not correlated with vertical wind speed, and hence does not affect the

measured agosol flux.

7.4 Co-spedral Behaviour

7.4.1 Sensible Heda Flux

Plots of co-spedral density have been treaed dlightly differently to the power spedrain
this sdion. The frequency nondimensionalisation is the same & before, and al co-
spedra have been namalised by their respective cvariances. However, becaise -
spedra can take on regative values, the positive axd regative values have been
averaged separately to fadlit ate display of bath “parts’ of the spedra. Figure 6 shows
the c-spectrum of temperature and vertical wind speed (Cywr). The pasitive part of Cyr
* 6 (a) behaves smilarly to the power spedra. The turn upto a paositive gradient at high
frequency in urstable condtions is thought to be aresult of the flux not being fully
resolved duwe to the combined limitations in resolution d the wind speed and
temperature measurements. In these frequency-weighted plots, an increase in propation
to ! is equivalent to a mnstant covariance per unit frequency interval. This constant
value crresponds to the lowest covariance calculable by the system. Interpretation d
the “negative’ portions of the -spedra requires me ommment here. Because the
spedra ae normalised by the m-variance of their constituent time series, the negative
co-spedrarepresent transport aganst the mean gadient as determined by the measured

flux, rather than simply upward or downward transport.
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Figure 6. WT co-spedrum vs. stabili ty parameter from the third urban measurement campaign

(SASUA 3). a) Average of positive cvariances. b) Average of negative covariances
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However, in the cae of Cyr, becaise of the definition d the stability parameter, the
plot of positive @-variance shows upward heat flux in urstable @ndtions and
downward hed flux in urstable ndtions. The negative @-variance plot shows the
oppasite. Part (b) of figure 6 shows the negative portion d the w-spedrum. The most
notable fedure here is the ladk of any downward heat transport in urstable cndtions.
This is expeded simply from the definition o @unstable condtions® (chapter 2),
however it is worth nding that sensible hea transport aways has a bi-diredional
comporent in stable condtions. Thisis thought to be mainly because of the competition
between nocturnal anthropogenic heat generation at the urban surface ad radiative
coadling. In conjunction with thisresult it isaso naed that negative hea fluxes observed

above the study city were never large in magnitude.

7.4.2 Fine Aerosol Flux

Figure 7 shows the @-spectrum of W and ¢ (Cwc). It is aso split into separate
gositive® and 2negative® plots. Again, the positive part of the @-spectrum shown in 7
(@) is relatively uniform across the stability range. The Negative portion in 7 (b),
however, behaves rather differently. A small courter gradient component of the flux
exists aaossmost of the stable range, asin figure 6 for sensible heat flux. However, the
largest negative values are observed at low frequencies in the mildly unstable range.

This suppats the discusson in chapter six of the reason for a depresson in aerosol flux
under unstable ndtions, and the speaulation on a possble source for downward
moving particles. The conjecture was that a layer of elevated aerosol concentration may
exist towards the top d the boundxry layer, and davnward movement of aerosol over

the time periods indicated in figure 7 (b) would be expected if this were the case.
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Figure 7. W ¢ co-spedrum vs. stabili ty parameter from the third urban measurement campaign

(SASUA 3). a) Average of pasitive cvariances. b) Average of negative @variances
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The fina major point of interest in figure 7 is the fact that courter gradient aeosol
transport (usually this means downward transport in the urban environment) appeas to
be restricted to relatively low frequencies at all stabiliti es, £ the gaps in the plot at
higher frequencies indicate that short period dovnward movements of aerosol were
generaly nat observed. This conjecture will be revisited orce more in the following

sedion on pobabili ty density analysis of the hea and aerosol fluxes.
7.5 Probability Density Analysis

The @ncept of probability density analysis was introduced in chapter two. Here it is
used as another means of understanding the cuging between verticd motions and
entrained quantities. The virtual temperature and verticd wind speed probabili ty density
is examined first, followed by that for aerosol flux.

7.5.1 Temperature

Figure 8 shows the average joint probability density function for instantaneous
fluctuations in air temperature and verticd wind speed. The two plots down are
constructed from the same data, bu are differently presented in order to give an
impresson d the shape of the function. The individua values are the average
frequencies of occurrence for the whole of the SASUA 3 campaign. Axes gan atotal of

four times the variance of each time series.

The first point to nae is the mncentration d probability in the ceantre of the plot. This
indicates that it is most common for both time series to remain close to their own mean
values for most of the time. Large excursions of either the W or T time series are rare,
and it appeas that much o the sensible hea flux is transported by a large number of
comparatively dow strength® eddies. The other clear finding is that the probability

density is very nealy circular. Although the dty is a strong source of sensible hea on
average, thisis not obvious from inspedion o figure 8.
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Figure 8. Joint probability density for turbulent fluctuationsin verticd wind speed and air

temperature. @) Intensity plot. b) Relief plot
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Figure 9. Joint probability density for turbulent fluctuationsin verticd wind speed and air

temperature. a) Positive sensible hed flux b) Negative hed flux
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Figure 9 separates the sensible heat flux data to show the dfed of the shape of the
probabili ty density on the measured flux. 9 (a) was constructed in a similar manner to
figure 8, bu al dataincluded were taken from periods where the sensible hea flux was
between 50 < H < 200 W m™. 9 (b) is sSmilarly segregated for periods where the
sensible hea flux was 20> H > -200W m,

The diff erence between the two plotsin figure 9 isreaily visible. Again, it emphasises
the fad that the wuding between verticd wind speed and correlated entrained
quantities is rather subtle. It shows the difference in appeaance of the probability
density where aflux is present. The noteworthy feaure is that the distribution is gill
nearly circular and centred on the zero perturbation pant. However, it has become
slightly ellipticd, with the long axis of the dlipse having a negative gradient in
condtions of negative flux (again, chapter two contains an explanation d this). These

probabili ty densities will be used for comparison with thase pertaining to agrosol flux.
7.5.2 Aerosol Concentration

Figure 10, similarly to figure 8 shows the arerage joint probability density for all data
from SASUA 3. The shape of the distribution is qualitatively similar to that of figure 8,
except that since the dty is a strong aerosol source @ most times, figure 10 (a) is

perceptibly elli pticd. The aea of highest probabili ty density is dill | ocaed nea the zero

perturbation pant of the plot (\% =0, ?Cz =0). However, recdculating the

distributions for mildly unstable periods (where for figure 11 (a), 1.5< z < 3 and for
figure 11 (b), 2 < z < 3) reveds dightly different behaviour.

Figure 11 shows the re-cdculated data for the stability criteria given above. These
condtions were dhosen because it is during such condtions when the aeosol emisson
is apparently (and wnexpededly) suppressed (chapter six). In bah cases the highest
probabili ty density has shifted away from (0,0), and there is even a suggestion that the
distribution may be splitti ng into two separate maxima. Although it is difficult to seethe
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effect of this on the fluxes from the probability density anaysis alone, it may be

indicative of more complex behaviour than simple transport away from asingle source

The tentative finding that the average joint probabili ty density function for aerosol flux
behaves differently in stable and urstable cndtions, and that it is dissmilar to that for
sensible hea flux, suppats the interpretation d the @-spectra dove. It is not passhble
to ascertain from the probability analysis alone whether the unstable aerosol flux
behaviour is caused by two separate a@osol sources, or by two dstinct transport
medanisms. It isonly clear that the instantaneous exchange velocity for agosol isnot a

simple function d the variance of verticd wind speed and agosol concentration.

However, in conjunction with the aguments st out in the context of the @-spectral
analyses it is drongly suggestive of the former, and at least of complicaing fadors in
the aeosol flux. Further data are required to gain a more reliable picture of the
medchanism of aerosol transport in the unstable regimen, hovever it appeas that aerosol
transport is not entirely analogous to sensible heat transport under the @ndtions
discussed.



Figure 10. Joint probabili ty density for turbulent fluctuationsin verticd

wind spead and agrosol concentration. a) Intensity plot. b) Relief plot
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Figure 11. Joint probabili ty density for turbulent fluctuationsin verticd wind

speed and aerosol concentration. Projed averages over two mildly unstable ranges.

141



7.6 Summary

The energy baance for an uban area has been examined, with spedal reference to
anthropogenic energy inpu. It is dhown that the nonradiative heating of the urban
surface examined is equivaent to the aldition d 44 W m™ to the system. Of this
additional energy, which is assumed to be anthropogenic in arigin, it has been estimated
that around 3% is derived from fossgl fuel combustion within the dty. Possble sources
for the remaining 60% include space heating and aher eledrically powered activities,
for which the asciated fossl fuel combustion takes place well outside the aty.

The spedral and co-spedra behaviour of sensible heat and aerosol transport have been
discussed. The stability dependence of the bi-diredionality of sensible heda fluxes has
been naed. Similarly, there is a stability dependence for downward aeosol flux, with
strong low frequency downward transport of aerosol observed duing unstable

condtions.

The analysis of the probability density functions for vertical wind speed with virtua
temperature and aerosol concentration shows evidence of complicaing factors in the
agosol flux not present in the hea fluxes. A comparison d the probability density and
co-spedra analyses for aerosol flux is suggestive of downward transport of aerosol
from aloft competing with upwvard transport from urban surface sources, as siggested in
chapter six. This requires further investigation, pobably involving the gathering of
more data, again under awide variety of atmospheric condtions.
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