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Abstract. A novel system using the technique of concurrent niques open to significant uncertainties unless datasets are
multi-axis differential optical absorption spectroscopy sys-available against which they can be rigorously validated. The
tem has been developed and applied to the measurement afban atmosphere therefore presents a substantial measure-
nitrogen dioxide in an urban environment. Using five fixed ment and modeling challenge.

telescopes, slant columns of nitrogen dioxide, ozone, water

. _ Zenith-viewing UV/Visible scattered light differential op-
vapour, and the oxygen dimer,4Qare simultaneously re-

: . . o o tical absorption spectroscopy (DOAS) has been used over a
trlevgd n five vertlcally separate_d viewing d|ref:t|ons. The number of decades for the retrieval of atmospheric concen-
application of this remote sensing technique in the urbantrations of traces species including, MO, BrO, OCIO, 10,

envlqunmlt_em IS explore?. Thr?ugh thﬁ a_ppllcatlont O:SEVWCHO and Q. (e.g.Noxon (1975; Noxon et al.(1979;
eral simplifying assumptions a tropospheric concentration Olslomon et al.(1987; Johnston and McKenzi¢1989;

NO; is derived and compared with an urban backgroundvan Roozendael et a[1994: Aliwell et al. (2002; FrieR

in-situ chemlllumlnesc_enc_e detectpr. Trends derived fromet al.(2007): Wittrock et al.(2000); Tornkvist et al (2002)
remote sensing and in-situ techniques show agreement t

fh recent years, systems incorporating off-axis (non-zenith
within 15 to 40% depending on conditions. Owing to the y Sy P g ( )

high ti luti £ th ts. the ability 1o | measurements have been developed (8anders 1996
'gh time resolution ot the measurements, the abllity 10 1M- o ot a1, 1997 Honninger et al. 2004hc; Bobrowski

age and quantify plumes within the urban environment iset al, 2003 Leser et al.2003 Wittrock et al, 2004 Heckel
demonstrated. The CMAX-DOAS mea.surements. proyide %t aI’, 2005 Sinreich et al. 2009 Off-axis ’techniques ex-
useful measure of overall N&oncentrations on a city-wide ploit the improved sensitivity of non-zenith measurements to
scale. tropospheric trace-gas concentrations owing to the enhanced
tropospheric path length of collected scattered light. Through
the incorporation of multiple off-axis viewing geometries, in-
1 Introduction formation on the profile and spatial distribution of trace gases
can be retrieved.

Public exposure to nitrogen dioxide (NDin the urban en- .
vironment is a health concern, a public policy concern and . The DOAS technlque can be used to measure absorp-
tion by trace species throughout the path length of scattered

the subject of several national and international directives

on air quality. At present monitoring/measurement uses net-SOIar radiation Rlati 1994 As a general rule the strato-

works of spatially sparse in-situ monitors coupled to emi:s—SpheriC p_ath length is modl_JIated by changing so_lar zenith
sion inventories and empirical models to estimate,NMON- angle while the tropospheric path length is dominated by

centrations and exceedences of air quality standards. Coﬁ:_hanges In mstrum_ent Viewing Qeo’T‘e.tW”””.‘ger et al..
siderable spatial inhomogeneity in the dynamics, meteorol-2,004"’) Tropospheric sensitivity is mm'm'S,Ed in the zenith
yiew, as photons are generally scattered in the lower strato-
sphere and upper troposphere and therefore take a vertical
Correspondence td®. S. Monks path straight through the boundary layer. Off-axis viewing

(P.S.Monks@leicester.ac.uk) angles with elevations less than 20 degrees above the horizon
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five or more viewing geometries simultaneously and has been
tested in urban conditions to measure the concentration and
time evolution of boundary-layer nitrogen dioxide (RO

2 Experimental

The CMAX-DOAS instrument was installed on the roof of
the Space Research Centre at the University of Leicester
(52.62 N, 1.12°W) at the end of 2003. A full descrip-
tion of the CMAX-DOAS instrument can be found lireigh

et al. (2009. Briefly, the instrument comprises of five tele-

AUN

. scopes, fixed in a northerly direction at 2, 5, 10, 15 and

90 degrees (zenith) elevation. The telescopes are connected
via fibre-optic cables to an Oriel MS257 imaging spectrom-
eter, which concurrently images spectra from all viewing ge-
ometries onto a Marconi 48-20 CCD. Spectra retrieved from
these images are analysed using the DOAS technigjia, (
1994 to derive differential slant column densities of WO

.Imperial Av oCMAX-DOAS

Glenhills
(]

ah ozone, HO and the oxygen dimer £ Errors on retrieved
o e o Legend differential slant columns of N@are approximately 2% for
L L " i i 1 0, IsSi 1
' ! ‘ Mean Annual NOZ Conc 2001 analysis on a smg!e fibre, and 5% error on analysis mvoh_nng
. . o _ B 2561 -2047 spectra from one fibre and a reference spectrum from a differ-
Points for the interpolation produced by Leicester City Council using the ) A i . L
e Cometoni. shovs et oot o oo f I 20493205 ent fibre (eigh et al, 2006 Leigh, 2009. Detection limits
nitrogen dioxide in micrograms per cubic metre for 2001. This plot is only | | 32.06 - 3453 . . . . .
applicable to the areas shown within the Leicester City Council boundary ‘:, 34543682 Calculated USIng the RMS flt I’eSIdua| fO”OWIng the teChanue
[ Jees-a011 of Stutz and Plat{1996 are 1.4<10'®mol cm 2 for a sin-
[ Jaiz-a217 gle fibre, and 3.210'5, 4.2x10' and 4. 10 mol cnm2
42.18 -51.05

for the 15, 10 and 5 degree views respectively when using a
zenith reference spectrum.

Fig. 1. Modeled NG concentrations in the Leicester Area, pro- A C'?a_r view to the North was av_a'lable' un_ObStrUCt_ed '_Oy
duced by the ADMS model, using assimilated data from the auto-tall buildings and trees. The location of the installation in
mated monitoring stations marked on the map. The location of the'€Spect to the town centre and main traffic routes is shown
CMAX-DOAS instrument is shown. in Fig. 1. Also shown in Fig.1 are modeled mean annual
NO, concentrations in the Leicester Area, and the location of
8 automated monitoring stations, operated by the local City

have much greater sensitivity to the tropospheric concentraCouncil. The northerly-pointing off-axis views sampled air
tions of trace species as the last scattering point for the photasses over the main urban city centre in Leicester. The het-
tons received by the instrument is much lower in the atmo-erogeneity of the air-masses sampled by the different viewing
sphere and is horizontally displaced from the instrument, giv-directions limited the profiling capabilities of the CMAX-

ing a longer tropospheric absorption path (see for exampldOAS instrument using existing techniques. However, the
Honninger et al.2004b. concurrent nature of the multi-axis measurements can pro-

vide simultaneous analysis of different air-masses.
Much work to date has concentrated on the measurement y

of background concentrations of N@nd halogen species

in remote rural or polar region§(iel} et al. 2001, Wittrock 3 Results

et al, 20049. For such measurements the temporal resolu-

tion of the instrument is not a primary concern as concentra-The instrument was operated on 124 days during 2004 with
tions are expected to change over timescales of hours or days 2 min temporal resolution. An example set of daily data
rather than minutes. As such, consecutive measuremenfsom 20th May 2004 is shown in Fi@. These data demon-
from different viewing geometries are appropriate with a to- strate the ability of the CMAX-DOAS system to concurrently
tal scan of all viewing axes taking several minutes. How- measure N@, O4, O3 and HO. For analysis, the reference
ever, for analysis of rapidly varying and spatially inhomoge- spectrum from the zenith view was used as reference for the
neous concentrations of trace species in the boundary layeqff-axis views, providing maximum spatial information.
simultaneous measurement of all viewing angles is highly The stratospheric dominance of the ozone signal can be
desirable. This paper describes the application of a concurseen in the lack of dependence of measurement on viewing
rent multi-axis DOAS (CMAX-DOAS) system that measures geometry, with a differential slant column purely dependent

@  monitoring stations
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Fig. 2. Slant columns for all retrieved absorbers from Thursday 20th May 2004 for all viewing axes. Panéy Bi@3, (b) Os, (c) O,
(d) H2O.

upon solar zenith angle. The N@nd Q, differential slant  indicated in Q measurements will also influence N@ea-
columns demonstrate both tropospheric and stratospherisurements. For example, in F@cloudy features appearing
signals while the HO signal as expected is dominated by in the ¢y columns at 10a.m. and 3 p.m. also appear as en-
tropospheric signal. The constant and known profile gf O hancements in the NQlifferential slant columns.

permits information to be obtained on the abundance of Differential slant column data were produced for all
cloud or haze on a given dayMagner et al.2004. Clouds 124 days on which measurements were taken. Short and
and haze influence photon path lengths by altering atmoiong-term analysis was therefore possible to investigate in-
spheric scattering properties. While thick clouds can increasglividual features and establish diurnal, weekly, seasonal and
path lengths through increased scattering between and withiannual concentrations.

clouds, thin cloud or haze will reduce path lengths in off-

axis measurements, as scattering of photons is more likel8.1 Comparisons with in situ NOmonitors

to occur near the CMAX-DOAS instrument. Therefore, on

this day, the @ differential slant columns indicate light non- In order to build up a long time series of tropospheric/NO
uniform cloud as shown by the non-smooth curves, and theeoncentrations, a simple algorithm was developed to convert
proximity of measurements from different axes. More cloud the CMAX-DOAS measurements into volume mixing ratios.
and haze effects are evident in the morning than the evening his algorithm relies on the following assumptions:

where dusk measurements almost resemble clear-sky condi-

tions. 1. The absorption by N@outside of the polluted bound-
ary layer is the same from both the zenith and off-axis
The NG differential slant column contains information viewing geometries.

on stratospheric Ng contained in the solar zenith angle de-

pendence of measurements at dawn and dusk, particularly in 2. Clouds when present are a uniform layer above the pol-
the zenith measurement which is least influenced by tropo- luted boundary layer PBL, and scattering causing in-
spheric concentrations. The diurnal increase in stratospheric  creased absorption is identical in both the zenith and
NO, can be seen in the increased SZA dependence in the  off-axis views.

dusk measurements over dawn. In addition, tropospheric

concentrations are clearly evident in the separation of the off- 3. The aerosol profile is essentially a box profile of 0.1
axis signals, and short temporal features. Path length changes optical depth from the surface up to 1500 m.

www.atmos-chem-phys.net/7/4751/2007/ Atmos. Chem. Phys., 7, 4762-2007
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4. The tropospheric component of the W@rofile isabox  assumed PBL height, which in reality changes both diur-
profile from the surface to 1500 m. nally and seasonally. One would therefore expect a relative
under-estimation from the CMAX-DOAS measurements in

The validity of assumptions 1 and 2 are a function of the : . . )
ratio of the concentrations of NQvithin and beyond the ur- the mornings, and during the winter months. Work is ongo-
Y ing to determine the magnitude of this effect. Nevertheless,

ban boundary layer as well as the scattering properties of th%iurnal weekly and seasonal trends are still clearly repre-
atmosphere. With a cleaner background air mass, or higher . S .
concentrations of N@in the urban boundary layer, the in- sented in both the CMAX-DOAS and in situ data shown in

e ; : ylayet, Fig. 3. The in situ monitor selected for this comparison ex-
fluence of differing absorption properties outside the area to

o . rcise is located between two large buildings at the location
be studied is reduced. The accuracy of assumptions 3 and %arked “AUN" in Fig. 1. This location is selected to obtain

is dependent on the nature of the temporal and spatial Varién urban background without dominant influences from an
ability in aerosol loading and Nfprofile. The 1500 m pro- g y

file depth is a first approximation of the polluted boundary single road, junction or industrial emission.

S . . The data in Fig.3 demonstrate the level of agreement
layer (PBL.) heightin an urban environment, Th_e PBL height between the CMAX-DOAS measurements and those from
changes diurnally, and seasonally and 1500 m is used as a re-

L L : : a chemiluminescence detector over a periods during 2004.
alistic approximation for an urban environment during the

day Menut et al, 1999 Eresmaa et 312008 The weekly cycle is cle_:arly evident in the upper panels, with
, . the lowest concentrations from both instruments measured
The aerosol and NOprofiles from assumptions 3 and 4

were used as inputs into the radiative transfer model SCIA—On Sundays. Given the difference in spatial sampling of the

TRAN (Rozanov et a).200Q 2001) to produce air mass fac- two measurements, the dggree of agreement IS §|gn|f|cant.
N : The instrument was reconfigured several times during 2004,
tors for NQ, for each viewing angle. These air mass factors

for 70 degrees solar zenith angle were 2.4, 4.7, 5.6 and 6,¥Vh'Ch would contribute to varying calculated errors over the

for the zenith, 15, 10 and 5 degree angles respectivel. Thgear. Other contributory factors will be the varying height

. : . of the PBL and atmospheric scattering properties including
difference between these air mass factors is a result of the . .
) ¢loud prevalence and aerosol loading. The PBL height can
increased path length through the lowermost atmosphere fo\;ar from 500 to 2000 m depending uoon conditions. The
the 5, 10 and 15 degree views. The stratospheric component y P gup '

! . . e error in derived concentration using a PBL height of 1500

of each airmass factor is approximately equdbiininger
. . m could therefore be as much as +33% or —-66%. The cor-
et al, 20043. Therefore, by subtracting the zenith air mass . " . S
: . relation between the most sensitivé ¥iew and the in situ
factor, the stratospheric component is removed from each . . .
. ) ) tlata during these periods gives a measure of the accuracy of

along with a proportion of the tropospheric component.

L . the technique in determining trends in pl©oncentration.

Comparable tropospheric differential slant column mea- . : ) .
. . As the CMAX-DOAS instrument is measuring a more dis-
surements are produced by using a zenith reference spectruni

2 ersed airmass, the derived concentrations are significantly
to analyse each of the non-zenith views, and then subtract- o
. L . ower than the in situ measurements. The CMAX-DOAS
ing the concurrent zenith differential slant column measure-

ment for each reading. This removes the stratospheric signapf'ﬂa 's therefore multiplied by a factor of three to render it

and leaves a residual tropospheric differential slant columnd'rectIy comparable to the in situ figures for an error analy-
posp 5is on the measured trends. The figure piggn—2 from the

(Sq;orkzer)

Trop /- week in May can be taken as an error margin during opti-

SCROMZeN_ N e (AMFO™28N_ g o pZen) (1) mal operation. Whereas 1Q.¢ m~2 is a more accurate as-
rop

sessment of the performance of the technique over the whole
Therefore, by dividing ng’rrr‘g;e” by 2.3, 3.2 and 4.1 for measurement period. The potential influence of clouds was
the 15, 10 and 5degree views respectively, a tropospheritvestigated through the flagging of data in which there was
vertical column can be calculated in mol ch If we fol-  at least 310*>mol cm™° separation between the;@iffer-
low assumption 4 that our NQOis distributed uniformally  ential slant column measurement from thé Yew and the
throughout our 1500 m assumed PBL, then an absolute cont0 view and a further  10*2 mol cm° separation between
centration in molcm?® can be achieved through division the 10 view and the 5 view. This subset of data (approxi-
by 1.5x10°, and a concentration ing m—2 retrieved by a  mately 12% of the total dataset) gave a broad representation
further division by 1.2%10% (the conversion factor from of relatively clear-sky conditions. The improvement in the
mol~—3 to ugm~3). Both the radiative transfer model, and agreement with the in situ data using this subset was less
the calculation of S rr‘grfe” assume that the Ns in well-  than 10% (to 4.6gm 2 during May, and 10,2gm~2 for
mixed layers above the instrument. In an urban PBL this isthe complete dataset). Within the accuracies of this tech-
unrealistic, as will be demonstrated later, but is a necessarpique, this result can be interpreted as confirmation of the
assumption for this step. general validity of the assumption that in the polluted urban
Derived concentrations for the 3 primary non-zenith view- environment absorption by NGn the PBL dominates the
ing angles are shown in Fi®. The absolute concentra- retrieved tropospheric signal. However, there is a small in-
tions derived using Eq. (1) are linearly dependent upon thdluence on measurements owing to increased scattering due

Atmos. Chem. Phys., 7, 4754762 2007 www.atmos-chem-phys.net/7/4751/2007/
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Fig. 4. Average concentrations of NQOn Leicester for each hour
of the week as measured by the 5, 10 and 15 degree angles of the
CMAX-DOAS instrument and by in situ monitors during 2004.

The reproduction of the weekly trend, and the identifi-
cation of short-term features is a significant piece of evi-
dence that the CMAX-DOAS method is able to measure the
NO; concentration in the polluted urban boundary layer, di-
rectly measuring the times and relative intensities of emis-
sion events. From Friday 7th May to Tuesday 11th May,
morning and evening rush hours can be seen on week days,
with lower concentrations and different diurnal patterns ev-
ident during Saturday and Sunday. However, complex me-
tereology and the different sampling volumes, as well as er-
rors introduced by the assumptions made here result in av-
erage errors of 15% during optimal operation (based on a
mean concentration of 388y m—2) and 33.6% over the en-
tire measurement period (based on a mean concentration of
32.4ugm3).

From all the data collected it is possible to derive average
concentrations for a given time on a given day of the week.
Figure 4 shows 1-hour binned average concentrations from
all available CMAX-DOAS and in situ data in 2004. The
normal diurnal and weekly anthropogenic cycles are evident
in these data.

Wind data combined with the CMAX-DOAS dataset gives

Fig. 3. Derived tropospheric concentrations from the 5 (yellow), 10 information on the influence of prevailing wind conditions

(green) and 15 (blue) degree viewing angles of the CMAX-DOAS ON urban air quality, and the causes of differences between
instrument, and data from the in-situ chemiluminesence monitormeasurements by the in-situ chemiluminescence monitor and

(black) for a week in May, 3 weeks in August, and the whole of the CMAX-DOAS instrument. Figurb shows data from the
2004. RMS differences between these three datasets (after a factér, 10 and 15 degree views for all periods in which CMAX-

of 3 has been applied to the CMAX-DOAS data) are;ﬁg':'m_sl
15% (May) 10.1:gm3/ 40% (August) and 10.8g m—3/ 33.6%
(2004)

to clouds.

www.atmos-chem-phys.net/7/4751/2007/

DOAS and chemiluminescence measurements were avail-
able concurrently (a total of 1412 hourly data points). The
influence of wind direction on average M@oncentrations
can be clearly seen with winds from the East of the city
leading to the lowest measurements from both techniques.
The influence of the CMAX-DOAS viewing geometry can
be seen in data during southerly winds. A southerly wind

Atmos. Chem. Phys., 7, 47622007
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Fig. 6. Aerosol optical depth retrieval (upper panel) and measured
(dotted lines) and modelled (solid lines) ©@olumns from 17th Jan-
uary 2004

Fig. 5. Annual average N@concentrations iwg_m_S foragiven  |ook-up table approach was used. Using SCIATRAN, differ-
wind direction from the 15, 10 and 5 degree views of the CMAX- gntia| slant columns of Pwere modelled with a variety of
gaﬁi 'Bg&‘g‘em' and the '?'Sllt” chtc)emlIumlr]ﬁslgngebmonflto;. Th]‘faerosol profiles and optical depths. Using a least-squared fit,
-DOAS measurements have been muitiplied by a factor of i, q profile that most closely matched the observed differen-
three to utilise the same axes. . . .
tial O4 slant columns for each measurement in our window
of interest on 17th Jan was selected (the reference measure-
will naturally disperse city centre emissions to the north of Mentwas the first to be fitted to establish the zenith reference

the city, away from the CMAX-DOAS instrument. As the O4 absorption). Results from this can be seen in Biglhis
CMAX-DOAS instrument’s viewing geometry is inclined, analysi_s is more simpli;tic than other published te.chniques
polluted air masses are sampled later and at a higher alti(-9-Friefs et al. 2006 Wittrock, 2009 but does provide an
tude in southerly winds, or may possibly not be sampled atinitial estimate of aerosol optical depth. The potential un-
all. This is the reason for the distinct divergence betweencertainty in the profile shape retrieval is demonstrated by the
CMAX-DOAS measurements and chemiluminescence datgudden changes around 9.40a.m. The use of absolute in-
in southerly wind directions. However, the good correlation t€nsity information, Kalman filters, and optimal estimation
on all axes in all other wind conditions suggests that the usd@chniques would improve this retrieval and are a subject of
of a CMAX-DOAS system with multiple viewing geometries future work.

from a single measurement location south of a city centre can The period between 9:15 and 9:50 on 17th January was
provide reliable information on concentrations of Ni@the  chosen for particular analysis due to the fine structure in the

air mass directly over the city. NO, differential slant columns. In order to minimise the er-
rors in this fine structure the DOAS retrieval was adapted,
3.2 Observations of unmixed N@irmasses with the noon reference spectrum from each individual axis

being used as the reference for the spectra from that axis,
Analysis of a rare clear-sky morning period on 17th Januaryinstead of using the zenith reference for all analysis. This
2004 is used to demonstrate the potential of the CMAX-method loses certain information on the vertical profile of the
DOAS instrument to retrieve information on the optical depth gases, but also removes any influence of the changing instru-
of the PBL and the dynamical progression of individual ment line shape over the surface of the CQRigh et al,
air masses. Retrieval of aerosol parameters with multi-axi2006. Therefore, residuals on all axes were reduced for
DOAS has been demonstrated previouslagner et al.  the 1 min analysis to between 1.3 %o for the zenith view and
2004 Friel3 et al. 2009. The full technique ofriel3 et al.  0.61%o for the 15 degree elevation. Application of this anal-
(2006 could not be used in this instance as absolute radiysis technique also permitted the use of°av2wing angle
ances were not available in this work due to the samplingwhich was unreliable in the initial analysis owing to its low
and retrieval software used on the CCD. Therefore a simpleintensity and differences in instrument line shape compared

Atmos. Chem. Phys., 7, 4754762 2007 www.atmos-chem-phys.net/7/4751/2007/
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Fig. 8. Simplified geometry for plume analysis (see text).

Fig. 7. Passing of two N@ pollution plumes on the morning of the

17th J 2004 . . - . .
anualy idate this proof of principle. The second assumption which

is necessary is a vertical uplift rate for the plume. In the
to the zenith view. Detection limits for the zenith. 15. 10 absence of information required for quantitative calculation

5 and 2 degree views for this dataset were 0.15, 0.31, 0.42 the plume rise rate using the Briggs equatioBsiggs
0.48 and 1.3 10 mol/cn? respectively. 1975 such as emission speeds and temperatures, a rough es-

. . l .
Figure 7 shows the morning period between 9.20 ang timation é)f _lz_ﬁ CTh.pjr seconc:_, Or.i?; r:l”11.6n|1§ V\{md h
9.50a.m. with an expanded time axis. The data in Fig. was used. € third assumption 1S that In€ piume 1S spher-

show distinct peaks indicative of the presence of discrete!Cal in such a slow wind. Such a simplistic assumption will

plumes of NG in the viewing direction of the instrument. introduce quan_t|f|cat|_on errors, h°W‘?VeT future mstrgmen_tal
. . . ._developments involving additional viewing geometries will
The analysis of the finer structure of these peaks provides
. . . . allow the plume shape to be more accurately assessed. For
information on the transport of two plumes, their spatial ex-,, .~ _. ; ; A .
. . ; this first demonstration the mathematical simplicity gained
tent, and their concentration of NOThe wind speed on the by such simple assumptions is paramount in the absence of
17th January 2004 was approximately 1.6™ §measure- y h P P

ment height: 5m) coming from a northerly direction. As the S|gn|f|cz_int add|t|ona! plume _shap_e information. . .
. . . The final assumption required is that the plume is traveling
instrument is placed to the south of the city centre, plumes

L . . “directly towards the instrument and the centre of the plume
originating from the city centre are transported sequentially.

through each viewing direction of the CMAX-DOAS instru- IS sampled by t.he off-axis and zenith ggometrles. Given the
: - o . instrument position to the south of the city centre, and a mea-
ment. This progression through the viewing geometries can : . T o
. ; sured Northerly wind, this assumption is acceptable within
be clearly seen. Owing to the nature of the recording cycle e :
. ) e e parameters of this initial analysis.
inthe CCD to PC interface, a measurement is missed every These assumptions establish a relatively simple triangu
to 10 min. In this time period, measurements are missing al P Vely P 9
. . ) . o .~lar geometry of the plume through the viewing angles of the
9:22,9:29, 9:33 and 9:42. The missing measurements at 9:2 . ) -
) . O - MAX-DOAS instrument, as illustrated in Fig.
and 9:42 are particularly unfortunate in this particular case as . .
S . : . . From this geometry several properties of the plume can be
they coincide with the two peaks, and cautious interpolations_ . . . ! .
. . estimated. Firstly the dimension of the plume perpendicu-
of the peak shapes around these missing points need to he . : : X
made ar to the line of sight from the instrument can be estimated

Information on these plumes can be gained from the am_from the time taken for it to be blown through that viewing

plitude of the peaks, their width, and the temporal shift be_dlrecnon at a given wind speed. This can be expressed as:
tween the appearance in each viewing direction. These pap ) = U e (Tf 0) — T, (9)) 2)
rameters are listed in Table

A relatively straightforward geometric analysis can be per-whereU = +/W?2 + R2 (3)
formed given four assumptions. The first assumption is that D (6) = plume diameter when passing through a given
the wind speed is constant over the spatial and temporaviewing angle.
domain. The wind speed is taken from the Leicester City U= plume speed along its line of transport
Council meteorological station, which measures wind speed T, (9) = start time of plume measurement from a given
hourly from the top of a 10m mast. The 9a.m. reading viewing angle
was 1.8msl, the 10a.m. reading was 1.4 m's Therefore Tr (9) = finish time of plume measurement from a given
the assumed wind speed for the period around 9.30a.m. igiewing angle
1.6ms 1. No account is made for the increase in windspeed W = Wind speed as measured by in situ monitors
with altitude. This will introduce errors, but does not inval- R = estimated plume rise rate.
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Peakl Peak2
Viewing Direction Amplitude Width Time Amplitude Width Time
(mol/cm?)x1018  (minutes) (mol/crA)x10'8  (minutes)
2 2.2 6.5 9:29:00 1.0 4.0 9:38:30
5 6.5 9.5 9:31:00 3.0 6.6 9:40:30
10 7.0 8.5 9:32:00 3.0 55 9:42:30
15 55 9.0 9:34:00 25 55 9:44:00
Zenith 1.0 4.0 9:37:00 0.5 35 9:45:30

Table 1. Details of the two pollution peaks shown in Fig.

The distance traveled between detection by subsequerihe plume is measured by the zenith view. This is chemically
viewing geometries can also be estimated through calculainconsistent with existing knowledge of urban NGhem-

tion of the distances CD, DE, EF, and FG. istry, and a much more likely scenario is a shallower, flatter
For example plume which for a given concentration would cause a smaller
amount of absorption in the vertical plane than the horizon-

FE= (T, (63) — T, (62)) o U (3)  tal. The possibility that the zenith view is only measuring the

edge of the plume must also be considered. The assumption

where: .
FE is the distance between points F and E in Fig. 8. _that at ea_ch stage we are measuring the centre of the_ plume
T, (63 = isthe time of peak plume intensity from view- is a considerable one, especially as the calculated distance
ing gngle 3 between the 15measurement and the zenith measurement is

Once the distance FE has been calculated, the trianglgoo to 800 m. It is very likely that to some degree the zenith

. . measurements for both plumes are lower due to the plume be-
AFE can be solved, calculating distances to the plume cen- b P

tres when the peak concentrations are being measured ing blown through the off-axis viewing geometries and then
P 9 " to the side of the instrument rather than directly overhead.

sin(5° e FE) Without the use of additional azimuthal geometries it is dif-
- sin(155) 4) ficult to quantify the extent of this effect.
Adjusting the assumption of spherical plumes to allow for

Using the elevation angles of each viewing geometry and they more elliptical geometry permits a more realistic modeling
calculated distance of the plume from the InStI’ument, the hOI’-of ||ke|y plume dimensions. Using an assumed eccentric-

izontal (H'F) and vertical (¥) displacement of the centre ity the path length through a plume with an elliptical cross

of the plume can be calculated at the tiff)e(63). section can be determined and used in concentration calcula-
VAT = sin(15°)e AF (6) tions. The path length through the plume from a given view-
HAF = cog15°)e AF (7) ing geometry is dependent upon the elevation angle of that

The maximum absorption of the plume can be measuredyeometry and the eccentricity of the ellipse. The eccentricity
from the amplitude of the plume peak above the backgrouncbf the ellipse is defined as:

NO, concentration. Given the assumption that most photons
are scattered behind the plume, the absorption path length Y \2
through the plume can be initially estimated using an as-€ = - < )
sumed spherical plume shape where the absorption path is

equal to the measured plume diamefe(d). The average With wind fields of 1.6 m s horizontally, and 0.25 ms
concentration in mol cm?® within the plume can be calcu-  vertically, an Y/X value of 0.2 was used as an initial estima-

= ®)

lated from: tion of plume shape. An intermediate step using Y/X of 0.4
Ag was also calculated to provide a measure of the sensitivity
Ny = D () (5) of calculated concentrations to this Y/X factor. Results from

these calculations, including estimated plume positions, di-
where A is the amplitude of the peak as measured by a themensions and concentrations at each of the 5 points at which
view geometry with elevation angie(mol cm2). the plume is sampled, are shown in F8y. The rapid in-

The results of these calculations therefore provide estimaerease in derived concentration in the zenith view in the sec-
tions of the size of the plume, its position, and its concen-ond panel of Fig9 is indicative of the potential errors in the
tration. Even with the assumption of spherical plumes, aassumption of a Y/X value of 0.2 in this case. The vertical
first approximation of plume concentrations can be derived.path through such a flattened plume is relatively small, there-
However, the weakness of the assumption is evident as théore an unrealistically high concentration is derived. The
plume concentration is calculated to decrease significantly a¥/X value of 0.4 produces more realistic plume scenarios,
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however further conclusions are under constrained without sem
additional sampling paths through the plume and additional 4o

. . . . 300m|
information on the wind vectors and plume rise rate. svom] CZ.H s %pp o
100m] [ "a e ///) 1&

3.3 Source indications and strength estimation om - CMASDOAS City Centre

r T T T T T T T T T
om 200m 400m 600m 800m 1000m 1200m 1400m 1600m 1800m 2000m

The total mass of N@in the plumes can be roughly es-  som
timated through calculation of the volume of the elliptical ™

300m| 52 ppb

plumes. If the assumption is made that the concentration iS 4 < s7-ss
constant throughout the plume, and that the elliptical plume oo B atmtate

=

has the same dimensions in the vertical and East-West di- ™~ hacDoRS City Centre
mension, then the total mass of W@ithin the plume can be T avom ohom ohom  Thoom 1700m THOOm 1800 1500m 2b00m
calculated for any of the ellipses drawn in F&g. coom

For example, for plume 1 (see Table 1) measured by the
15° elevation angle, using an assumed Y/X factor of 0.2, the 0 b P
measured diame?er is 87? m, and the concentration is 26 ppb. fﬁﬁi o (&E;ﬁjwp
Therefore the total mass of NOn that plume, given the om = CMAXDOAS = - Ty Contre
above assumptions can be calculated as follows: ——T T T T T

Total Volume =37 x (877 x 0.5) x (877 x 0.4 x 0.5) x s00m o 7o 00 ROGm HGm 100 1700m 1Rm tnbtn 1Rom zsm
(877 x 0.4x 0.5) = 1.46x 10’ m® o] b

1ppb=1.913gm3 B i X

26 ppb = 49.738g M3 = 4.974x 10-8kgm3, o] a1

Therefore the total mass of NGn the plume = 4.974« cHAenens ey centre
10_8 x 1.46 x 107 =0.73 kg O:n 2(I)0m 4(I)0m G(IJOm 860m 1600m ll200m lLOOm l:?OOm IEISOOm 2600m

This is a significant mass of NQwhich would require a
repeated and distinct emission source. The estimated sourddd- 9. Calculation of the positions and concentrations for plumes
position can be estimated by extrapolating back from the®n 17th January 2004 (see Fig. 7) (plume 1 upper 2 panels, plume
measured plume positions from the different axes and calcu? 'OWer two panels) using a Y/X ratio of 0.4 (top) and 0.2 (bottom).
lating the distance AB in Fig. 8. For both plumes the source
location is calculated to be between 1.2 and 1.4km to the
north of the CMAX-DOAS instrument. The main train sta- Therefore, plumes detected around this time would be trav-
tion in Leicester is located approximately 1.3 km to the north€ling from the South West to the North East at approxi-
of the site of the CMAX-DOAS instrument. The accelera- mately 1.5ms™. Slant columns of N@from the available
tion of diesel trains out of the station is therefore a possibleazimuthal angles are shown in Fig0. Reference spectra
source of such significant plumes. from each viewing angle were used, rather than using a sin-
As a further demonstration of capability, two additional gle zenith reference spectrum. Three pollution peaks were
viewing geometries were temporarily added to the CMAX observed between 7 and 9a.m.. Three plumes can be seen
DOAS instrument on 11th November 2004. These geomel0 progress through the Westerly view, the northerly-viewing
tries were at 15elevation angle, with one telescope pointing geometries, and finally the most Easterly telescopeslent
at 20° and the other at 340+/—2 ° azimuthal angles (i.e. one columns for the same period are shown in Fig.demon-
telescope 20east of the permanent view geometries, andstrating that although there is some structure, suggesting a
one 20 west). These additional viewing geometries permit- little cloud cover on this particular morning, there are not the
ted the tracking of individual plumes as they were blown by three distinct structures observed in the Nfata.
a westerly wind through the different viewing geometries. The irregular shapes of these three plumes render the
The use of 7 concurrent fibres necessitated the concentranalysis problematic given such minimal constraining data
tion of the images on the CCD chip. Normal operation with points. Initial information is available from the plume ampli-
5fibres used alternate inputs into the 9-way multi-track fibretudes, which are approximatelya 0 mol cmi~2, therefore
giving a spacing between images of approximately 100 rowsthese plumes are less concentrated than plume 1 in Fig. 7
and negligible stray-light concerns. This configuration there-from 17th January 2004. With a wind speed of 1.5That
fore not only tested the utility of the additional viewing ge- 210° the components of the wind speed in the South-North,
ometries, but also the capability of the CCD and spectrometeand West-East directions are 1.3 and 0.75 frespectively.
system to accommodate additional viewing geometries.  Transit times of 4—6 min through the viewing geometries give
Clear sky conditions were available during the morning an initial estimation of diameter of 720 m. Gaps of approx-
period around 8 a.m., when the wind direction was approx-imately 1 min between peak detection in the azimuthal di-
imately 210° with an average wind speed of 1.5m's rections for all 3 peaks gives an estimated distance from the
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Differential Volume Mixing Plume
Slant Columns Ratios Reconstruction
Major Instrument line Assumptions from plume dimensions,
contributory  shape, wavelength Sect. 3.1 wind vectors
errors calibration, CCD particularly plume rise rate assumptions
readout noise assumptions 3 and 4 unconstrained plume dimensions
Absolute: +33 %, —-66%
Error single fibre —2% Based on PBL height variability
estimate multi fibre 5% Trends: Optimal 15%(§ m*3) lower boundary —50%
(Leigh et al, 2006 Leigh, 2006 Normal 34% (10.9.g m*3) upper boundary — unconstrained
Based on in situ comparisons
Detection single fibre - 1410 mol cm—2 1.5ugm—3 Dependent upon
limit 5degree view - 4.% 10'® mol cm—2 plume geometry

Table 2. Estimated and calculated errors for the three analysis modes of this instrument.
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Fig. 10. Differential slant columns of N@from the three telescopes ~ Fig. 11. Differential slant columns of @for the moming of 11th
at 15 elevation on 11th November 2004, showing the progression oNovember 2004, showing predominantly clear sky conditions.
three individual plumes as they progress from West to East.

4  Conclusions

instrument of approximately (600.75)/tan 20=125m. With  gensitivity tests have demonstrated the reliability of fine
the incorporation of additional viewing geometries or an in- gy;ctyre visible in slant columns measured in urban envi-
crease in temporal resolutl_on, more mformatlon on plume,gnments with the CMAX-DOAS instrumentL¢igh et al,
dimensions and concentrations could be gained. 2006 This work has shown through the use of some sim-
A summary of the performance of this technique is given ple assumptions and radiative transfer modelling, the abil-
in Table2. Errors increase significantly with the assumptions ity to retrieve information on trace gas concentrations in an
required to obtain a single volume mixing ratio, or scenariourban atmosphere. Such tropospheric measurements pro-
for plume reconstruction. Best estimates are given for ervide a measure of the integrated concentration of the trace
rors where established error calculations are not appropriatepecies along a path above the city centre. These measure-
or available. Errors for the volume mixing ratio are taken ments therefore provide a useful measure of overall trace gas
from the degree of agreement with the in situ monitor, while concentrations on a city-wide scale. These measurements
errors on the plume analysis are estimated from the degreare have been shown to be comparable to a chemilumines-
of possible divergence from the assumed state. As such theence monitor placed in a sheltered location in the city centre
lower boundary is taken as 50% owing to the possibility thatwithin a margin of 15 to 40% (5 to 11g m—3) depending on
plume shape could be extended in the direction of the abinstrumental and wind conditions. Such agreement confirms
sorption path through it, giving an enhanced reading. Thethe ability of both instruments to retrieve reliable measure-
lack of measurements in the azimuth direction, or along thements of NQ concentrations over a moderately-sized urban
absorption path (from an instrument placed perpendicular tarea with a multitude of individual sources. By analysing the
the CMAX-DOAS for example) results in no constraint on fine structure of CMAX-DOAS measurements, individual
the maximum possible size of the plume. plumes of NG can be identified as they are blown through
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the instrument viewing geometries. The concurrent natureEresmaa, N., Karppinen, A., Joffre, S. M., Rsnen, J., and Talvitie,
of the measurements from the CMAX-DOAS instrument en- H.: Mixing height determination by ceilometer, Atmos. Chem.

ables limited spatial information to be derived from peaks Phys., 6, 1485-1493, 2006,
which are visible in multiple axes. http://www.atmos-chem-phys.net/6/1485/2006/

In favourable wind conditions, in which the original source FrieR, U., Wagner, T., Pundt, I, Pfe'ls“Cker’.K'.’ ar_ld Plat_t, U.: Spec-
troscopic measurements of tropospheric iodine oxide at Neu-

Of. t.he plume is directly downwind of the instrument, §|m- mayer Station, Antarctica, Geophys. Res. Lett., 28, 1941-1944,

plified geometry can be used to reconstruct plume dimen- 5547

sions, concentrations and source location. This simplifiederier U, Monks, P. S., Remedios, J. J., Rozanov, A., Sinreich,

geometry makes numerous assumptions owing to the very R Wagner, T., and Platt, U.. MAX-DOAS fOmeasurements:

limited spatial information available. However, despite the A new technique to derive information on atmospheric aerosols:
significant assumption uncertainties, derived plume dimen- 2. Modelling studies, J. Geophys. Res.-Atmos., 111, D14203,

sions and concentrations are within expected parameters and doi:10.1029/2005JD006618, 2006.

||ke|y source locations can be identified. Heckel, A., Richter, A., Tarsu, T., Wittrock, F., Hak, C., Pundt, I.,
The CCD and imaging spectrometer system demonstrated Junkermann, W.,_and Burrows, J. P.: MAX-DOAS measurements

in this work is capable of accommodating up to a total g;gor%%lgehyde in the Po-Valley, Atmos. Chem. Phys., 5, 909-

of 20 viewing geometries, with mlnlmal S”a}’ light prob- annir;ger, G., Bobrowski, N., Palenque, E. R., Torrez, R., and

lem? _caused _by a 50-row separation between imaged spectra. Platt, U.: Reactive bromine and sulfur emissions at Salar de

Additional azimuthal telescopes could be used to track the yyyni, Bolivia, Geophys. Res. Lett., 31, L04101, 2004a.

spatial extent and transit of plumes in all wind conditions. Honninger, G., Leser, H., Sebastian, O., and Platt, U.: Ground-

With only 2 additional azimuthal telescopes, the amount of based measurements of halogen oxides at the Hudson Bay

spatial information is very limited. However, the irregular by active longpath DOAS and passive MAX-DOAS, Geo-

plume shapes expected, and suggested by initial investiga- phys. Res. Lett., 31, L04111, 2004b.

tions demonstrate the utility of each additional view. With Honninger, G., von Friedeburg, C., and Platt, U.: Multi axis dif-

the development of the next generation of instrument incor- ferential optical absorption spectroscopy (MAX- DOAS), At-

porating 20 fixed telescopes the amount of spatial and tempo- M08 Chem. Phys., 4, 231-254, 2004c. _

ral information available increases significantly. Using two Johnston, P. V. a_nd McKenzie, R. L. NO2 Observations at 45-

. L . L . Degrees-S During the Decreasing Phase of Solar-Cycle 21, from

or more instruments with intersecting viewing geometries | g4 (o 1087, J. Geophys. Res.-Atmos., 94, 3473-3486, 1989,

would constrain the depth dimension of analysed plumes, gjgh R, 3. A Concurrent Multi-Axis Differential Opti-

The extension of techniques demonstrated in this work into ¢ Absorption Spectroscopy system for the Measurement

multiple instruments with intersecting viewing geometries  of Tropospheric Nitrogen., Ph.D. thesis, University of Le-

can be seen as a way of imaging city-scale import, emission icester, http://www.leos.le.ac.uk/publications/pdfs/theses/RJL

and export. PhDThesis2006.pdf 2006.
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