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Abstract. Topographic Target Light scattering — Differen- sion at these sites properly. The first requirement is achieved
tial Optical Absorption Spectroscopy (ToTaL-DOAS), also by several passive and active optical detection methods. The
called Target-DOAS, is a novel experimental procedure to ressecond condition, i.e. the spatial resolution, is also fulfilled
trieve trace gas concentrations present in the low atmospherbdy some very well established optical techniques like LI-
Scattered sunlight (diffuse or specular) reflected from naturaDAR (e.g. Collis, 1996; Klett, 1981; Fernald, 1984) and
or artificial targets located at different distances are analyzedomographic-DOAS (see e.g., Veitel et al., 2002; Laepple et
to retrieve the spatial distribution of the concentration of dif- al., 2004; Pundt et al., 2005; Hartl et al., 2006; Hashmonay et
ferent trace gases like NOSQ, and others. We report high al., 1999). Unfortunately their application is associated with
spatial resolution measurements of Nixing ratios in the  high expenses and staff requirements.
city of Montevideo (Uruguay) observing three buildings as  Topographic Target Light scattering-DOAS (ToTalL-
targets with a Mini-DOAS instrument. Our instrument was DOAS or Target-DOAS) (Frins et al., 2006a, b; Louban et
146 m, 196 m, and 280 m apart from three different build- al., 2007) is a new experimental procedure to retrieve trace
ings located along a main Avenue. We obtain temporal vari-gas concentrations in the atmosphere near the earth surface.
ation of NG mixing ratios between 30 ppb and 65 ppb from The method consists of pointing a passive DOAS instrument
measurements of November 2007 and mixing ratios up taat different targets, which are illuminated by direct and/or
50 ppb from measurements of August and September 200&cattered sunlight. Applying a DOAS analysis to the ob-
Our measurements demonstrate that ToTaL-DOAS observaained spectra one retrieves the slant column densities (the
tions can be made over relative short distances. In pollutedntegrated trace gas concentration) along several path seg-
air masses, the retrieved absorption signal was found to benents of known length, which, in turn, allows us to derive
sufficiently strong to allow measurements over distances irthe average trace gas concentrations. The spectral analysis
the range of several tens of meters. varies depending on the number and sort of selected targets
(bright, mixed or dark targets). A detailed description of the
method is given in Frins et al. (2006a).
1 Introduction In early works we reported the application of this method
to very large areas (Frins et al., 2006a) and to remote mea-
Monitoring dispersion of trace gases in the troposphere neagurements (Louban et al., 2007), i.e. sites located far away
the earth surface is a challenge, in particularly when mobileffom our instrument. The purpose of the present work is to
emission sources are involved and the area of interest hagxplore the spatial resolution of ToTaL-DOAS using targets
complicated topographic structures. This is usually the cas@t short distances.
in the surroundings of a busy road in a city. High temporal
and spatial resolution is desirable to describe trace gas disper-
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different targets. It can also be oriented to elevation angles
between approximately’@nd 90. To make sure that our in-
strument was pointing to a specific target, a reflex sight was
installed.

We located our instrument in a Park at one side of Italia
Avenue, approximately 22 m away from the border of the
lane (Fig. 1a). Three (almost) white walls of three different
buildings at the other side of the street were selected as bright
targets, i.e. the radiance reflected by these targets is assumed
to be much higher than that due to scattered sunlight coming
from the region between targets and instrument. These build-
ings were located at distances of 146 m, 196 m and 280m
from our instrument (Fig. 1b). We will call these buildings
Target 1, Target 2 and Target 3, respectively.

A first set of measurements were performed on 6 Novem-
ber 2007 by alternating the view between the three far tar-
gets, i.e. three selected walls of the buildings, and a reference
target placed near the instrument (see below). In addition,
omeesescior: | we also performed measurements of zenith scattered light as

well as of instrumental dark current and offset under the same
conditions. During the measurement period the ambient tem-
perature was about 28, the pressure was 1013 mb, and the
sky was clear.

A second set of measurements were performed on 29
August and 9 September 2008. On 29 August the ambi-
ent temperature was about°® 1015 mb pressure and the
sky was clear. On 9 September during the measurement it
was sometimes partially cloudy, the temperature was about
20°C and the pressure was 1021 mb. The data acquisition
was performed with the software package DOASIS (e
/Iwww.iup.uni-heidelberg.de/bugtracker/projects/doasis/

Fig. 1. (a) View of the site from above, taken fromww.
googleearth.comThe arrows indicate the position of Targets 1, 2 2 o Spectral analysis
and 3, respectively. At the origin of the arrows the Mini-DOAS

instrument is located(b) View of the targets from the instrument In order to retrieve the integrated trace gas concentration

location. along the paths between our instrument and the targets, we
decided to use a near target at a distaire® m from the in-

2  ToTaL-DOAS measurements strument to record a reference spectrum. For this purpose,
during the measurements on 6 November 2007 we tested

2.1 Site description and instrument three casually available pieces of concrete by placing them

directly in front of the Mini-DOAS instrument and orienting
We selected as area of interest a main street of Montevidethem as closely as possible in the same plane as the walls of
city (Italia Avenue), which is predominantly affected by mo- the buildings in order to reflect light from the sky and the
bile sources, since it is used by most of the private and publicsun in the same direction. For the measurement of these
transport to drive in and out of the city. As measurementreference spectra the instrument remained in the same ori-
instrument we used a Mini MAX-DOAS instrument (Bo- entation as for the measurements of the far targets. Like
browski, 2005 and Bobrowski et al., 2007), which consists ofthe far Targets 1, 2 and 3 (white painted walls), also the
a small commercial temperature controlled fibre-optic spec-used pieces of concrete were for long time exposed to the
trometer with a spectral resolution of 0.55 nm and a spectrasame ambient conditions, so it was expected that their spec-
range from 310-460 nm. To reduce the dark current of thetral reflectivity might also be similar. This assumption was
detector the entire spectrometer was cooled to a stabilisetested by inspecting the spectral residuals from the various
temperature of +8C. The light is coupled into the spectrome- combinations of measurements (spectra from the buildings)
ter through a quartz leng' €40 mm, diameter=20 mm) and a and reference spectra (spectra from the pieces of concrete).
quartz fibre bundle. The field of view is approximately?0.4 It was found that for several combinations strongly increas-
The instrument is mounted on a tripod and can be pointed aing residual structures (up to more than 2%) towards shorter
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wavelengths appeared (Fig. 2). Similar results were found 0.002

if the various target spectra were analysed against the zenith (a)

sky spectrum. No clear relation between the magnitude of the

residual structures and the properties of the targets was found

from our limited set of combinations. However, it was found

that using a piece of concrete covered by remnants of white -0.002 - ‘ ‘ ‘ ‘

paint led to results with smallest residuals. The systematic 430 440 450 460

analysis of the spectral reflectivity of various materials and 0.035 ‘ ‘ ‘ ‘

paints is an interesting and important subject and should be (b)

the subject of future studies. 0.025 | =
In our study we circumvented this problem by carefully

selecting the spectral region for the evaluation ofdNOwvo

conditions were used as selection criteria: 1) the absorption

cross section is high enough and 2) the residual is small,

i.e. the spectral structure caused by the different spectral re-

flectances does not interfere with our measurements. Fig- |

ure 2 shows a typical N&evaluation from the spectra ac- 0.020 -

quired on 6 November 2007 using the third building as target () ]

and a piece of concrete as reference; clearly, the residual de- 0.010 ; ‘ ‘ ‘ :

creases towards longer wavelengths. Taking in account these 400\‘ 420 440 460

considerations, the spectral range for the evaluation 0o NO ;5 ‘ L ‘ ‘ ‘

was chosen between 430 nm and 460 nm. | ()
The NG slant column densities (SCD), i.e. the integrated 0.05 -

concentration along the light path between Targets (Target 1, ™ -

2 and 3) and instrument (Mini MAX-DOAS), were derived ]

from the spectral analysis using the software WINDOAS -0.05 T T T T

package (Fayt et al., 2001). The absorption cross sections of 360 380 400 420 440 460

O4 (Greenblatt et al., 1990) and N@Vandale et al., 1997) Wavelength [nm]

at 294 K, G (Burrows et al., 1999) at 273 K and water vapor _ ) ) )

at 300K (Rothman et al., 2005) were fitted to the logarithm F'9: 2: Testanalysis of the optimal spectral region for Névalua-

of the ratios between the measured spectra of the targets a tlgn ofa spectrum of Target 3 (at 17:34) against a piece of concrete.

the reference spectrum. Additionally a synthetic Ring spec- a) The residual for the smalle§t wavelength range is shown. Graphs

. . ; N (b)—(d) show the NQ absorption cross section (red) scaled to the

trum was included in the evaluation. As shown in Fig. 2, No, absorption detected in the measured spectrum (black).

the NG absorption can be clearly identified in the measured

spectra indicating that in polluted air masses, rather short ab-

sorption paths are sufficient to achieve a good signal-to-noise

ratio. From our observations we conclude that it is possiblethe magnitude of the systematic uncertainties by conducting

to achieve good signal-to-noise ratios for distances betweenarious sensitivity studies. First we varied the wavelength

the instrument and target (i.e. the absorption pathlength) ofange by several nm on both sides of the selected wavelength

0.000 -

0.015 : : : : ‘
430 440 450 460

Optical depth

0.030 -

the order of tens of meters. range. In addition, we also changed the degree of the poly-
nomial. Finally, we selected different spectra as reference
2.3 Error estimation and detection limit spectra (besides spectra of pieces of concrete directly in front

of the telescope, also a zenith sky spectrum). We found that
In Fig. 2 (top) also a typical residual for our N@nalysis is  the changes of the analysis parameters cause only changes
shown. It contains noise but also systematic structures. Thep to-+4x 10 molec/cnf. Using the spectra of other pieces
origin of the systematic structures is not completely clear,of concrete as reference spectrum yielded different results.
but the most probable reason is that it is caused by remainFor a piece of dark concrete, the residuals were very large
ing effects of the spectral properties of the different targets.(>2%) and even in the restricted wavelength range (430—
According to Stutz and Platt (1996) we estimated the statis460 nm) no meaningful retrieval was possible. For a second
tical error of the spectral analysis from the DOAS fit. It is piece of bright concrete, the residual was by about a factor of
typically below 5<10molec/cn? and thus by far smaller 1.5 larger than that for the standard reference spectrum. The
than the typical N@ slant column densities retrieved in this retrieved NQ slant column density (SCD) was only about
study. In contrast, the quantification of the systematic errorslx 10** molec/cn? larger than that retrieved with the stan-
is more complicated, especially if the detailed reasons fordard reference spectrum. Using the zenith spectrum as ref-
the systematic spectral structures are not clear. We estimaterence spectrum caused residual about twice as large as with
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the standard reference spectrum. The change in the retrieved ¥
NO, SCD was k10" molec/cnf. However, it should be v
noted that at least part of this change might also be related to
temporal variations in the time between both reference spec-
tra and to differences in the atmospheric radiation transport.

We conclude that the total error of our measurement is usu-
ally well below 5x 10* molec/cn?; we use the statistical er- s
ror derived from the DOAS analysis in the following. For an
assumed absorption path of about 300 m (as for Target 3) we
thus estimate the detection limit for the N@ixing ratio to
be of the order of 2 ppb. ‘Q}

0000000 <
i
~
Q
RS

2.4 Interpretation of the analyzed slant column densities

In first approximation, the retrieved slant column density rep-
resents the integrated trace gas concentration between the tar
get and the instrument. This interpretation is based on the
assumption that the trace gas absorptions between the top of o
the atmosphere and the targets (either far targets, e.g. build-
ings or near target, e.g. a piece of concrete) are similar and q\@;
thus cancel out when rationing spectra from any of the far
targets by one from the near target in the DOAS analysis.
While this assumption should be quite well justified for ab-
sorptions in the upper troposphere and stratosphere, it might
not be fulfilled for the trace gas absorptions close to the sur-
face, where strong 3-dimensional gradients can occur. The 5
potential errors introduced by such gradients are discusse
and estimated in the following.

Considering the location of our instrument and the posi-
tion of the targets relative to the extended emission source, 3.%
there are different scenarios to be considered which could
affect our interpretation: a) the emission cloud is separated
from the target walls and also separated from our instrument,
as depicted in Fig. 3a; b) the emission cloud encompasses the
far target, so a fraction of the sunlight scattered from the tar-
gets contains additional absorption from the light path before S
the sun light has reached the target (Fig. 3b); c) the instru- oo
ment (i.e. the near target) is reached by the emission cloud (d)

(Fig. 3c); d) the Target and our instrument are partially im- _. _ , . .
glg. 3. Different scenarios to be considere) Emission cloud

mf[ar.seddln tlhetemllssmné:louqt(Flg. 3d). I? cglsets a) aTd ?) thlseparated from the target (T) walls and from the instrument (S);
retneved slant column density represents the true siant o (b) target (T) immersed in the emission cloyd) instrument (S)

umn density between the target and the instrument. Ir_1 CaSEmersed in the emission cloutd) target (T) and instrument (S)

b) the measured SCD overestimates the true SCD and in casge immersed in the emission cloud.

) it underestimates the true SCD. The associated error can

be in principle be quantified by estimating the maximum dif-

ference in the vertical extension of the plume on both ends of

the light path. Additional errors can be caused by horizontal In the following we simply assume that a well defined ho-
gradients in the trace gas concentration above the measureiogeneous emission cloud exists. Then, the average concen-
ment site as well as by differences in the radiative transfeitration is simply calculated by dividing the retrieved SCD by
conditions e.g. due to broken clouds. Typically, the resultingthe distance between instrument and target. Dividing the ob-
errors are difficult to be quantified, but a rough estimate cartained concentration by the concentration of air yields the
be gained by the measurement itself by comparing the reaveraging mixing ratio. Note that (like for long path obser-
sults for targets at different distance (see Sect. 3). In generalations) horizontal gradients might exist between the instru-
it can be assumed that the effects of spatial gradients beconmaent and the target, which can not be resolved by the mea-
smaller if targets at larger distances are used. surement.

w
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Fig. 4. Time evolution of the N@ mixing ratio measured on 6 LOCAL TIME
November 2007.
Fig. 5. Time evolution of the N@ mixing ratio measured on 29
August 2008.
3 Results

50 ————————————T————T———

In the following we report average N@nixing ratios derived

in this way during the measurements performed on 6 Novem- ; 9 September 2008 . gg:;

ber 2007, 29 August and 9 September 2008. Figure 4 shows 4o | % Targa 3 .

the temporal evolution of the NOmixing ratios obtained for &

the three different paths on 6 November 2007. As mentioned=

before, the measurement took place alternating between the

different targets. We obtain the temporal variation of NO &

mixing ratios between 30 ppb and 65 ppb. These temporal2 ,, | N

variations may be interpreted as a consequence of the pasx
=

30 -

sage of heavy vehicles like buses or trucks. o

Representative slant column densities, concentration and® °f % } } 7
mixing ratios of NGQ measured between 17:24 and 17:38 lo- - ; I’ l
cal time for the different paths is summarized in Table 1. ol v v TN ! !

14:52 15:07 15:21 15:36 15:50 16:04 16:19 16:33 16:48 17:02
LOCAL TIME

The temporal evolution of the NGnixing ratios measured
on 29 August and 9 September 2008 is shown in Figs. 5 and
6, respectively. The measurements took place alternating b
tween the same three targets used on the 6 November 200

In general, a similar temporal evolution of mixing ratios is
retrieved for the different targets confirming the overall con-
sistency of our assumptions. Another very important finding
(mainly obvious on 29 August) is that the temporal fluctua-

?fig. 6. Time evolution of the N@ mixing ratio measured on 9
September 2008.

negative values are derived. Negative values indicate that not
N f the retrieved mixi tios is by far st t for th only the NG concentration between instrument and target is
lon ot the retrieved mixing ratios 1 by far strongest for the low, but that also the SCD above the instrument (during the

measuremer)ts_at t_he closesttarget. In contrast, the S.mOOtherﬁteasurement time of the reference spectrum) was larger than
temporal variation is found for the target at longest d'Stancethat above the target (see Sect. 2.4)
u . 2.4).

Since these fluctuations are by far larger than the errors of th
spectral retrieval (see Sect. 2.3), they can mostly be attributed

to spatio-temporal variations of the N©@oncentration field.

These variations can be either caused by the gradients bé& Discussion and conclusions

tween the instrument and the target, or by gradients in the

air masses above the instrument and the target. From oule report measurements of N@ixing ratios in the city of
results we conclude that for a target at a distance of abouMontevideo (Uruguay) applying the ToTaL-DOAS method.
300 m (T3), the effects of these fluctuations are small (typi-We used three buildings located along a main Avenue as tar-
cally <20%). For the close target, however, sometimes evergets. Our Mini-DOAS instrument was only 146 m apart from
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Table 1. Representative N®mixing ratios measured on 6 November 2007.

Target (referredto  Local time  Slant Column Density ~ Concentration Mixing Ratio
target ag=0m) [molec/crd] [molec/cn?] [ppb]
Target2 (196m)  17:24 2.4710'6+£3.6x101%  1.26x1012+1.8x10'0 52+1
Target3 (280m)  17:34 452101643 6x10M  1.58x101%+1.3x1010  65+1
Target1 (146m)  17:38 2.32101648.4x 101  1.59x10'2+5.7x1010 6542

the first building, 196 m from the second and 280 m from thebe noted that the spectral reflectances of the different targets
third one. (buildings and various pieces of concrete) showed significant
The first step for the evaluation of N@nixing ratios was  differences in the wavelength range430 nm. These effects
the determination of slant column densities along the segshould be studied in more detail in the future; probably well
ments between instrument and targets. Then, assuming thatiited reference materials can be identified for various types
the NG concentration is spatially constant in the region of of buildings and paintings to allow also a meaningful DOAS
interest (apart from the instrument and targets) and knowingetrieval at shorter wavelengths. Alternatively, artificial, dif-
the distance between instrument and (far) targets, it is posfuse reflecting targets may be attached to buildings. From the
sible to retrieve the N@mixing ratios. On three days of spectral residuals of our DOAS analysis we conclude that in
measurements we retrieved W@ixing ratios in the range polluted air masses, ToTaL-DOAS measurements are possi-
between zero and 65 ppb. ble over very short distances in the range of several tens of
Using simple assumptions on the distribution of the tracemeters.
gas plume we calculated the associated errors from the un- Furthermore, using as reference the spectrum obtained
certainty of the NQ@ slant column density retrieved from the from one of the targets, it is possible to apply the ToTaL-
DOAS analysis. For the shorter path (Target 1) the typicalDOAS method to evaluate trace gas concentrations in the re-
uncertainty is about 2—5 ppb, and for the longest path (Targion between several far targets. Using a well suited set of
get 3) it is about 1-3ppb. The difference for the different targets, it will be easily possible to apply tomographic tech-
path lengths is physically reasonable because the actuallgiques and to retrieve trace gas distributions in two or three
measured quantities are the optical densities along the lightlimensions (Hartl et al., 2006; Hashmonay et al., 1999).
paths, and thus, the signal-to-noise ratio will be smaller for  Also, since the radiance received by the Mini-DOAS in-
the longer path lengths. Additional uncertainties are causedtrument was sufficiently high, the acquisition times were
by fluctuations of the trace gas field. In our study, eSpeCia"yshort, ranging only between 1 and 3 min depending on the
for the measurements at the shortest distance, differences @rget. Thus, in addition to the spatial resolution of the
the NG, concentrations above the instrument and the targeinethod, a considerable temporal resolution can be achieved.
can have a strong influence on the retrieved,M@xing ra-
tio, causing occasionally even negative values. In contrastacknowledgementsE. Frins acknowledges PEDECIBAdica

for the target at the longest distance such effects are rathgproject URU/06/004) for providing partial financial support.
small (<20%). In general, the optimum distance should be
adjusted according to the specific needs and the conditionEdited by: J. W. Bottenheim
of the particular measurement. If e.g. an isolated emission
plume with zero concentrations outside has to be observed,
the errors of our method should be small even for targets at
very short distances. References
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