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Abstract. MAMAP is an airborne passive remote sensing sions reported by Vattenfall Europe. An extensive error anal-
instrument designed to measure the dry columns of methangsis for the retrieval’s dry column result¥ CO, and X CHjy)
(CHjy) and carbon dioxide (C£). The MAMAP instrument  and for the two inversion methods has been performed. Both
comprises two optical grating spectrometers: the first ob-methods —the Gaussian plume model fit and the Gaussian in-
serving in the short wave infrared band (SWIR) at 1590—tegral method — are capable of deriving estimates for strong
1690 nm to measure Gand CH, absorptions, and the sec- point source emission rates that are withii0 % of the re-

ond in the near infrared (NIR) at 757—768 nm to measure O ported values, given appropriate flight patterns and detailed
absorptions for reference/normalisation purposes. MAMAPknowledge of wind conditions.

can be operated in both nadir and zenith geometry during
the flight. Mounted on an aeroplane, MAMAP surveys ar-
eas on regional to local scales with a ground pixel resolu-1
tion of approximately 29 nx 33 m for a typical aircraft alti-

tude_o_f 1250 m and a velocity of 200 krr_rh The retrieval _Methane (CH) and carbon dioxide (C§) are the two most
precision of ghe measured column relative to background 'Smportant anthropogenic greenhouse gases contributing to
typically $1% (1o). MAMAP measurements are valuable cjimate change. Since the industrial era (before 1750 AD),
to close the gap between satellite data, having global COVeIC O, has increased by about 35% from 280 ppm to about
age but with a rather coarse resolution, on the one hand, ang;g ppm in 2005Korster et al.2007), where half of the in-
highly accurate in situ measurements.with Sparse coveraggrease took place during the last 30yr. Up to three quarters
on the other hand. In July 2007, test flights were performedy thjs increase have been attributed to combustion of fos-
over two coal-fired power plants operated by Vattlenfall EU-sil fuels (e.g. in power plants but also steel plants, etc.), gas
rope Generation AG:ahschwan_Iel (27.4MtC&Yr=—7) and  faring (at refineries, oil platforms, etc.) and cement produc-
Schwarze Pumpe (11.9MtG@r—), about 100km south-  tjon (Forster et al.2007). However, despite their importance,
east of Berlin, Germany. By using two dnffereljt INVErsion these anthropogenic GQpoint sources have not been well
approaches, one based on an optimal estimation scheme {,antified. For example, for coal-fired power plants which
fit Gaussian plume models from multiple sources to the datag¢ among the strongest emitters for£@.g.EPER 2004),

and another using a simple Gaussian integral method, th@ckerman and SundquigR00§ found that emission esti-
emission rates can be determined and compared with emisqates for individual US power plants differ by about 20 %

and recommend different independent approaches for a more

Introduction

Correspondence toT. Krings reliable quantification of emissions. Usually, power plant
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In the European Union (EU) the greenhouse gas emisemissions differed by an order of magnitude. The main prob-
sion allowance trading schenéyropean Commisiqr2007) lem for the inversion modelling, for instance, is probably
gives mandatory guidelines on how greenhouse gas emighe limited accessibility of sampling locations depending on
sions should be reported. For strong emitters as a result ofvind direction and available road8abilotte et al.(2010
combustion £500 kt CQ yr—1), the uncertainty in fuel con-  conclude that further research on each method is necessary
sumption which serves as input data for the greenhouse ga® provide reliable results for emission rates. Similar re-
calculations is allowed to be 1.5% at maximum. This EU sults were obtained borjesson et al(2000 who found
Emission Trading System (ETS) legislation is overseen bythat CH, emission estimates for a Swedish landfill differ by
the national authorities. An additional error is caused bya factor of 4 between tracer gas techniques and closed cham-
the uncertainty of power generatior %) and of the emis-  ber measurements. Using the example of Canadian natural
sion and oxidation factors. Howevéiyans et al(2009 no- gas processing plants and a refin@fiambers and Strosher
ticed that the uncertainties of the EU ETS are not referring to(2006ab) showed that emission estimates may be 4-9 times
the accuracy (“closeness to truth”) but to the precision (“re-higher when computed using DIAL instruments compared to
peatability of the data”). Furthermor&yvans et al(2009 calculations from emission factors.
observed at different coal-fired power plants a negative bias A remote sensing instrument that can retrieve precise col-
of emissions calculated from emission factors compared taimn information with a footprint size in the order of the
emissions derived from continuous emission monitoring sys-source heterogeneity, and is able to measure on a regional
tems (CEMS) of 15 % and more. scale at an ample speed can add significant knowledge to our

Currently, these and other point sources cannot be resolvednderstanding of surface fluxes of the two most important
by existing satellite instruments nor can they be monitoredanthropogenic greenhouse gases. The MAMAP instrument
by available surface observation networks but imperativelywas built to improve the quantification and understanding of
require further investigatiorNRC, 2010. current CQ and CH, sources and to provide the opportunity

Methane has the second largest effect on anthropogeniof a monitoring system for local source regions which are
radiative forcing next to C@ It is less abundant but ex- vulnerable and influenced by global warming.
hibits a global warming potential per unit mass that is more The present manuscript is the second of two describing the
than 20 times higher than that for GQForster et al. MAMAP instrument and showing first results of measure-
2007 Shindell et al. 2009. Methane mole fractions in- ments and inversions for point source emission rates. In the
creased from 750 ppb to 1774 ppb (in the last 250yr) andfirst (Gerilowski et al, 2011), a detailed instrument descrip-
the sources can be divided into anthropogenic and natution including a thorough precision analysis and a discussion
ral. Natural sources of methane are dominated by spaef the range of application was given.
tially extended wetlands (100 (92-232) Tg@¥ 1) and In this manuscript, the focus addresses the retrieval algo-
geological local sources (19 (12.4-48.2) TG 1) like rithm applied to obtain trace gas column information from
seeps and mud volcanoes, and increasingly also destabilisexpectroscopic measurements and the subsequent inversion
methane hydrates. The latter may be further enhanced bfor point source emission rates. The inversion is demon-
global warming Wuebbles and Hayhpe002. Anthro- strated at two strong COpoint sources: the power plants
pogenic sources like landfills (61 (40—-100) TgQH 1), Janschwalde and Schwarze Pumpe close to Berlin, Germany,
rice agriculture (60 (25-90) TgCHyr—1), biomass burn-  which were targets for a MAMAP test flight in summer 2007.
ing (50 (27-80) TgCHyr—1), ruminant animals (81 (65— Section2 briefly introduces the instrument, followed by
100) Tg CHyyr—1) and release of CiHdue to fossil fuel pro-  a description of the modified WFM-DOAS retrieval algo-
duction and distribution (106 (46-174) Tg G 1) (Wueb-  rithm (see Sectd) including a short assessment of altitude
bles and Hayhae2002) are usually localised. All in all, nat-  sensitivity and potential error sources like aerosols, clouds,
ural and anthropogenic localised sources account for aboutlbedo, solar zenith angle, aircraft altitude, surface elevation
40% of the total yearly methane emissions of 503 (410—and water vapour content. Sectidrdeals with the inver-
660) Tg CH; (Wuebbles and Hayho2002. Landfills alone  sion for emission rates of the power plants (see Skdj,
account for more than 12 % of the total yearly emissions.  which have been obtained via two different approaches:

The quantification of local sources and sinks of the greenthe Gaussian plume inversion (see Sdc®) and the inte-
house gases Cand especially Chlstill has significantgaps gral method (see Sect.3), both using wind data from the
in spatial distribution and magnitude as well as in their tem-COSMO-DE model of the German Weather Service (DWD)
poral developmenBabilotte et al(2010 compared five dif-  (see Sec#4.4). Data quality is addressed in Se¢ts and the
ferent state-of-the-art measurement techniques (in-situ andversion results (see Seet.6) followed by an initial error
remote sensing) to quantify the local ¢emissions of apar- analysis (see Sect.7) are then compared with independent
ticular landfill in France. The methods under investigation data computed from emission factors being provided from
were a tracer gas technique, laser radial plume mapping, invattenfall Europe Generation AG. Finally, a summary and
verse modelling technique, differential absorption LIDAR conclusions are given in Seét.

(DIAL) and helicopter borne spectroscopy. The estimated
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2 Instrument SCIAMACHY satellite sensor on board Envisddvens-
mann et al.1999.

The MAMAP (Methane Airborne Mapper) instrument is  SCIAMACHY’s WFM-DOAS uses a look-up table ap-

a passive remote sensing instrument designed for airborngroach with multi-dimensional interpolation for SZA,

applications to measure columns of £&hd CQ. ltwas de-  albedo, surface elevation. Water vapour is iteratively fit-

veloped in a cooperation between the University of Bremented before the final trace gas fit of e.g. £br CO,. The

and the Helmholtz Centre Potsdam, GFZ German ResearcMAMAP test flights described here cover only narrow re-

Centre for Geosciences. MAMAP measures in the shortgions and rather shorttime spans compared to SCIAMACHY

wave infrared (SWIR) and in the near infrared (NIR) spec- observations, so that only a specific set of parameters for

tral region using two separate grating spectrometers. Thé&ZA, albedo, surface elevation, water vapour, etc. have been

SWIR spectrometer measures in the region of 1590 nm tdapplied instead of an extended look-up table. However, for

1690 nm with a resolution of 0.82 nm FWHM covering gH future surveys being larger in time and space, look-up tables

and CQ absorption bands. To provide a reference measurecan be used accordingly.

ment a NIR imaging pushbroom spectrometer measures the )

O,A absorption band between 757 nm and 768 nm with ares3-1  Algorithm

olution of 0.46 nm FWHM. The instantaneous field of view .
. o As for SCIAMACHY, the MAMAP version of the WFM-
(IFOV) of the SWIR spectrometer is about 1:340.02 DOAS algorithm is based on a least squares fit of the log-

(cross trackx along track). For an exposure timeof0.6 s, arithmic simulated radiance spectrum to the measurements
a typical aircraft altitude of about 1.25km and 200 knth thimic simu ! pectru u '
The fit parameters are:

ground speed, this results in a ground pixel size of about
29mx 33m, where the along track extension is primarily 1. desired atmospheric parameters, i.e. partial or total
determined by ground speed and exposure time. The param-  columns of CH, CO, and G,

eters above are a valid configuration in most cases where the

surface reflectance, termed albedo in this manuscript, is not 2. additional trace gas atmospheric parameters for spec-
significantly below 0.18 (assuming a Lambertian reflector), trally interfering gases (water vapour),

which is about the albedo of vegetation. Over surfaces with
lower albedo, i.e. mainly water, the exposure time has to be

extended aCCOfdineg. The retrieval preCiSion of the mea- 4. a low order po|ynomia| in Wa\/e|ength to account for

3. other atmospheric parameters (temperature) and

sured column is typically about 1% & for ~0.6s inte- spectrally smooth varying parameters which are not ex-
gration time, currently limited by spectrometer effects. This plicitly modelled or not well enough known. These
matter has been resolved in subsequent flights not the subject  parameters include for example the MAMAP abso-
of this publication. The goal is to achieve precisions below  |yte radiometric calibration function, aerosol scattering
1% and shot noise limited retrieval. A detailed discussion on and absorption parameters and the surface spectral re-
these topics can be found @erilowski et al.(2017). flectance,

5. shift and squeeze parameters from an iterative wave-

) length calibration procedure,
3 Retrieval

6. and an alternating function accounting for a detector
A retrieval algorithm is used to convert the spectral radiances ~ pixel odd even correction (compafgerilowski et al,
measured by MAMAP to the trace gas column information 2011).
of interest. For the processing of MAMAP data, a modi-
fied version of the Weighting Function Modified Differential
Optical Absorption Spectroscopy (WFM-DOAS) algorithm ~ ™
(Buchwitz et al, 2000 is used to obtain vertical column in- %

formation of CH;, CO, and also Q. _ i—Cj
, €O @ NRMP= " INRIMYQ)+> Wiz i

" X Cji

j J

The logarithm of the spectrum can be expressed as a lin-
earised radiative transfer model plus a low order polynomial

The standard DOAS technique assumes that the absorp-
tion cross sections are independent of height. However, this p 1
is usually not valid for the strong absorbers in the infrared. +h@+ea (1)
Thus, WFM-DOAS additionally takes into account the pres- On the left hand side of this equation there is the logarithm
sure and temperature dependency of the absorption cross sesf the measured spectral radiankB®? at a wavelength.
tions using linearisation points. On the right hand side there is the WFM-DOAS linearised

WFM-DOAS has been successfully applied to scientific radiative transfer model, the low order polynomi#] with
retrieval of CQ and CH; column information Buchwitz the free fit parametera and an error terna,. The expres-
et al, 2005ab; Schneising et al.2008 2009 from the sion RTOd(C) denotes the radiative transfer model result at
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the linearisation point. The vector-valued@ consists of typ-  nomial coefficients, respectively, can be obtained by a least
ical values for relevant atmospheric parameters. These “firssquares fit minimising the sum of the squared errors:
guess” values are referred to@s The second term on the
right hand side describes the linearised model corrections de-\'~ 2, ,2_ 2

. . e Y E=lelP=lly-A-x]| ®)
pending on the fit parametersg. To eachc; exists a corre-
sponding fit parameter;. The column weighting functions
W, z; denote the derivatives of the radiance with respect to fitThe solutiont is then given by:
parameters;. They are computed by adding up all relevant

i=Amin

-1
atmospheric layer weighting functiof, ¢, . x= (AT A) Aly (6)
Zup The remaining measurement ereds a measure for the qual-
Wie = Z Wiz (2) ity of the spectral fit, which in practice is not only determined
=Zlow by noise but also influenced by systematic errors (e.g. spec-

trometer slit function uncertainties or errors in spectroscopic
whereziow andzyp denote the lower and upper limit of the parameters). Since the systematic measurement errors are
relevant atmospheric layers. For a general MAMAP re-not known, the statistical errors of fit paramefenave to be
trieval, the altitude range would reach from the lowest atmo-gstimated from the residual
spheric layer to the top of atmosphere. As a consequence, the
retrieval algorithm does not resolve different altitude levels 7 a1 el
but shifts the mean profile as a whole. The results of the algo?*/ = ( A)j,j m—n (7)
rithm are height averaged increased or decreased profile scal-
ing factors (PSF) or a profile shift (in case of temperature). Wherem is the number of spectral points used for thefit,

The atmospheric layer weighting functions are computedthe number of fit pqrameters amd-n the number of degrees
of freedom of the linear least squares problem.

as:
For the interpretation of the MAMAP measurements with

dInR; respect to sources and sinks of the greenhouse gasear@O
Meje = alne; |z o 3) CHyg, the column averaged dry air mole fractions (in ppm for

CO, or ppb for CHy) are the preferred quantity rather than

This is basically the relative change of radiance due to a rel{he total columns (in molecules crf). This is because dry
ative change of the according parametet altitudez times ~ &r mole fractions are less affected by changes in surface to-
the quadrature weighd,. The quadrature weights essen- Pography, pressure and flight altitude compared to the abso-

tially correspond to the geometrical thickness of the layerslute column. _ -
of the model atmosphere. To convert the obtained total columns, additional
Both the model radiances and the weighting functionsknOWIedge of the dry air column, i.e. the total number of

are computed with the radiative transfer model SCIATRAN Molecules in the air column neglecting water molecules, is
(Rozanov et a).2009 using the HITRAN 2008 spectro- necessary. This knowledge can be obtained in several ways:

scopic data baserpthman et a).2009 and a sun spectrum 1y ysing simultaneous measurements of the oxygen
by Livingston and Wallac¢1991). (O2) column,
The error terng,, in Eq. (1) accounts for all wavelength de-
pendent differences between the measurement and the modeR. by using another well-mixed gas whose mole fraction is
which cannot be modelled or cannot be modelled withoutap-  quite well known and varies significantly less than the
proximations (e.g. aerosol effects). In an ideal case, the error  trace gas of interest, or
term is identical with the instrument’s detector noise.
Equation () can be expressed as a vector equation of the
following form:

3. by considering external information on surface pressure
obtained from e.g. meteorological analysis. However,
very high resolution surface pressure data would be re-
quired in this case, especially in areas with high topo-

y—A-x=e (4) graphic variations.

with each vector component corresponding to a specificSuccessful utilisation of the £Ocolumn (1) (in the case of
wavelengthv. Here,A denotes a matrix whose columns con- MAMAP obtained from the QA band spectrally located
sist of the weighting function®;, z, and of the polynomial at about 760nm) has been demonstrated, for example, in
base functions. The vectgris built up by the differences Schneising et a(2008 for SCIAMACHY column-averaged

of logarithmic radiances of measurement and model at theCO, retrieval. The mole fraction of ©in dry air is well
linearisation point. The parameters, corresponding to the  known (20.95 %) and fairly constant in space and time up to
(relative) change in the atmospheric parameters and the polyabout 100 km. However, due to the spectral distance of the
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O2A band at 760 nm and the G@nd CH, absorption bands MAMAP CO2 Averaging Kernels
located at about 1.6 um, light paths will be different if not all 2

scattering parameters are known. This can lead to total col-
umn retrieval errors (seBchneising et al.2008 2009 for
a discussion).

This can be avoided when using another well-mixed gas as i i
reference (2) which is measured spectrally close to the trace P00 ) s N R i s R i i
gas of interest. For the determination of MAMAP EHhhole SZA40 | Albedo: 0.05
fractions, the C@ mole fractions can be assumed in many SZA40 | Albedo! 0.18
cases to be effectively constant and well mixed compared to i f
CH,4 — at least in regions without large temporal or spatial — i \
CO, variations. Due to the spectral closeness, the photon oo~ 400 [~ i§
paths can be assumed to be similar for both gases causing—
light path errors to cancel to a large extent when computing
the column-averaged dry air mole fractiodCHa):

CHﬁolumn
Cogolumn/cogver mole fraction
This is also done for Ci mole fractions obtained from
SCIAMACHY (Frankenberg et al2005 Schneising et al.

2009. 800
In case of strong C@sources like the power plants in this -

study away from strong local methane sources, Cah be -
used to determine mole fractions for carbon dioxit€O, L

accordingly: 10001IJIéI[IIlIIJItllEJlJ

XCO, coem © 00 05 10 15 20 25
CHzolumn/CHive[ mole fraction Averaging Rormdi [_]

IFrrTrTnrnril TTTTiT0T 01 |
Airplane Altitude:
1250 m (872 hPa)

| S7A50 | Albedo| 0.18

'Satellite” :
SZA40 Albedo: 0.18 |

(8) I

Pressure [hPa

XCHy =

But also CH area sources such as wetlands will not sig-

nificantly bias the result of a strong G@oint source. For Fig. 1. CO, averaging kernels of the MAMAP WFM-DOAS re-
example, a 10 km wide wetland upwind of the point sourcetrieval for an aircraft altitude of 1250 m and different albedos and
will only result in a columnar Cli increase of 0.03%— solar zenith angles. For comparison, averaging kernels for a hypo-
0.06 % CHi, assuming a high summer wetland emission ratethetical aircraft altitude of 1000 km (i.e. satellite altitude) are also
0f 50-100 mg CHm~2day-1 (e.g.Ringeval et al.201Q for ~ SMoWn-

wetland emission rates), a wind speed of 2thand a back-

-2 . . L . .
gr<|):und C&'!Jm” Otf z(ijbout 9ﬂ']75 g G~ e fract retrieval has different sensitivities for different altitude lay-
or this  study, € average mole 1raclions g5 Thjs behaviour can be characterised by the so called col-
er. mole fraction er. mole fraction )
ole/y " and CH" <M were assumed mn averaging kernels (AK) as a function of altitude. They
to be ~380ppm and~1.7ppm (with a surface value 5re defined as the variation of the retrieval parameter (i.e. the

of 1.780ppm), respectively. The corresponding verticalace gas columnyerievedas a result of a perturbation of the
profiles determine the linearisation point for the radiative ¢, subcolummyye(z) at altitudez:

transfer model. The retrieval results are normalised prior
to the inversion process. Hence, the choice of backgroun
concentrations has no direct impact on the emission rate

estimates. o
We also prefer this method to using external surface pres:rhe AK for MAMAP have been computed by retrieving trace

sure data (3) because of the higher accuracy that can be oyas columns from meagurement simulations that have been
tained if light path errors can be accounted for. The feasi-P€"turbed at various altitude levels An averaging kernel
bility, however, depends strongly on the actual variability of value equal to unity at a certain altitude indicates that the

8 .
K(z)= Cretrieved (10)

B dctrue(z)

CO, and CH, perturbation was correctly retrieved by the algorithm. Values
lower or higher than unity indicate a decreased or increased
3.2 Altitude sensitivity sensitivity. In particular, there is a sharp step in the averaging

kernels at the aeroplane altitude (see E)gBelow the aero-
As can be seen from EqR), the MAMAP WFM-DOAS re-  plane altitude, the averaging kernels are increased by a factor
trieval does not resolve different altitude levels. However, theof about 2 (for low aircraft altitudes). This is due to the fact

www.atmos-meas-tech.net/4/1735/2011/ Atmos. Meas. Tech., 4, 17382011
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Table 1. Conversion factors for retrieval output (compare S8@), assuming an aircraft altitude of 1.25km and that all deviations from
standard mean column occurred below the aircraft.

Solar zenith Surface Aerosol Conversion factet [
angle P] albedo [] type CHy CO
01 urban 0.580 0.477
' background 0.582 0.478
urban 0.578 0.475
40 0.18 background 0.581 0.477
0.25 urban 0.577 0.474
) background 0.580 0.477
01 urban 0.603 0.488
' background 0.604 0.489
urban 0.600 0.487
50 0.18 background 0.603 0.488
0.25 urban 0.599 0.485
' background 0.602 0.488
01 urban 0.629 0.502
' background 0.630 0.502
urban 0.626 0.500
60 0.18 background 0.628 0.501
0.25 urban 0.625 0.498
’ background 0.628 0.501

that light from the sun passes through the absorber below thdata baseRothman et a).2009, an altitude grid with higher
aircraft twice — once before and once after surface reflectionvertical resolution in lower altitudes and a more complex
The higher the aircraft flies, the less pronounced the step beaerosol profile.

comes, since the height averaged AK are about unity. The actual variation in the column can then be calculated

For a typical MAMAP measurement, elevated or de- by using observation geometry and averaging kernels:
creased trace gas concentrations can be expected mainly be-
low the aircraft due to activity at the surface, e.g. power Ac = (¢ — &) corrected=k - (¢ — ©) (12)
plants emitting CQ or landfills releasing Ckl Since the
retrieval is not height sensitive, the measurements will beAlternatively, it is possible to fix the column above the air-
weighted with the mean averaging kernel (ideally being closecraft to background and retrieve and shift only below. How-
to unity). If the concentration changes occur evenly at all al-ever for this approach to be accurate, detailed knowledge of
titude levels, this gives the correct result. For changes onlythe above column is required. MAMAP’s zenith observation
below the aircraft, this has to be accounted for e.g. by a conmode potentially offers the opportunity to obtain and incor-
version factor. Otherwise, the column averaged mole fractiorporate this information.
variations from the retrieval appear about twice as high as
they actually are. This conversion facfocan be computed 3.3 Sensitivity and error analysis
by:
1 To assess the sensitivity of the derived total column data

k=—— (11)  of COy, CHs and G to atmospheric parameters, retrieval

Alow simulations with different radiative transfer simulations have
whereAK oy, denotes the mean averaging kernel of altitudebeen performed. If not stated otherwise, the retrieval was
layers below the aircraft. Tablegives examples of conver- conducted using an albedo of 0.18 (assuming a Lamber-
sion factors for various conditions. Note that the conversiontian reflector), a solar zenith angle of °4@nd an OPAC
factors given here are not identical to thoseGerilowski  (Hess et al.1998 continental background aerosol scenario
et al.(201]) since an improved radiative transfer has been ap{99.998 % water soluble) as it is also used for recent WFM-
plied for the retrieval resulting in modified averaging kernels DOAS SCIAMACHY satellite data retrieval of Cand CH,
and hence, also in slightly modified conversion factor§he  (Schneising et al2011).
improvements include the update from the HITRAN 2004 Tables 2—7 show the relative error on the result of
(Rothman et a).2009 to the HITRAN 2008 spectroscopic the retrieved background total columns of £QCH,; and
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Table 2. Solar zenith angle sensitivity of total column concentrations and their ratios for different aircraft altitudes, if the true solar zenith
angle is deviating from the 2Gassumed for the retrieval.

Aircraft Solar zenith Sensitivities

altitude [km] angle {] COy[%] CHz[%] O3[%] CO/CHy[%] CO/05 [%]
35.0 -5.97 -6.02 -5.73 0.05 -0.25

0.85 40.0 0.00 0.00 0.00 0.00 0.00
45.0 7.44 7.56 7.22 -0.11 0.21
35.0 —-5.74 -5.82 -5.46 0.08 -0.30

1.25 40.0 0.00 0.00 0.00 0.00 0.00
45.0 7.15 7.31 6.88 -0.15 0.25
35.0 —-4.99 —-5.14 —-4.66 0.16 -0.35

3.0 40.0 0.00 0.00 0.00 0.00 0.00
45.0 6.23 6.47 5.91 -0.23 0.30
35.0 —-4.57 —-4.75 —-4.27 0.19 -0.31

4.5 40.0 0.00 0.00 0.00 0.00 0.00
45.0 5.72 5.98 5.42 -0.25 0.28

Table 3. Aerosol sensitivity of total column concentrations and their ratios for an aircraft altitude of 1.25km. Lowtran (LT, using Henyey-
Greenstein phase functions for a background scenario and a scenario with extreme aerosol load in the boundary layer (BL)) and OPAC (using
Mie phase functions) aerosol scenarios have been usetlésseet al.1998 Schneising et 812008 Schneising2009.

Aerosol Sensitivities

scenario CQ[%] CH4[%] O2[%] COo/CHy[%] CO2/05 (%]

LT background 1.35 1.17 0.94 0.18 0.41
LT extreme in BL 3.34 2.88 0.11 0.44 3.23

OPAC background 0.00 0.00 0.00 0.00 0.00
OPAC urban 0.38 0.33 0.28 0.05 0.10
OPAC desert 1.26 1.07 0.50 0.18 0.76

O, and their ratios for variations of different atmospheric a standard background scenario or the urban polluted in in-
parameters. dustrial areas as general reference scenario seems justified.

Table 2 shows the dependence on the solar zenith angle Another parameter giving rise to potential errors is the sur-
(SZA) for different aircraft altitudes, if 40is assumed for face elevation (Tabld). Unaccounted elevations of 100 m
the retrieval but the true SZA is different. It is obvious that can lead to a bias 6£0.34 % in the ratios. However, surface
there is a rather large error on the single gas columns, deelevation is a well known parameter if geolocation is known.
creasing with higher aircraft altitude, since the fraction of the Note that in this study the area is rather flat and no significant
wrongly assumed light path (before reflection on the ground)errors from surface elevation are to be expected.

becomes lower. The SZA can be determined very precisely rq the retrieval, solely an albedo of 0.18 was applied as-

when geolocation (e.g. by GPS) and time of measurement, ing 5 | ambertian reflector and no spectral dependency.
are known and can be considered for the retrieval referenc%bviousw, this is not true for real surfaces. To assess the
scenario. However, in case of flights with a short temporaliyqence of different surface types on the standard retrieval,
duration, a smg!e reference scenario can be used if the ra_t'gurface spectral reflectances of various surfaces have been
of e.g. CQJ/CH, is applied, as has been dpne for the analysisg;, \ated for two different aerosol scenarios (TeBleThe
of this study. _Th|s method 'S a_lso superior FO_ the @oxy surface types chosen here (soil, sand, snow, deciduous veg-
method, provided that C4variations are negligible. etation, conifer vegetation, rangeland and ocean) are based
The same accounts for the aerosol dependency (Bble on the ASTER Spectral Library through the courtesy of the
which is rather low in the ratios with CH This is also con-  Jet Propulsion Laboratory, California Institute of Technol-
firmed in a simulation considering actual aerosol deploymentogy, Pasadena, California (©1999, California Institute of
in a power plant’s vicinity (compare Seet.7.3. Usage of  Technology) and the Digital Spectral Library 06 of the US
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Table 4. Surface elevation sensitivity of total column concentrations and their ratios for an aircraft altitude of 1.25km and a solar zenith
angle (SZA) of 40.

Surface Sensitivities

elevation[m] CQ[%] CH4[%] O2[%] CO/CHy[%] CO/05[%]
0 0.00 0.00 0.00 0.00 0.00
25 —0.63 -0.54 -0.83 —0.09 0.20
50 -1.25 -1.09 -1.66 -0.16 0.42
75 —1.87 —-1.63 —-2.49 —-0.24 0.64
100 —-2.50 -2.17 =331 -0.34 0.84
125 -3.12 —-2.70 —-4.13 -0.43 1.05
150 -3.74 —-3.24 —-4.95 —-0.52 1.27
200 —-4.97 —-4.31 -6.59 —-0.69 1.73

Table 5. Sensitivity to surface spectral albedo (surface type) reproduced from the ASTER Spectral Library through the courtesy of the Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, California (©1999, California Institute of Technology) and the Digital
Spectral Library 06 of the US Geological Survey in the same form as usBebter et al(2010. Assumed solar zenith angle was’4hd

the aircraft altitude was 1.25 km.

Aerosol Surface Sensitivities
scenario type CO[%] CHz[%] O2[%] CO/CHy4[%] CO2/05 [%]
Soil (Mollisol) 0.26 —-0.23 -0.26 0.03 0.52
Sand (Entisol) 0.51 0.45 0.50 0.06 —0.01
Medium Snow —0.26 —0.05 2.40 -0.21 —2.60
OPAC background Deciduous (Aspen)  —0.04 —0.08 0.43 0.04 —-0.47
Conifers-Meadow —0.09 -0.12 -0.09 0.03 0.00
Rangeland 0.10 0.08 0.07 0.02 —0.03
Open Ocean —0.55 —-0.46 —-2.80 —0.09 2.31
Soil (Mollisol) 0.39 0.34 -0.37 0.05 0.76
Sand (Entisol) 0.76 0.67 0.66 0.09 1.43
Medium Snow —0.52 -0.17 2.96 -0.35 -3.38
OPAC urban Deciduous (Aspen)  —0.09 —0.10 0.57 0.01 —0.66
Conifers-Meadow —0.18 -0.18 -0.12 0.00 —0.06
Rangeland 0.14 0.13 0.09 0.01 0.05
Open Ocean —1.00 —-0.85 —4.09 -0.15 3.22

Geological Survey in the same manner as usedbyter

for the CHy proxy method for both aerosol scenarios (back-

thick (0.05) subvisual cirrus, errors to be expected range be-
et al.(2010. Where for the @ proxy method biases in case tween—0.05% and 0.05 % with respect to the background
of MAMARP retrievals can be quite high, they are rather low column.

The aircraft altitude obviously has an impact on the re-

ground and urban). The largest errors are caused by snowieval results, as well. For the current analysis the principal

due to the very low albedo in the SWIR band.

Subvisual (and visual) cirrus can be a major problem for
remote sensing application since they are difficult to identify
but can have a significant impact on the light path. Severa

cirrus cloud scenarios have been tested (Tépleith cirrus

cloud base heights of 6.0, 9.0, 12.0, 15.0, 18.0 and 21.0 km A|SQ, the yvatervapour influence on the retrieval result has
k_been investigated and has proven to be rather low (T@ble

altitude. Each cirrus layer was assumed to be 500 m thic
The tested optical thickness and the corresponding ice wa-
ter paths were 0.01, 0.05, 0.10, 0.30, 0.70 and 0.31, 1.54°

3.05, 9.20, 21.45gn?, respectively. The ratio with CH

also proves to be very robust in this case. For an opticall

Atmos. Meas. Tech., 4, 1735#58 2011

altitude of observation during the flight was kept constant

at 1.25km. This altitude was hence also chosen as default
for the reference radiative transfer simulation in the retrieval.
I'I'abIe? shows the errors to be expected if the actual aircraft
altitude is differing from the reference altitude.

Even for a strong enhancement of e.g. a factor of 3 com-
ared to background, the error on the ratioZ&H, is only
+0.13 %, showing that there is almost no interference be-
ytween water vapour and théCO, product.

www.atmos-meas-tech.net/4/1735/2011/
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Table 6. Sensitivity to cirrus clouds for an aircraft altitude of 1.25 km, a solar zenith angle®céd@ an albedo of 0.18 assuming a cirrus
geometrical thickness of 500 m.

Optical Ice Cloud Sensitivities
thickness water base

[-] Path[gnT2] Height[km] CO;[%] CHga[%] O5[%] CO/CHy[%] COo/0; [%]
6.0 0.26 0.25 0.10 0.01 0.16
9.0 0.29 0.29 0.09 0.00 0.20
12.0 0.30 0.31 0.10 -0.01 0.20

0.01 031 15.0 0.31 0.32 0.10 —-0.01 0.21
18.0 0.31 0.33 0.10 -0.02 0.21
21.0 0.33 0.31 0.10 -0.02 0.23
6.0 1.20 1.15 0.49 0.05 0.71
9.0 1.34 1.32 0.49 0.02 0.85
12.0 1.40 1.42 0.49 -0.02 0.91

0.05 1.54 15.0 1.42 146 049 —0.04 0.93
18.0 1.43 1.48 0.49 —0.05 0.94
21.0 1.49 1.44 0.49 —0.05 1.00
6.0 2.18 2.09 0.95 0.08 1.22
9.0 2.44 2.42 0.95 0.02 1.48
12.0 2.56 2.59 0.96 —0.03 1.58

0.10 3.05 15.0 2.60 2.68 0.96 -0.07 1.62
18.0 2.61 2.72 0.96 -0.10 1.63
21.0 2.73 2.62 0.96 —-0.11 1.75
6.0 5.17 5.02 2.63 0.15 2.47
9.0 5.84 5.85 2.66 -0.01 3.10
12.0 6.12 6.28 2.66 —-0.15 3.37

030 9:20 15.0 6.22 6.49 2.66 —-0.25 3.47
18.0 6.25 6.59 2.66 -0.32 3.50
21.0 6.64 6.26 2.65 —0.36 3.89
6.0 8.90 8.74 5.29 0.15 3.43
9.0 10.04 10.24 5.35 -0.18 4.45
12.0 11.53 10.06 5.35 —0.48 5.87

0.70 21.45 15.0 10.70 11.44 5.34 —-0.67 5.09
18.0 10.76 11.63 5.39 -0.78 5.10
21.0 11.72 10.78 5.38 —-0.85 6.02

Table 7. Sensitivity to aircraft altitude sensitivity uncertainty for an albedo of 0.18 and a reference altitude of 1.25km.

A Aircraft Sensitivities

altitude [m] CQ[%] CHg[%] O2[%] CO2/CHg[%] COo/O; [%]
—400 -3.81 —-3.33 457 -0.49 0.80
—250 -2.35 -2.06 -2.80 -0.30 0.46
—-100 -1.40 -1.23 -1.65 -0.17 0.26
-50 —0.46 -041 -0.54 —0.05 0.08

0 0.00 0.00 0.00 0.00 0.00
50 0.46 0.40 0.54 0.06 —0.08
100 1.37 1.20 1.58 0.17 -0.21
250 2.26 1.99 2.60 0.26 -0.33
400 3.15 2.77 3.59 0.37 -0.43
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Table 8. Sensitivity of total column concentrations and their ratios to water vapour for a solar zenith angle (SZA)afd4an aircraft
altitude of 1.25 km. The KO scaling factors denote the scaling of the background water vapour profile e.g. due to emissions of water vapour
from a power plant’s cooling towers.

H,O Sensitivities

scaling CQ[%] CHg[%] O2[%] CO/CHy[%] CO2/05 [%]
0.5 0.00 -0.01 0.00 0.01 0.00
1.0 0.00 0.00 0.00 0.00 0.00
1.5 0.00 -0.01 0.00 0.01 0.00
2.0 -0.03 -0.05 -0.01 0.02 -0.02
3.0 -0.13 -0.26 -0.01 0.13 -0.12
4.0 -0.29 -0.59 -0.02 0.30 -0.27

Table 9. Typical uncertainties to be generally expected in a standard retriexd@@ @ using the CH proxy method for an albedo of 0.18,
an aerosol background scenario and a reference aircraft altitude of 1.25 km.

Parameter Expected variation Uncertainty0CH, [%0]
Solar zenith angle +5° ~—0.15%
Aerosol urban vs. background ~+0.05%
Surface elevation +50m ~—0.16 %
H>0O profile x2 ~+0.02%
Spectral albedo Aspenvs. 0.18 ~+0.04%
Cirrus clouds (subvis.)  no cirrus vs. AOT 0.1, CTH 12 km ~—0.03%
Aircraft altitude +50m ~ +0.06 %
total uncertainty estimate: ~0.24%

Table 9 lists typical uncertainties that may generally be are about 27.4 MtCg&yr—1 and &nschwalde power plant
expected for aretrieval ®CO, using the CH proxy method is listed among the top 10 of GQproducing power plants
for small temporal and spatial scales. The total uncertainty(data from CARMA,www.CARMA.org). The cooling tow-
estimate based on Tal#ds then~0.24 %, computed as the ers reach about 113 m height.
root of the sum of individual squared uncertainties. The power plant Schwarze Pumpe is also fired with lig-

nite and produces a total of 1600 MW of energy from two
units. Two huge cooling towers emit water vapour and the

4 Inversion of power plant emission rate flue gas. Schwarze Pumpe has annual emissions of about
o 11.9MtCQ yr~! (data from CARMA www.CARMA.org).
4.1 Target description The cooling towers have a ground diameter of 130 m and are

_ _ _ _ _ about 140 m high.

During a test flight with a Cessna 207 aircraft close to Berlin - e day of measurement had favourable weather condi-
on 26 July 2007, several overpasses with the MAMAP in-tiong characterised by clear sky with only slight cirrus and

s}rument were performed over the coal-fired power plant§gy to medium wind speeds close to ground. Almost no

Janschwalde and Schwarze Pumpe, both operated by thgouds due to possible condensation of water vapour were
Vattenfall Europe Generation AG, Cottbus, Germany. Theforming above the cooling towers .

power plants are situated south-east of Berlin in the Lausitz  petajled information on the power plants’ emission rates

lignite mining district with a distance of about 35km in be- haye been obtained from data collected routinely by Vatten-
tween (see Fig). fall. The temporal resolution of the provided data is 15 min

Janschwalde is a 3000MW power plant consisting of and has been converted to a yearly value for comparison in
6 units, each producing 500 MW of energy mainly via burn- taple10.

ing of lignite. Flue gas is emitted through 6 out of a to-

tal of 9 cooling towers along with water vapour formerly 4.2 Gaussian plume optimal estimation inversion

trapped in the lignites, from burning hydrogen and from

the flue gas desulphurisation. The remaining 3 coolingThe CG concentrations downwind of a point source — such
towers only emit water vapour. Annual GQmissions as the coal-fired power plants under investigation here — can

Atmos. Meas. Tech., 4, 1735#58 2011 www.atmos-meas-tech.net/4/1735/2011/
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Table 10. Emission rate results for the power planédchwalde and Schwarze Pumpe using the Gaussian plume model and the Gaussian
integral inversion methods. For the Gaussian plume model, the result for the retrieved stability parameétére statistical errors according

to Eq. @1) are also given.

Reported Plume inversion Integral inversion
emissions
absolute relative to # pixels used stability absolute relative to
Power plant [MtCOyr1] [MtCO,yr~1] reported -] forinversion parameter [] [MtCeyr—1] reported [-]
, 26.131 1.083 327.4
Janschwalde 24.125 11838 1703% 174 1102% 24.066 0.998
11.865 0.910 357.3
Schwarze Pumpe 13.035 11473 11241 % 209 1136% 11.748 0.901

52°N

51°N j—

50N == 50°N
13°E 14°E 15°E 16°E
Fig. 2. Map of locations of power plantsadschwalde and

Schwarze Pumpe in eastern Germany close to Berlin.
tance between the two power plants is about 35km. (Topographi
data has been obtained from the Shuttle Radar Topography Mi
sion (SRTM) version 2.1http://dds.cr.usgs.gov/srtm/versiaid,

a collaborative effort from NASA, NGA as well as the German and
Italian Space Agencies).

be estimated by a quasi-stationary Gaussian plume model

(Sutton 1932. Since MAMAP measures columns, the

The dis-

the across wind distange wind speed:, and the horizontal
dispersion coefficient (standard deviation) in y-directign
The standard deviation, = o, (x) is a function of the along
wind distancex and depends on the atmospheric stability pa-
rameterz (Masters 1998 and references therein):

oy =a-x08%

(14)

wherex must be specified in kilometres to obtain in me-
ters. For example, for stability class A (very unstatgs-
ters(1999 gives:

a=213 (15)

Using this Gaussian plume model for a single point source
with slightly unstable atmospheric conditions (stabily

a =156) and a wind speed of 2m% a source strength
of 6000gCQs ! or 10gCH;s ! is required to obtain a
1% column increase for GOor CH;,, as the case may be,
in at least one MAMAP footprint pixel of approximately
30mx 30m.

To simulate an emission source with a cross secgipat

s%_he plume’s origin — in contrast to a point source — an offset

xo is added in Eq.X4):

oy =a(x +xo)0'894 (16)
The offset distanceg can be computed as follows:
1
_ (Y0 0Boa
Xo= 4a) . (17)

plume model equation can be integrated to the total vertical

columnV (in gm~2) and equals:

2
- - e7%<%)
N 2moy(X)u

where the x-direction is parallel to the wind direction and
the y-direction is perpendicular to the wind direction. The

Vix,y)= 13)

advantage of the vertically integrated form is the indepen-

dence of the actual vertical distribution of the plume. Only

in terms of wind shear is the distribution of importance. The Vix,y) =

vertical columnV depends on the emission ratgin g s 1),

www.atmos-meas-tech.net/4/1735/2011/

The factor of 4 is introduced so that the source width is de-
scribed by at20 environment, i.e. about 95.45% of total
emissions are confined along the source width at distance
x =0m from the source.

When having a network ofV sources, the vertical col-
umnV is a result of all contributing sourcés and Eq. 13)

changes to:
()

1

F; -3

N
j;«/goy(xj)u

oy (x]-

(18)
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wherex ;, y; denote the distance to the corresponding sourceFor the present study, convergence is determined to be
location of F;. reached when:

To obtain estimates of source emission rdtgérom mea-
sured vertical column¥ (x, y), a linear optimal estimation (Rn+1—Rn)TS;il(Rn+1—Rn) <
scheme can be used. In this study, the stability parameter
a is retrieved additionally so that an iterative scheme has to4.3 Gaussian vector integral
be applied due to the non-linearity of the inverse problem.
A detailed description of theory and application of optimal Another way to obtain estimates for emission rates of sources
estimation methods can be foundRodgerg2000. In gen-  in a distinct area is to take advantage of the Gaussian diver-
eral, a forward model is fitted to data with respect to givengence theorem. It states that the integrated fiwof a vector
a priori information. Here, optimal estimation finds the so- field G through the closed surface of regiohis equal to the
lution of maximum probability by minimising the following emission rate, which can be positive or negative — indicating

N+1

100 (22)

cost functiony for all F; anda simultaneously: a source or a sink, respectively:
x= (Vmeas— Vmod)TS;l(Vmeas— Vmod) F=// diVGdU://G~dS (23)
+ (R—Ra)" S, (R~ Ra) (19) 0 ;

where R is the state vector with entrieg;,a to be re-  Here, the vector field is defined as:
trieved andK is the Jacobian or weighting function matrix 2
with entriesK; j = V;/dR;. Note thatV (x,y) has been C=V¥ (24)

re-indexed to a 1-dimensional vector with entriés Fur-  \herey denotes the vertical column of the according trace

thermore,Vmeasdenotes the measured columns with the er-gas and: the wind speed. With being the normal vector on
ror covariance matri., and R, the a priori information of {0 boundarys Eq. 23) becomes in a discrete form:
source emission rates and atmospheric stability with the as-

sociated covariance matr84. The forward modeVmeg (R) F= /f Vu-ndsS
is a function of the state vector elemetitsanda according
to Egs. (L8) and (L6). §

If there was no a priori information, i.e. the uncertainties =~ ZViu ni AS; (25)
in S, were arbitrarily large, Eq.10) would lead to a general i
weighted least squares solution as it was us&bensmann  yheres; is a scalar measure for the length of the bound-
et al. (2010 for single point_ source sate_zllite applications for gy segment under consideration. Siricés a measure for
CarbonSat. However, a priori information may become nec+he whole column, no vertical transport has to be explicitly
essary for an increasing number of sourégsespecially if  accounted for. Furthermore, boundary parts parallel to wind

they are located close to each other. To avoid unphysicajirection can be omitted. Note that no diffusion is taken into
ambiguities resulting in negative emission rates of individ- 5ccount for this very simple approximation.

ual sources, the a priori information can be used to constrain The poundaries for the actual inversion of the power plant
the emission rates to non-negative values. In the presence @mjssion rates have been chosen manually following flight
strong sinks this has to be reconsidered, but for the targets qf 5cks upwind and downwind. Values along these bound-
interest in this paper, source strengths exceed possible sink§ies have been assigned by a nearest neighbour approach.
by several orders of magnitudes. Another possibility to avoidgge Fig.3 for the choice of boundaries of this study. The
unphysical results is to couple the emissions, e.g. assumingpwind component offers potentially the advantage to dis-

them from each stack of a power plant to be equal, which waginguish between the source of interest and upwind sources
done for this study. Since all units of both power plants re-\ynich increase the background level.

spectively were running at the same level, this is a reasonable yowever. data quality upwind of the power plants turned
assumption. . o _ . out to be very poor. In case ofdschwalde, sheets of water

~ The iterative maximum a posteriori solutid®, 1 min- regyit in a low signal to noise ratio and a poor fit. Rejection
imising Eq. (19) using an initial valueR, is given by  of gata from the already very low number of measurements

(Rodgers2000: upwind of the power plant can lead to strong biases. Since
-1 the data has been normalised and due to the fact that no CO

Ry11= Rq+ (531+ K,{SQlKn> Knpst source in the order of magnitude of the power plant itself can
- [Vimeas— Vimod(Rn) + Ky (Ry — Ro)] (20) be expected, the upwind component has been set to back-

ground in a first approach. This can be avoided in the future

with the according covariance matrix: when dedicated flight patterns are performed.

1 The same accounts for power plant Schwarze Pumpe

Siy1= (KZS;lKn +S;l) (21)  where the very inhomogeneous area upwind of the power
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plant very likely leads to inhomogeneity effects as have been To obtain an average wind speed from the model data esti-
described inGerilowski et al.(2011). Gerilowski et al.  mated for the whole C®plume regarding both vertical and
(2011 also proposed a sensor modification which is cur-horizontal extension, a typical plume height of about 1.2 km
rently under development to avoid these problems in future(o, ~ 300 m) has been assumed, since turbulences downwind

campaigns. of the power plant could be observed from the plane up to
more than 1.0 km. Furthermore, the €@istribution was as-
4.4 Wind data sumed to follow a vertical Gaussian profile with the origin at

stack height and which is reflected from the ground (compare

Wind speed is a key parameter entering linearly into Eg),(  ©-9-Beychok 2009
i.e. an error of for example 5 % on the knowledge of the wind , ,
speed in the respective altitudes will resultin a 5% erroron.. ., _ 1 ef%(%) +ef%(%z") (26)

the emission rates. Hence, detailed knowledge of wind speeg ¢ .21

and also wind direction is essential. Since the flight over the '

power plants was designed as instrumental performance tesjith the stack height = 113 m. This confines about =

no on-site information of wind speed has been acquired. In56 % of the CQ to the lowermost 250 m and abdut=44 %
stead, wind information from the routine analysis of the nu-to the layer between 250m and 1200m. An average wind

merical weather prediction model COSMO-DE operated byspeed for the plume has then been computed as follows:
the German Weather Service (DWD) based on the COSMO

model Doms and Scéttler, 2002 has been used to analyse 1 1 -1
the data obtained in terms of emission rates. Ujw = [(ko' —) + (kl' —aﬂ (27)
, , U p=1000 hP U p=950 hP
COSMO-DE has a spatial resolution of 0.0250.025. 1
Taking into account that the model computes on a ro- |:<56 %. ;) + (44 %. ;>:|
tated latitude-longitude grid (the north pole is rotated to 36mst 6.5ms1
170 west and 40 north), this results in a resolution of ~45ms?
about 2.8 kmx 2.8 km. For this study the hourly wind data
was only available interpolated to pressure levels (1000hPag. 4.2 Schwarze Pumpe
950 hPa, 850 hPa, 700 hPa, etc.). In principle, COSMO-DE
output can also be taken directly from the model levels whichywhere for &nschwalde wind conditions were sufficiently
have a higher vertical resolution with an increasing verticalstationary, wind direction and wind speed were signifi-
spacing from 20 m near ground to about 300 m at 700 hPa. cantly changing for power plant Schwarze Pumpe at 08:10—
For the inversion process with the integral and the plume08:45 UTC (see Figd, bottom) causing problems for the in-
method, it is necessary to have knowledge of wind speed abersion. To correct for that to some extent, the data has first
different altitude levels since the plume rises as a function ofbeen rotated to the first wind direction and then bent to fit
distance from the source. The wind speed applied in E). ( the second wind direction. Obviously, this is in violation of
refers to an average wind speed throughout the plume exthe quasi stationary conditions needed for Gaussian plume
tension as required for the quasi stationary assumptions thaissumptions and will affect the inversion result.
were made. The wind directions and the distance from where to bend
Wind directions and wind speeds for different altitudes andthe data have been identified empirically from the data,
atrelevant times for the overpasses are depicted in #aysd but are in agreement with wind data from the COSMO-DE
5, respectively, for the four nearest neighbour data points foomodel. We assumed 2410or the first wind direction and

each power plant (see Fi6). 23# for the second. The bending point was determined to
be located about 1350 m downwind of the power plant (com-
4.4.1 HAnschwalde pare Fig.3, right).

An average wind speed has been computed similarly as for
From Fig. 4 (top), it can be seen, that according to the the power plant@nschwalde (see Seet.4.]). Accounting
COSMO-DE model during the time of the overflight 08:55— for the according model wind speeds and the greater stack
09:20UTC, the wind direction was fairly stable at about height ¢ = 140 m) the average wind velocity is:
235-245 for all four nearest neighbours ofidschwalde
power plant. This modelled wind direction fits the recordedu_ B [(k . 1 B>+ (k . 1 a)]_l (28)
data, which clearly shows a plume extension in the wind di-"sP = | \ *° U p=1000 hP Y U p—os0hp
rection of about 228(compare Fig3), within a few degrees. 1 1 1
The deviation might be due to instationarity effects or caused ~ [(55 %- —> + (45 %. —>:|
by regional biases in the model and the coarse temporal res- 25mst 5.6mst
olution not capturing variations below one hour. ~33ms?
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Janschwalde Schwarze Pumpe
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Fig. 3. The figures show the MAMAP data for power plan&édchwalde and Schwarze Pumpe rotated and bent (only Schwarze Pumpe)

to wind direction. The solid black lines (JW1, JW2, ... and SP1, ...) indicate boundaries used for the Gaussian integral inversion whereas
the contour lines show the fit result of the Gaussian plume model inversion. The dashed black lines show the area which has been taken intc
account for the Gaussian plume inversion.

4.5 Data quality The Gaussian integral is apparently more affected by the
filter threshold. This is also due to the fact that less measure-
To ensure a high level of data quality, MAMAP dark current ments are taken into account compared to the optimal plume
corrected data has been filtered prior to the inversion. Fierstimation method so that 5ing|e outliers can have a major
of all, very low signals (i.e. maximum signal being below effect on the inversion result. This is enhanced by the sim-
3000 counts) and signals in saturation (i.e. maximum signaple nearest neighbour approach that was chosen as a first ap-
at 55000 counts or higher) have been rejected. proach leading to a nonlinear and partly erratic behaviour in
Subsequently, the quality of the fit has been assured byase of sparse data. A dedicated flight pattern for measure-
applying a filter on the rms (root mean square) between fitments can mitigate the effect in future campaigns.
and model. In Fig7, the rms values have been ordered by  Finally, all data has been corrected by the conversion fac-

size and plotted. The threshold has been set to 0.95 to rejegbr k according to Eq.12). In the following CQ/CH, al-
outliers. Furthermore, each burst of 10 single measuremenfays refers to the corrected ratios, ¥CO,.

has been accepted as an average only if more than half of
the measurements (i.e. 6 or more) passed the rms threshold6 Inversion results
criteria.

The Gaussian p|ume inversion has shown to be very StaBESides the wind direction and VE|OCity which have to be de-
ble against variation of the rms threshold reflecting the effec-fined before any inversion can be performed (see Settl
tive statistical treatment by the optimal estimation method.and4.4.2, the atmospheric stability and the according stabil-
A variation of the threshold of-0.1 leads to a variation ity factora (see Eql14) are also of importance for the Gaus-
of only —0.4%/+1.2% on the inversion result in case of sian pIume model inversion and are directly retrieved from
Janschwalde and-3%/—4% in case of Schwarze Pumpe the data. The measurements over the two power plants were
which has a weaker emission rate. For the Gaussian inperformed in summer in the morning under almost cloud free
tegraL the variation of the inversion is aboH}Q‘?,% for conditions and hence Strong solar insulation. Additionally,
Janschwalde ane-1.9 % for Schwarze Pumpe when the rms the flue gas containing the G@ considerably warmer than
threshold is increased by0.1. A reduction of the thresh- the surrounding air masses leading to observed turbulences
old causes rather large data gaps which, in combination withn up to 1.0 km altitude. Consequently for the inversion, the

the nearest neighbour approach, does not lead do meaningfél Priori atmospheric stability was set to very unstable (Sta-
results. bility class A), i.e.a =2130 with an uncertainty of100.0.
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Fig. 4. Figure of wind directions at the sites of the four nearest Fig. 5. Figure of wind speeds at the sites of the four nearest neigh-
neighbours of the power plantardschwalde and Schwarze Pumpe bours of the power plantsadschwalde and Schwarze Pumpe ac-
according to the COSMO-DE model as used for the inversioncording to the COSMO-DE model as used for the inversion process.
process.

the solid black lines (Fig8 and9). The black line shows the

For the radiative transfer simulation, the aircraft altitude result of the measurement always using the nearest neigh-
was in a very good approximatios=85m) assumed to be bour to a point on the line. Statistical errors are shown in
constant at 1250 m, the albedo constant at 0.18 and thgrey. The results of the simulation based on the Gaussian
aerosol scenario was an OPAC urban scendfies§ et al.  plume model is shown in red. A good agreement between
1998 with continental polluted aerosol (31.399 % water sol- model and data can be achieved. However, the peak values in
uble and 68.6 % soot) in the boundary layer and continentavicinity of the power plant cannot be reproduced whereas far
average aerosol (45.79 % water soluble and 54.2 % soot) ifrom the power plant, the model generally underestimates the
the free troposphere (compare aBchneising et al.2008 emissions. This may be connected to a non-constant stabil-
2009 Schneising2009. ity parameter e.g. due to cooling of the flue gas. Despite the

Figure 3 shows power plant stacks (black crosses), thenonstationary wind conditions in case of Schwarze Pumpe,
measurement data gridded to boxes of 120 #20m and the model seems to fit the data very well.
the plume model inversion result as contour lines of total The solid black lines in Fig3 downwind of the power
column scaling factors 1.020, 1.010 and 1.005. Only dataplant stacks also indicate the boundaries chosen for the Gaus-
between the dashed black lines has been taken into accoustan integral approach. The upwind boundaries have not been
for the Gaussian plume inversion to obtain a more stable reused for the inversion (see Sedt3) and are for visual pur-
sult for the stability parameterwhich can be strongly influ-  poses only.
enced by outliers outside the plume area. With an enhanced The result of the inversions are given in Talllé The
instrumental precision, this may become unnecessary in thelume model inversion results foadschwalde and Schwarze
future. A rather good graphical agreement of model and datd&umpe are in good agreement with the emission rate reported
can be observed for botkdschwalde and Schwarze Pumpe by the power plant operato+8.7% and—9.0%). For
power plant. This is confirmed by the cross sections alongSchwarze Pumpe, the change in wind conditions leading to
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Fig. 6. Map showing the four nearest neighbours (black stars) of
the power plants@hschwalde and Schwarze Pumpe (red circle).
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an unpredictable distribution of the plume and violating the Fig. 7. Root mean square (rms) of the difference between fit and
quasi stationary conditions is partly compensated by fittingmodel for the dataset used for the inversion ordered by value. The
the stability parameter, which takes into account the plumedreen vertical line shows the filter threshold which was set to 0.95
broadening. For both power plants, the retrieved stability pafor the analysis.
rameter is rather large indicating a distribution corresponding
to very unstable conditions. Note that the reported emissions
based on emission factors are not free of error either. How#-7 Discussion of inversion errors
ever, thorough analysis of uncertainties on emission factors
and hence the computed emissions are not available (conf.7.1 Wind and stability
pare also Secfl). The statistical errors based on the optimal
estimation inversion are 7.0% and 12.4 % fanschwalde One of the largest uncertainties on the inversion results is
and Schwarze Pumpe, respectively, and are based mainly g¢aused by the uncertainty of the wind speed. Since wind
statistical measurement error and number of observations. speed is entering linearly into EdL3) the relative error di-
The statistical measurement error used for the plume invertectly translates into a relative error for the inversion. For the
sion has been determined from the standard deviation givemorning of 26 July 2007 and the air layers of interest, the
in Gerilowski et al.(2011) for the CQ profile scaling fac-  data of the COSMO-DE model has a root mean square er-
tor ratiosoprof = 1.74%. Assuming an increase below the ror (rmse) of about 0.9 nT$ compared to wind profiler data
aircraft only, i.e. using the conversion factor for subcolumn from the Lindenberg Observatory (Berlin) and virtually no
retrieval for the present configuration- 0.475), thisresults ~ bias. The accuracy of the wind profilers used for the com-
in a standard deviation @f = 0.83 %. parison can be assumed to be abe0t4 ms?! (R. Leinwe-
For the Gaussian integral, the results are about 0.2 % anfier, DWD, Lindenberg Observatory, personal communica-
9.9% below the reported emissions faingchwalde and tion, February 2011).
Schwarze Pumpe, respectively, and hence in good agree- Also the uncertainty of the wind direction imposes an er-
ment. These results assume that there is no systematic erroor on the inversion. For the wind direction, the rmse of the
on the inversion result due to the flight track. This assump-COSMO-DE model data for the according date and time is
tion is valid for the Gaussian plume model fit but may dependabout 12 with a bias of—9°. The wind profilers have an ac-
strongly on the flight track pattern for the integral method curacy of about-5° (R. Leinweber, DWD, Lindenberg Ob-
(see Sectd.7.9. servatory, personal communication, February 2011). How-
ever, the wind direction can also be derived from the mea-
sured data directly.
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Table 11. Systematic errors in emission rate and stability parametaused by choosing a wrong wind direction for plume model and
Gaussian integral inversion of simulations of tiéamschwalde and Schwarze Pumpe power plant overflight. Default wind direction for the
simulated data was 228Janschwalde) and 22QSchwarze Pumpe), default stabilities assumed for the simulation same as the retrieved
stabilities for &nschwalde and Schwarze Pumpe in Tallle The results for the integral inversion have already been corrected for the
systematic error due to the flight pattern.

A wind direction Anschwalde Schwarze Pumpe
[°] A emission rate [%] A stability A emission rate [%] A stability
Plume Integral retrieved [%] Plume Integral retrieved [%]
0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0
+1 +0.5 +1.7 +1.2 +0.3 -0.3 +0.1
-1 -04 -1.8 -1.1 -0.2 +0.3 +0.0
+2 +3.2 +3.4 +5.0 +0.0 -0.7 +0.6
-2 -2.7 -3.6 —-2.4 —0.6 +0.6 +0.3
+3 +3.1 +5.1 +6.9 -0.8 -1.1 +0.3
-3 -1.9 —-5.4 -0.3 -0.2 +0.9 +0.9
+5 +5.3 +8.3 +10.9 -18 —-2.0 +1.3
-5 —-4.5 -9.1 —-0.6 —-1.7 +1.3 +1.6
+10 +1.7 +15.9 +15.8 -4.7 —-4.8 +8.0
-10 -6.1 —18.9 +16.8 -37 +1.8 +7.5

A special simulation set up was chosen to assess th#ight patterns actually flown ove&dischwalde and Schwarze
influence of the wind direction on the inversion result in Pumpe for the inversion, the Gaussian integral does not give
the special case of the measurements osaschwalde and the source emission rate. From Fyit can already be seen,
Schwarze Pumpe power plant presented here. To keep thiat flight paths for @nschwalde are rather unfortunate for
simulation as realistic as possible, the inversion uses simuapplying the integral method. Not only is one path of the air-
lated measurements only at points where the MAMAP sen-craft going exactly above the power plant but also the track
sor actually recorded high quality data during the overflight.to the very east has not been long enough to cover the full
Simulated data was produced assuming a wind direction ohorizontal plume extent. Under this condition, the assump-
228 (Janschwalde) and 22 Schwarze Pumpe), whereas tion that there is no C@transport perpendicular to the wind
the inversion was run assuming several different wind direc-direction is not reasonable. This is also confirmed by the
tions. The results are summarised in Table It can be  simulation which yields an emission rate of about 82.3 % of
seen that for the present flight pattern, the inversion bias ighe true emission rate. This is a systematic error that will also
not symmetric as regards the change of wind direction. Forappear in the inversion of the real measurements. Hence the
example, in case ofahschwalde errors in wind direction of result may have to be corrected for this flight track error by
£5° can result in an inversion error af5.3% and—4.5%  multiplying the final result with a factor of1.22.
for the plume fit, and+8.3% and—9.1% for the integral For Schwarze Pumpe, the flight tracks are more suitable,
approach, respectively. For Schwarze Pumpe, the errors argnce they have been long enough at appropriate distances
—1.8% and-1.7 % for the plume inversion, ard2.0% and  to the power plant. Here, the simulation result is at about
+1.3% for the integral method. In general, the denser the96.9 % compared to the true emission rate, showing that there
measurements are in quasi-stationary conditions, the moris almost no systematic error resulting from the choice of
precisely the wind direction can be determined due to a charflight pattern in this case.

acteristic mismatch of data and model fit (compBowens- It is of importance for future measurements to apply ap-

mann et al.2010. propriate flight patterns, like for example the one at Schwarze
Pumpe. More sophisticated interpolation methods compared

4.7.2 Flight pattern and Gaussian integral to the nearest neighbour approach (which was used for this

study) may also lead to improved inversion results in case of

In theory, the flight pattern does not matter for the Gaus-unfortunate flight patterns.

sian plume inversion when computing the emission rate. It
will only reduce the uncertainty on the final result. This

has also been confirmed by inversion of simulated data. For
the Gaussian integral, however, the flight pattern is of cru-
cial importance. When simulating a plume and applying the
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4.7.3 Aerosol sensitivity for the inversion at
Janschwalde power plant 4 —

To assess the influence of aerosols on the inversion results 1 a a® - . I
model simulations adapted to MAMAP measurements over .|"‘ j T
the power plant @nschwalde were performed, where atmo-
spheric conditions were more favourable (i.e. more stable)
compared to Schwarze Pumpe power plant.

The estimate for Pk} release from power plants of
1gPMokWh=1 given in Bovensmann et al(201Q and
references therein) is too conservative for modern lignite °
coal-fired power plants like the ones under consideration inQQ | ; r
this study. The US National Renewable Energy Labora- _ e
tory (NREL) states emission factors of 41.6 mg RMwh 1 -2 |
for PMyp and 0.714 kg CekWh1 for carbon dioxide av- . g
eraged over all electric power generation facilities includ- | [ | xr
ing gas and nuclear power plants in the UI&(u and Tor- -4 — ! , - "
cellini, 2006, revised 2007 For the state of North Dakota ' '
which produces 91.8 % of its electrical energy from Iiglanite -4 -2 0 2 4
coal, the average emission factor is 138 mgigkW h~ .
and 1.18 kg COKW h~1, Distance [km]

n
L
—

tance [km]
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IS
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S

Hence, there is a release of about 120 mg kg~ CO,. CO2/CH4
Assuming a perfect correlation between f\nd CQ and | . i | |
additionally taking into account that the G®ackground 0.0000 0.0025 0.0050 0.0075 0.0100

column is about 6kgm?, this results in an increase of

roughly~10mg PMom~2 per 1% columnar C®increase.  Fig. 10. Systematic biases due to aerosol alone at the example of
By using mass extinction coefficients as used Twier Janschwalde power plant. Maximum error in close vicinity to the

etal.(1997 (4.93 n? g~1 at 550 nm for urban aerosol Piy) power plant is about 0.03% re!ative to _the background column. The

and integrating over the full height or alternatively apply- overallplume model inversion is only biased by ab&0t4 % of the

ing the equation oRaut and Chazett2009 relating urban U emission rate.

PM;¢ concentrations to the extinction coefficieryt 355nm

at 355nm derived from LIDAR measurements (BM=  his sensitivity study. The actual emission for both

0.217g m,_2 X ext 355nm), @n increase in AOT dueto a 1% power plants is less than 20 mgdustkWrthand about

increase in CQof about 0.05 can be estimated. 17mgPMokWh-1. For comparison, the specific GO

To model the aerosol impact on the inversion result moregmissions of dnschwalde are 1.15kg G&W h~! and for
realistically, both CQ@ and the aerosol were distributed hor- gchwarze Pumpe 1.0kg GRW h~2.

izontally and in different height layers via a 3-dimensional

Gaussian plume model depending on distance in wind and.7.4  Sensitivity to the conversion factok for

off-wind direction and height, with the origin at the stack Janschwalde power plant

locations at the corresponding emission heights. For each

ground pixel, the according radiative transfer has been comThe conversion factat accommodating for a CQincrease

puted including aerosol load and its height distribution. below the aircraft (Tabl&) depends not only on the aircraft
The results for the C®over CH; ratios are shown in altitude but also on the distribution of emitted £elow the

Fig. 10. The maximum error in a measurement pixel is aboutaircraft, because the averaging kernels are not constant with

0.03 % occurring close to the power plant where aerosol loadcheight. The distribution and plume height, however, are gen-

will be the largest. This, however, has only a minor effect erally not well known, so that the conversion factor is only

on the plume inversion giving rise to a bias90.4 % onthe  used as an average value for the subcolumn. FigLshows

emission rate after inversion. For the integral inversion, thethe systematic errors resulting from using the average con-

bias is about-0.3 % compared to the inversion not account- version factor on a Gaussian distributed Q@ume in case

ing for a particular aerosol distribution. Hence, impact of of Janschwalde power plant. However, the highest devia-

aerosol scattering and absorption for coal-fired power plantsion of the retrieved enhancement from the true enhancement

equipped with modern filter mechanism is insignificant for is only about 0.06 % relative to background occurring close

the retrieval and the subsequent inversions applied here.  to the power plant, leading to a bias on the plume inversion
The power plants @hschwalde and Schwarze Pumpe of +1.3% of the estimated emission rate. For the integral

emit even less particulate matter than was assumed foinversion, the bias is+0.9 % relative to the result with an
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- : : : : on wind direction is assumed higher for Schwarze Pumpe
4 - o — e (£10°) than for AnschwaldeL5°).
I The errors introduced by additional aerosol load due to
= P emissions from the power plant and by variations of the con-
o | " version factork are rather small compared to the other error
r sources. The flight pattern imposes an error for the Gaussian
P W S I integral method, but can be mitigated by performing appro-
-':I priate flight patterns during measurements.
b " v The uncertainty on the reported emission rate has been dis-
" J4% a4 1 _ regarded for this comparison so far. The emission factor es-
r -~ _|" 'y | timate can be assumed to have a precision of about 1.5 % (in
nr ,- - = _ accordance with the EU guidelines, compare SB¢but the
oy, - ! " . accuracy may be significantly worsevans et al.2009.

N
,

Distance [km]
o
"
|
| 8

fo xr ! 5 Summary and conclusions

MAMAP is an airborne optical grating spectrometer instru-
-4 -2 0 2 4 ment for passive remote sensing of column amounts of the
. greenhouse gases @@nd CH; with a precision 0f<1%
Distance [km] (Gerilowski et al, 2011).

CO2/CH4 The XCO, derived from ratios of C@and CH, retrieved
| . i | | with the modified WFM-DOAS algorithm have been shown
0.000 0.005 0010 0.015 0.020 to be robust against changes of atmospheric parameters like

aerosol content, cirrus clouds, solar zenith angle, etc. Biases
Fig. 11. Propagated error on the retrieval result due to error on themay be large in the single gas columns but largely cancel for
conversion factor, because of insufficient knowledge of the plumethe ratios, leading to a significantly enhanced data quality.
height_ and vertical distribu_tion. Highest deviation from the true A test flight has been performed over the two power plants
vaIL_le is about 0.Q6% relatlve_to tr_le background_column. The er-mnschwalde (ca. 27.4MtGQr-1) and Schwarze Pumpe
ror in the conversion factgr estimation Igads tp a bias b33 % of (ca. 11.9MtCQ yrfl) on 26 July 2007 (Sect.1). The re-
the true emission rate using the plume inversion method. . .

trieved columns clearly show the G@lume (Figs.12 and
13). However, a more quantitative description of the power
plant emission rates is of interest, as it is also for other strong
point sources.

Two inversion approaches to obtain these emission rates
have been applied: The Gaussian plume inversion (8eit.
and the Gaussian integral inversion method (S&§. One
of the most crucial input parameters for both inversion mod-
Generally, the inversion results are in good agreement withels is the wind speed. Errors in wind speed enter linearly
the reported values (TablE)). Table12 summarises typi- into the equations for both methods (E4® and 25) and
cal error sources and resulting uncertainties for the invertethence, so do the relative errors on the wind speed. An-
emission rates of the two power plants. The errors are clearlyther very important factor is the flight pattern performed
dominated by uncertainties on wind information. The stan-over the point source to be assessed (S&@.2. Espe-
dard deviation of the model wind speed (0.9 )sfor the  cially for the Gaussian integral method, systematic errors can
respective day and time of day are used for the uncertaintipe significant (e.g. about 17.7 % in the caseaisthwalde
on the wind data in this case. In future campaigns, on-sitgpower plant) but they can be almost completely avoided if an
wind information will help to validate the model and to bet- appropriate flight pattern is performed (error only 3.1% in
ter assess the according error. case of Schwarze Pumpe). In addition, recent measurements

Wind directions were derived empirically from the data with the improved MAMAP sensor indicate a drastically im-
but due to violation of the stationarity assumption for the proved instrumental precision which will reduce the influ-
Gaussian plume model in case of Schwarze Pumpe, resulsnce of patchy data on the nearest neighbour approach in the
of the inversion can be expected to have a larger bias. Théuture. In the case of the Gaussian plume model, the flight
correction applied by differential rotation of the data and re- pattern is not of that importance. It mainly reduces the sta-
trieval of the stability parameter can only partly compen- tistical error. However, it is of advantage to densely sample
sate for that. To account for this additional issue the errorthe plume centre with highest values above background and

adapted conversion factérdepending on the vertical GO
distribution.

4.7.5 Summary of inversion uncertainties
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Fig. 12. MAMAP data from &nschwalde power plant. The left picture shows the profile scaling factor rat¢éGER (X COy). The upper

right picture shows that the GGemissions can already be detected by the @@asurements and are not features introduced by possible
errors in the Cld measurements (lower right). The single gas pictures (right) also show errors that occur for both measurements e.g. when
the aircraft is turning. All data has been normalised by the global mean of the complete flight and smoothed by a 3 point moving average.
(Note that data on figures to the right do not represent dry columns and have been additionally offset corrected for displaying reasons. They
do not have the same profile scaling factor scale as the ratios shown on the left.)

Table 12. Overall uncertainty on the final emission rate estimates for the power pkamgstivalde (JW) and Schwarze Pumpe (SP). Note
that Schwarze Pumpe has a higher assumed uncertainty on the wind direct®n ue to nonstationary conditions.

Uncertainty on emission rate [%]

Plume inversion Gaussian integral

Parameter JW SP JW SP
Statistical error 7.0 12.4 * *

Wind speed£0.9ms™1) 20.0 27.3 20.0 27.3
Wind direction &5° resp.+10°) 5.3 4.7 9.1 4.8
Aerosol 0.4 * 0.3 *
Conversion factok 1.3 * 0.9 *
Flight pattern (can be accounted for) - - -17.7 =31

* according values not determined; — parameter not important for method

hence, also highest signal to noise ratio. Further errors e.ghat a rather accurate assessment of the emission rates can be
from the choice of wind direction etc. have been analysed. obtained. In the case of Schwarze Pumpe, unfortunate (i.e.
The results — not corrected for any systematic errors — ofnon-stationary) wind conditions did complicate the inversion
the inversions can be found in Tadlé. Relative to the re- process. Main error sources are summarised in TEhlbe-
ported values, the emission rates @afidchwalde are overesti- ing dominated by the uncertainty on wind information. In an
mated by 8.3 % (plume model) and underestimated by 0.2 %extensive simulation, the error caused by aerosol scattering
(Gaussian integral). For Schwarze Pumpe, the emission rateand absorption and the error on the conversion factor have
have been underestimated by 9.0 % (Gaussian plume) respetisrned out to be not significant.
tively by about 9.9 % (Gaussian integral). The results show
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Fig. 13. Same as Figl2 but for Schwarze Pumpe power plant. Again the power plant emission plume is already clearly visible ipthe CO
measurement (i.e. before the ratio £&0H, is computed).

For the analysis shown here, the wind data of the rou- The inversion methods presented here at the example of
tine analysis of the numerical weather prediction modeltwo strong CQ point sources can also be accordingly ap-
COSMO-DE of the German Weather Service (DWD) has plied for localised Cl sources. With respect to mass, the
been used. Although this model has a horizontal resolutiorsensitivity of MAMAP to CH; is about 500 times higher
of 2.8 km and an hourly output, wind information with higher than for CQ because of the lower CHbackground con-
resolution in space and time is desirable to increase the awentrations (measurements are relative to background), lower
curacy of the final results. A first improvement will be to molecular weight of Cld and taking into account conver-
utilise the full vertical resolution of COSMO-DE which was sion factorsk for an aircraft altitude of 1.25km, an albedo
not available for this study. The MAMAP sensor in com- of 0.18 and a background aerosol scenario (compare Ta-
bination with a wind LIDAR or radar with high accuracies ble 1). For comparison, equivalent GHemissions to ob-
of <1ms! (wind speed) and FO(wind direction), tempo-  tain a similar CH MAMAP signal as the emission rates of
ral resolution of about 15 min and a vertical resolution of ca. Schwarze Pumpe anéidschwalde do for C£& would be in
100 m like the instrument presented for exampleNmyrton the order of~24 kt CHyyr—1 and~55kt CHy yr—1, respec-
et al.(2006 can significantly improve the inversion. Further- tively. A potential MAMAP target of this order of magni-
more, it is also planned to use MAMAP with an in-situ anal- tude could be, for example, the offshore Mobil Oil North Sea
yser and a turbulence probe for further validation and betteBlowout (~23 kt CH, yr~1, with very high degree of uncer-
vertical (and horizontal) location of the plume. tainty, Deutscher Bundestag — 17. Wahlperip2@10, when

In direct comparison, both inversion methods — the Gaus-operating in solar glint. Of course, detection and quantifica-
sian plume inversion and the Gaussian integral method — aréion of much less intense GHand CQ) sources are feasible.
able to deliver accurate results. The Gaussian plume method

requires more detailed knowledge of atmospheric conditions X . o
. . . Lo ty to quantify point source emission rates from power plants.
but it can incorporate all available data resulting in a reduce . .
o . . ven with the simple methods presented here, the accuracy
statistical uncertainty. In cases where atmospheric parame:-

ters are not well known, the Gaussian integral method mayOf the inversion results is already in the order of the un-

be ofacantage because o s ndependence of the sy T LE5 55 PrSeTIE BrieTar e Surou@n)
spheric stability and the rather low sensitivity on variations P '

. N ) . well as CH, localised emissions e.g. from landfills and fossil
of wind direction. On the other hand it can be strongly blasedfuel production and distribution, can also be quantified with

by a few outliers. the methods presented here. Not only can MAMAP deliver

To conclude, it has been shown that MAMAP has the abil-
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significant information on greenhouse gas emissions from lo- initial comparison with chemistry and transport models, Atmos.
calised sources but it may also serve to validate and comple- Chem. Phys., 5, 941-96@0i:10.5194/acp-5-941-2002005a.
ment satellite measurements of current and future satellitduchwitz, M., de Beek, R., N&, S., Burrows, J. P., Bovensmann,
missions, e.g. like the proposed greenhouse gas satellite mis- H, Bremer, H., Bergamaschi, P.,0ker, S., and Heimann,
sion CarbonSatovensmann et al2010. M Carbon monoxide, methane and carbon dioxide coll_m_w_ns re-
trieved from SCIAMACHY by WFM-DOAS: year 2003 initial
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