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Abstract

MAMAP is an airborne passive remote sensing instrument designed for measuring
columns of methane (CH,) and carbon dioxide (CO,). The MAMAP instrument con-
sists of two optical grating spectrometers: One in the short wave infrared band (SWIR)
at 1590-1690 nm to measure CO, and CH, absorptions and another one in the near
infrared (NIR) at 757-768 nm to measure O, absorptions for reference purposes.
MAMAP can be operated in both nadir and zenith geometry during the flight. Mounted
on an airplane MAMAP can effectively survey areas on regional to local scales with
a ground pixel resolution of about 29 m x 33 m for a typical aircraft altitude of 1250 m
and a velocity of 200 km h™'. The retrieval precision of the measured column rela-
tive to background is typically $1% (10). MAMAP can be used to close the gap be-
tween satellite data exhibiting global coverage but with a rather coarse resolution on
the one hand and highly accurate in situ measurements with sparse coverage on the
other hand. In July 2007 test flights were performed over two coal-fired powerplants
operated by Vattenfall Europe Generation AG: Janschwalde (27.4 MtCO, yr‘1) and
Schwarze Pumpe (11.9 Mt CO, yr’1), about 100 km southeast of Berlin, Germany. By
using two different inversion approaches, one based on an optimal estimation scheme
to fit Gaussian plume models from multiple sources to the data, and another using
a simple Gaussian integral method, the emission rates can be determined and com-
pared with emissions as stated by Vattenfall Europe. An extensive error analysis for
the retrieval’s dry column results (XCO, and XCH,) and for the two inversion methods
has been performed. Both methods — the Gaussian plume model fit and the Gaussian
integral method — are capable of delivering reliable estimates for strong point source
emission rates, given appropriate flight patterns and detailed knowledge of wind con-
ditions.
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1 Introduction

Methane (CH,) and carbon dioxide (CO,) are the two most important anthropogenic
greenhouse gases contributing to climate change. Since the industrial era (before
1750 AD) CO, has increased by about 35% from 280 ppm to about 379 ppm in 2005
(Forster et al., 2007), where half of the increase took place during the last 30 yr. Up
to three quarters of this increase have been attributed to combustion of fossil fuels
(e.g. in power plants but also steel plants etc.), gas flaring (at refineries, oil platforms,
etc.) and cement production (Forster et al., 2007). However, despite their importance
these anthropogenic CO, point sources have not been well quantified. For example for
coal-fired power plants, which are among the strongest emitters for CO, (e.g., EPER,
2004), Ackerman and Sundquist (2008) found that emission estimates for individual US
power plants differ by about 20% and recommend different independent approaches to
more reliably quantify emissions. Usually power plant emissions are estimated from
emission factors based e.g. on power generation or stack measurements.

In the European Union (EU) the greenhouse gas emission allowance trading scheme
(European Commision, 2007) gives mandatory guidelines on how greenhouse gas
emissions have to be reported. For strong emitters as a result of combustion
(>500ktCO, yr_1) the uncertainty in fuel consumption which serves as input data for
the greenhouse gas calculations is allowed to be 1.5% at maximum. This EU Emission
Trading System (ETS) legislation is overseen by the national authorities. An additional
error is caused by the uncertainty of power generation (~1%) and of the emission and
oxidation factors. However, Evans et al. (2009) noticed that the uncertainties of the
EU ETS are not referring to the accuracy (“closeness to truth”) but to the precision
(“repeatability of the data”). Furthermore Evans et al. (2009) observed at different
coal-fired power plants a negative bias of emissions calculated from emission factors
compared to emissions derived from continuous emission monitoring systems (CEMS)
of 15% and more.
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Currently these and other point sources neither can be resolved by existing satellite
instruments nor can they be monitored by available surface observation networks but
imperatively require further investigation (NRC, 2010).

Methane on the other hand has after CO, the second largest effect on anthropogenic
radiative forcing. It is less abundant but exhibits a global warming potential per unit
mass that is more than 20 times higher than that for CO, (Forster et al., 2007; Shin-
dell et al., 2009). Methane mole fractions increased from 750 ppb to 1774 ppb (in the
last 250 yr) and the sources can be divided into anthropogenic and natural. Natu-
ral sources are mainly spatially extended wetlands 100 (92-232) TgCH, yr‘1 and ge-
ological local sources 19(12.4—48.2) TgCH, yr'1 like seeps and mud volcanoes and
increasingly also destabilizing methane hydrates, which may be further enhanced by
global warming (Wuebbles and Hayhoe, 2002). Anthropogenic sources like landfills
(61(40-100) TgCH, yr‘1), rice agriculture (60 (25-90) TgCH, yr‘1), biomass burning
(50 (27-80) TgCH, yr'1) ruminant animals (81 (65-100) TgCH, yr’1) and release of
CH, due to fossil fuel production and distribution (106 (46—174) Tg CH, yr‘1) (Wuebbles
and Hayhoe, 2002) are usually very localized. All in all natural and anthropogenic local-
ized sources account for about 40% of the total yearly methane emissions of 503 (410—
660) Tg CH, (Wuebbles and Hayhoe, 2002). Landfills alone account for more than 12%
of the total yearly emissions.

The quantification of located sources and sinks of the greenhouse gases CO, and
especially CH, still has significant gaps in spatial distribution and magnitude as well
as in their temporal development. Babilotte et al. (2010) compared five different state-
of-the-art measurement techniques (in-situ and remote sensing) to quantify the local
CH, emissions of a particular landfill in France. The methods under investigation were
a tracer gas technique, laser radial plume mapping, inverse modelling technique, dif-
ferential absorption LIDAR (DIAL) and helicopter borne spectroscopy. The estimated
emissions differed by an order of magnitude, the main problem for the inversion mod-
elling for example probably being the limited accessibility of samling locations depend-
ing on wind direction and available roads. Babilotte et al. (2010) conclude that further
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research on each method is necessary to provide reliable results for emission rates.
Similar results were obtained by Borjesson et al. (2000) who found that CH, emission
estimates for a Swedish landfill differ by a factor of 4 between tracer gas techniques
and closed chamber measurements. Chambers and Strosher (2006a,b) showed at the
example of Canadian natural gas processing plants and a refinerie that emission esti-
mates may be 4-9 times higher when computed using DIAL measurements compared
to calculations from emission factors.

A remote sensing instrument being able to retrieve precise column information with
a footprint size in the order of the source heterogeneity and with the ability to con-
tinuously cover areas on a regional scale sufficiently fast can add significant knowl-
edge to this problem. The MAMAP instrument was built to improve the quantification
and understanding of current CO, and CH, sources and to provide the opportunity of
a monitoring system for local source regions vulnerable to global warming.

The present paper is the second of two initial papers describing the MAMAP in-
strument and showing first results of measurements and inversions for point source
emission rates. In the first part (Gerilowski et al., 2011) a detailed instrument descrip-
tion including a thorough precision analysis and a discussion of the range of application
was given.

In this paper the focus lies on presenting the retrieval algorithm applied to obtain
trace gas column information from spectroscopic measurements and the subsequent
inversion for point source emission rates. The inversion is demonstrated at two strong
CO, point sources: the power plants Janschwalde and Schwarze Pumpe close to
Berlin, Germany, which were target for a MAMAP testflight in summer 2007.

Section 2 shortly introduces the instrument, followed by a description of the modified
WFM-DOAS retrieval algorithm (see Sect. 3) including a short assessment of altitude
sensitivity and potential error sources like aerosols, clouds, albedo, solar zenith angle,
aircraft altitude, surface elevation and water vapour content. Section 4 deals with the
inversion for emission rates of the power plants (see Sect. 4.1), which have been ob-
tained via two different approaches: the Gaussian plume inversion (see Sect. 4.2) and
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the integral method (see Sect. 4.3), both using wind data from the COSMO-DE model
of the German Weather Service (DWD) (see Sect. 4.4). Data quality is adressed in
Sect. 4.5 and the inversion results (see Sect. 4.6) followed by an initial error analysis
(see Sect. 4.7) are then compared with independent data computed from emission fac-
tors being provided from Vattenfall Europe Generation AG. In the end a summary and
conclusions are given in Sect. 5.

2 Instrument

The MAMAP (Methane Airborne Mapper) instrument is a passive remote sensing in-
strument designed for airborne applications to measure columns of CH, and CO,.
It was developed in close cooperation between the University of Bremen and the
Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences. MAMAP
measures in the short wave infrared (SWIR) and in the near infrared (NIR) spectral
region using two separate grating spectrometers. The SWIR spectrometer measures
in the region of 1590 nm to 1690 nm with a resolution of 0.82 nm FWHM covering CH,
and CO, absorption bands. To provide a reference measurement a NIR imaging push-
broom spectrometer measures the O,A absorption band between 757 nm and 768 nm
with a resolution of 0.46 nm FWHM. The instantaneous field of view of the SWIR spec-
trometer is about 1.34° x 0.02°, i.e. about 29 m x 33 m (cross track x along track) for
a typical aircraft altitude of about 1.25km, 200 km h™ ground speed and ~0.6s ex-
posure time. This is a valid configuration in most cases where the albedo is not sig-
nificantly below 0.18 (assuming a Lambertian reflector), which is about the albedo of
vegetation. Over surfaces with lower spectral albedo, i.e. mainly water, the exposure
time has to be extended accordingly. The retrieval precision of the measured column
is typically about 1% (1 o) for ~ 0.6 s integration time, currently limited by spectrometer
effects. This matter is under investigation. The goal is to achieve precisions below 1%.
A detailed discussion on these topics can be found in Gerilowski et al. (2011).
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3 Retrieval

A retrieval algorithm is used to convert the spectral radiances measured by MAMAP
to the trace gas column information of interest. For the processing of MAMAP data
a modified version of the Weighting Function Modified Differential Optical Absorption
Spectroscopy (WFM-DOAS) algorithm (Buchwitz et al., 2000) is used to obtain vertical
column information of CH,, CO, and also O..

The regular DOAS technique assumes that the absorption cross sections are inde-
pendent of height. However this is usually not valid for the strong absorbers in the
infrared. Thus WFM-DOAS additionally takes into account the pressure and tempera-
ture dependency of the absorption cross sections using linearisation points.

WFM-DOAS has been succesfully applied to scientific retrieval of CO, and CH, col-
umn information (Buchwitz et al., 2005a,b; Schneising et al., 2008, 2009) from the
SCIAMACHY satellite sensor onboard Envisat (Bovensmann et al., 1999).

SCIAMACHY’s WFM-DOAS uses a look up table approach with multi dimensional
interpolation for SZA, albedo, surface elevation. Water vapour is iteratively fitted before
the final trace gas fit of e.g. CH, or CO,. The MAMAP test flights described here cover
only narrow regions and rather short time spans compared to SCIAMACHY observa-
tions, so that only a specific set of parameters for SZA, albedo, surface elevation, water
vapour, etc. have been applied, rather than an extended look up table. However for fu-
ture surveys being larger in time and space lookup tables can be used accordingly.

3.1 Algorithm

As for SCIAMACHY the MAMAP version of the WFM-DOAS algorithm is based on
a least squares fit of the logarithmic simulated radiance spectrum to the measurements.
The fit parameters are:

i. desired atmospheric parameters, i.e. partial or total columns of CH,, CO, and O,,
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ii. additional trace gas atmospheric parameters for spectrally interfering gases
(water vapour),

iii. other atmospheric parameters (temperature) and

iv. a low order polynomial in wavelength to account for spectrally smoothly varying
parameters which are not explicitly modelled or not well enough known. These
parameters include for example the MAMAP absolute radiometric calibration func-
tion, aerosol scattering and absorption parameters and the surface spectral re-
flectance,

v. shift and squeeze parameters from an iterative wavelength calibration procedure,

vi. and an alternating function accounting for a detector pixel odd even correction
(compare Gerilowski et al., 2011).

The logarithm of the spectrum can be expressed as a linearized radiative transfer
model plus a low order polynomial P;:
mea d/a C/ B é/
INR® = InRT (c)+zWMl_?+PA(a)+el (1)
j J

On the left hand side of this equation there is the logarithm of the measured spectral
radiance R}"°® at a wavelength A. On the right hand side there is the WFM-DOAS
linearised radiative transfer model, the low order polynomial P, with the free fit param-
eters a and an error term €,. The expression R;md(é) denotes the radiative transfer
model result at the linearisation point €. The vector-valued ¢ consists of typical values
for relevant atmospheric parameters. These “first guess” values are refered to as ¢;.
The second term on the right hand side describes the linearised model corrections
depending on the fit parameters ¢;. To each ¢, exists a corresponding fit parameter
c¢;. The column weighting functions ij_ denote the derivatives of the radiance with
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respect to fit parameters c;. They are computed by adding up all relevant atmospheric
layer weighting functions WM/,,Z:

Zup
Wie,= D Wi, (2)
Z=Zjow
where z,,, and z,,, denote the lower and upper limit of the relevant atmospheric layers.
For a general MAMAP retrieval the altitude range would reach from the lowest atmo-
spheric layer to the top of atmosphere. As a consequence the retrieval algorithm does
not resolve different altitude levels but shifts the mean profile as a whole. The result of
the algorithm are height averaged increased or decreased profile scaling factors (PSF)
or a profile shift (in case of temperature).
The atmospheric layer weighting functions are computed as:

oInR,

iz Bz
/ oinc, | &)

WG (3)
This is basically the relative change of radiance due to a relative change of the ac-
cording parameter ¢ at altitude z times the quadrature weight A,. The quadrature
weights essentially correspond to the geometrical thickness of the layers of the model
atmosphere.

Both the model radiances and the weighting functions are computed with the radia-
tive transfer model SCIATRAN (Rozanov et al., 2005) using the HITRAN 2008 spectro-
scopic data base (Rothman et al., 2009) and a sun spectrum by Livingston and Wallace
(1991).

The error term €, in Eq. (1) accounts for all wavelength dependent differences be-
tween the measurement and the model which cannot be modelled or cannot be mod-
elled without approximations (e.g. aerosol effects). In an ideal case the error term is
identical with the instrument’s detector noise.

Equation (1) can be expressed as a vector equation of the following form:
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with each vector component corresponding to a specific wavelength A. Here A denotes
a matrix whose columns consist of the weighting functions Wa,c-, and of the polynomial
base functions. The vector y is built up by the differences of logarithmic radiances of
measurement and model at the linearization point ¢. The parameters x, corresponding
to the (relative) change in the atmospheric parameters, and the polynomial coefficients
respectively can be obtained by a least squares fit minimizing the sum of the squared
errors:

Amax

2 e2=lelP =lly-A-x|? (5)

=Amin

The solution X is then given by:
-1
%= (AT A) Aly (6)

The remaining measurement error € is a measure for the quality of the spectral fit,
which in practice is not only determined by noise but also influenced by systematic
errors (e.g. spectrometer slit function uncertainties or errors in spectroscopic parame-
ters). Since the systematic measurement errors are not known, the statistical errors of
fit parameter j have to be estimated from the residual e:

2
0, = V (a7 a);) L )

where m is the number of spectral points used for the fit, n the number of fit parameters
and m - n the number of degrees of freedom of the linear least squares problem.

For the interpretation of the MAMAP measurements with respect to sources and
sinks of the greenhouse gases CO, and CH, the column averaged dry air mole frac-
tions (in ppm for CO, or ppb for CH,) are the prefered quantity rather then the total
columns (in molecules cm'z). This is because dry air mole fractions are less affected
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by changes in surface topography, pressure and flight altitude compared to the absolute
column.

To convert the obtained total columns additional knowledge of the dry air column,
i.e. the total number of molecules in the air column neglecting water molecules, is
necessary. This knowledge can be obtained in several ways:

i. By using simultaneous measurements of the oxygen (O,) column,

ii. by using another well-mixed gas whose mole fraction is well enough known and
varies significantly less than the trace gas of interest, or

iii. by considering external information on surface pressure obtained from e.g. mete-
orological analysis. However very high resolution surface pressure data would be
required in this case, especially in areas with high topograhpic variations.

Succesful utilisation of the O, column (i) (in the case of MAMAP obtained from the
O,A band spectrally located at about 760 nm) has been demonstrated for example in
Schneising et al. (2008) for SCIAMACHY column-averaged CO, retrieval. The mole
fraction of O, in dry air is well known (20.95%) and fairly constant in space and time up
to about 100 km. However, due to the spectral distance of the O,A band at 760 nm and
the CO, and CH, absorption bands located at about 1.6 um light paths will be different
if not all scattering parameters are known. This can lead to total column retrieval errors
(see Schneising et al., 2008, 2009, for a discussion).

This can be avoided when using another well-mixed gas as reference (ii) which is
measured spectrally close to the trace gas of interest. For the determination of MAMAP
CH, mole fraction in many cases the CO, mole fractions can be assumed to be effec-
tively constant and well mixed compared to CH, — at least in regions whithout large
temporal or spatial CO, variations. Due to the spectral closeness, the photon 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 fractions (XCH,):
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CHzolumn
XCH, = cogcolumn s aver. mole fraction ©
2 / 2

This is also done for CH, mole fractions obtained from SCIAMACHY (Frankenberg
et al., 2005; Schneising et al., 2009).

In case of strong CO, sources like the power plants in this study away from strong
local methane sources, CH, can be used to determine mole fractions for carbon dioxide
XCO, accordingly.

Cocolumn
X002 = CHcqumn/C|_|2aver. mole fraction (9)
4 4

But also CH, area sources such as wetlands will not significantly bias the result of
a strong CO, point source. For example a 10km wide wetland upwind of the point
source will only result in a columnar CH, increase of 0.03%—0.06% CH,, assuming
a high summer wetland emission rate of 50-100 mgCH, m~2 day-1 (e.g., Ringeval
et al., 2010, for wetland emission rates), a wind speed of 2ms~ ' and a background
column of about 9.75gCH, m~2.

We prefer this method also to using external surface pressure data (iii) because of
the higher accuracy that can be obtained if light path errors can be accounted for. The
feasibility however depends strongly on the actual variability of CO, and CH,.

3.2 Altitude sensitivity

As can be seen from Eq. (2) the MAMAP WFM-DOAS retrieval does not resolve differ-
ent altitude levels. However, the retrieval has different sensitivites for different altitude
layers. This behaviour can be characterised by the so called column averaging ker-
nels (AK) as a function of altitude. They are defined as the variation of the retrieval
parameter (i.e. the trace gas column) C,uyieveq @S @ result of a perturbation of the true
subcolumn c¢y,.(2) at altitude z:
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AK(Z) — acretrieved (1 0)
actrue(Z)

The AK for MAMAP have been computed by retrieving trace gas columns from mea-
surement simulations that have been perturbed at various altitude levels z. An aver-
aging kernel value equal to unity at a certain altitude indicates that the perturbation
was correctly retrieved by the algorithm. Values lower or higher than unity indicate an
decreased or increased sensitivity. In particular there is a sharp step in the averaging
kernels at the airplane altitude (see Fig. 1). Below, the averaging kernels are increased
by a factor of about 2 (for low aircraft altitudes). This is due to the fact, that light from the
sun passes through the absorber below the aircraft twice — once before and once after
surface reflection. The higher the aircraft flies the less pronounced the step becomes,
since the height averaged AK are about unity.

For a typical MAMAP measurement elevated or decreased trace gas concentrations
can be expected mainly below the aircraft due to activity at the surface, e.g. power
plants emitting CO, or landfills releasing CH,. Since the retrieval is not height sensitive
the measurements will be weighted with the mean averaging kernel (ideally being close
to unity). If the concentration changes occur evenly at all altitude levels this gives the
correct result. For changes only below the aircraft this has to be accounted for e.g. by
a conversion factor. Otherwise, the column averaged mole fraction variations from the
retrieval appear about twice as high as they actually were. This conversion factor k can
be computed by:
k= 1 (11)

AKIow

where AK,,, denotes the mean averaging kernel of altitude layers below the aircraft.
Table 1 gives examples of conversion factors for various conditions. Note that the con-
version factors given here are not identical to those in Gerilowski et al. (2011) since
an improved radiative transfer has been applied for the retrieval resulting in modified

2220

AMTD
4, 2207-2271, 2011

MAMAP - retrieval
and inversion of
XCH, and XCO,

T. Krings et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

averaging kernels and hence also in slightly modified conversion factors k. The im-
provements include the update from the HITRAN 2004 (Rothman et al., 2005) to the
HITRAN 2008 spectroscopic data base (Rothman et al., 2009), an altitude grid with
higher vertical resolution in lower altitudes and a more complex aerosol profile.

The actual variation in the column can then be calculated by using observation ge-
ometry and averaging kernels:

Ac=(c- é)corrected =k-(c-0) (12)

Alternatively it is possible to fix the column above the aircraft to background and
retrieve and shift only below. However for this approach to be accurate, detailed knowl-
edge of the above column is required. MAMAP’s zenith observation mode potentially
offers the opportunity to obtain and incorporate this information.

3.3 Sensitivity and error analysis

To assess the sensitivity of the derived total column data of CO,, CH, and O, to at-
mospheric parameters retrieval simulations with different radiative transfer simulations
have been performed. If not stated otherwise the retrieval was conducted using an
albedo of 0.18 (assuming a Lambertian reflector), a solar zenith angle of 40° and an
OPAC (Hess et al., 1998) continental background aersol scenario (99.998% water sol-
uble) as it is also used for recent WFM-DOAS SCIAMACHY satellite data retrieval of
CO, and CH, (Schneising et al., 2011).

Tables 2—7 show the relative error on the result of the retrieved background total
columns of CO,, CH, and O, and their ratios for variations of different atmospheric
parameters.

Table 2 shows the dependence on the solar zenith angle (SZA) for different aircraft
altitudes, if 40° is assumed for the retrieval but the true SZA is different. It is obvious
that there is a rather large error on the single gas columns, decreasing with higher
aircraft altitude, since the fraction of the wrongly assumed light path (before reflection
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on the ground) becomes lower. The SZA can be determined very precise when geolo-
cation (e.g. by GPS) and time of measurement is known and can be considered for the
retrieval reference scenario. However, in case of flights with a short temporal duration
a single reference scenario can be used if the ratio of e.g. CO,/CH, is applied as has
been done for the analysis of this study. This method is also superior to the O, proxy
method, provided that CH, variations are negligible.

The same accounts for the aerosol dependency (Table 3), which is rather low in
the ratios with CH,. This is also confirmed in a simulation considering actual aerosol
deployment in a power plant’s vicinity (compare Sect. 4.7.3). Usage of a standard back-
ground scenario or the urban polluted in industral areas as general reference scenario
seems justified.

Another parameter giving rise to potential errors is the surface elevation (Table 4).
Unaccounted elevations of 100 m can lead to a bias of —0.34% in the ratios. However,
surface elevation is a well known parameter if geolocation is known. Note that in this
study the area is rather flat and no significant errors from surface elevation are to be
expected.

For the retrieval solely an albedo of 0.18 was applied assuming a lambertian reflec-
tor and no spectral dependency. Obviously this is not true for real surfaces. To assess
the influence of different surface types on the standard retrieval, surface spectral re-
flectences of various surfaces have been simulated for two different aerosol scenarios
(Table 5). The surface types chosen here (soil, sand, snow, deciduous vegetation,
conifer vegetation, rangeland and ocean) are based on the ASTER Spectral Library
through the courtesy of the Jet Propulsion Laboratory, California Institute of Technol-
ogy, Pasadena, California (©1999, California Institute of Technology) and the Digital
Spectral Library 06 of the US Geological Survey in the same way as used by Reuter
et al. (2010). Where for the O, proxy method biases in case of MAMAP retrievals can
be quite high they are rather low for the CH, proxy method for both aerosol scenarios
(background and urban). The largest errors are caused by snow due to the very low
albedo in the SWIR band.
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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.
Several cirrus cloud scenarios have been tested (Table 6) with cirrus cloud base heights
of 6.0, 9.0, 12.0, 15.0, 18.0 and 21.0 km altitude. Each cirrus layer was assumed to
be 500 m thick. The tested optical thickness and the according ice water paths were
0.01, 0.05, 0.10, 0.30, 0.70 and 0.31, 1.54, 3.05, 9.20, 21.459m‘2 respectively. The
ratio with CH, also proves to be very robust in this case. For an optically thick (0.05)
subvisual cirrus errors to be expected range between —0.05% and 0.05% with respect
to the background column.

The aircraft altitude obviously also has an impact on the retrieval results. For the
current analysis the principal 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. Table 7 shows the errors to be expected if the actual
aircraft altitude is differing from the reference altitude.

Also the water vapour influence on the retrieval result has been investigated and has
proven to be rather low (Table 8). Even for a strong enhancement of e.g. a factor of 3
compared to background, the error on the ratio CO,/CH, is only +0.13%, showing that
there is almost no interference between water vapour and the XCO,, product.

Table 9 lists typical uncertainties that may generally be expected for a retrieval of
XCO, using the CH, proxy method for small temporal and spatial scales. The total
uncertainty estimate based on Table 9 is then ~0.24%, computed as the root of the
sum of individual squared uncertainties.

4 Inversion of power plant emission rate

4.1 Target description

During a test flight with a Cessna 207 aircraft close to Berlin on 26 July 2007 sev-
eral overpasses with the MAMAP instrument were performed over the coal-fired power
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plants Janschwalde and Schwarze Pumpe, both operated by the Vattenfall Europe
Generation AG, Cottbus, Germany. The power plants are situated south-east of Berlin
in the Lausitz lignite mining district at a distance of about 35km to each other (see
Fig. 2).

Janschwalde is a 3000 MW power plant consisting of 6 units, each producing
500 MW of energy mainly via burning of lignite. Flue gas is emitted through 6 out
of a total of 9 cooling towers along with water vapour formerly trapped in the lignites,
from burning hydrogen and from the flue gas desulphurisation. The remaining 3 cooling
towers only emit water vapour. Yearly CO, emissions are about 27.4 Mt CO, yr'1 and
Janschwalde power plant is listed among the top 10 of CO, producing power plants
(data from CARMA, www.CARMA.org). The cooling towers reach about 113 m height.

The power plant Schwarze Pumpe is also fired with lignite and produces a total of
1600 MW of energy from two units. Two huge cooling towers emit water vapour and the
flue gas. Schwarze Pumpe has yearly emissions of about 11.9 Mt CO, yr'1 (data from
CARMA, www.CARMA.org). The cooling towers have a ground diameter of 130 m and
are about 140 m high.

The day of measurement had decent weather conditions characterised by clear sky
with only slight cirrus and low to medium wind speeds close to ground. Almost no
clouds were forming above the cooling towers due to possible condensation of water
vapour.

Detailed information on the power plants’ emission rates have been obtained from
data collected routinely by Vattenfall. The temporal resolution of the provided data is
15 minutes and has been converted to a yearly value for comparison in Table 10.

4.2 Gaussian plume optimal estimation inversion

The CO, concentrations downwind of a point source — such as the coal-fired power
plants under investigation here — can be estimated by a quasi-stationary Gaussian
plume model (Sutton, 1932). Since MAMAP measures columns, the plume model
equation can by integrated to the total vertical column I/ (in g m‘2) and equals:
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Vix.y)=——e
2mo, (x)u

("yy(x))z (13)

where the x-direction is parallel to the wind direction and the y-direction perpendicular
to the wind direction. The advantage of the vertically integrated form is the indepen-
dence of the actual vertical distribution of the plume. Only in terms of wind shear the
distribution is of importance. The vertical column IV depends on the emission rate F
(in gs'1), the across wind distance y, wind speed u, and the horizontal dispersion
coefficient (standard deviation) in y direction o,. The standard deviation o, = 0, (x)
is a function of the along wind distance x and depends on the atmospheric stability
parameter a (Masters, 1998, and references therein):

_ 0.894
0, =a:x (14)

where x must be specified in kilometers to obtain o, in meters. For stability class A
(very unstable) Masters (1998) gives:

a=213. (15)

Using this Gaussian plume model for a single point source with slightly unstable
atmospheric conditions (stability B) and a wind speed of 2m s~', a source strength of
6000gCO, s or 10gCH, s~ is required to obtain a 1% column increase for CO,
respectively CH, in at least one MAMAP footprint pixel of 30 m x 30m.

To simulate an emission source with a cross section y, at the plume’s origin — in
contrast to a point source — an offset x, is added in Eq. (14):

0, = a(x +xo)° 8% (16)

The offset distance x, can be computed as follows:

’
Yo | 0%
XO = (E) . (17)
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The factor of 4 is introduced so that the source width is described by a +20 envi-
ronment, i.e. about 95.45% of total emissions is confined along the source width at
distance x = 0 m from the source.

When having a network of N sources the vertical column I/ is a result of all contribut-
ing sources F; and Eq. (13) changes to:

N , yi \?2

Vix.y)=D __5_iew) (18)
j—o V2mo,(x;)u

where X, Yj denote the distance to the according source location of F/-.

To obtain estimations for source emission rates F; from measured vertical columns
V(x.,y), a linear optimal estimation scheme can be applied. A detailed description of
theory and application of optimal estimation methods can be found in Rodgers (2000).
In general a forward model is fitted to data with respect to given apriori information.
Here, optimal estimation finds the solution of maximum probability by minimizing the
following cost function y for all F; simultaneously:

X= (Vmeas - |/mod)T S: (Vmeas - I/mod)
+(F-F,) S (F-F,). (19)

Due to the linearity in F; of Eq. (18) no iterational process is necessary and KF directly
gives the result of the forward model for any value of F;:

= (Vieas —KF) S5 (V meas — KF)
+(F-F,) S;'(F-F,) (20)

where F is a vector with entries F; and K is the Jacobian or weighting function matrix
with entries K; ; = dV;/0F;. Note that V/(x,y) has been reindexed to a 1-dimensional
vector with entries V;. Furthermore Vineas denotes the measured columns with the error
covariance matrix S, and F; the apriori information of source emission rates with the
associated covariance matrix S,.
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If there was no apriori information, i.e. the uncertainties in S, were arbitrarily large,
Eq. (20) would lead to a general weighted least squares solution as it was used in
Bovensmann et al. (2010) for single point source satellite applications for Carbon-
Sat. However apriori information may become necessary for an increasing number
of sources F; especially if they are located close to each other. To avoid unphysical
ambiguities resulting in negative emission rates of individual sources the apriori infor-
mation can be used to constrain the emission rates to nonnegative values. In presence
of strong sinks this has to be reconsidered but for the targets of interest in this paper
source strenghts are exceeding possible sinks by several orders of magnitudes. An-
other possibility to avoid unphysical results is to couple the emissions e.g. from each
stack of a power plant to be equal which was done for this study. Since all units of
both power plants respectively were running at the same level this is a reasonable
assumption.

The maximum a posteriori solution F for minimizing Eq. (20) is given by (Rodgers,
2000):

. -1
F=F,+ (KTS;1 K+s;1)

'KTS:(Vmeas_KFa) (21)
The according covariance matrix of this solution is:

-1

a -1 -1
§= (KTse K+S; ) (22)
4.3 Gaussian vector integral

Another way to obtain estimates for emission rates of sources in a distinct area is to
take advantage of the Gaussian divergence theorem. It states that the integrated flux
F of a vector field G through the closed surface of region U is equal to the emission
rate, which can be positive or negative — indicating a source or a sink respectively:
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F=///dideU=//G-dS (23)
) S

Here, the vector field is defined as:
G=Vu (24)

where V denotes the vertical column of the according trace gas and u the wind speed.
With n being the normal vector on the boundary S Eq. (23) becomes in a discrete form:

F =//Vu-nd8
S

~ D Viu-n;AS; (25)
i

where AS; is a scalar measure for the lenght of the boundary segment under consid-
eration. Since V is a measure for the whole column no vertical transport has to be
explicitly accounted for. Furthermore boundary parts parallel to wind direction can be
omitted. Note that no diffusion is taken into account for this very simple approximation.

The boundaries for the actual inversion of the power plant emission rates have been
chosen manually following flight tracks upwind and downwind. Values along these
boundaries have been assigned by a nearest neighbour approach. See Fig. 3 for
the choice of boundaries of this study. The upwind component offers potentially the
advantage to distinguish between the source of interest and upwind sources which
increase the background level.

However, data quality upwind of the power plants turned out to be very poor. In
case of Janschwalde sheets of water result in a low signal to noise ratio and a poor fit.
Rejection of data from the already very low number of measurements upwind of the
power plant can lead to strong biases. Since the data has been normalized and due to
the fact that no CO, source in the order of magnitude of the power plant itself can be
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expected, the upwind component has been set to background in a first approach. This
can be avoided in future when dedicated flight patterns are performed.

Same accounts for power plant Schwarze Pumpe where the very inhomogeneous
area upwind of the power plant very likely leads to imhomogeneity effects as have been
described in Gerilowski et al. (2011). Gerilowski et al. (2011) also proposed a sensor
modification which is currently under development to avoid these problems in future
campaigns.

4.4 Wind data

Wind speed is a crucial parameter entering linearly into Eq. (18), i.e. an error of for
example 5% on wind speed will result in a 5% error on the emission rates. Hence
detailed knowledge of wind speed and also wind direction is essential. Since the flight
over the power plants was designed as instrumental performence tests, no on-site
information of wind speed has been acquired. Wind information from the reanalysis
model COSMO-DE operated by the German Weather Service (DWD) based on the
COSMO model (Doms and Schattler, 2002) has been used instead to analyse the data
obtained in terms of emission rates.

Over Germany COSMO-DE has a spatial resolution of 0.025° x 0.025°. Taking into
account that the model computes on a rotated latitude-longitude grid (the north pole is
rotated to 170° west and 40° north), this results in a resolution of about 2.8 km x 2.8 km.
The hourly wind data is provided on pressure level z-coordinates on 1000 hPa, 950 hPa,
850 hPa, 700 hPa, etc.

For the inversion process with the integral and the plume method it is necessary
to have knowledge on wind speed at different altitude levels since the plume rises as
a function of distance from the source. The wind speed applied in Eq. (18) refers
to an average wind speed throughout the plume extension as required for the quasi
stationary assumptions that were made.
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Wind directions and wind speeds for different altitudes and at relevant times for the
overpasses are depicted in Figs. 4 and 5 respectively for the four nearest neighbour
data points for each power plant (see Fig. 6).

4.41 Janschwalde

From Fig. 4 (top) it can be seen, that according to the COSMO-DE model during the
time of the overflight 08.55-09.20 UTC the wind direction was fairly stable at about
235°-245° for all four nearest neighbours of Janschwalde power plant. This modelled
wind direction fits the recorded data, which clearly shows a plume extension in the wind
direction of about 228° (compare Fig. 3), within a few degrees. The deviation might be
due to instationarity effects or caused by regional biases in the model and the coarse
temporal resolution not capturing variations below one hour.

To obtain an average wind speed from the model data estimated for the whole CO,
plume regarding both vertical and horizontal extension a typical plume height of about
1.2km (o, ~ 300m) has been assumed, since turbulences downwind of the power plant
could be observed from the plane up to more than 1.0 km. Furthermore the CO, distri-
bution was assumed to follow a vertical Gaussian profile with the origin at stack height
and which is reflected from the ground:

C(z)= L (e_%(%):e'%(%)z) (26)
o,\V2m

with the stack height 7 =113m. This confines about k;=56% of the CO, to the lower-
most 250 m and about k;=44% to the layer between 250 m and 1200 m. An average
wind speed for the plume has then been computed as follows:

Uy = (Ko Up=1000npa) + (K1-Up-g50nPa) (27)
~ (56%~3.6ms‘1> + <44%~6.5ms‘1)
~49ms™’
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4.4.2 Schwarze Pumpe

Where for Janschwalde wind conditions were sufficiently stationary, wind direction and
wind speed were significantly changing for power plant Schwarze Pumpe at 08.10-
08.45UTC (see Fig. 4, bottom) causing problems for the inversion. To correct for that
to some extent, the data has first been rotated to the first wind direction and then bent
to fit the second wind direction. Obviously this is in violation of the quasi stationary
condiditions needed for Gaussian plume assumptions and will affect the inversion re-
sult.

The wind directions and the distance from where to bend the data have been identi-
fied empirically from the data, but are in agreement with wind data from the COSMO-
DE model. For the first wind direction 210° and for the second 234° were assumed.
The bending point was determined to be located about 1350 m downwind of the power
plant (compare Fig. 3, right).

An average wind speed has been computed similarly as for the power plant
Janschwalde (see Sect. 4.4.1). Accounting for the according model wind speeds and
the greater stack height (h = 140 m) the average wind velocity is:

Ugsp = (Ko"Up=1000npa) + (K1 -Up=gsonpa) (28)
~ (55%-2.5 ms—1) + (45%-5.6 ms—1)

~39ms™’

4.5 Data quality

To ensure a high level of data quality MAMAP dark current corrected data has been
filtered prior to the inversion. First of all very low signals (i.e. maximum signal being
below 3000 counts) and signals in saturation (i.e. maximum signal at 55000 counts or
higher) have been rejected.
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Subsequently, the quality of the fit has been assured by applying a filter on the rms
(root mean square) between fit and model. In Fig. 7 the rms values have been ordered
by size and plotted. The threshold has been set to 0.95 to reject outliers. Furthermore
each burst of 10 single measurement has been accepted as an average only if more
than half of the measurements (i.e. 6 or more) passed the rms threshold critera.

The Gaussian plume inversion has shown to be very stable against variation of the
threshold reflecting the effective statistical treatment by the optimal estimation method.
A variation of the rms threshold of +0.1 leads to a variation of only £1.5% on the
inversion result in case of Janschwalde and £3% in case of Schwarze Pumpe which
has a weaker emission rate. For the Gaussian integral the variation of the inversion is
about £5% for Janschwalde and +10% for Schwarze Pumpe.

The Gaussian integral is apparently more affected by the filter threshold. This is
also due to the fact, that less measurements are taken into account compared to the
optimal plume estimation method so that single outliers can have a major effect on the
inversion result. This may be enhanced by the simple nearest neighbour approach
that was chosen as a first approach leading to an unlinear and partly erratic behaviour
in case of sparse data. A dedicated flight pattern for measurements can mitigate the
effect in future campaigns.

4.6 Inversion results

Besides the wind direction and velocity which have to be defined before any inversion
can be performed (see Sect. 4.4.1 and 4.4.2) also the atmospheric stability and the
according stability factor (see Eq. 14) have to be determined in order to perform the
Gaussian plume model inversion. The measurements over the two power plants were
performed in summer under almost cloud free conditions in the early morning, a time
of the day known to exhibit enhanced turbulence as the sun heats the ground creating
a strong temperature decrease with altitude leading to unstable atmospheric condi-
tions. Consequently for the inversion the atmospheric stability was set to very unstable
(Stability class A).
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For the radiative transfer simulation the aircraft altitude was in a very good approx-
imation (£35m) assumed to be constant at 1250 m, the albedo constant at 0.18 and
the aerosol scenario was an OPAC urban scenario (Hess et al., 1998) with continental
polluted aerosol (31.399% water soluble and 68.6% soot) in the boundary layer and
continental average aerosol (45.79% water soluble and 54.2% soot) in the free tropo-
sphere (compare also Schneising et al., 2008, 2009; Schneising, 2009).

Figure 3 shows power plant stacks (black crosses), the measurement data gridded to
boxes of 120m x 120 m and the plume model inversion result as contour lines of total
column scaling factors 1.020, 1.010 and 1.005. A rather good graphical agreement can
be observed for Janschwalde power plant whereas for Schwarze Pumpe power plant
the measurement plot seems to be more spread compared to the inversion result. This
can be attributed to the change in wind direction which tends to distribute the plume
over a larger horizontal area.

The black straight lines in Fig. 3 downwind of the power plant stacks indicate the
boundaries chosen for the Gaussian integral approach. The upwind boundaries have
not been used for the inversion (see Sect. 4.3) and are for visual purposes only.

The result of the inversions can be found in Table 10. The plume model inversion
result for Janschwalde is in very good agreement with the emission rate reported by
the power plant operator (+2.4%). For Schwarze Pumpe the plume model result is un-
derestimating the reported emission rates by ~ —23%. This is attributed to the change
in wind conditions leading to an unpredictable distribution of the plume violating the
quasi stationary conditions. Note that also the reported emission based on emission
factors are not free of error. However thorough analysis of uncertainties on emission
factors and hence the computed emissions are not available (compare also Sect. 1).
The statistical errors based on the optimal estimation inversion are 6.5% and 12.0%
for Janschwalde and Schwarze Pumpe respectively and are based mainly on statistical
measurement error and number of observations.

The statistical measurement error used for the plume inversion has been determined
from the standard deviation of the filtered dataset the same way as Gerilowski et al.
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(2011) did for the unfiltered data, resulting in a standard deviation of Oprof = 1.38% for
the CO, profile scaling factors. Assuming an increase below the aircraft only, i.e. using
the conversion factor for subcolumn retrieval for the present configuration (k = 0.475)
this results in a standard deviation of 0 = 0.66%.

For the Gaussian integral the results are about 8.6% and 6.8% above the reported
emissions for Janschwalde and Schwarze Pumpe respectively and hence in good
agreement. These results assume that there is no systematic error on the inversion
result due to the flight track. This assumption is valid for the Gaussian plume model
fit but may depend strongly on the flight track pattern for the integral method (see
Sect. 4.7.2).

4.7 Discussion of inversion errors
4.7.1 Wind and stability

One of the largest uncertainties on the inversion results is caused by the uncertainty
of the wind speed. Since wind speed is entering linearly into Eq. (13) the relative error
directly translates into a relative error for the inversion. Internal studies of the Ger-
man Weather Service (DWD) indicate (derived from information provided by U. Pfllger,
DWD, Offenbach, personal communication, February, 2011) that for the data of the
COSMO-DE model the monthly averaged absolute bias compared to wind profiler
radar data for July 2007 is at about ~0.5m s~ for the air layers of interest here. The
accuracy of the wind profilers used for the comparison can be assumed to be about
~0.4ms™ (R. Leinweber, DWD, Lindenberg Observatory, personal communication,
February, 2011).

Also the uncertainty of the wind direction imposes an error on the inversion. For
the wind direction the monthly averaged absolute bias of the COSMO-DE model data
is lower than 5°° (derived from information provided by U. Pfliuger, DWD, Offenbach,
personal communication, February, 2011). The wind profilers have an accuracy of
about ~5° (R. Leinweber, DWD, Lindenberg Observatory, personal communication,
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February, 2011). In general the wind direction can also be derived from the measured
data directly.

A special simulation set up was chosen to assess the influence of the wind direc-
tion in the special case of the here presented measurements over Janschwalde and
Schwarze Pumpe power plant on the inversion result. To keep the simulation as realis-
tic as possible the inversion uses simulated measurements only at points, where also
the MAMAP sensor did record high quality data during the overflight. Simulated data
was produced assuming a wind direction of 228° (Janschwalde) and 210° (Schwarze
Pumpe), whereas the inversion was run assuming several different wind directions.
The results are summarized in Table 11. It can be seen that for the present flight pat-
tern the inversion bias is not symmetric regarding the change of wind direction. For
example in case of Janschwalde errors in wind direction of +5° can result in an in-
version error of —2.0% and -5.5% for the plume fit, and +7.3% and -7.9% for the
integral approach respectively. For Schwarze Pumpe the errors are —5.3% and -5.3%
for the plume inversion, and —2.1% and +1.3% for the integral method. In general, the
denser the measurements are in quasi-stationary conditions, the more precisely the
wind direction can be determined due to a characteristic mismatch of data and model
fit (compare Bovensmann et al., 2010).

Due to the meteorological conditions stability class A was selected as best input for
the plume inversion. Table 12 shows biases occuring when the actual stability class is A
but a different stability class is chosen for the inversion. If for example the atmospheric
conditions are assumed to be only moderately unstable for the inversion (stability class
B), this would lead to a negative bias of —8.6% in case of Janschwalde and -13.5%
for Schwarze Pumpe. Dense spatial sampling of measurements when compared to
the model fit in combination with good knowledge of the meteorological conditions can
help to increase confidence in the choice of the stability class to be assumed for the
Gaussian plume inversion.
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4.7.2 Flight pattern and Gaussian integral

For the Gaussian plume inversion the flight pattern does in theory not matter for obtain-
ing the theoretical 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 crucial importance. When simulating a plume and ap-
plying the flight patterns actually flown over Janschwalde and Schwarze Pumpe for the
inversion, the Gaussian integral does not give the source emission rate. From Fig. 3
it can already be seen, that flight paths for Janschwalde are rather unfortunate for ap-
plying the integral method. Not only is one path of the aircraft going exactly above the
power plant but also the track to the very east has not been long enough to cover the
full horizontal plume extent. Under this condition the assumption that there is no CO,
transport perpendicular to the wind direction is not reasonable. This is also confirmed
by the simulation which yields an emission rate of about 88.4% of the true emission
rate. This is a systematic error that will also show in the inversion of the real mea-
surements. Hence the reasult may have to be corrected for this flight track error by
multiplying the final result with a factor of ~1.13.

For Schwarze Pumpe the flight tracks are more suitable, since they have been long
enough at decent distances to the power plant. Here the simulation result is at about
101.5% compared to the true emission rate, showing that there is almost not systematic
error resulting from the choice of flight pattern in this case.

It is of importance for future measurements to apply appropriate flight patterns, as
for example the one at Schwarze Pumpe. More sophsticated interpolation methods
compared to the nearest neighbour approach (which was used for this study) may also
lead to improved inversion results in case of unfortunate flight patterns.

4.7.3 Aerosol sensitivity for the inversion at Janschwalde power plant

To assess the influence of aerosols on the inversion results model simulations adapted
to MAMAP measurements over the power plant Janschwalde were performed, where
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atmospheric conditions were more favourable (i.e. more stable) compared to Schwarze
Pumpe power plant.

Coal-fired power plants are known to release aerosols, i.e. dust consisting mainly of
gypsum, SiO,, Al,O5; and SO5 along with carbon dioxide. Actual amounts vary depend-
ing e.g. on fuel composition and particle removal equipment (electrostatic precipitators
(ESPs) or fabric filters) efficiently removing 90% — 99.9% of particles from the flue gas
(EPA—CICA Fact Sheet: Wet Electrostatic Precipitators, ESP).

Prasad et al. (2006) find for coal-fired power plants in India typical enhancements in
optical thickness of about 0.2—0.5 using MODIS satellite data. However these results
may not be representative for power plants with modern particle removal equipment.
For example a modernisation of a 50 yr old coal-fired 160 MW power plant in India
achieved a reduction in particulate matter emission by a factor of 50 (Prasad et al.,
2006, and references therein).

There exist different approaches to estimate aerosol optical thickness (AOT) from
mass concentrations of particulate matter (PM). Bovensmann et al. (2010) show that
using the assumption of well mixed aerosols in a 2km vertical column and applying
the relation of Péré et al. (2009) between surface aerosol concentrations with diameter
less than 10 um (PM;,) and AOT this results in a conservative estimate of an increase
in AOT of about 0.5 per 1% increase in total column CO,.

The estimate for PM,, release from power plants of 1 g PM,, kWh™" given in Bovens-
mann et al. (2010, and references therein) is too conservative for modern lignite coal-
fired power plants like the ones under consideration in this study. The US National
Renewable Energy Laboratory (NREL) states emission factors of 41.6 mg PMy, kWh™'
for PM,o and 0.714kg CO, kWh™" for carbon dioxide averaged over all electric power
generation facilites including gas and nuclear power plants in the US (Deru and Tor-
cellini, 2006, revised 2007). For the state of North Dakota which produces 91.8% of its
electrical energy from lignite coal the average emission factor is 138 mg PM,, kWh™'
and 1.18 kg CO, kWh ™",
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Hence there is a release of about 120mg Pkag‘1 CO,. Assuming a perfect
correlation between PM;, and CO, and furthermore taking into account that the
CO, background column is about 6kg m~2 this results in an increase of roughly
~10mgPM;, m™2 per 1% columnar CO, increase.

By using mass extinction coefficients after Trier et al. (1997) (4.93 m? g'1 at 550nm
for urban aerosol PM, 5) and integrating over the full height or alternatively applying
the equation of Raut and Chazette (2009) relating urban PM,, concentrations to the
extinction coefficient @y 355,m at 355 nm derived from LIDAR measurements (PM;, =

0.217gm™2 X eyt 355nm) @N increase in AOT due to a 1% increase in CO, of about 0.05
can be estimated.

To more realistically model the aerosol impact on the inversion result, both CO, and
the aerosol were distributed horizontally and in different height layers via a 3 dimen-
sional Gaussian plume model depending on distance in wind and off-wind direction
and height, with the origin at the stack locations at the according emission heights.
For each ground pixel the according radiative transfer has been computed including
aerosol load and its height distribution.

The results for the CO, over CH, ratios are shown in Fig. 8. The maximum er-
ror in a measurement pixel is about 0.03% occuring close to the power plant where
aerosol load will be the largest. This however has only a minor effect on the plume
inversion giving rise to a bias of +0.4% on the emission rate after inversion. For the
integral inversion the bias is about +0.3% compared to the inversion not accounting for
a particular aerosol distribution. Hence the direct aerosol impact for coal-fired power
plants equipped with modern filter mechanism is insignificant for the retrieval and the
subsequent inversions applied here.

The power plants Janschwalde and Schwarze Pumpe emit even less particulate
matter than was assumed for this sensitivity study. The actual emission for both power
plants is less than 20 mgdust kWh™' and about 17mg PM10kWh™'. For comparison
the specific CO, emissions of Janschwalde are 1.15kg CO, kWh™' and for Schwarze
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Pumpe 1.0kg CO, kWh™'.
4.7.4 Sensitivity to the conversion factor k for Janschwalde power plant

The conversion factor k accomodating for a CO, increase below the aircraft (Table 1)
is not only depending on the aircraft altitude but also on the distribution of emitted CO,
below the aircraft, because the averaging kernels are not constant with height. The
distribution and plume height however is generally not well known, so that the conver-
sion factor is only used as an average value for the subcolumn. Figure 9 shows the
systematic errors resulting from using the average conversion factor on a Gaussian
distributed CO, plume in case of Janschwalde power plant. However the highest de-
viation of the retrieved enhancement from the true enhancement is only about 0.06%
relative to background occuring close to the power plant, leading to a bias on the plume
inversion of +1.1% of the estimated emission rate. For the integral inversion the bias
is +0.9% relative to the result with an adapted conversion factor k depending on the
vertical CO,, distribution.

4.7.5 Summary of inversion uncertainties

Generally the inversion results are in good agreement with the reported values (Ta-
ble 10). Table 13 summarises typical error sources and resulting uncertainties for the
inverted emission rates of the two power plants. The errors are clearly dominated by
uncertainties on wind information and atmospheric stability. The monthly biases of the
model wind speed (0.5 m 3‘1) and direction (5°) were used as a rough estimate for the
uncertainty on the wind data in this case. In future campaigns on-site wind information
will help to validate the model and to better assess the according error.

Due to violation of the stationarity assumption for the Gaussian plume model in case
of Schwarze Pumpe, results of the inversion can be expected to have a larger bias.
The correction applied by differential rotation of the data can only compensate partly
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for that. To account for this additional issue the error on wind direction is assumed
higher for Schwarze Pumpe (+10°) than for Janschwalde (£5°).

The errors introduced by additional aerosol load due to emissions from the power
plant and by variations of the conversion factor k are rather small compared to the other
error sources. The flight pattern imposes an error for the Gaussian integral method,
but can be mitigated by performing appropriate flight patterns during measurements.

The uncertainty on the reported emission rate has been disregarded for this com-
parison so far. The emission factor estimate can be assumed to have a precision of
about 1.5% (in accordance with the EU guidelines, compare Sect. 1), but the accuracy
may be significantly worse (Evans et al., 2009).

5 Summary and conclusions

MAMAP is an airborne optical grating spectrometer instrument for passive remote
sensing of column amounts of the greenhouse gases CO, and CH, with a precision of
S 1% (Gerilowski et al., 2011).

The XCO, derived from ratios of CO, and CH, retrieved with the modifed WFMD
algorithm have been shown to be robust against changes of atmospheric parameters
like aerosol content, cirrus clouds, solar zenith angle, etc. Biases may be large in the
single gas columns but largely cancel for the ratios, leading to a significantly enhanced
data quality.

A test flight has been performed over the two power plants Janschwalde
(ca.27.4MtCO, yr'1) and Schwarze Pumpe (ca.11.9MtCO, yr'1) on 26 July 2007
(Sect. 4.1). The retrieved columns clearly show the CO, plume (Figs. 10 and 11).
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 (Sect. 4.2) and the Gaussian integral inversion method
(Sect. 4.3). One of the most crucial input parameters for both inversion models is the
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wind speed. Errors in wind speed enter linearly into the equations for both methods
(Eq. 18 and 25) and hence do also the relative errors on the wind speed. Another very
important factor is the flight pattern performed over the point source to be assessed
(Sect. 4.7.2). Especially for the Gaussian integral method systematic errors can be
significant (e.g. about 12% in case of Janschwalde power plant) but they can be al-
most completely avoided if an appropriate flight pattern is performed (error only 1.5%
in case of Schwarze Pumpe). In case of the Gaussian plume model the flight pattern
is not of that importance. It mainly reduces the statistical error. However it is of advan-
tage to densely sample the plume center with highest values above background and
hence also highest signal to noise ratio. Further errors like the choice of the stability
parameter, wind direction etc. have been analysed.

The results — not corrected for any systematic errors — of the inversions can be found
in Table 10. Relative to the reported values the emission rates of Janschwalde are over-
estimated by 2.4% (plume model) and 8.6% (Gaussian integral). For Schwarze Pumpe
the emission rates have been underestimated by 22.8% (Gaussian plume) respectively
overestimated by about 6.8% (Gaussian integral). The good results for Janschwalde
show that a rather accurate assessment of the emission rates can be obtained. In the
case of Schwarze Pumpe unfortunate (i.e. non-stationary) wind conditions did com-
plicate the inversion process. Main error sources are summarized in Table 13, being
dominated by the uncertainty on wind and atmospheric stability information. In an
extensive simulation, the error due to the direct aerosol effect and the error on the
conversion factor has turned out to be not significant.

For the analysis shown here wind data from the COSMO-DE reanalysis model of the
German Weather Sevice (DWD) has been used. However wind information with higher
resolution in time and space is desirable to increase the accuracy of the final results.
The MAMAP sensor in combination with a wind lidar or radar with high accuracies of
<1ms™ (wind speed) and 10° (wind direction), temporal resolution of about 15 min
and a vertical resolution of ca. 100 m like the instrument presented for example by Nor-
ton et al. (2006) can significantly improve the inversion. Futhermore it is also planned
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to use MAMAP with an in-situ analyser and a turbulence probe for futher validation and
better vertical (and horizontal) location of the plume.

In direct comparison, both inversion methods — the Gaussian plume inversion and
the Gaussian integral method — are able to deliver accurate results. The Gaussian
plume method requires more detailed knowledge of atmospheric conditions but it can
incorporate all available data resulting in a reduced statistical uncertainty. In cases
where atmospheric parameters are not well known, the Gaussian integral method may
be of advantage because of its independency of the atmospheric stability and the rather
low sensitivity on variations of wind direction. But on the other hand it can be strongly
biased by a few outliers.

The inversion methods presented here at the example of two strong CO, point
sources can be accordingly applied also for localized CH, sources. With respect
to mass the sensitivity of MAMAP to CH, is about 500 times higher than for CO,
because of the lower CH, background concentrations (measurements are relative to
background), lower molecular weight of CH, and taking into account conversion factors
k for an aircraft altitude of 1.25km, an albedo of 0.18 and a background aerosol sce-
nario (compare Table 1). For comparison, equivalent CH, emissions to obtain a similar
CH, MAMAP signal as the emission rates of Schwarze Pumpe and Janschwalde do for
CO,, would be in the order of ~24ktCH, yr'1 and ~55ktCH, yr‘1 respectively. A po-
tential MAMAP target of this order of magnitude could be for example the offshore
Mobil Oil North Sea Blowout (~23ktCH, yr‘1, with very high degree of uncertainty,
Deutscher Bundestag — 17. Wahlperiode, 2010), when operating in solar glint. Of
course, detection and quantification of much less intense CH, (and CO,) sources is
feasible.

In conclusion, it has been shown that MAMAP has the ability to quantify point source
emission rates from power plants. Even with the simple methods presented here, the
accuracy of the inversion results is already in the order of the uncertainties as pre-
sented by Ackerman and Sundquist (2008). Also other CO, point sources like cement
and steel factories as well as CH, localized emissions e.g. from landfills and fossil
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fuel production and distribution can be quantified with the methods presented here.
MAMAP can not only deliver significant information on greenhouse gas emissions from
localized sources but may also serve to validate and complement satellite measure-
ments of current and future satellite missions, e.g. like the proposed greenhouse gas
satellite mission CarbonSat (Bovensmann et al., 2010).
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Table 3. Aerosol sensitivity of total column concentrations and their ratios for an aircraft altitude T. Krings et al.
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 used (see Hess et al., 1998; Schneising et al., Title Page
2008; Schneising, 2009).
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Table 4. Surface elevation sensitivity of total column concentrations and their ratios for an T. Krings et al.

aicraft altitude of 1.25 km and a solar zenith angle (SZA) of 40°.

Surface Sensitivities Title Page ‘
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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 used by Reuter et al.
(2010). Assumed solar zenith angle was 40° and the aircraft altitude was 1.25 km.
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Aerosol Surface Sensitivities
Scenario Type CO, [%] CH4[%] O,[%] CO,/CH,[%] CO,/O, [%]
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 -046 -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
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Table 6. Sensitivity to cirrus clouds for an aircraft altitude of 1.25km, a solar zenith angle of AMTD
40° and an albedo of 0.18 assuming a cirrus geometrical thickness of 500 m.
4, 2207-2271, 2011

Optical Ice Cloud Sensitivities
Thickness Water Base
-] Path[gm™?] Height(km] CO,[%] CH,[%] O,[%] COu/CH,[%] CO,/O; [%] MAMAP - retrieval
6.0 0.26 025  0.10 0.01 0.16 and inversion of
9.0 0.29 0.29 0.09 0.00 0.20 XCH, and XCO,
0.01 0.31 12.0 0.30 0.31 0.10 -0.01 0.20
: : 15.0 0.31 0.32 0.10 -0.01 0.21 T Krinas et al
18.0 0.31 0.33 0.10 -0.02 0.21 : 9 :
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 Title Page \
T A A
: : : . v . Abstract Introduction
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
0.10 3.05 12.0 2.56 2.59 0.96 -0.03 1.58 e e
: : 15.0 2.60 2.68 0.96 -0.07 1.62
18.0 2.61 272 0.96 -0.10 1.63 — “
21.0 273 2.62 0.96 -0.11 1.75
9.0 5.84 5.85 2.66 -0.01 3.10
12.0 6.12 628  2.66 -0.15 3.37
0.30 920 15.0 6.22 6.49 2.66 ~0.25 3.47 R s
18.0 6.25 6.59 2.66 -0.32 3.50 Full Screen / Esc ‘
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 1024 535 -0.18 4.45 Printer-friendly Version ‘
0.70 0145 12.0 11.53 10.06 5.35 -0.48 5.87
’ ’ 15.0 10.70 11.44 5.34 -0.67 5.09 Interactive Discussion ‘
18.0 10.76 11.63 5.39 -0.78 5.10 S
21.0 11.72 10.78 5.38 -0.85 6.02
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Table 7. Sensitivity to aircraft altitude sensitivity uncertainty for an albedo of 0.18 and a refer- T. Krings et al.
ence altitude of 1.25km.

A Aircraft Sensitivities Title Page ‘
Altitude [m] CO, [%] CH,[%] O,[%] CO,/CH,[%] CO,/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 -0.41 -0.54 -0.05 0.08 Tables Fiqures
0 0.00 0.00 0.00 0.00 0.00
50 0.46 0.40 0.54 0.06 -0.08
100 187 120 158 0.17 _0.21 B
250 2.26 1.99 2.60 0.26 -0.33
400 3.15 2.77 3.59 0.37 -0.43 g g
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Table 8. Sensitivity of total column concentrations and their ratios to water vapour for a solar T. Krings et al.

zenith angle (SZA) of 40° and an aircraft altitude of 1.25km. The H,O 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. Title Page ‘
Scaling CO, [%] CH,[%] O, [%] CO,/CH,[%] CO,/0, [%]
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 ~029  -059 -0.02 0.30 ~0.27 R e
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Table 9. Typical uncertainties to be generally expected in a standard retrieval of XCO, using T. Krings et al.
the CH, proxy method for an albedo of 0.18, an aerosol background scenario and a reference
aircraft altitude of 1.25km.

Title Page ‘

Parameter Expected Variation Uncertainty CO,/CH, [%]
Solar zenith angle +5° ~-0.15%
Aerosol urban vs. background ~+0.05% Conclusions I References
Surface elevation +50m ~—-0.16%
H,O profile x2 ~+0.02% Tables Figures
Spectral albedo Aspen vs. 0.18 ~+0.04%
Cirrus clouds (subvis.) no cirrus vs. AOT 0.1, CTH 12km ~—0.03%
Aircraft altitude +50m ~+0.06% — “

total uncertainty estimate: ~0.24% ! g
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Table 10. Inversion results for the power plants Janschwalde and Schwarze Pumpe using the
Gaussian plume model and the Gaussian integral inversion methods. For the Gaussian plume
model also the statistical error according to Eq. (22) is given.

AMTD
4, 2207-2271, 2011

MAMAP - retrieval
and inversion of
XCH, and XCO,

T. Krings et al.

Reported Plume Inversion Integral Inversion
emissions
absolute relative to  # pixels used absolute relative to
Power plant [MtCO, yr'1] [MtCO, yr'1] reported [-]  for inversion [MtCO, yr"] reported [-]
. 24.709 1.024
Janschwalde 24.125 1611 +6.52% 348 26.195 1.086
10.066 0.772
Schwarze Pumpe 13.035 +1.209 £12.01% 566 13.924 1.068
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AMTD
4, 2207-2271, 2011

MAMAP - retrieval

Table 11. Systematic error caused by chosing a wrong wind direction for plume model and and inversion of
Gaussian integral inversion of simulations of the Janschwalde and Schwarze Pumpe power XCH, and XCO,
plant overflight. Default wind direction for the simulated data was 228° (Janschwalde) and 210° i
(Schwarze Pumpe). T. Krings et al.
A wind direction A emission rate [%]
[’ Janschwalde  Schwarze Pumpe Title Page ‘
Plume Integral Plume Integral
Strac ntroauction
0 +0.0 +0.0 +0.0 +0.0 -
+1 ~02 +15 +03  -04
-1 +0.2 -15 -0.2 +0.3
42 405  +30 -08  -07
-2 -21 -3.1 -1.3 +0.6
+3 -0.9 +4.4 -2.1 -1.2
3 09 a4 21 12 B B
+5 20 473 -53 -2 R e
-5 -5.5 -7.9 -53 +1.3
+10 -8.5 +13.8 -18.3 -4.9
-10 -18.1 -16.5 -14.5 +1.8
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Table 12. Systematic error caused by uncertainties in the stability class used for plume model
inversions of simulations of the Janschwalde power plant (JW) overflight. The stability class
that is chosen for the simulated data is A (very unstable) (see text for more information).

Stability Class

A
B
C

Description A emission rate [%]
Janschwalde Schwarze Pumpe
very unstable 0.0 0.0
moderately unstable -8.6 -13.5
slightly unstable -20.3 -30.0
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Table 13. Overall uncertainty on the final emission rate estimates for the power plants

Janschwalde (JW) and Schwarze Pumpe (SP).

Uncertainty on emission rate [%]
Plume Inversion Gaussian integral

Parameter JW SP JW SP
Statistical error 6.5 12.0 ’ ’
Wind speed (+0.5ms™") 102 128 10.2 12.8
Wind direction (£5° resp. £10°) -5.5 7.9 -18.3 -49
Stability (A — B) -86 -135 - -
Aerosol 0.4 * 0.3 :
Conversion factor k 1.1 * 0.9 ’
Flight pattern (can be accounted for) - - -11.6 1.5

* according values not determined
— parameter not important for method
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Fig. 1. CO, averaging kernels of the MAMAP WFMD retrieval for an aircraft altitude of 1250 m
and different albedos and solar zenith angles. For comparison also averaging kernels for a hy-
pothetical aircraft altitude of 1000 km (i.e. satellite altitude) are shown.

2261

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

13°E 14°E 15°E

52°N

51°N

52°N

51°N

Jodeq uoissnosiqg | Jadeq uoissnosig

AMTD
4, 2207-2271, 2011

MAMAP - retrieval
and inversion of
XCH, and XCO,

T. Krings et al.

Title Page

Abstract

Conclusions

Tables

Introduction
References

Figures

= oS = = STy e —_— ! 5OoN
13°E 14°E 15°E 16°E

Back Close

Jaded uoissnosiqg

Full Screen / Esc

Fig. 2. Map of locations of power plants Janschwalde and Schwarze Pumpe in eastern Ger-
many close to Berlin. The distance between the two power plants is about 35km. (Topo-
graphic data has been obtained from the Shuttle Radar Topography Mission (SRTM) version
2.1 (http://dds.cr.usgs.gov/srtm/version2_1/), a collaborative effort from NASA, NGA as well as
the German and ltalian Space Agencies.)
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Fig. 3. The figures show the MAMAP data for power plants Janschwalde and Schwarze Pumpe - -

rotated and bent (only Schwarze Pumpe) to wind direction. The black lines indicate boundaries
for the Gaussian integral inversion whereas the contour lines show the fit result of the Gaussian
plume model inversion.
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Fig. 4. Figure of wind speeds at the sites of the four nearest neighbours of the power plants
Janschwalde and Schwarze Pumpe according to the COSMO-DE model as used for the inver-
sion process.
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Fig. 6. Map showing the four nearest neighbours (black stars) of the power plants Janschwalde
and Schwarze Pumpe (red circle). Each of the power plants has a South-West, South-East,
North-West and a North-East nearest neighbour according to the COSMO-DE data grid. The
distance between both power plants is about 35km. Note that the map is not equidistant in
North-South and East-West direction.
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Fig. 7. Root mean square (rms) of the difference between fit and model for the dataset used
for the inversion ordered by value. The green vertical line shows the filter threshold which was
set to 0.95 for the analysis.
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Fig. 8. Systematic biases due to aerosol alone at the example of Janschwalde power plant.
Maximum error in close vicinity to the power plant is about 0.03% relative to the background
column. The overall plume model inversion is only biased by about +0.4% of the true emission
rate.
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Fig. 9. Propagated error on the retrieval result due to error on the conversion factor, because
of insufficient knowledge of the plume height. Highest deviation from the true value is about
0.06% relative to the background column. The error in the conversion factor estimation leads
to a bias of +1.13% of the true emission rate using the plume inversion method.
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Fig. 10. MAMAP data from Janschwalde power plant. The left picture shows the profile scaling
factor ratio CO,/CH,. The upper right picture shows that the CO, emissions can already be
detected by the CO, measurements and are not features introduced by possible errors in the
CH, 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 Printer-friendly Version
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.)
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Fig. 11. Same as Fig. 10 but for Schwarze Pumpe power plant. Again the power plant emis-
sion plume is already clearly visible in the CO, measurement (i.e. before the ratio CO,/CH, is
computed).

Printer-friendly Version

Interactive Discussion

Jaded uoissnasiqg

©)
do

2271


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2207/2011/amtd-4-2207-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

