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Abstract. The quantification of emissions of the greenhouseinvestigate and refine underlying assumptions for the inver-
gas methane is essential for attributing the roles of anthrosion procedures.

pogenic activity and natural phenomena in global climate With respect to the total emissions of the mine at
change. Our current measurement systems and networkthe time of the overflight, the inferred emission rate of
whilst having improved during the last decades, are deficien60.4 kt CH; yr—! has a difference of less than 1 % compared
in many respects. For example, the emissions from localisedo officially reported values by the mine operators, while the
and point sources such as landfills or fossil fuel explorationuncertainty, which reflects variability of the sources and con-
sites are not readily assessed. A tool developed to better urditions as well as random and systematic errors, is about
derstand point sources of the greenhouse gases carbon dio*13.5 %.

ide and methane is the optical remote sensing instrument
MAMAP (Methane airborne MAPper), operated from air-
craft. After a recent instrument modification, retrievals of the 1 |ntroduction

column-averaged dry air mole fractions for methaf@H,

(or for carbon dioxideXCOy) derived from MAMAP data  Methane (CH) is one of the most important anthropogenic
have a precision of about 0.4 % or better and thus can be usegreenhouse gases, having a global warming potential that
to infer emission rate estimates using an optimal estimatiornls more than 20 times higher than that for £@n a 100-
inverse Gaussian plume model or a simple integral approactyr time horizon Forster et al.2007 Shindell et al. 2009.

CHy emissions from two coal mine ventilation shafts in Forty percent of the total emissions originate from localised
western Germany surveyed during the AIRMETH 2011 mea-or point sources, such as landfills and fossil fuel production
surement campaign are used as examples to demonstrate agiges {Wuebbles and Hayho2002). Often these sources can-
assess the value of MAMAP data for quantifying £#om  not be adequately or sufficiently monitored by existing in situ
point sources. While the knowledge of the wind is an impor- and remote sensing instruments. For example, during an in-
tant input parameter in the retrieval of emissions from pointtercomparison between various existing in situ and remote
sources and is generally extracted from models, additionasensing method$abilotte et al.(2010 find CH; emission
information from a turbulence probe operated on-board therate estimates for a particular landfill that differ by an or-
same aircraft was utilised to enhance the quality of the emisder of magnitude. Existing satellite techniques do not have
sion estimates. Although flight patterns were optimised forsufficient spatial resolution to detect such localised sources
remote sensing measurements, data from an in situ analys¢tompare, for exampleGerilowski et al, 2011, and refer-
for CH,4 were found to be in good agreement with retrieved ences therein). However, a new generation of potential satel-
dry columns of CH from MAMAP and could be used to lite instruments such as CarbonSBbyensmann et 32010

is currently being developed.
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The Methane Airborne Mapper (MAMAP) instrument is 7°36'E 7°42'E 7°48'E

a passive remote sensing instrument designed for airborne N

applications to retrieve columns of Gknd CQ. This in- Elevation [m]
strument is designed to address the existing observationa 200
gap and at the same time serve as a proof of concept for fu- 180
ture greenhouse gas satellite missions. It builds on the her-gy.4g 528N 160
itage of the SCIAMACHY project, which has demonstrated 140
that XCH4 and XCO, can be measured and retrieved from . 120
space $chneising et al201% Burrows et al. 1995 Bovens- 100
mann et al.1999 and references therein). Its shortwave in- 80
frared spectrometer measures in the wavelength region of 60
1590 nm to 1690 nm with a resolution of 0.82 nm FWHM - = ] 40
(full width at half maximum) covering CiHand CQ ab- N 5212N || 20

sorption bands. A detailed description can be founer- 7°36'E 7°42'E 7°48'E 0

ilowski et al.(2011). The retrieval algorithm is presented and _ _ o
discussed byrings et al.(2011) including description and Fig. 1. Map showing the location of the anthracite mine and the cor-

validation of methods to use MAMAP total column data to "e€sPonding ventilation shafts that release,Qbl the atmosphere,
estimate C@ emission rates for different coal-fired power Bockraden Shaft and Theodor Shaft. The shafts are close to the city

plants of Ibbenhiren. Light blue circles denote the COSMO-DE model

. S L . data grid. (Map in UTM projection. Topographic data have been
I.n this Comr'bu“_on' the app_llcatlon.of MAMAP to Infer_ obtained from the Shuttle Radar Topography Mission (SRTM) ver-
reliable CH, emission rate estimates is demonstrated UsiNG;jon 2.1 pttp://dds.cr.usgs.gov/srtm/iversiadd, a collaborative
the example of two coal mine ventilation shafts from a Ger- effort from NASA, NGA as well as the German and Italian Space

man anthracite coal mine, surveyed with the MAMAP in- Agencies).
strument on 4 June 2011 as part of the AIRMETH 2011 cam-
paign. The experiments were performed using the Alfred We-
gener Institute DC-3T airborne research platform Polar5. Of Mine gas is naturally produced during the slow trans-
the basic sensor suite, particularly the AIMMS-20 (Aircraft formation of plant matter to coal. It generally consists of
Integrated Meteorological Measurement System) turbulencenethane, carbon dioxide and nitrogen. Additionally, also
probe added as compared to previous MAMAP campaigndiydrogen, water vapour, ethanexf€) and hydrogen sul-
is of interest for the retrieval of MAMARXCHj,, because it fide (HS) can occurEnergieAgentur.NRW2009. For coal
delivers independent wind information at 30 Hz temporal res-seams in the German state of North Rhine-Westphalia, the
olution. This enhances our knowledge of the wind providedgas content per ton coal is typically 0-23.rm case of an ac-
from meteorological models. The study of local and regionaltive mine, the composition by volume is about 25-60 %4CH
methane sources was the focus of this campaign. In additiofcoal seam methane, CSM), 1-6 % £0.1-0.4% CO, 7—
to the MAMAP instrument, the aircraft payload comprised 17 % G, 4-40% N and traces of higher hydrocarbon com-
a LGR Los Gatos Research Inc. RMT-200 fast/JH situ pounds EnergieAgentur.NRW2009.
analyser. The analyser was equipped with an external pump German safety regulations require that QHixing ratios
to deliver fast in situ methane measurements with a temporaln mines remain below 1-1.5% (835 BVOSt, “Bergverord-
resolution of 10 Hz at flight altitude. nung fir die Steinkohlenbergwerke (BVOSt), vom 10. Jan-
uar 2000, in der Fassung vom 1.5.2001."), because methane
o is explosive in air mixing ratios of 4.4-16.5% (1013.25 hPa,
2 Target description 20°C) (EnergieAgentur.NRW2009. As a consequence,
mine gas has to be extracted using ventilation and direct suc-
tion systems (ventilation air methane, VAM). Due to the vari-
ability of mine gas in different active mining areas of the
same mine, gas production can vary by an order of magni-
tude during the year. Additionally, the gas production varies
during the course of the week. It is generally highest on Fri-
day evening and lowest on Monday morning, because there
is often no coal extraction during weekends and gas pro-
duction in active mines is tightly linked to cutting of fresh
coal EnergieAgentur.NRW2009. However, an abandoned
coal mine continues to emit GHwith a half-life of 10-20yr
(Dones et a].2007, and references therein).

The RAG Anthrazit Ibbeniren GmbH coal mine is located
in western Germany close to the city of Ibbénbn (see
Fig. 1). Here, anthracite coal with a high degree of coali-
fication and a comparably low content of volatile compo-
nents (5-6 %http://www.dsk-anthrazit-ibbenbueren jé&
extracted. In comparison to other coal fields, the Iblieeb
anthracite has a rather high content of mine gas (origi-
nally 21 n?t~1). This is attributed to a warming of rocks
in geologically young times presumably resulting from its
larger depth compared to coal seams of the Ruhr d&ea (
ergieAgentur.NRW2009.
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In case of the active Ibbefiken coal mine, the mine Each measurement consists of 10 readouts having a total
gas is released through two ventilation shafts about 4.5 knintegration time of about 1 s and was selected to compute its
apart: the Theodor Shaffflleodorschachtand the Bock- average provided more than half of the measurements passed
raden ShaftBockradener SchachtEach ventilation shaftis the fit quality and signal threshold criteria as well as other
approximately 15m high and has a diameter of about 7 mpotential filter criteria such as the altitude filter (see below).
Potential co-release of GQloes not hamper CHmeasure- As a consequence of an instrument modification reduc-
ments using MAMAP due to the by far higher sensitivity for ing pseudo-noise introduced by inhomogeneous scenes as
CHg4 in terms of massKrings et al, 2011 and the low con-  proposed byGerilowski et al. (2011), the fit quality is
tent of CQ. There is a small coal-fired power plant about significantly improved compared to previous MAMAP data
half way between the shafts. It produces about 800 MWpublished byGerilowski et al(2011) andKrings et al.(2011)
of power (RWE POWER AGhttp://www.rwe.comy and in  and the inversion result is generally not strongly dependent
2010 emitted 4.97 MtC® according to the E-PRTR (Eu- on a quality filter based on the root mean square (RMS)
ropean Pollutant Release and Transfer Regi$ip;//prtr. between model and fit. Figur2 shows the fit quality of
ec.europa.el/ However, its CQ@ plume is not significantly  the retrieval algorithm before any filters. Compared to data
interfering with the methane emissions due to the spatiakecorded with the old instrument configuration presented by
separation. Krings et al(2011) where 25 % of the data were rejected, this

The area around the ventilation shafts is characterised bys a significant improvement. Only few spectra have a low
hilly topography that is shown strongly exaggerated in Eig. fit quality, of which 93 % exhibit too low signals and are
According to the SRTM data, Theodor Shaft is located at ansubsequently rejected by the abovementioned signal filter.
altitude of about 150 m, Bockraden Shaft at about 106 m andrhe standard deviation of théCH, data before reaching the
the power plant at about 174 m a.s.l. measurement area and after leaving the measurement area is

The overflight on 4 June 2011 took place at 09:00-below 0.4 %. This is an improvement of about a factor of 2.5
10:20 UTC during clear sky and sunny conditions. For thecompared to the precision obtained previously. In the mea-
target area, local time was UT€2h. surement area, the standard deviation naturally is larger be-
cause of real atmospheric variations and resulting from flight
manoeuvres.

To accommodate for aircraft aperture and mechanical
setup, a telescope with a focal length Bf~ 150 mm ¢-
number off/3.9) has been installed. For an aircraft alti-
tude of about 1100 m, a ground speed of 200 krh and
gn integration time of about 1s for 10 co-added measure-
ments, the ground scene is approximately 40 80 m (cross
track x along track).

3 Measurement data

The column-averaged dry air mole fractiod€H, were re-
trieved using the WFM-DOAS algorithm describedirings

et al. (2011). The background profiles determining the lin-
earisation point are based on the US standard profile shifte
to actual concentrations. For GQOa constant background

profile of 390 ppmXCO, was assumed. For Gkithe profile For the quantitative analysis of the data, the RMS filter

has been updated to 1757 pgiBH, (with a surface concen- as well as any smoothing has been disabled. An altitude fil-

tration of 1840 ppb) based on the median value of the air- ; - ! :
borne in situ measurements, which was about 1840 ppb irger (allowing 1000-1200 m flight altitude) has been added to

the boundary layer for this region. The median is glenerallyav0|d errors for low flight tracks that intersect the vertical

more robust in presence of outliers, which in this case are thglume extension and that were meant for gathering in situ

systematic enhancements in the methane plume. The sarrggta' In these cases, methane molecules above the aircraft
y ' would not be correctly attributed by the MAMAP retrieval.

methane profile has been used as background for the inver- Figure3 (left) ShowsXCHa(CO,) obtained with the C@

sion process. Generally, in cases where no airborne in sity roxv method over the target area. For the proxv method
data on the background column are available, the regiona’? y 9 ’ proxy '

. . . which is a relative method, the column-averaged mole frac-
background can be determined using satellite or model dat?
. ; Ions, XCHy(COy), are computed from the GHCO, col-
as well as information from surface networks. umn ratio and the altitude conversion factor, where,CH
MAMAP data with a relative detector filling of about 5— ' 4

85 % of the full well capacity have been selected to avoid Iowand CQ are the retrieved columns (compdfeings et al,
; . ) 2011, for details). The proxy method offers the advantage
signals or signals close to saturation. For the reference ra-

diative transfer model computed with SCIATRAR¢zanov of accounpng for light path variations that may _occur,_for
) example, in the presence of aerosols or sub-visual cirrus.
et al, 20095, an OPAC background aerosol scenatitegs L L .
. ; These variations are similar for observations that are spec-
et al, 1998, an aircraft altitude of 1100m, a mean so-

. . trally close to one another and cancel to a large extent for

lar zenith angle of 36and an average surface elevation of |, . : ) .
. ! ; their ratios. This method has been used also for satellite re-
0.1 km have been assumed. In this configuration, the conver-

; . e mote sensing applications (compare, for examplanken-
SK';TQ Zi(:tO; t(;oclo];riesc;tf)(())ruy{we_z(i)ltggge sensitivity effect (see berg et al.2005 Schneising et 812009. A guantitative as-
9 ’ Tt sessment of the proxy method using MAMAP data can be
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Figure 3 shows additional areas with apparently system-
atic depletion ilXCH4(CO,). This does not seem to originate
from the proxy method (potentially increased £ ®ut arises

; from the CH, spectral region directly. Data at the anomalies

S Famanmeennn ] have only a slightly decreased fit quality, but it turns out that
RMS(CH,) ] these features spatially coincide with bankings of excavated
(RMS(COZ)? + RMS(CH;)Q)UZ 1 material from the mine. This is confirmed by aerial imagery
i 3 ] (Fig. 4) and by the pointing camera of the MAMAP instru-
L — ment. Since no plume is obvious downwind of these deposits,

3 3 this is likely an effect caused by surface properties, i.e. sur-
face spectral reflectance, and not related to depletion in CH
! ! 1 (or increased C¢).
2 [ S A possible explanation for this behaviour could be system-

: : ] atic effects that become more relevant for decreased signal
strength over ground scenes with reduced surface reflectance
such as the excavation material.

(4]

RMS [%]

] ,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,, Potentially, also fluorescence, which is the emission of
C 3 3 J electromagnetic radiation at wavelengths different from the

signals. Minerals are generally known to exhibit fluorescence
(Gatft et al, 2009. This would result in an additive compo-
. 4 4 nent to the light intensity that cannot be accounted for by the
0 1.42x10°  2.83x10°  4.25x10 polynomial for the logarithmic fit. A synthetic retrieval con-
Index [-] firms that, in case of low surface reflectance, an additive com-
ponent of about-2 % of the total signal can lead to a spuri-
Fig. 2. Fit quality of the measurements ordered by the root-mean-ous decrease IKCH4(CO;), which is comparable to the ob-
square value of the relative differences between measurement angbnyed decrease over the excavated material. Since these ar-
model after the fit. eas are not located close to the dispersion plume of the venti-
lation shafts, this matter has been disregarded for further data

found in Krings et al.(2013). The XCH4(COy) data were procgssing. Hov.vever,'the. precjse origin of the above effect
re-normalized to account for a potential, constant bias infequires further investigation with additional measurements.
the assume& CO, background column. Clearly visible are
the two CH, plumes being dispersed in downwind direction
and with a stronger emission rate for the southern ventila#
tion shaft (Theodor Shaft). Furthermore, a small negative

anomaly can be observed originating at the power pIant’sSim”ar toKrings et al.(2011), wind information for the air

location. This is caused by the increased,G@the power layers of interest has been obtained from the routine analy-
plant's fl-ue gas that appears in tKEH4(CO,) as a methane sis of the numerical weather prediction model COSMO-DE
depletion as the Citto CO, column ratio is lower than back- operated by the German Weather Service (DWD) based on

ground. Other significant variations #{CO, are not to be the (,:OSMO mode! Roms 2011). Model data.have begn
expected for the generally well-mixed GO the small area obtained that are given on model levels granting a horizon-

of interest. This assumption is further supported by the facfi@! resolution of 2.8kmx 2.8km and a vertical resolution
that XCH4(COy) exhibits small variability outside the plume ©Of @bout 20m near ground and 150m at 1000m altitude.
areas. The Chiplume from the northern ventilation shaft These coordmates_ are terram following. The lowest model
(Bockraden Shaft) exhibits a broken and discontinuous ap@Yer (number 50) is approximately 10 m above ground. For
pearance, which indicates unstable atmospheric conditiong1e model grid point west of Theodor Shatt, surfaqe elgva-
that may be further enhanced by topography effects. In adft'on and model layer centre altitudes are exemplarily given
dition, the single gas columns of GHind CQ are qualita- " 'aplel. .
tively displayed in Fig3 (right). They do not represent dry \_N'nd fu.alds for mo.del layers 50, 45 and 40 for UTC pmes
air mole fractions and are shown at a different scale. The_og'oo’ 10'0(_) and _11'00 are showp n _F59Th_e mode] w!r)d
methane plume can be clearly observed already in the singlE’ rather uniform in speed and direction Wlth no S|.gn|f|cant
gas CH data. Furthermore, CHand CQ generally suffer influence of the topography at model resolution. Wind speed

from systematic errors at the same locations that cancel folS Ncréasing with altitude and the direction is turning clock-
the proxy method wise. This is to be expected as wind becomes geostrophic

with decreasing surface friction due to the Coriolis force.

- j excitation wavelengths, may contribute to these erroneous
L]

Wind data
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Fig. 3. Un-smoothed and not RMS-filtered MAMAP data. An altitude filter has been applied to obtain quantitatively meaningful results for
XCHy(COy). Data have been normalised to regional background as observed during the flight. Upper and lower right show additionally
the CH; and CQ single columns. Note that they do not represent dry air mole fractions and have a different sci€d60,). The
encircled areas A, B and C denote areas WiH, anomalies described in the main text.

Fig. 4. MAMAP data superimposed on Google Earth aerial imagery of anomaly locations. As can be se¥@Hg(CO,) (blue circles)
correlates with areas of excavated material (grey). PdA¢|qB) and(C) denote the anomalies marked in F&).Data points denote the
centre position of measured areas and are not to scale with observed ground scenes, which are about twice as large and of rectangular shay

Later, the difference between surface and aloft decreases &m st to 9m st in the mixed layer with wind directions
the mixed layer grows. similar to Theodor Shaft.

The evolution of the mixed layer can be better seen from All wind data from the COSMO-DE model for the mea-
profiles at the two nearest neighbours of Theodor Shaftsurement area are shown in Fiy.Variations in wind speed
and Bockraden Shaft, respectively (F&). The mixed layer  across the area are abatt m s at 09:00 UTC decreasing
grows from about 350 m thickness at 08:00 UTC to aboutto about+0.5m st at 11:00 UTC. The great scatter in wind
1100 m at 11:00 UTC characterised by the step in wind speedpeed at about 450 m altitude across the area at 09:00UTC
and direction at the transition to the free troposphere. The upis due to the different depth of the mixed layer for differ-
per boundary of the mixed layer acts as a lid, and gas plumeent model locations mainly depending on surface elevation.
from sources within this layer are not likely to extend beyond Wind direction varies by about5° and shows the same scat-
it. In close vicinity to Theodor Shaft, wind speed ranges fromtering at the mixed layer boundary.
6ms!to 9ms?t for the mixed layer and wind direction To compare the COSMO-DE model data with wind infor-
from 55 to 65°, only slowly varying with time apart from mation acquired at flight altitude over the measurement area
changes introduced by the mixed layer evolution. For Bock-using the AIMMS-20 turbulence probe, model data from the
raden Shaft, wind speeds are slightly lower ranging fromwhole area have been fitted by a sixth-order polynomial for

www.atmos-meas-tech.net/6/151/2013/ Atmos. Meas. Tech., 6, 1536-2013
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Table 1. Model layer altitudes and corre_spondir_lg altitudes of layer A Wind model Theodor Shaft
centres above ground at the model grid position east of Theodor
- . West East West East
Shaft (52.27924N, 7.7540 E). The first line of the table refers to e L L LAk 3 3§
the surface elevation. 1400 \ }4/ 4
E 1200 \ i
Altitude a.s.l. (m) Altitude above ground (m) 5 / /# f/f )4
>
;
Layer Layercentre Layer boundary Layer centre  Layer boundary % 000 ff f/<5
e [08:00 UTC [©0B:00 UTC
o 800 [50m:00 UTGTIR ] [009:00 UTE -
50 124.4 114.5 9.9 0.0 E [0B:00 UTG 5{ S0B:00 UTC %
49 149.9 134.3 35.4 19.8 S 600 [PHANMIC 013:00 TG
48 186.8 165.4 72.3 50.9 5 i i i i /fi
47 235.6 208.2 121.1 93.7 3 400 S 2y &
46 296.6 263.0 182.1 1485 =z ods.00 UTC
200 -t ;
45 370.1 330.2 255.6 215.7 p 3% A
44 456.6 410.1 342.1 295.6 oL, A i o11.0041C
43 556.2 503.1 4417 388.6 246810 246810 60 8 100 60 80 100
42 669.6 609.4 556.1 494.9 Wind speed [m/s] Wind speed [m/s] Wind direction [?] Wind direction [°]
41 796.8 729.7 682.3 615.2
40 938.4 864.0 823.9 749.5
39 1094.7 1012.9 980.2 898.4
38 1266.0 1176.6 1151.5 1062.1 B -
37 1452.7 1355.4 1338.2 1240.9 Wind model Bockraden Shaft
1549.9 1435.4 West East West East
1400 W\ P4 P
£ 1200 A ;Z # /; #
Model layer 50 Model layer 45 Model layer 40 = ;}/K /# Y/ /é{
[
3 1000 f/
@
Q o . T
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Wind speed [m/s] Wind speed [m/s] Wind direction [°] Wind direction []
(@]
E . . L . .
2 Fig. 6. PanellA): wind speed and direction for the model grid points
3 west (52.2794N, 7.7540 E) and east (52.280N, 7.7948 E) of
the location of Theodor Shaft. Pan@): same as pandA) but
for model grid points east (52.303Bl, 7.7120 E) and west
(52.3043 N, 7.7528 E) of Bockraden Shaft. Local time was
UTC+2h.
(@]
=
=l
3

both measurement and model data are indicated by the colour
scale.

The agreement for the altitudes of the remote sensing mea-
Fig. 5. Wind fields for different times (rows) and model layers surements (1000-1200 m) is good. The scatter for the mea-
(columns). Model layers 50, 45 and 40 thereby refer to altitudessured data is higher than for the model data, which is given
above ground of approximately 10 m, 256 m and 824 m, respec-only on an hourly time scale. For lower altitudes, where the
tively, slightly depending on the surface elevation. Size of arrows actual plume is located, the averaged model data seem to sys-
is proportional to absolute wind speed. tematically overestimate the wind speed. For a more quanti-

tative analysis, however, model and measurement have to be

compared at the same location.
altitudes covered by the overflight (Fig). Wind components This can be accomplished using data from a descent—
in north—south and east—west direction were fitted separatelgscent profile reaching about 70 m above ground at the air-
before wind speeds and directions were computed. The conport Miinster/Osnaliick located approximately 17 km south-
parison between fitted model data and measurements frorsouthwest of Theodor Shaft which are compared to in
the turbulence probe is shown in FBa. The measurements situ data at the airport’s weather station (EDDG) and the
have been smoothed by a 1000-point moving average repr&eOSMO-DE model in Fig8. At this location, the system-
senting approximately 1-min averages. Observation times o#tic, negative bias of the model can be confirmed. Model data
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Fig. 8.PanelA): comparison between mean model data (diamonds)
Fig. 7. Wind speed (paneh) and direction (paneB) from the  for times 09:00, 10:00 and 11:00 UTC and AIMMS-20 turbulence
COSMO-DE model throughout the measurement area as shown iyohe wind data (thick line). The colour indicates the time accord-
Fig. 1. Red squares denote data from the location east of Theodorng to the colour bar to the right. The left plot shows wind speed,
Shaft and green squares data east from Bockraden Shaft. The blyge right plot wind direction. PanéB): AIMMS-20 wind data from
line indicates a sixth-order polynomial fit from about 500m to 5 gescent—ascent profile at the airpoiiindter/Osnaliick and the
1500 m corresponding to flight altitudes during the survey. surrounding area compared with model data at a grid point less than
100 m away from the airport (52.1278l, 7.6800 E). Additionally,
in situ data from the weather station (EDDG) are shown. Times
at the airport’s closest grid point at 11:00 UTC are on aver-of measurements are according to the colour bar on the right. In
age about 0.7 Mg higher for the mixed layer taking into situ data from the weather station at the airpottridter/Osnaliick
account the altitudes from the lowest measurement (118 mJEDDG) have been obtained from Weather Undergrouinitio{
to 600 m. Considering the accuracy of the AIMMS-20 in- //www.wunderground.comlast access: May 2012).
strument for the horizontal wind of 0.5 ms by specifica-
tion (see, for exampleBeswick et al. 2008 or better, this
bias is significant. In situ wind data measured at 10 m abovet.1 Effective wind speed
ground every 20-30 min also indicate an overestimation of
wind speeds by the model. The data from the turbulencel0 compute an effective wind speed from the model data, it
probe of the profile have therefore been used to calibratds assumed that the plume is approximately terrain following
the model applying a correction 6£0.7msL. This cor-  With respect to the vertical coordinate. This is, for example,
rection is still within the error range of the wind model of @ good approximation for smooth hills in neutral stability
about 0.9 ms! as given irKrings et al.(2011) for a specific ~ conditions Hunt and Snyder19832. Additional turbulence
example. is possible but has not been considered explicitly for this
Wind directions between model and measurements agrework. Part of it will be compensated by the stability fit, which
within the uncertainties, although the weather station data incannot distinguish between diffusion and turbulent mixing

dicate a high variability in wind direction a£20° not cap-  On somewhat larger scales. The release height in case of
tured by the model. Theodor Shaft was set to the surface elevation according to

the SRTM model of 150 m plus the stack height of 15m.
Since the COSMO-DE model elevation grid has a lower res-
olution, the model elevation at the Theodor Shaft location is
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Fig. 9. Panel(A): methane data from the in situ probe averaged for 1 s. Data from the furthest part of the plume as indicated by the black box
are shown in pan€B).

only about 115 m when evaluating the nearest neighbour gridpeed with corresponding parameters for the determination
point. of o, of c =61.0,d =0.911 andf = 0.

The effective wind speed has been computed using the ver- For the near part of Theodor Shaft, this yietlds= 61 m
tical wind profile of north—south and east-west componentsand about 18 % of the emitted GHs confined to the sur-
weighted by the concentration enhancement according to théace layer (layer 50 according to the COSMO-DE model).
modelled vertical dispersion at altitude(compare, for ex-  The next layers share 27 % (layer 49), 30 % (layer 48), 19 %

ample,Pasquil] 1971, Beychok 2005: (layer 47), 5% (layer 46) and 0.3 % (layer 45). Consequently,
) ) the corresponding plume height is approximately the upper

C(z) = 1 (e—i(ﬂ') + e-%(?ﬁ') ) 1) boundary of layer 45. Taking the altitude profile of the model
0./ 21 grid point west of Theodor Shaft as reference, the plume pre-

. - . o . sumably rises to about 296 m above ground. Taking the mean
with emission altitude: and taking into account reflection from 09:00 and 10:00 UTC, the effective wind speed for the

off the ground. In case of Theodor Shaft, two effective wind near area of Theodor Shaft results in about 6.9 asd the
speeds have been computed. The first corresponds to ﬂ}%ean wind direction in about 53.8 '

close vicinity and the near part of the plume, taking into ac-
count the mean wind profile of the two nearest model grid lo-
cations (east and west of the ventilation shaft location). Th
vertical dispersion coefficient, has been computed accord-

ing to (Martin, 1976

The second effective wind speed is evaluated for the far
art of the plume in about 8 km distance from Theodor Shatft.
odel wind profiles of 8 grid points throughout the plume
extension have been considered taking into account the real
distance to the source when evaluating the vertical dispersion

o,=c-xl+f (2) including the dispersion coefficient — except for one up-
] o ) wind profile east of Theodor Shaft, where the distance to the
with empirical constants, ¢ and / depending on the atmo-  5o,,rce was set to 0 km. Model grid points have been selected

spheric stability class and assuming a mean distance frondg, that no part of the plume is overly represented. The effec-
the shaft ofc = 1 km. The approximate stability class can be e wind speed for the far part of the plume is then about

determined according fourner(1970. Considering amean 7 7 51 and the wind direction about 63.1The vertical
solar zenith angle of about 3¢moderate solar insolation)  istribution at 8 km distance, according to these assumptions,
and a wind speed around 6 mls(see.Fng), this results N is about 4 % (layer 50), 6 % (layer 49), 8% (layer 48), 10 %
stability classes D (neutral) or C (slightly unstable). This is (layer 47), 12% (layer 46), 13% (layer 45 and 44), 12%

confirmed in the inversion process (see below), which for the(layer 43), 9% (layer 42), 7% (layer 41), 4% (layer 40), 2 %
far and undisturbed plume results in a stability parameter (layer 39) and less than 0.7 % (layer 38).

that corresponds to a stability class between C and D. Taking The flight altitude corresponds to layer 39 with a share
into account that topography may create an additional tur¢ the total column enhancement of= 2 %. To compare
bulent diffusion and considering that, for the far part of the \\ith the in situ measurements, following assumptions are
plume, the in situ sensor picked up an average €hance-  ,qe: 100 % of the released methane in a vertical column
ment of about 80 ppb (compare Fig), which can only be 4 anout 8km distance corresponds to abawg= 1.2 %

modelled using stability class C (see below), the slightly un- ¢ iha total background column as seen from MAMAP
stable case C has been used for computing the effective wind
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measurements, where the background column is<1E75-
10" mol CHs cm™2; the air layer is? ~ 160 m thick with an v/, y) = _F
approximate pressure of abopt = 900 hPa and tempera- V2o (x)u
ture of 71 = 288 K. Assuming further air to be an ideal gas
and using the Loschmidt numbaf, ~ 2.7 - 10'° molcm3

for the number of molecules at standard conditiopg =
101325 hPa,Tp = 273.15K), the expected in situ enhance-
mentAin-sity iS

()’ @

whereV (x, y) denotes the retrieved vertical column of &H
oy the horizontal dispersion coefficientthe wind speed and

F the emission rate sought after. The a priori for the horizon-
tal stability parametet according to lartin, 1976

0.894
s A TC oy=a-x ®)
Ain-situ = % ~ 25pph )
L poT1 d has been set t@ = 1204+ 120 only constraining the stability

to the physically meaningful range. Having only one source,

which is in agreement with the measurements that showege jnversion is statistically stable and does not need an ad-
about 8_0 p_Pb increase, c(_)ns_|de_r|ng involved uncertaintiegjitional constraint on the emission rate to prevent unrealis-
a_n_d variability in vertical distribution. For comparison, sta- iic results. Hence, no a priori information is needed for the
bility class D (more stable than class C) would yield a mole gmission rate. The wind direction has not been taken from the
fraction Increase in layer 39 that is too low to be measured,ompytation of effective wind speed and direction but from
(about 16 times lower). _ the measured MAMAP data directly. Although the COSMO-
_For the northern Bockraden Shatft, only the wind pro- pe model shows similar wind directions for the part of the
file from the nearest model grid point has been taken intop|yme in the vicinity of Theodor Shaft and the total plume
account. It is located about 870m in downwind direction gytension, this is not confirmed by the data. Close to the ven-
approximately half way between the ventilation shaft andjjation shaft, a wind direction of about 85vas empirically

the maximum, visible plume extension. For slightly unsta- tonq to best fit the data, whereas the far part alone repre-
ble stability conditions, as before, and the measurement timgg s 5 plume advected by wind coming from.71

09:00-10:00 UTC, the effective wind speed amounts to about The measurements in the close vicinity of Theodor Shaft

6.4m s~ and the average wind direction is about 39:ehe  55harently missed the plume, which is very narrow so close
release height was taken to be the surface elevation according ihe source. To avoid potential interference on the inver-

to the SRTM model plus the shaft height of 15 m resulting in gio, of the near part of the plume, data from the first 300 m
121 ma.s.|. This is about 7m above ground according 10 th&jownwind have been excluded prior to the inversion. Sim-
COSMO-DE surface elevation model. ilarly, data have been restricted #1000 m in across wind

direction to avoid the impact of other sources than the one
under consideration. Finally, data further than 1800 m away

So far, information from the measured wind data has not beed©™ the ventilation shaft where the plume appears partic-
taken into account for the computation of the effective wind U1y rugged have been omitted. The selected rotated and

speed. Applying the wind speed calibration 6.7 m s'1 gridded data are shown in FitQa including the contour lines
as presented in the previous section, the final effective Windresulting from inferred emission rate and stability parameter.
speeds are 6.2n8 for the near part of Theodor Shaft The far part of the plume is subject to a different effective

7.0m s for the far part and 5.7 nT for Bockraden Shaft, Wind speed and direction. Hence, the plume (and integral)
inversions of the near and far part have been conducted sep-

arately (Fig.10b). The across wind limits have been set to
5 Inversion +1800 m accounting for a wider dispersion further from the
source.
Prior to the inversion, the data were rotated so that the wind  As for the near part of Theodor Shaft, the data from Bock-
direction points in positive x-direction and subsequently raden Shaft have been restrictecdt000 m in across wind
gridded to regular boxes of 65m65m covering approx-  direction. The wind direction is empirically determined to
imately the same area as a MAMAP ground pixel. Subse-about 60.0. In addition, data with a distance of more than
quently, emission rates were inferred using an inverse Gaust .9 km from the source, where the plume starts to exhibit
sian plume model and an integral approach. a very discontinuous appearance, have been rejected for the
plume inversion (Figlla).

4.2 Calibration with wind measurements

5.1 Gaussian plume inversion

] o ] 5.2 Gaussian integral inversion
To invert for the CH emission rates, an inverse Gaus-

sian plume model was applied using an optimal estimationThe Gaussian integral method is based on a budgeting ap-
schemeKrings et al, 2011). The inversion is thereby based proach of CH amounts being advected through boundaries
on the vertically integrated form build up by measurement tracksr{ngs et al, 2011):

www.atmos-meas-tech.net/6/151/2013/ Atmos. Meas. Tech., 6, 1536-2013



160 T. Krings et al.: Methane emission rate estimates using airborne remote sensing data

A B
4
1.0
— 05 Fooo_ 2
€ ] " [ E
=3 { =
Q [0]
2 00 S R ——
& -~ z
(=] (=]
-0.5 -
1 |
10
R S - . . -4
0.0 05 1.0 15 20 0 2 4 6 8
Distance [km] Distance [km]
XCH, (CO,) XCH, (CO,)
| .
0976 0988 1.000 1012 1.024 0.976 0988 1.000 1012 1.024

Fig. 10. Data used for the inversion of the near part of Theodor Shaft (pahahd the far part (pand). Contour lines indicate the result
from the Gaussian plume model inversion.
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Fig. 11. Relevant data for the inversion of the emissions from Bockraden Shaft using the inverse Gaussian plume modé) éparble
integral method (paneB). Contour lines (paned) indicate the result from the Gaussian plume model inversion, while the black tracks
(panelB) show the boundaries for the integral method.

_ A higher, this can partly be explained by the retrieval error on
F= zl: Viu-ni AS;, ©) the XCHj result (se&rings et al, 2011, for a detailed sensi-

, tivity analysis of the retrieval algorithm). Accumulated over
whereAS; is a scalar measure for the length of the boundaryihe “two upwind tracks, respectively, this results in an en-
sggme_nt u_nder consideration W|_th the_normal. The SaMm€  hancement above background comparable to the result of the
wind directions as for the plume inversion have been applied;niegral method. Assuming the elevation to be 200 m higher
The boundaries for the method are shown in Bgjfor the 51 ysed as input for the radiative transfer, more than 80 %
plume originating from Theodor Shaft and in FigLfor the ¢ ihe above background signal can be explained.

Bockraden plume. The upwind reference data have therefore not been used.
Potentially the upwind data could be used as a referencelnstead, it was assumed that there are no additionaj CH

However, in case of Theodor Shaft (FiLp), the two near- g4 rces of significant strength upwind of the two ventilation
est upwind tracks show very similar concentrations, but theygp 445

are both above the regional background (HEig. When in-
specting the topography map (see Flip.it can be seen that \grsion result are shown in Figé4 and 15. Thereby, the
both these tracks are above the highest surface elevation of y4el simulations use the same nearest neighbour approach

this region. Remembering that the retrieval was performedy, e cross section tracks to ensure comparability between

assuming an average surface elevation of 100m and taking,,qel and measurements. For Theodor Shaft. the model
into account that the actual elevation upwind is considerably ’

Downwind cross sections of measurements and plume in-
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Fig. 12.Boundaries for the integral inversion for near (pafgbknd far (paneB) part of Theodor Shatft.
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Fig. 13.Measurements along horizontal cross sections upwind of Theodor Shaft (black). Additionally ehedrtainty range based on the
precision (grey) and a topography correction is shown (red). Sed Efgr position of the cross sections.

overestimates the concentrations in the near part, where i6.4 Results

the mid-range measurements exceed the model. In the far

part, model simulation and measurements have a flat GaudResults of the inversion are given in Ta2leThe rather large

sian shape and agree very well. stability parameter of 227.5 for the near part of Theodor
In case of Bockraden Shaft (Fig5), the furthest measure- Shaft indicates possible additional broadening by changing

ments agree nicely with the model simulations based on th&vind directions or topography, whereas stability for the far

inversion, whereas, in the mid-part, a change in wind direc-part (84.5) and for Bockraden Shaft (120.1) is in the range to

tion with respect to the modelled direction is apparent. be expected for stability class C.
While the integral inversions and the plume inversion of
5.3 Flight pattern and Gaussian integral the far part of Theodor Shaft give a rather similar result

of about 31ktCHyr~1, the plume inversion of the near
As pointed out byKrings et al.(201J), flight pattern and  part indicates a significantly higher emission rate of about
patchy data can lead to systematic errors for the inversiom3 kt CH, yr—1 with a much lower statistical error partly due
result of the integral method. Simulations based on the emisto the higher number of observations that were used.
sion rate as resulting from the integral inversion and the sta- The inferred emission rate for Bockraden Shaft is signifi-
bility parameters: obtained from the respective plume fits cantly lower as could already be expected from a qualitative

were performed. The systematic errors for the near and fagnalysis of the data. The emission estimate from the integral
part of Theodor Shaft and for the Bockraden Shaft are abouinethod (16 kt CHyr—1) using 3 tracks is larger than for the

—3.8% (caused by parts of the plume not captured in theplume inversion (12 kt Cilyr—1).
lower part (negative y-direction), which cannot be observed

for the measurements since the measured plume exhibits

a slight bend in positive y-direction}-4.6% (plume not

completely captured in its horizontal extension) arid2 %.

The flight pattern error has been corrected for.
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Fig. 15.As Fig. 14 but for Bockraden Shaft. FigurEl shows the position of the cross sections.
6 Error discussion located in a shallow valley, which may have a slight trapping

effect on the CH plume.

Several potential sources of error on the inversion are dis- AS discussed in Secd, the wind model has been cali-
cussed in the following. Aerosol is not assumed to be a majoPrated bly measured data, which have an accuracy of about
contributor as it already proved to be insignificant for the as-0-5M s~ This uncertainty has been adopted for the error

sessment of emissions from coal-fired power plants wheréstimation, resulting in a relative error of about 8%, 7%
much more aerosol variations are expectsdr(gs et al and 9% for the wind speeds in case of Theodor Shaft near

2011). (6.2m ), Theodor Shaft far (7.0n7¢) and Bockraden
Shaft (5.7 ms?). The relative error translates directly into

. ) N an uncertainty on the inferred emission rate.
6.1 Effective wind speed and stability

Not considering the additional 35 m altitude according to 6.2 Wind direction

the high-resolution topography from SRTM relative to the

COSMO model and just taking the COSMO model elevationThe impact on the inversion result originating from uncer-
15m shaft height for Theodor Shaft results in-2 % de-  tainty on the knowledge of the wind direction has been ex-
creased effective wind speed for both the near and far paramined by testing wind directions that differ from the as-
of the plume. This gives an indication for the possible mag-sumed wind direction. The knowledge of average wind di-
nitude of the uncertainty induced by the topography and itsrection for the far part is assumed to be bettef (5°) than
limited representation in the model. The insignificant differ- for the near parts of the plume4%°), simply by noting that
ence between SRTM and COSMO-DE elevation model ofa changed wind direction leads to a larger spatial displace-
—8m at Bockraden Shaft results only in a negligible vari- ment in the distance. The different wind directions have been
ation in effective wind speed. However, Bockraden Shaft isapplied to inversion procedures of actual measurements and
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Table 2.CH4 emission rate results in kt Qi-yr—l for the coal mine ventilation shafts Theodor Shaft and Bockraden Shaft using the Gaussian
plume model and the Gaussian integral inversion methods. For the Gaussian plume model, the result for the retrieved stabilityaparameter
and the statistical errors are also given. The data from Theodor Shaft have been inverted separately for the near and far part of the plume.

Plume inversion Integral inversion

emission  # pixels used  stability emission  # tracks used
Ventilation shaft (ktyrl) forinversion parameter (-) (ktyd)  for inversion
Theodor Shaft (near) 43.125 80 2275 31.151 5

+1.065 +3.0%
Theodor Shaft (far) 31.830 28 84.5 30.819 1

+5.233 +18.8%
Bockraden Shaft 12.363 74 120.1 16.088 3

+0.419 +6.8%

Table 3. Error on simulated and measured inversion results due tochanges by-1.7 %, and when extended by 50 %, the inver-

uncertainty on wind direction. sion yields—6.0 % less suffering visibly from changing wind
directions. This apparent variability in wind direction leads
A inversion (%) to the choice of the relevant measurement area in the first
A wind Simulation Measurement place_
Ventilation shaft  directiony) Plume Integral Plume Integral In case of the far part of the Theodor pIume, extending
Theodor (near) -5.0 -53 471 -39  +70 the across wind direction extension #1000 m in either di-
Theodor (far) ’j:g 18;3‘6‘ +B.762 fé:g ;0_762 rection reduces the plume inversion result by abelit4 %,
+1.5 —044  —0.69 -15 —0.69 while extension in along wind direction in either direction
Bockraden —5.0 -53 420  -295 420 does not make sense, since only the furthest track is under
+5.0 +69 -28 4255 28 investigation.

Also for the Bockraden Shaft, the plume inversion is stable
) ] o o regarding increase of the across wind direction extension by
S!mulatlons (Tabled). The sensitivities vary significantly for - 1000 m, where no significant change of the inversion result
different plumes and methods. _ occurs. Extending the range in wind direction-b$00 m re-
For the integral method, when not changing the actualgis in a decrease by1.3%. This is a very low sensitivity

tracks, the modified wind direction impacts only the angle considering the scattering of the plume. When the relevant
between wind and track normal vector so that the effects fory a5 is not beginning at the source but-&00 m downwind

measurement and simulation are essentially equal and are Qfjstance from the source. the resultid.9 % lower.

the order of a few percent. For the integral method in case of the near part of Theodor

This is not the case for the plume inversion method, wheregpaft, extending or shortening at the lower ends of all tracks
measurements close to the source may drastically change thtg, 4+200m in y-direction changes the inversion result by
result. Here, the plume shape is particularly dependent on's 404 and+0.4 % respectively. Extension of the track
changing wind directions. This is less sigr!ificant in case Ofmight potentially be sensitive to the G@missions of the
the near part of Theodor Shaft, where the first 300 m of Meanearby power plant. Extending or shortening at the upper

surements have been omitted. However, this was not do”@nds of all tracks by=200 m in y-direction changes the in-
for the sparser methane enhancements at Bockraden Shaft@sion result by-0.9 % and—0.4 %, respectively.

the expense of a rather large uncertainty with respect to the Tpe impact of the same procedure on the Bockraden inte-
assumed wind direction. gral result is+0.8 %, —0.7 %,—0.4 %, and—2.2 %.

Extending or shortening the integral path for the far part
of the plume is not useful, because the straight part of the
track is not long enough, and shortening would lead to clear
cutting of the plume.

6.3 Restriction to relevant measurement area

For the plume inversion of the near part of Theodor Shaft, in-
fluence on the inversion result of the restrictionttd000 m

in across wind direction is insignificant (less than 0.05 %)
when extended by 1000 m in each direction. The exclusiorf-4 Conversion factor, non-linearity and plume

of the very near and mid-part of the plume is physically rea- height issues

sonable to avoid short-term wind changes affecting the over-

all result. However, when the data area for the near part ofThe uncertainty of the conversion factor has been determined
the plume is reduced by 50 %750 m), the inversion result by synthetic retrievals of simulated data taking into account
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also vertical dispersion according to EQ) @nd assuming result is the arithmetic mean between integral and plume in-
slightly unstable conditions (stability class C). version method (14.226 kt CHr—1).

The far part inversion is biased by abou0.5 % for the The results have been compared with data as reported by
plume and the integral method. At this distance, the verti-the mine showing an astonishingly good agreement (see Ta-
cal extension of the simulated plume slightly exceeds the airble 4). The difference between the mean inversion model re-
craft altitude leading to a small underestimation of the sourcesult and the total reported emissions is less than 1 %. For the
strength. individual shafts, the inversion result is about 4 % lower com-

In case of Bockraden Shaft, the integral inversion is bi- pared to the reported emissions for Theodor Shaft and about
ased by+0.1 %, whereas the plume inversion is biased by 16 % higher in case of Bockraden Shaft.

—1%. The negative bias of the plume inversion is due to

a relatively large deviation from the true column@.19%  Overall inversion errors

maximum) for measurement pixels close to the source where o S ] ) )
highest concentrations can be found. This is potentially dueL_Jncertamtles for individual inversion meth_od§ fand ventila-
to non-linearity effects not considered in the WFM-DOAS al- tion shaits have been propagated to the individual and to-
gorithm for large deviations from the fixed linearisation point {@! émission rates taking into account the calculation speci-

mole fractions. Further away from the source, where methan&ication for obtaining the weighted mean (Talsle This is

concentrations are lower. this effect is lower than the effeciStraightforward for the independent statistical error from the

from the conversion factor that generally slightly overesti- PlUme inversion using Gaussian error propagation. In case

mates column concentrations when the plume is not equally’ Wind direction, the — compared to the simulations — larger
distributed below the aircraft but lower to the ground. variations for the measurements have been considered to give

For the near part of Theodor Shaft, the inversion of thed conservative error estimate. To account for the non-random

methane columns retrieved from simulated data is biased behaviour in this case, no Gaussian propagation has been ap-
—0.3% for the plume inversion and integral method relative Pli€d but a maximum error estimation, that is, a linear ac-

to the simulated emission rate. The reasons for the negativeUmulation of the absolute values of errors taking into ac-
bias are similar as for Bockraden Shaft. However, by omit-count the largest errors for each shaft and method. This gives

ting the first 300 m for the plume inversion, where highest @ réa@sonable worst case estimate. The same applies for un-
columnar increase can be found. the effect is smaller. certainties due to wind speed, considered measurement area,

Hence, the overall contribution of these effects to the totalCONVersion factor and topography representation.
uncertainty on the inversion result is rather low in all cases BY computing the root of the sum of the squared individ-

and is in line with results obtained for GOnversions by ual, independent errors listed in Taldgthe approximate to-

Krings et al.(2011). tal uncertainty on the inferred total emission result becomes
about 13.5% and for the individual shafts 13.2 % (Theodor)
6.5 Uncertainty of the methane background column and 17.2 % (Bockraden). Thereby, the total uncertainty com-

prises all random and systematic error components. The re-

Uncertainties in the assumed background column of methangulting uncertainties are strongly reduced compared to the
have direct impact on the inversion result. For this study,Power plant experiment birings et al.(201]) using the

the background column has been constrained using the i§&me instrument and inversion techniques. This is predom-
situ absolutely calibrated data to scale a US Standard prolnantly based on the reduced error in wind speed due to cal-
file. The resulting column-averaged dry air mole fraction is ibration with measurements by the AIMMS-20 instrument
aboutXCH, = 1757 ppb. Assuming &1 % uncertainty this and generally higher wind speeds in the boundary layer that
gives a range of about 1740-1774 ppb, which is realistic for'educe the relative error. However, uncertainty on wind in-
the area of interest. The resulting uncertainty propagated téormation still dominates the error budget.

the inversion result is then alsel %.

8 Summary and conclusions

7 Comparison with reported data Airborne passive optical remote sensing data obtained with
the MAMAP instrument over two coal mine ventilation
To obtain a total emission rate for the mine, a weighted mearshafts were used to retrieve column-averaged dry air mole
has been computed from the individual results. In case ofractions of methaneXCH4(CO,) using the CQ proxy
Theodor Shaft, first the mean of the plume inversion re-method. Based on an instrument modification (not subject
sults of near and far part weighted by the inverse error,of this work) suggested bgerilowski et al.(2011), the in-
and the mean of the integral method weighted by the numstrumental precision could be improved to below 0.4 % for

ber of tracks (see Tablg) has been calculated. The arith- XCH4(CO,). A similar precision or better can now also be
metic mean of both gives the final result for Theodor Shaftreached foiXCO,(CHj).

(36.155 kt CH yr—1), whereas, for Bockraden Shaft, the final
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Table 4. Comparison between reported and inferredsGhission rates. For Theodor Shaft, the two lines indicate the near and far part

of the plume. The total result refers to the weighted mean of the inversion results according to involved uncertainties. See main text for
more information. Reported values have been kindly provided by the district government of Arridberggregierung Arnsberg, Abteilung
Bergbau und Energie in NRW

Emission rate (kt Chyr—1)

Inversion result

Ventilation shaft Reported
Plume inversion Integral inversion (Weighted) Mean
43.125+ 1.065 31.151
Theodor Shaft 37.690 31.8304 5.233 30.819 36.155
Bockraden Shaft 12.274 12.3630.419 16.088 14.226
Total 49.964 50.381

Table 5. Uncertainties by parameter on the inversion results for the  The results confirm that MAMAP is a useful tool to study
individual ventilation shafts and for the total coal mine. strong point sources of the greenhouse gases @@ngs

et al, 2011 and CH,. The methods developed here are valu-
able and relevant also to analysis of satellite data with suf-

Uncertainty (%)

Theodor  Bockraden ficient spatial resolution and precision, such as expected for
Parameter Shatt Shaft  Total CarbonSatBovensmann et g12010.
wind speed £0.5m s1) +7.9 +8.8 £8.2
Wind direction &5°) +5.2 +14.4 +£7.8
Statistical error +7.4 +29 +54 AcknowledgementsThe MAMAP activities are funded in parts
Considered measurementarea ~ £5.0 +34 +46 by the University of Bremen and the State of Bremen (WFB), the
Topography representation +£2.0 - #14 Alfred Wegener Institute for Polar and Marine Research (AWI),
CHy bac.kgmund column1 %) +1.0 +10 - +1.0 Germany and the Helmholtz Centre Potsdam, GFZ German Re-
Conversion factok +0.5 +0.5 +05 . .

search Centre for Geosciences, Germany. The Polar 5 aircraft was

Total uncertainty +13.2 +17.2 +135 operated by Kenn Borek Air Ltd, Canada. The official reference

values for methane emission rates were kindly provided by the
Bezirksregierung Arnsberg, Abteilung Bergbau und Energie in
During the AIRMETH 2011 aircraft Campaign' WhiCh, be- NRW Wind data from the COSMO-DE model were obtained from
side the MAMAP instrument, comprised an AIMMS-20 tur- the German Weather Service (DWD). We thank our reviewers for
bulence probe and a fast in situ analyser, an area with twdheir helpful comments to improve this article.
coal mine ventilation shafts was surveyed. Using the same. .
. . . . dited by: H. Word
inversion methodologies dgings et al.(2011) used for the ted by oraden
inversion of CQ emission rates from two coal-fired power
plants, namely a Gaussian plume inversion as well as a simReferences
ple integral approach, methane emissions could be inferred.
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: - g . . borne probe for turbulence measurements during the Convec-
underlying stability assumptions for the inversion model.
Total mine emissions were estimated to about
50.4ktCHyyr—! for the time of the overflight. The er-
ror on the inversion result is dominated by uncertainty in
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