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Summary

Methane is the second most important anthropogenic greenhouse gas and there is re-
newed strong increase of atmospheric methane since 2007. Although the overall global
budget of methane emissions is well constrained, the quantitative attribution to the un-
derlying sources remains an up-to-date open scientific question. The column-averaged
dry-air mixing ratio of methane, denoted as XCHy, is a special atmospheric measure
attainable only via ground-based and satellite-derived observations. The resulting data
enable a global spatiotemporal overview of the atmospheric methane concentrations and,
thus, are very suitable for the quantification of methane emission sources by means of
inverse modeling. However, even the strongest surface emission fluxes only produce a
slight change in the XCHy signal in relation to the co-resident background level in XCHy.
For this reason, an accurate quantification of methane emissions from XCH,4 data only
is possible, if observations and simulations of XCHy achieve high accuracy (<0.3 %).
Meeting this standard requires that XCHy as a vertically integrating measure correctly
accounts for the existing methane concentrations of various height layers. Therefore, this
work examines the effects of atmosphere dynamical processes in the upper troposphere
and the stratosphere on the accuracy of XCH, observations, and simulations, respec-
tively. At the same time, this dissertation shall contribute to an improved understanding

of the factors controlling the atmospheric quantity XCHy.

This dissertation was conducted at the Karlsruhe Institute of Technology, Institute
of Meteorology and Climate Research — Atmospheric Environmental Research (KIT
IMK-IFU). It comprises three independent scientific studies (Sussmann et al., 2013,
Ostler et al., 2014, 2016), which all are linked to each other. Each individual study is
supported by ground-based Fourier Transform Infrared (FTIR) observations of XCHy
as well as simulations from the Atmospheric Chemistry Transport Model (ACTM). The
FTIR measurements originate from several measurement sites and were performed in the
framework of the Total Carbon Column Observing Network (TCCON), and the Network
for the Detection of Atmospheric Composition Change (NDACC), respectively.

The first article (Sussmann et al., 2013) compares quasi-coincident XCHy data sets, that
were derived according to NDACC- and TCCON-type retrieval methods from the re-
spective solar absorption spectra. This NDACC—TCCON comparison was realized with
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XCHy data sets from the sites Garmisch (Germany) and Wollongong (Australia). For
both sites, a nearly perfect overall agreement in XCH4 observations from NDACC and
TCCON was detected. By contrast, the seasonal comparison of NDACC and TCCON
retrievals shows quasi-periodic XCHy differences which can be reduced, but not entirely
be eliminated by the use of improved, ACTM-modeled a priori knowledge of the vertical

concentration distributions.

The reasons for these seasonal XCH, differences are examined in the second article
(Ostler et al., 2014) using additional XCHy data of the sites Karlsruhe (Germany), Izana
(the Canaries, Spain) and Ny-Alesund (Spitsbergen, Norway). Two representing case
studies illustrate that polar vortex-induced stratospheric subsidence or stratosphere-
troposphere exchange processes are an activator for significant XCHy variations of up
to 1.7 % (~30 ppb). This dynamically induced variability is connected with variability
in the vertical distribution of methane concentrations, which only can be reproduced
to some extent by FTIR observations with limited vertical sensitivity and unrealistic a
priori information. Therefore, the differing vertical sensitivity of NDACC and TCCON
observations produces seasonal varying XCHy disagreements in the presence of quasi-
periodic events with high atmosphere dynamical variability. The accuracy of TCCON
XCHy data is only affected by stratospheric subsidence within the polar vortex region.
In contrast, NDACC XCH4 data primarily loose accuracy by means of stratosphere-
troposphere exchange processes. Both problems could be circumvented by improved a

priori information.

The third study (Ostler et al., 2016) analyzes the dependence of the model—TCCON
XCH4 agreement on the model representation of stratospheric CH4 based on the 2010
measurement time series from 11 selected TCCON sites. To do this, a triplet of model
stratospheric CHy fields — model simulations and two satellite-based data sets — was con-
verted into model XCH, data. The XCH4 model-TCCON comparison was conducted
with three well-established chemical transport models: ACTM, TM5 (Tracer Model,
version 5) and LMDz (Laboratoire de Météorologie Dynamique model with Zooming
capability). It becomes evident, that the range of stratospheric CH4 concentrations,
derived from different models and satellites, is large and translates into a significant
range of XCHy values. Most striking is a large model XCHy bias of 2.1 % (~ 38 ppb) for
ACTM, which is likely to originate from model errors in the simulation of stratospheric
transport causing a high bias in stratospheric CHy compared to satellite data. The
application of the two satellite CHy data sets significantly reduces the ACTM XCHy
bias to 0.2 % (3.3 ppb), whereas their effect on the model XCHy bias is ambiguous for
TM5 and LMDz, i.e. respective model XCHy biases (0.5 % and 0.4 %) can both be
increased (to 0.6 % and 1.1 %) and reduced (to 0.2 %). This implies that the satellite

data uncertainty is hindering a more accurate evaluation of model stratospheric CHy
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and, hence, its contribution to XCHy. At the same time, the origin of model-to-model
differences in stratospheric CHy4 needs a better assessment in order to take full benefit

of XCH,4 data for the inverse modeling of regional CH4 emissions.
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Zusammenfassung

Methan ist das zweitwichtigste anthropogene Treibhausgas. Seit 2007 gibt es erneut
einen starken Zuwachs an atmosphérischen Methan. Obwohl das globale Budget an
Methanemissionen sich gut abgrenzen lasst, bleibt die quantitative Zuteilung zu den un-
terliegenden Quellen eine offene wissenschaftliche Fragestellung. Das sdulen-gemittelte
Mischungsverhéltnis von Methan, bekannt als XCHy, ist ein besonderes atmosphérisches
Maf}, welches nur durch bodengebundene und satellitenbasierte Messungen ermittelt
werden kann. Daraus resultierende Daten ermoglichen einen globalen raumlichen und
zeitlichen Uberblick iiber den Methangehalt der Atmosphére und sind somit sehr gut
fiir die Quantifizierung von Methanquellen iiber inverse Modellierung geeignet. Allerd-
ings erzeugen selbst die stérksten bodennahen Emissionsfliisse nur eine geringfiigige
Anderung im XCH,-Signal bezogen auf das stets vorhandene XCH,-Hintergrundniveau.
Deswegen ist eine akkurate Quantifizierung von Methanemissionen aus XCHy-Daten
auch nur moglich, wenn bei der Messung und Simulation von XCH,4 eine hohe Genauigkeit
(<0.3 %) erzielt wird. Die Erfiillung dieser Anforderung verlangt, dass XCHy als ver-
tikal intergrierendes Maf3 die vorhandenen Methankonzentrationen aus verschiedenen
Hohenbereichen korrekt beriicksichtigt. Diese Arbeit untersucht daher die Auswirkun-
gen von atmosphérendynamischen Prozessen in der oberen Troposphéare und der Stra-
tosphére auf die Genauigkeit von XCHy4-Messungen bzw. XCHy-Simulationen. Gle-
ichzeitig soll diese Dissertation dazu beitragen, das Verstindnis, durch welche Faktoren

die atmospherische Gréfle XCHy kontrolliert wird, zu verbessern.

Diese Dissertation wurde am Karlsruhe Institut fiir Technologie, Institut fiir Meteorolo-
gie und Klimaforschung — Atmosphérische Umweltforschung (KIT IMK-IFU) durchge-
fiihrt und besteht im wesentlichen aus drei eigenstiandigen wissenschaftlichen Arbeiten
(Sussmann et al., 2013; Ostler et al., 2014, 2016), die in einem logischen Zusammen-
hang zueinander stehen. Jede einzelne der drei Studien basiert auf bodengebunde-
nen Fourier-Tranformations-Infrarot (FTIR) XCH4-Messungen, sowie Simulationen des
Chemie-Transport-Modells ACTM (Atmospheric Chemistry Transport Model). Die ver-
wendeten FTIR-Messungen stammen von verschiedenen Messstandorten und wurden im
Rahmen des Total Carbon Column Observing Network (TCCON) oder des Network for
the Detection of Atmospheric Composition Change (NDACC) durchgefiihrt.



xii

Die erste Studie (Sussmann et al., 2013) vergleicht zeitlich quasi-koinzidente XCHy-
Daten, die nach NDACC- bzw. TCCON-spezifischen Verfahren aus den entsprechen-
den solaren Absorptionsspektren abgeleitet wurden. Dieser NDACC—TCCON-Vergleich
wurde jeweils fiir die XCHy4-Daten der Standorte Garmisch (Deutschland) und Wollon-
gong (Australien) ausgefiihrt. Insgesamt wurde eine nahezu perfekte Ubereinstimmung
in den XCH4-Messungen aus NDACC und TCCON fiir beide Standorte festgestellt.
Dem gegeniiber stehen quasi-periodische Differenzen im Jahresgang der XCHy4-Daten aus
NDACC und TCCON , die mit verbesserten, ACTM-modellierten Apriori-Informationen
iiber die Vertikalverteilung der atmosphéarischen Methankonzentration reduziert, jedoch

nicht vollstandig eliminiert werden konnten.

Die Ursachen dieser saisonalen XCHy-Differenzen werden in der zweiten Studie (Ostler
et al., 2014) mit zusdtzlichen XCHy-Daten der Stationen Karlsruhe (Deutschland),
Izana (Kanarische Inseln, Spanien) und Ny-Alesund (Spitzbergen, Norwegen) errtert.
Zwei exemplarische Fallstudien zeigen, dass stratosphérische Absinkprozesse im Bereich
des Polarwirbels oder Austauschprozesse zwischen Stratosphdre und Troposphére als
Ausléser fiir signifikante XCHy-Anderungen von bis zu 1.7 % (~ 30 ppb) wirken. Diese
dynamisch-induzierte Variabilitat ist verbunden mit Variabilitat in der Vertikalverteilung
des Methangehalts, die von FTIR-Messungen mit eingeschrankter vertikaler Sensitivitat
und unrealistischer Apriori-Information nur bedingt in XCHy abgebildet werden kann.
Ergo fithrt die unterschiedliche vertikale Sensitivitdt der NDACC- bzw. TCCON-Mess-
ungen in Gegenwart quasi-periodisch auftretender Ereignisse mit erhohter atmosphéren-
dynamischer Variabilitéat zu saisonal variierenden XCHy4-Unterschieden.Die hohe Genau-
igkeit der TCCON XCH4-Messungen wird nur durch stratosphérische Absinkprozesse im
Bereich der Arktis beeintrachtigt. Dagegen verlieren NDACC XCHy-Daten hauptséchlich
durch Austauschprozesse zwischen Stratosphére und Troposphére an Genauigkeit. Beide

Problembereiche kénnen durch verbesserte Apriori-Informationen umgangen werden.

Auf der Grundlage von 11 ausgewahlten TCCON Messzeitserien aus dem Jahr 2010
analysiert die dritte Studie (Ostler et al., 2016), inwiefern die Ubereinstimmung zwis-
chen Modell und TCCON in XCHy von der Modellabbildung des stratosphérischen CHy4-
Anteils abhéngt. Dafiir wurde ein Triplett von stratosphérischen CH4 Modellfeldern
— ein Datensatz aus Modellsimulationen und zwei Satelliten-basierte Datenséitze — in
Modell XCHy-Daten umgewandelt. Der XCH4 Modell -TCCON Vergleich wurde mit
drei etablierten Chemie-Transport-Modellen durchgefithrt: ACTM, TM5,(Tracer Model,
version 5) und LMDz (Laboratoire de Météorologie Dynamique model with Zooming
capability). Es wurde ersichtlich, dass eine grofie Bandbreite an stratosphérischen
CH,4-Konzentrationen, abgeleitet aus verschiedenen Modellen und Satelliten, in eine
signifikante Bandbreite an XCHy4-Werte tibertragen wird. Besonders auffillig ist dabei
der grofle systematische XCHy-Modellfehler von 2.1 % (~ 38 ppb) fir ACTM, welcher
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wahrscheinlich durch Modellfehler in der Simulation des stratosphéarischen Transports
angetrieben wird und sich in gegentiber Satellitendaten iiberhohten stratosphérischen
CH4 Konzentrationen zeigt. Die Verwendung der beiden Satellitendatensétze reduziert
den ACTM XCH, Fehler auf 0.2 % (3.3 ppb), wahrend ihr Effekt auf den XCHy-
Modellfehler von TM5 und LMDz zweideutig ist. D.h., dass die entsprechenden XCH4-
Modellfehler (0.5 % and 0.4 %) sowohl vergrofert (auf 0.6 % and 1.1 %), als auch
verringert (auf 0.2 %) werden konnen. Das impliziert, dass die Unsicherheit der Satelli-
tendaten eine noch genauere Evaluierung der modellierten stratosphérischen CHy4-Felder
und deren Beitrag zu XCHy-Daten verhindert. Gleichzeitig zeigt sich, dass die Ursachen
fur Unterschiede zwischen modellierten stratosphérischen CH4 besser erfasst werden soll-
ten, um den Wert von XCHy-Daten fiir die inverse Modellierung von regionalen CHy-

Emissionen voll auszunutzen.
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Chapter 1

Introduction

1.1 Methane and climate change

The main driver of present global warming is the anthropogenic increase of greenhouse
gas (GHG) emissions since pre-industrial times. Among the well-mixed GHGs including
carbon dioxide (COz), methane (CHy4) has the second largest climate impact — quan-
tified by a direct radiative forcing (RF) of 0.48 Wm? — due to a 150 % rise of CHy
concentrations within the Industrial Era (Myhre et al., 2013). In addition, increased
CH4 emissions have produced indirect climate impacts from tropospheric ozone (O3)
and stratospheric water vapour (H2O), since atmospheric CHy acts as a precursor for
these forcing agents. Although the role of CHy in present climate warming is well deter-
mined, future projections for the climate impact of CHy can not be assigned with high
confidence. A major reason for this uncertainty is limited understanding of interactions

between the biogeochemical cycle of CH4 and the climate system.

Climate-methane cycle feedbacks comprise changes in natural CH4 emissions from wet-
lands and thawing permafrost regions on land and sea floor. Warmer temperatures,
elevated CO2 concentrations and land management are known as driving factors for
an increase in wetland CH4 emissions which is likely in a future climate (Ciais et al.,
2013; Petrescu et al., 2015). However, large disagreements in wetland model simulations
combined with a lack of observation data sets reflect current difficulties in assessing the
climate sensitivity of wetlands (Melton et al., 2013; Sjogersten et al., 2014). Shortcom-

ings in the understanding of methane-climate connections also exist for the permafrost
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CH4 feedback. Current model simulations and observations suggest that permafrost
thaw will cause additional CHy emissions (Ciais et al., 2013; Schuur et al., 2015). This
positive feedback is considered as a long-term process with a moderate magnitude sim-
ilar to other climate—terrestrial ecosystem feedbacks (Ciais et al., 2013; Schuur et al.,
2015). This implies that the awakening of sleeping giants such as CH4 hydrates seems
to be too slow to cause abrupt climate change. Good news also comes from observations
in northeast Greenland indicating that certain ice-free areas will act as a net CHy sink

in a warmer climate (Jorgensen et al., 2015).

Given the short lifetime of atmospheric CHy (~10 years; see Patra et al., 2011), the
reduction of anthropogenic CH4 emissions is an attractive goal for near-term climate
change mitigation (Rogelj et al., 2014). At the same time, a regulation of CH4 emissions
provides benefits for air quality on the long term (Shindell et al., 2012). In order to
meet future challenges in both the risk of climate-methane feedbacks and the potential
of reduced CH4 emissions for climate mitigation policies, an accurate knowledge of CHy

sources and sinks is needed.

1.2 Monitoring methane emissions

Apart from distinct soils, CH4 sources and sinks are spatially separated from each other.
While CH,4 is emitted at the Earth’s surface, the depletion of CH,4 takes place in the
atmosphere, predominant by chemical reactions with very short-lived (~1 s) hydroxil
free radicals (OH). This unique atmospheric sink is driven by ultraviolet sunlight and
commonly regarded as stable over the long-term (Wennberg, 2006; Montzka et al., 2011;
Patra et al., 2014). In contrast, CH, emission sources are various with almost equal
contributions from human activities and natural processes (Fig. 1.1). The total amount
of global and anthropogenic CHy emissions is constrained reasonably well, whereas the
assignment of CH, emissions according to source type and region remains uncertain

(Dlugokencky et al., 2011; Kirschke et al., 2013).

Currently, the quantification of CHy emissions is based on two methodologies known
as “bottom-up” and “top-down” approach. In a simplified view, bottom-up estimates
correspond to statistical datasets, that are created from local information such as number

of cars or cows complemented by process-based estimates for natural CHy emissions. By
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Global methane emission sources

Hydrates and permafrost [7]
Termites and wildfires [14]

Wild animals [15]
Fresh water [40]

Biomass burning
[35]

Natural Anthropogenic
347 Tg yr™ 331 Tgyr*

Figure 1.1: Mean CH4 emission estimates calculated from an ensemble of bottom-up
estimates for the period 2000—2009, see Table 1 in Kirschke et al. (2013).

contrast, top-down methods use atmospheric measurements in order to reconstruct the
strength of emission sources. A crucial requirement for this attribution is the simulation
of mixing and transport processes in the atmosphere via a chemical transport model
(CTM) in combination with an inverse approach. Such atmospheric inversion models
provide top-down estimates in terms of optimized emission fluxes. Both bottom-up
and top-down methods have strengths and weaknesses, but top-down approaches have
increasingly been established for the evaluation of bottom-up emission inventories on
a global to regional scale (Nisbet and Weiss, 2010). Results from several atmospheric
inversions suggest that regional to national CHy4 emissions are underestimated by official
inventories (Miller et al., 2013; Brandt et al., 2014; McKain et al., 2015; Bergamaschi
et al., 2015). Nevertheless, inversion-based estimates still contain uncertainties limiting
the attribution of decadal variability in atmospheric CHy concentrations — such as the

surprising stabilization period from 1999 to 2006 — to changes in CH4 emissions (Kirschke
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et al., 2013; Nisbet et al., 2014).

In order to reduce this level of uncertainty in top-down estimates, large scientific efforts
have been made to improve measurement networks and atmospheric modeling. This
development includes the increasing use of satellite observations within atmospheric in-
versions (Frankenberg et al., 2005, 2008; Meirink et al., 2008; Bergamaschi et al., 2009;
Frankenberg et al., 2011; Beck et al., 2012; Bergamaschi et al., 2013; Fraser et al., 2013;
Monteil et al., 2013; Cressot et al., 2014; Houweling et al., 2014; Wecht et al., 2014;
Alexe et al., 2015; Turner et al., 2015). Remote-sensing measurements from the Scan-
ning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY)
aboard the Environmental Satellite (Envisat) and from the Thermal and Near-infrared
Sensor for Carbon Observation (TANSO) on the Greenhouse gases Observing Satellite
(GOSAT) provide great potential due to their large spatiotemporal sampling resolution.
Quasi-global coverage involves, that these satellite observations reach key regions where
surface measurement networks lack in density such as tropical lands — the major do-
main of wetland emissions. Satellite-based CH,4 measurements need to be calibrated
by ground-based high-precision CH4 measurements. This goal is achieved by soundings
from the Network for the Detection of Atmospheric Composition Change (NDACC) and
from the Total Carbon Column Observing Network (TCCON) (Sussmann et al., 2005;
Morino et al., 2011; Schneising et al., 2012; Schepers et al., 2012; Yoshida et al., 2013;
Dils et al., 2014). Ground- and satellite-based remote-sensing platforms are in close
collaboration and provide a special type of CH4 measure that accounts for the entire
vertical distribution of atmospheric CHy concentrations — the dry-air column-averaged

CH4 mixing ratio — abbreviated by XCHy.

1.3 Characteristics of column-averaged methane

Figure 1.2 illustrates that XCHy is obtained by remote sensing observations, whereas
in situ CH4 mixing ratios result from direct measurements mostly performed near the
surface — the upstream portal of tropospheric CHy. Given the large spatial variabil-
ity of atmospheric processes (transport, mixing and chemical removal), surface in situ
CH4 and XCHy display different sensitivity to surface fluxes. Compared to surface in

situ measurements, total column observations have a large spatial footprint and are
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almost independent from vertical mixing rates in the lowermost troposphere (Keppel-
Aleks et al., 2011). These properties make inversion-based emission estimates from
total column observations far less sensitive to erroneous model representations of ver-

tical mixing. However, these benefits are confronted by strict requirements for XCHy

observations regarding accuracy and precision (Olsen and Randerson, 2004).

I
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I
: Remote sensing
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I
o, ! K o
I
I
I
I
o
I
|

CH, mixing ratio : Column-averaged CH, mixing ratio

Figure 1.2: Atmospheric observations of CH4 concentrations. The left part illus-
trates the measurement principle of in situ observations performed by airborne and
surface-based instruments. The right part shows the methodology of remote sounding
measurements with space- and ground-based instruments collecting sunlight which was
transmitted through the atmosphere. These indirect measurements provide information
about the column-averaged CH4 mixing ratio (XCHy).

TCCON XCH,4 measurements are obtained with high precision and achieve high ac-
curacy by calibration to airborne in situ measurements (Wunch et al., 2010; Geibel
et al., 2012). Methane total column observations conducted with NDACC instrumenta-
tion are not calibrated against the World Meteorological Organization (WMO) in situ
trace gas measurement scales by contrast to TCCON retrievals. However, NDACC ob-
servations have been performed since two decades, whereas the first TCCON site has

been established in 2004. Therefore, a joint NDACC-TCCON XCH, dataset — with
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more measurement sites and longer observation coverage — would be favorable for trend

studies, satellite validation, and constraining sources and sinks via inverse modeling.

Column-averaged CHy is a complex atmospheric quantity because it integrates infor-
mation from the entire CHy vertical distribution, which is a result of dynamical and
chemical processes on various spatial as well as temporal scales. Due to turbulence on
local- to synoptic-scale, tropospheric CH4 mixing ratios are quite homogenous looking at
a vertical cross section, i.e. there virtually is no vertical CHy gradient in the free tropo-
sphere. A small part of the global tropospheric CHy is carried into the stratosphere via
vertical motion through the tropical tropopause and subsequently distributed around the
globe. This stratospheric transport is a steady process, consisting of a slow meridional
circulation and a more rapid component with quasi-horizontal mixing (Waugh and Hall,
2002). Hence, the size of the CHy source region for stratospheric CHy concentrations is
limited to the tropical upper troposphere, whereas tropospheric CHy is a result of various
surface emissions distributed around the globe. Moreover, the transport of CHy4 from the
tropical tropopause to the stratospheric location takes much longer time (~ 1—6 years)
compared to transport from the Earth’s surface to the tropical tropopause (~ 0.5 years).
In addition to these differences between tropospheric and stratospheric dynamics, there
are differences in tropospheric and stratospheric chemistry. Although depletion of atmo-
spheric CH4 takes place in both atmospheric layers, the most prominent difference is the
dominant role of Oz in the chemical composition of the stratosphere with O3z concentra-
tions increasing up to ~ 12 parts per million (ppm) according to the 1976 U.S. Standard
Atmosphere (NOAA et al., 1976). Finally, these troposphere-stratosphere differences in
CH,4 source/sink regions, in atmospheric transport and chemistry contribute to a strong
troposphere-stratosphere gradient in CH,4 mixing ratios. As a result, CH4 mixing ratios
typically are decreasing from the tropopause towards higher atmospheric altitudes (see

Fig. 1.3).

Although the dynamics in the extratropical troposphere and stratosphere are basically
separated from each other by the tropopause, there are various exchange processes across
the tropopause acting on synoptic scales (Stohl et al., 2003). Thus, the vertical CHy
distribution is expected to reflect variability induced by such dynamical events. To
meet the requirements on precision and accuracy, XCH4 measurements should reflect

the variability in CH4 concentrations at different height layers. Up to now, it has not
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Figure 1.3: Vertical profile of CHy volume mixing ratios (vmr), derived from the
Whole Atmosphere Chemistry Climate Model for the site Garmisch (WACCM, version
5, 40-year run; see Garcia et al. (2007)).

been investigated in detail to what extent indirect observations from NDACC and TC-
CON are sensitive to dynamical variability in the upper troposphere-lower stratosphere
region. Previous studies have rather pursued the strategy to separate the tropospheric
part from the total column CHy, considering that a variable stratospheric contribution
to XCH,4 may obscure tropospheric signals (Washenfelder et al., 2003; Angelbratt et al.,
2011; Sepilveda et al., 2012, 2014; Wang et al., 2014; Saad et al., 2014). This unwanted
stratospheric variability has primarily been associated with shifts in the tropopause
position — with variations on synoptical and seasonal timescales — controlling the rel-
ative contribution of the stratosphere to the vertically integrated airmass. However,
the relative contribution of stratospheric CH4 to XCHy also depends on the exact ver-
tical gradient of CHy in the stratosphere, which is determined by a complex interplay
of chemistry and transport. Consequently, simulating and observing XCHy requires an
accurate representation of the stratospheric CH4 distribution by models and observa-
tions. Although it is known, that model simulations of stratospheric CHy4 show large
inter-model differences (Patra et al., 2011), the impact of model stratospheric CHy fields

on XCH, data has not been evaluated in detail u to now.

Finally, all these aspects suggest, that there are major shortcomings in our present
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knowledge of how XCHy is controlled by Hy variations in the free atmosphere. Benefits of
XCHy observations for the assessment of CH4 emissions can only be exploited entirely, if
present knowledge gaps are to be closed. Therefore, this work investigates the sensitivity
of XCHy to atmospheric dynamics, in order to improve the current understanding on

the factors controlling XCHy.

1.4 Outline of the Dissertation

This dissertation investigates the dependence of the atmospheric quantity XCH4 on
upper troposheric and stratospheric CHy distributions. As a first goal this thesis analyzes
the agreement between NDACC and TCCON observations of XCHy with an overall and
a seasonal point of view. The second goal is to analyze to what extent NDACC and
TCCON XCHjy observations reflect atmospheric variability that is induced by dynamical
processes in the upper troposphere and lower stratosphere (UTLS) region. The third
goal of this dissertation is to quantify the sensitivity of XCHy to stratospheric CHy
distributions. In order to examine these goals, this dissertation consists of three articles

with a causal connection between each individual scientific study:

1. Sussmann et al. (2013)
2. Ostler et al. (2014)

3. Ostler et al. (2016)

The starting point is the comparison between ground-based FTIR, observations of XCHy
conducted under the framework of NDACC, and TCCON, respectively (Sussmann et al.,
2013). Both networks obtain information about the total column of CHy from IR ab-
sorption measurements at several (joint) stations (see 1.5.2), but they observe different
spectral regions and apply different retrieval strategies to produce XCHy data. As the
consistency of both data sets in terms of accuracy cannot be granted at first place, the
focus of the first article is on analyzing the overall and seasonal agreement between
quasi-coincident XCHy retrievals from NDACC and TCCON. Consequently, the title
of the first study is First intercalibration of column-averaged methane from the Total
Carbon Column Observing Network and the Network for the Detection of Atmospheric
Composition Change. Based on same-day coincidence between NDACC and TCCON
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measurements, the first study uses multiannual datasets of XCHy monthly means from
the stations Garmisch, Germany (47.48° N, 11.06° E, 743 m a.s.l.), and Wollongong,
Australia (34.41° S, 150.88° E, 30 m a.s.l.). The overall agreement between NDACC and
TCCON XCHy is investigated by using linear regression, trend analysis, and correlation
analysis via t-test. The seasonal agreement is evaluated by statistical analysis of the
XCH;y residual time series (NDACC—TCCON) in terms of residual standard deviation,
auto- and cross-correlation. Moreover, the study applies a special approach to reduce
the a priori impact — a priori profiles of CH4 mixing ratio and vertical sensitivity are dif-
ferent for NDACC and TCCON standard XCHy retrieval — on the comparison between
NDACC and TCCON retrievals of XCHy: site- and time-specific model profiles of CHy
mixing ratios are used as a common prior for both NDACC and TCCON retrievals. The
article Sussmann et al. (2013) thus provides the basis for answering the general question
if NDACC XCHy retrievals achieve the high accuracy standards that are mandatory
for TCCON. At the same time, the article discusses the requirements for a joint use of
NDACC and TCCON XCH,4 data and possible applications of this combined dataset in

satellite validations or flux inversions.

The findings of the first article about the behavior of these two different XCH, retrievals
suggest a refined intercomparison with additional data sets from FTIR sites covering
geophysical conditions other than those for Garmisch and Wollongong. For this reason,
the second article Ostler et al. (2014) expands the NDACC—TCCON comparison with
XCH, observations from Ny-Alesund (78.92° N, 11.93° E, 20 m a.s.1.), Karlsruhe (49.08°
N, 8.43° E, 110 m a.s.l.), and Izana (28.31° N, 16.45° W, 2.370 m a.s.l.). The second
study takes a step forward as it investigates how the differing retrieval characteristics
depend on atmospheric situations with elevated dynamical variability, such as strato-
spheric subsidence or STE processes. Consequently, the title of the second study reads
as Multistation intercomparison of column-averaged methane from NDACC and TC-
CON: impact of dynamical variability. Two representative case studies (stratospheric
subsidence and intrusion) are accompanied by meteorological detection methods in order
to estimate the relative fraction of FTIR measurement days affected by high dynamical
variability in the UTLS region. Excluding these flagged observations from the XCHy
intercomparison allows to quantify the impact of dynamical varibility on the agreement
between NDACC and TCCON retrievals of XCHy4. Finally, the second article discusses

the findings in relation to current strategies established for mitigating the impact of
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stratospheric variability on XCHy. In summary, the second article (Ostler et al., 2014)
is a direct consequence of the first study (Sussmann et al., 2013) as it provides a closer
look to unresolved questions of the first study and, thereby, specifies the characteristics

of NDACC and TCCON XCHy retrievals.

The findings of the second article reveal the importance of the stratospheric contribution
as a controlling factor for the CHy total column, thereby motivating the third article
Ostler et al. (2016) entitled Model— TCCON comparisons of column-averaged methane
with a focus on the stratosphere. The third article is complementary to the second article
(Ostler et al., 2014) insofar as it deals with the sensitivity of XCHy to the stratospheric
CHy4 distribution. The latter mainly is driven by stratospheric transport, a dynamical
process acting on much longer timescales than subsidence or STE-processes which were
investigated in the second paper. The basic concept of this third study is to use a triplet

of model CHy fields differing in stratospheric CH4 mixing ratios:

a) Modeled CHy fields
b) Modeled CHy fields corrected by MIPAS-based CHy

¢) Modeled CHy fields corrected by MIPAS-based CH,4 adjusted to ACE-FTS obser-

vations

The model correction is equivalent to a substitution of model stratospheric CHy4 fields by
satellite-inferred CH4 data, which are based on retrievals of MIPAS (Michelson Interfer-
ometer for Passive Atmospheric Sounding; Fischer et al., 2008) aboard ENVISAT, and
retrievals of ACE-FTS (Atmospheric Chemistry Experiment Fourier Transform Spec-
trometer; Bernath et al., 2005) aboard the Canadian satellite SciSat-1, respectively.
The triplet of differing model CHy fields then is converted to a triplet of XCH,4 data
sets. This allows to quantify the dependence of XCH,4 data on the model stratospheric
CHy4 distribution. In order to evaluate the impact of model stratospheric CHy fields on
XCHy, accurate XCH4 observations are applied as reference. This observational XCH,
data set consists of TCCON XCHy retrievals from 11 selected sites covering measure-
ments in the year 2010. The whole XCHy4 model—TCCON comparison is performed with
three well-established CTMs: ACTM (Patra et al., 2016), TM5 (the Tracer Model, ver-
sion 5; Pandey et al., 2016), and LMDz (Laboratoire de Météorologie Dynamique model
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with Zooming capability; Locatelli et al., 2015) The results of the model-TCCON com-
parison are presented and discussed with an emphasis on model-to-model differences in
the simulation of stratospheric CH4. In this context, model transport characteristics are
tested using a well-known transport diagnostic — the mean age of stratospheric air. In
the third study, mean age data was derived from both model simulations and MIPAS
observations of sulfur hexafluoride (SFg). Besides that, the significance of the findings
on the sensitivity of XCHy to stratospheric CHy is also discussed relating to the satellite

data range.

1.5 Ground-based FTIR observations of column-averaged

methane

This section gives a short insight into the physical and methodological concepts required
for ground-based solar Fourier Tranform Infrared (FTIR) observations and includes a
brief introduction of the two FTIR networks. Following explanations refer to Liou
(2002) and Zdunkowski et al. (2007). More details to FTIR spectrometry can be found
in Griffiths and de Haseth (2007).

1.5.1 Basic concept of FTIR spectrometry

Ground-based Fourier Tranform Infrared (FTIR) spectrometry is a passive remote sens-
ing technique using direct sunlight as information carrier for physical properties of the
atmosphere, such as the CH, concentration profile. A typical FTIR observation of
XCHy is the result of a measured signal — the infrared (IR) absorption spectrum — and

a retrieval process consisting of a forward and an inverse problem.

Measured signal

After collecting solar radiation with the spectrometer, the measured signal is converted
into an absorption spectrum via the principle of Fourier Transformation. The absorption
spectrum contains so-called molecular fingerprints in terms of spectral absorption lines,
reflecting that, during traveling through the atmosphere, the intensity of solar radiation
has been attenuated by molecular absorption. In order to interact with IR radiation,

the vibrations of atmospheric molecules need to cause a change of the electric dipole
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Figure 1.4: Comparison of the Lorentz, the Doppler and the Voigt line-shape factors
with x = (v — vg)/«, where v is the wavenumber of an ideal, monochromatic line and
« is the half-width of the line at the half-maximum. Taken from Zdunkowski et al.
(2007).

moment. For a CHy molecule, there are two vibration modes that are producing an
oscillating electric dipole moment and, thereby, allowing an interaction between molecule

and electromagnetic radiation.

The absorption of radiation then is equivalent to a change in the internal energy of
a molecule. In the IR range, vibrational transitions are coupled with relatively small
rotational energy changes, therefore leading to vibrational-rotational absorption lines.
Despite the quantized structure of such energy transitions, the observed absorption lines

are not monochromatic, but appear with finite width.

In the atmosphere, this line broadening is caused by external influences on the molecule
during the absorption process. Collisions with other molecules — collision broadening —
and thermal motion of the molecule — Doppler broadening — yield the line shape. In
the infrared collision (or pressure) broadening is dominant typically at altitudes below
20 km and produces spectral lines that are characterized by a Lorentz profile. Doppler
broadening dominates at higher altitudes with spectral lines described by the Doppler
line shape. At an altitude region between ~ 20 km and ~50 km both broadening
processes take place involving a combined line shape described by the Voigt profile.

Figure 1.4 illustrates the individual line shapes and, thereby, reveals that collisional
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Figure 1.5: Geometry of a ground-based solar FTIR spectrometer for the measure-
ment of a direct solar beam. The solar zenith angle is defined by 6, the optical depth
is denoted by 7, and the solar intensity and measured intensity are given by I and I
, respectively. Adopted from Liou (2002).

line broadening is dominant in the line wings, whereas Doppler broadening controls
the line center. This for example implies that a absorption line with fully saturated
center can only receive additional absorption at the line wings in terms of collision
broadening. As contributions from both collision and Doppler broadening to the line
shape depend on atmospheric pressure and temperature, the spectral line shape typically
retains information on the absorption at different altitudes. Therefore, the observed
spectral absorption characteristics of CHy are connected with the altitude, the amount

of CHy4, and the observed intensity.

Retrieval process

The forward problem is the simulation of the detected radiance signal, the IR spectrum
with the characteristic absorption lines. In order to fulfill this task, a forward model
has to simulate the radiative transfer considering the geophysical and optical compo-
sition of the local Earth-atmosphere system (see Fig. 1.5) as well as the instrumental

properties. For ground-based FTIR observations, radiative transfer is simplified, since
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thermal emission and solar scattering processes can be neglected in the spectral region
from about 0.2 to 5 um. Hence, the radiative transfer equation to be solved by the

forward model is the Beer-Bouguer—Lambert law:
IT(A)=1o(A)exp |- / 7 (A, 2) dz (1.1)

While traversing the atmosphere, the incoming intensity of solar radiation at the top of
the atmosphere I is decreased to I at the ground (see Fig. 1.5). For a given wavelength
A, the attenuation of solar sun light along its way from the top of the atmosphere (zo,)
to the FTIR spectrometer at the ground (zp) depends on the optical depth 7(A, z) of
the atmosphere. The optical depth 7(\, z) consists of N components from N absorbing

molecules:

N

TN = 300 0 T, 0 - s (1.2
i=1 ’

The contribution of an absorbing trace gas i to 7(\,z) is determined by the molec-
ular absorption cross section o;(A, 7(2), p(z)) and the trace gas concentration n;(z),
weighted by the cosine of the apparent zenith angle (), z). The absorption cross sec-
tion o;(A, T(2)p(z)) depends on the vertical profile of temperature 7T'(z) and pressure
p(z) which yield the characteristic absorption line shape. Hence, all parameters in Eq.
(1.2) are continuous functions of the altitude z. However, for the computation of I,
the integral in the exponent of Eq. (1.1) is approximated by a summation of discrete

atmospheric layers.

The forward simulation also depends on the quantity of interest, e.g. the vertical profile
of CHy4 concentrations. This means, that the forward model F' attributes a state vector
x, containing the quantity of interest, to a vector of measurements y. Consequently,
this functional relationship has to be inverted in order to retrieve the atmospheric target
(illustrated in Fig. 1.6). However, finding the inverse of F' is not trivial, because the in-
verse problem for FTIR observations is ill-posed with more unknowns than independent
measurements, i.e., various parameters (concentration of several GHGs, temperature
and pressure profile, etc.) have an impact on the detected radiation in addition to the

atmospheric target. A common approach for solving this inverse problem is to iteratively
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Figure 1.6: Forward and inverse problem in remote sensing applications. Note that
the solution to the inverse problem in general provides only an estimate for the true
state of the atmosphere. Taken from Zdunkowski et al. (2007).

minimize the following cost function:

ly— F(z)]" S [y — F(z)] + [z — 2. R[z — 24 (1.3)

The covariance matrix S, describes the statistics of the measured signal error. The regu-
larization matrix R, also known as smoothing-constraint, defines distinct mathematical
conditions to the solution. Both S, and R are part of the prior knowledge, which also in-
cludes a best estimate of the atmospheric composition before the measurement in terms
of an a priori profile of CH4 concentrations x,. Due to the non-linearity of the forward

model F, the cost function (Eq. 1.3) is minimized by Newton’s iterative method.

Finally, the inverse model provides a best estimate of the atmospheric state given the
measurement, the prior knowledge of the atmospheric composition and the mathematical
regularization. Integrating the retrieved CH, profile yields the total column of CHy
molecules, which is weighted by the dry-air pressure column to produce the final product

of the retrieval process — the dry-air column-averaged CH4 mixing ratio (XCHy).

1.5.2 Networks: NDACC and TCCON

Ground-based FTIR observations are performed at various sites, distributed around the
globe (Fig. 1.7), under the framework of TCCON (https://tccon-wiki.caltech.edu/) and
the Infrared Working Group (IRWG) within NDACC (http://www.acd.ucar.edu/irwg/).


https://tccon-wiki.caltech.edu/
http://www.acd.ucar.edu/irwg/
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Starting in 1991 with a main focus on the stratosphere, NDACC priorities have broad-

A NDACC
ATCCON
A NDACC+TCCON

Figure 1.7: Global map with NDACC and TCCON sites

ened to the entire atmosphere and its interaction with the climate system. The first
TCCON observations were conducted in 2004 and the following construction of the
network was intended for validation of satellite observations from the Orbiting Carbon
Observatory (OCO). After the launch of OCO in 2009 had failed, a second Orbiting
Carbon Observatory (OCO-2) was successfully launched in July 2014. Thus, TCCON
has yet began to serve its initial purpose considering that TCCON observations have
already been used for the evaluation of other satellite-based remote sensing projects.
Besides satellite validation, the greater goal of TCCON is to better understand the

sources and sinks of COy and CHy.

A close partnership between NDACC and TCCON also arises from the fact that several
operational FTIR sites are part of both NDACC and TCCON. In practice, this means
that the FTIR spectrometer has to be equipped with two specific detectors, because
NDACC and TCCON measurements analyze different spectral regions of the transmitted
sunlight: NDACC-type observations use the mid-infrared (MIR) spectral region, whereas
TCCON-type measurements rely on the intensity of absorption in the near-infrared
(NIR) spectrum. Characteristic CHy absorption features can be found in the MIR
around 2800 cm™! (3.6 pum) and in the NIR around 6000 cm ™! (1.7 pm).



1.5. Ground-based FTIR observations of column-averaged methane 17

The TCCON data are archived at http://tccon.ornl.gov/, NDACC data are available at
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/. TCCON ensures a high level of standard-
ization regarding instrumentation and retrieval process (Wunch et al., 2011), including
a common data processing and analysis software. In contrast, NDACC recommends

certain fixed retrieval parameters, but also allows for some flexibility by site.


http://tccon.ornl.gov/
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/
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Chapter 2

Summary and synthesis

2.1 Article I

The first article First intercalibration of column-averaged methane from the Total Car-
bon Column Observing Network and the Network for the Detection of Atmospheric
Composition Change (Sussmann et al., 2013) compares quasi-coincident XCHy retrievals
derived from NDACC- and TCCON-type ground-based FTIR soundings. In the fol-
lowing, NDACC-type retrievals, a priori profiles, or averaging kernels are denoted by
MIR according to the spectral region where the FTIR measurement has recorded an
absorption spectrum. In analogy to this nomenclature, NIR is equivalent to TCCON
specifications. The NDACC/TCCON (MIR/NIR) data set from the site Garmisch com-
prises monthly means of XCHy for the period from July 2007 until the end of 2011, data
sets from the site Wollongong cover the period from June 2008 until the end of 2011.
The comparison of XCHy retrievals was evaluated by a linear fit in order to determine
an XCHy calibration factor between NDACC and TCCON. For the direct comparison
of XCH4 monthly means, the fitted linear regression produced a MIR/NIR slope of
0.9996 for Garmisch and a MIR/NIR slope of 0.9987 for Wollongong. Given the 2-o
slope uncertainties of 0.0011 (Garmisch) and 0.0016 (Wollongong), the fitted slopes are
not different from 1 for both sites. Moreover, the linear fits did not yield a significant
y-intercept for the individual sites. These statistical parameters suggest that, overall,
there is no systematic XCHy difference between NDACC and TCCON retrievals for
both sites. This finding is supported by the fact that the time series of XCHy residual
differences (NDACC—TCCON) did not show any trend for Garmisch, and Wollongong,
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Figure 2.1: (a) Lower trace: monthly mean MIR (NDACC) and NIR (TCCON) time
series for Garmisch. Both column series are plotted as retrieved. Error bars are 2-
o uncertainites derived from the standard deviation (stdv) of the linear slope fit (2

stdv/v/2).

Upper trace:

residual time series, i.e.

difference time series of the NIR

and MIR data shown in the lower trace. (b) Same as (a) but using ACTM profiles as

common prior.

respectively. However, the XCHy4 residual time series displays a quasi-periodic seasonal

bias between NDACC and TCCON data, which is quantified by the residual standard

deviation (RSD). Most of these seasonal XCHy differences are caused by two basically

different characteristics of NDACC and TCCON retrievals:

(i) different a priori in-

formation about atmospheric CHy concentrations and (ii) different vertical sensitivity

(smoothing). By using a common prior the first main retrieval difference is eliminated

easily, but the second difference component as a result of the retrieval processes cannot

be compensated in such a simple way. Therefore, the common prior was based on site-

and time-specific ACTM model profiles reflecting realistic CH4 distributions in order to
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avoid different smoothing errors — the direct consequence of different vertical sensitivi-
ties. After applying this refined mitigation strategy, the RSD is reduced from 7.2 ppb
to 5.2 ppb for Garmisch, and from 7.1 ppb to 6.6 ppb for Wollongong (see Fig. 2.1).
This corresponds to an improved seasonal agreement between NDACC and TCCON
retrievals of XCHy.

Finally, the first study shows that there is no need for an overall NDACC/TCCON
intercalibration factor, but the seasonal XCH, variations can be different for NDACC
observations compared to TCCON observations. The main drivers for this quasi-periodic
seasonal bias between NDACC and TCCON data are differences in retrieval a priori CHy
mixing ratio profiles and different retrieval vertical sensitivities. The first article also
discusses the implications of these findings for a joint use of NDACC and TCCON XCHy
data within satellite validation and inversion studies. One conclusion is that an accurate
validation of satellite XCHy retrievals with NDACC and TCCON observations requires
the use of a common prior of CHy mixing ratios for all retrievals involved. In order
to reduce seasonal biases, the best choice for such a common prior is to use realistic
site- and time-dependent CH,4 distributions. As TCCON a priori profiles are steadily
improved, they could be suitable for the use as common prior. In practice, this approach
can be implemented by reprocessing retrieval data (NDACC, TCCON, satellite) with
the common prior or by an a posteriori adjustment of the retrievals taking into account

the retrieval vertical sensitivity (averaging kernel).

2.2 Article 11

The second article Multistation intercomparison of column-averaged methane from
NDACC and TCCON: impact of dynamical variability (Ostler et al., 2014) continues
the NDACC—TCCON comparison with a significantly enlarged XCH,4 dataset. In addi-
tion to Garmisch and Wollongong data, the second study is based on long-term XCHy
observations from the high arctic site Ny-Alesund, the mid-latitude site Karlsruhe, and
the subtropical high-altitude station Izana. Analysis methodology is analogous to Suss-
mann et al. (2013) including the strategy of using ACTM-simulated CH4 mixing ratio
profiles as a common prior. For each site, the direct comparison of NDACC and TCCON
XCH4 monthly means produced a interval of intercalibration factors (linear fit slope +

corresponding slope uncertainty). Given that the fitted slope interval (2-o uncertainty)
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Figure 2.2: (a) A priori profiles used for analysis of Ny-Alesund spectra recorded
on 25 March 2011. MIR a priori is the standard a priori profile from WACCM
for Ny-Alesund. NIR a priori is the TCCON standard a priori profile (release
ggg 2012_July_Update) for Ny-Alesund. ACTM is the actual ACTM profile for 25
March 2011 used as a common prior for standard intercomparison of the NIR and MIR
retrievals. MIR a priorigupsiqed is & strongly subsided profile typical for intravortex
conditions used for recorrection of the NIR and MIR retrievals in a more realistic in-
tercomparison. (b) Averaging kernels for MIR and NIR retrievals using Ny-Alesund
spectra recorded on 25 March 2011.

included the value 1.0, the agreement of NDACC and TCCON XCH,4 was graded as
perfect.  According to this criteria, the NDACC—TCCON agreement for Garmisch,
Wollongong, and Karlsruhe XCHy data was evaluated as perfect. A very good over-
all agreement was also found for Izana XCH4 data sets, but could not be classified as
perfect given the small 2-o slope uncertainty of 0.0006 for a slope of 0.9986. For Ny-
Alesund data, a slope of 0.9909 with a 2-¢ uncertainty of 0.0022 indicated a systematic
XCHy difference between NDACC and TCCON retrievals by contrast to the results for
the remaining sites. Besides this exceptional overall bias, the Ny-Alesund data sets
also showed an above-average seasonal bias with a large RSD of 13.0 ppb compared
to RSD values of 8.6 ppb (Garmisch), 7.4 ppb (Wollongong), and 6.1 ppb (Karlsruhe).

In contrast to these significant seasonal differences, the Izana XCHy data sets show
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Figure 2.3: Ny-Alesund XCH, on 25 March 2011 retrieved from FTIR data. MIR
and NIR retrievals are corrected to the common ACTM prior (filled squares) and are
corrected to a strongly subsided MIR a priori profile (open squares) as shown in 2.2a.

a nearly perfect seasonal agreement (RSD = 2.5 ppb). This can be attributed to the
favorable measurement conditions with a high number of unperturbed clear-sky observa-
tions. Again, seasonal XCHy differences are reduced for all sites by using ACTM-based
common priors, but remaining maximum XCHy residuals (12—30 ppb) still occur peri-
odically. These residual differences indicate the presence of different smoothing effects,
hence the common prior strategy has only been successful to some extent. Knowing that
smoothing effects are dominant when atmospheric CHy concentrations significantly de-
viate from the retrieval a priori profile of CH4 concentrations, the second study further
investigates the retrieval characteristics at situations with high atmosphere dynamical

variability.

For two case studies, we showed that the XCH4 difference between NDACC and TC-
CON almost disappears if the common prior is further improved in order to reflect the
actual atmospheric state of high variability. The first case study for Ny-Alesund illus-
trates that the TCCON retrieval overestimates XCHy if the retrieval a priori does not
account for polar vortex-induced stratospheric subsidence. In the case of strong strato-
spheric subsidence, the standard retrieval a priori and the ACTM-simulated profile of

CH4 mixing ratios differ from the actual distribution of CH4 mixing ratios (see Fig.
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Figure 2.4: (a) ACTM profiles used for the a posteriori correction of MIR and NIR
retrievals of Garmisch spectra recorded on 6 March 2008: ACTMgyiginal is the original
ACTM profile used in the correction. ACTMiygrusiont and ACTMipntrusion2 are the orig-
inal ACTM profiles which were modified due to a deep stratospheric intrusion event
on this day. ACTMintrusion1 is used for the recorrection of retrievals before 11:00 UTC,
ACTMintrusion2 18 used for the recorrection of retrievals after 11:00 UTC. (b) Averaging
kernels for MIR and NIR retrievals of Garmisch spectra recorded on 6 March 2008.

2.2a). Deviations of the a priori profile from the real vertical profile of CH4 concen-
trations are smoothed by the retrieval wherever the retrieval vertical sensitivity is not
perfect and, accordingly, the respective total column averaging kernel is different from
1. Indeed, the retrieval vertical sensitivity is limited for the situation on 25 March 2011
with total column kernels differing from one (see Fig. 2.2b). In particular, the TCCON
total column kernel is less than 1 in the lower stratosphere, meaning that the TCCON
retrieval underestimates the perturbation of the vertical distribution of CH4 concentra-
tions. Consequently, the retrieved XCHy is ~ 29 ppb greater for TCCON compared to
NDACC observations when using the unrealistic CHy a priori profile (see Fig. 2.3). By
contrast, the use of a realistic CHy a priori profile prevents different smoothing effects

and thereby reduces the XCHy NDACC—-TCCON difference.

The second case study demonstrates that a deep stratospheric intrusion at Garmisch

creates residual XCHy differences of ~ 15 ppb due to an underestimation of XCHy by
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Figure 2.5: Garmisch XCH, on 6 March 2008 retrieved from FTIR data. (a) MIR
and NIR retrievals are corrected to a common ACTM a priori. (b) MIR and NIR
retrievals are corrected to the modified ACTM profiles shown in Fig. 2.4a.

the NDACC retrieval. As for the case of stratospheric subsidence, an unrealistic a priori
profile of CHy concentrations (Fig. 2.4a) combined with different retrieval vertical sen-
sitivities (Fig. 2.4b) leads to different smoothing effects, and XCHy NDACC—TCCON
differences (Fig. 2.5a), respectively. Due to limited retrieval vertical sensitivity in the
UTLS region the NDACC retrievals do not reflect the significant 25 ppb increase in
XCHy within one hour, which is connected with the disappearance of a stratospheric
intrusion. Applying an improved CHy a priori profile to the NDACC and TCCON re-
trievals yields a nearly perfect agreement between NDACC and TCCON observations
(Fig. 2.5b).

Moreover, we find that such dynamical events (subsidence and STE-processes) are not
individual cases, but have an impact on the complete time series of XCH,4 observations,
e.g., ~ 23 % of the FTIR measurement days at Ny-Alesund were affected by polar vortex
conditions and ~ 35 % of Garmisch measurement days are influenced by STE processes.
After excluding the flagged data from the intercomparison, the seasonal agreement is
significantly improved for Garmisch data (RSD reduced by 1.5 ppb). For the Ny-Alesund
data sets the exclusion results only in a small improvement relating to seasonality (RSD

reduced by 0.5 ppb), and the overall bias (fit slope improved from 0.909 to 0.9922).

Finally, these findings quantitatively confirm that the accuracy of NDACC—-TCCON
XCHy retrievals is impacted by variability originating from the stratosphere. The al-

ternative for mitigating this stratospheric variability is to separate a tropospheric part
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from the retrieved XCHy. This can be achieved via so-called proxy methods — strato-
spheric CHy is substituted by a FTIR retrieval of a correlated stratospheric tracer — or
by directly retrieving accurate CH,4 profiles. The fact, that smoothing effects are differ-
ent for NDACC and TCCON XCHy retrievals, has several implications for the practical
applications of these data sets: First, for validation of satellite XCHy retrievals from
GOSAT and SCIAMACHY, the use of TCCON retrievals should be preferred because of
the similar vertical sensitivity of these ground- and satellite-based remote sounding sys-
tems, i.e., systematic retrieval errors can be identified from remaining satellite—TCCON
differences. Second, based on the different retrieval vertical sensitivities a combined
NDACC-TCCON retrieval setup could increase the information content and produce
more accurate XCHy data. Third, if a high level of seasonal accuracy is required for the
use of XCH, data within inversion or trend studies, then NDACC and TCCON XCH4
retrievals should be filtered with regard to high atmosphere dynamical variability. New
instructions for this task have been presented in this work, along with already rec-
ommended strategies like refined fitting methods for the determination of tropospheric

trends.

2.3 Article II1

The third article Model— TCCON comparisons of column-averaged methane with a fo-
cus on the stratosphere (Ostler et al., 2016) complements the second article (Ostler
et al., 2014) in improving the knowledge about the sensitivity of XCHy to the distri-
bution of stratospheric CH4. To do this, a triplet of model CHy fields with different
stratospheric CHy distributions is validated against XCH4 observations from 11 selected
TCCON sites. The triplet of model stratospheric CHy fields comprises the simulated
stratospheric CHy distribution, the MIPAS-retrieved stratospheric CH,4 data set, and the
MIPAS-retrieved stratospheric CHy data set being adjusted to ACE-FTS observations
(abbreviated as MIPAS_ACE). Given the sparse data coverage of ACE-FTS measure-
ments, these observations were not used directly. Instead, the MIPAS CH,4 data set was
adjusted by latitudinal offsets derived from collocated CHy to ACE-FTS observations.
Those three model CHy fields (original, MIPAS, MIPAS_ACE) were then used to ex-
tract model CHy4 profiles according to the location and time of TCCON measurements

performed in the year 2010. Subsequently, model CH, vertical profiles, differing in the
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Figure 2.6: Site-specific model XCHy4 biases with respect to TCCON observations in
parts per billion (ppb) for the year 2010. Different colors indicate different stratospheric
CHy fields used for the calculation of model XCHy.

stratospheric CHy distribution, have been converted to XCHy accounting for TCCON

retrieval a priori profiles and averaging kernels. TCCON data retrieved with the software
package GGG2014 was obtained from the TCCON Data Archive, hosted by the Car-
bon Dioxide Information Analysis Center (CDIAC: http://cdiac.ornl.gov/). The XCHy
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model-TCCON comparison was performed with three CTMs (ACTM, TM5, LMDz)
that have already been used to invert CHy emission fluxes from atmospheric CH4 obser-
vations. The mean difference between model and TCCON XCH,4 daily mean time series
yields a site-specific model XCHy bias for each TCCON site. Averaging the absolute

site-specific XCH, biases produces the average model XCHy bias.

The site-specific model XCHy biases are shown in Fig. 2.6, where the individual TC-
CON sites are represented by their geographical latitude. Figure 2.6 illustrates that the
average model XCHy bias (blue squares) is significantly larger for ACTM (38.1 ppb,
Fig. 2.6a) than for TM5 (8.7 ppb, Fig. 2.6b), and LMDz (6.8 ppb, Fig. 2.6c), respec-
tively. For ACTM the site-specific model XCH, biases result in a min—max range of
32.5 ppb with biases increasing towards higher latitudes. Such a latitudinal latitudinal
dependence is not visible for TM5 XCH, biases with a min—max range of 13.9 ppb.
A noticeable latitudinal dependence also is not detected for LMDz with XCH,4 biases

providing a min—max range of 24.9 ppb.

Using MIPAS data for stratospheric model CHy fields reduces the average model XCHy
bias for all models (see red open squares in Fig. 2.6). The improvement is significant for
ACTM, where the average XCHy4 bias is reduced from 38.1 ppb to 13.7 ppb accompanied
by a reduction of the min—max range from 32.5 ppb to 15.1 ppb. The reduction of the
average XCHy bias is small for the low-biased models TM5 (from 8.7 ppb to 4.3 ppb) and
LMDz (from 6.8 ppb to 4.3 ppb). At the same time, the min—max range of site-specific
XCHy biases is increased from 13.9 ppb to 19.2 ppb for TM5, and decreased from 24.9
ppb to 12.0 ppb for LMDz. The best agreement between ACTM and TCCON XCHy is
found when applying MIPAS data adjusted to ACE-FTS observations for stratospheric
model CHy fields (light red open squares in Fig. 2.6). ACTM average XCH, bias then is
3.3 ppb with a min—max range of 13.4 ppb. In contrast to that, the use of MIPAS_ACE
stratospheric CHy increases the average XCH,4 model bias for TM5 (from 8.7 ppb to 10.8
ppb; min—max range = 14.6 ppb) and for LMDz (from 6.8 ppb to 20.0 ppb; min—max
range = 17.3 ppb).

The results of the XCH4 model-TCCON comparison reveal that the impact of the
stratospheric model correction on XCHy is diverse for the models and depends on the
satellite data set. In order to understand this, the CH4 mixing ratio differences between

simulated and satellite CH4 data are presented in terms of zonally-averaged vertical
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Figure 2.7: Model-MIPAS differences of stratospheric CH4 volume mixing ratios
(viar) in parts per billion (ppb). Zonally-averaged CH, vmr differences are annual
means for the year 2010.

distributions in Fig. 2.7 (MIPAS), and Fig. 2.8 (MIPAS_ACE), respectively. The
comparison of ACTM stratospheric CHy against both satellite data sets suggests a large
positive ACTM CHy4 bias increasing from negligible values at the tropopause up to 450
ppb at upper stratospheric altitudes (see Figs. 2.7a and 2.8a). However, the ACTM
CHy4 bias with respect to MIPAS_ACE particularly is larger within the lower stratosphere
by up to 200 ppb than with respect to MIPAS. Therefore, the model correction with
MIPAS_ACE data has a larger impact on the ACTM XCHy4 than the MIPAS-based
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Figure 2.8: Model-ACE-FTS differences of stratospheric CH4 volume mixing ratios
(viar) in parts per billion (ppb). Zonally-averaged CH, vmr differences are annual
means for the year 2010.

model correction. Figure 2.7b indicates that TM5 modeled CH4 mixing ratios appear

to be too small (by up to 150 ppb) compared to MIPAS data. This negative TM5 CHy

bias is partially alleviated or even changed into a small positive CHy4 bias of ~ 50 ppb

within the lower stratosphere when using MIPAS_ACE as reference (see Fig. 2.8b).

This explains why the model correction with two differing satellite CH4 data sets has

an ambiguous impact on the XCH4 model—-TCCON agreement for TM5. For LMDz

the situation is similar to TM5, i.e. negative model CHy biases can disappear or even
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Figure 2.9: Model-MIPAS differences of the mean age gradient as a transport diag-
nostics for tropical ascent. The mean age gradient was calculated as difference between
the lower stratospheric mean ages averaged over 35°N-50°N and 10°S—10°N. Mean age
data in years (yr) are calculated as annual means on the MIPAS pressure-latitude grid.

change into positive values when using MIPAS_ACE data as reference instead of MIPAS
data. This effect again is most noticeable for lower stratospheric CH4 mixing ratios that
are shifted into the positive direction with values up to 150 ppb. The findings for TMb5
and LMDz imply that these models, in contrast to ACTM, represent stratospheric CHy
within the range established by the observational data sets MIPAS and MIPAS_ACE.
Consequently, this satellite data range limits a more accurate evaluation of modeled

stratospheric CHy fields and the corresponding XCH4 data.

The analysis of the model and satellite stratospheric CHy fields leads to the major find-

ing that the inter-model spread in XCH,4 data mainly is caused by an inter-model spread
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in stratospheric CHy fields. Most prominent is the problem of ACTM simulations pro-
ducing significantly higher stratospheric CHy mixing ratios compared to those simulated
by TM5 or LMDz. The inter-model spread in stratospheric CH4 very likely originates
from model-to-model differences in the simulation of transport and chemical CHy loss.
Indeed, the CTMs used in the third study differ in several aspects that are known to
cause model errors (Locatelli et al., 2015): vertical /horizontal resolution, meteorolog-
ical fields used to nudge horizontal winds, sub-grid-scale physical parameterizations,
advection schemes, numerical methods, etc. Furthermore, the models also differ in the
chemical fields being relevant for stratospheric CHy loss. However, Patra et al. (2011)
also have identified a significant inter-model spread in stratospheric CHy despite apply-
ing uniform fields of OH, Cl, and O'D for all models of the TransCom-CH, experiment.
They, therefore, suggested a predominant role of transport in the simulation of CHy
vertical distributions. For this reason, the models of the third study were tested for
their simulation of stratospheric transport by applying transport diagnostics introduced
by Strahan et al. (2011). One model transport diagnostic examines model-to-model
differences in the simulation of the tropical ascent rate, which is assessed by the hori-
zontal mean age gradient between mid-latitude (35°N—50°N) and tropical (10°S—10°N)
lower stratosphere (30—100 hPa). Using MIPAS mean age data as reference, Fig. 2.9
clearly shows very similar mean age gradients for ACTM and LMDz that are shifted by
~ 0.5 years from the TMbH-modeled mean age gradient. This means that the tropical
ascent rate is stronger in TM5 simulations compared to ACTM, and LMDz simulations,
respectively.

Another transport diagnostics analyzes CHy mixing ratios of the tropical lower strato-
sphere indicating the strength of (cumulative) horizontal mixing. Using MIPAS CHy
as reference, Figure 2.10 reveals model-to-model differences in simulation of horizon-
tal mixing: the ACTM—MIPAS differences are offset by up to ~ 50 ppb from the
model—MIPAS differences for TM5 and LMDz being almost identical to each other.
This suggests that horizontal mixing is weaker for ACTM simulations compared to

TM5, and LMDz simulations, respectively.

Finally, the results of the third study confirm that the XCH4 model—observation agree-
ment significantly depends on the model representation of stratospheric CHy. Inter-
model differences in XCH4 data are a consequence of an inter-model spread in strato-

spheric CHy fields, which in turn very likely originates from model-to-model differences
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Figure 2.10: Model-MIPAS differences of tropical CH4 mixing ratios as a transport
diagnostics for horizontal mixing. The CH, differences are calculated as annual means
on the MIPAS pressure-latitude grid.

in the simulation of stratospheric transport. In order to better understand the impact
of individual model transport components on the simulation of stratospheric CHy, a
refined model intercomparison with more process-oriented model tests would be needed.
Le., different input parameters (e.g., physical parameterizations, advection schemes, re-
analysis data) could be used to provide an ensemble of stratospheric CHy distributions
for each CTM. In a second step, the stratospheric CHy fields of such model-ensembles
should be evaluated with an accurate observational data set of stratospheric CHy. How-
ever, an extensive in situ data set of stratospheric CHy is not available in the medium
term and the existing satellite data, as used in the third study, show significant differ-
ences within the lower stratosphere. Hence, a better assessment of the satellite data

quality is desirable for an accurate model evaluation. In this context, it is important
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to note that the results of a recent inter-satellite comparison by Plieninger et al. (2016)
indicate a high bias for MIPAS-retrieved lower stratospheric CHy4. This implies that
ACE-FTS data seems to be more reliable than MIPAS data and, thus, preferable for an
evaluation of model stratospheric CHy fields as done in the third study. Consequently,
the model correction with MIPAS data adjusted to ACE-FTS observations may produce

more reasonable results in the third study.

2.4 Synthesis of the three articles

The analysis of the first article reveals a very good overall agreement between NDACC
and TCCON observations of XCHy. This finding suggests that NDACC XCHy retrievals
are able to meet the accuracy standards of TCCON observations on a overall point of
view. However, the first study also shows that the seasonal NDACC—-TCCON agree-
ment in XCHy is not perfect and depends on the a priori profile of CHy concentrations
that is used by the retrievals. L.e., a better seasonal agreement between NDACC and
TCCON XCHy requires that both retrievals apply a common prior instead of their spe-
cific standard retrieval a priori profile. The success of this approach depends on how
realistically the common prior reflects the atmospheric CH4 concentrations at the time
and location of measurement. If the common prior fails to reproduce the vertical distri-
bution of CH4 concentrations, then the NDACC and TCCON retrievals can be affected
by smoothing effects. Moreover, such smoothing effects are different for NDACC and

TCCON observations because of differing retrieval vertical sensitivity.

This diagnosis is verified by the results of the second article, where situations with
dynamically induced variability are identified as driver for significant differences between
NDACC and TCCON observations of XCHy. The second study shows that TCCON
observations at high latitudes can be affected by significant smoothing effects if the
retrieval a priori profile does not account for stratospheric subsidence within the polar
vortex. In contrast, NDACC retrievals are more affected by smoothing effects arising
from STE processes like deep stratospheric intrusions. As STE processes can occur
throughout the year at all latitudes, they have an impact on the XCHy seasonal cycle
retrieved by NDACC observations. In addition to STE events, stratospheric subsidence
has an impact on the accuracy of FTIR observations at high altitudes within the early

spring period. The findings of the second study suggest, that the accuracy of the seasonal
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XCHy variations retrieved from NDACC and TCCON observations can be improved, if
retrieval a priori profiles of CH,4 concentrations realistically reflect short-term variability

of atmosphere dynamical processes in the UTLS region.

As confirmed in the second study, a lot of atmospheric variability originates from the
stratospheric contribution and (in part) reduces the accuracy of FTIR total column re-
trievals. The second article only examined the impact of dynamical events with exceed-
ing atmospheric variability, but did not attend to the overall distribution of stratospheric
CH4. For this reason, the third study investigated the sensitivity of XCHy to strato-
spheric CHy distributions using simulated and satellite-retrieved CH, fields. The third
study clearly showed that there is a remarkable diversity in both model and satellite
stratospheric CHy fields, i.e. there is a inter-model spread in stratospheric CH4 and a
large satellite data range. This range of stratospheric CHy fields translates into different
XCHy data involving different latitudinal biases with regard to TCCON observations.
The findings of the third study suggest that the inter-model spread in stratospheric
CHy is driven by model-to-model differences in the simulation of stratospheric trans-
port. At the same time, the findings of recent inter-satellite comparison by Plieninger
et al. (2016) suggest a high bias in MIPAS lower stratospheric CHy. These conclusions
require more verification in order to understand and to reduce the inconsistencies in

model simulations and satellite observations of stratospheric CHy.

Finally, this dissertation shows that atmospheric dynamics in the UTLS region as well
as the overall distribution of stratospheric CH4 produce a significant imprint on XCHy.
This imprint can be very strong on short-term scales when regional events like strato-
spheric subsidence or STE processes induce high dynamical variability, thereby disturb-
ing the vertical distribution of CH4 concentrations. At the same time, the stratospheric
contribution creates a significant imprint on the global XCHy4 distribution in the long
term. In summary, the findings of the three articles imply that the accuracy of XCHy
observations and model simulations very much depends on how well atmosphere dynam-
ical variability can be observed and simulated. The results of this thesis demonstrate
that both sides — observations and simulations — can improve on this, in order to enhance

the benefit of XCH, data for assessing CH, emissions.
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Chapter 3

Conclusions and outlook

The assessment of global to regional CH4 budgets is a major objective of climate research
and provides a wide-ranging field of activity for scientists. One approach to estimate
CH,4 emissions uses process-based models in combination with emission inventories, but
does not care about real atmospheric CHy concentrations. Nisbet and Weiss (2010)
state that in the context of designing emission regulations this shortcoming of bottom-
up estimates is equivalent to the situation of “dieting without weighing oneself”. For
this reason, observations of atmospheric CHy concentrations are needed to complement
the bottom-up approach with top-down estimates of CH4 emissions. However, inferring
emission fluxes from atmospheric concentrations is complicated, because CHy emissions
only produce a small relative change with respect to the atmospheric CH4 background
concentrations. In particular for the quantity XCHy, seasonal deviations from the back-
ground level (1780 ppb) are typically smaller than 1 % and a growth rate of 6 ppb
yr~! only corresponds to ~0.3 % of the background signal. Consequently, the benefit
of XCHy observations for top-down estimates depends on the precision and accuracy of
these measurements, but also on how accurate atmospheric tansport and chemistry can

be simulated.

In this context, this dissertation thesis highlights the role of atmospheric dynamics in un-
derstanding XCH, observations and simulations. The first article (Sussmann et al., 2013)
and the second one (Ostler et al., 2014) confirm that the overall accuracy of ground-
based XCH, observations from NDACC and TCCON is reasonable. Since NDACC as

well as TCCON retrievals are indirect measurements, the accuracy of these observations
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is connected to the respective vertical sensitivity, which is not ideal for both retrieval
methods. Limited retrieval vertical sensitivity combined with extreme variability in the
vertical distribution of CH,4 concentrations confines the accuracy of current XCHy re-
trievals. This diagnosis is trivial and not novel, but the impact of dynamical events
like stratospheric subsidence or stratosphere-troposphere exchange on the accuracy of
XCHy observations has been investigated in the second article for the first time. The
findings in Ostler et al. (2014) demonstrate that realistic a priori knowledge of the ver-
tical distribution of CH,4 concentrations is essential for a high level of accuracy in XCHy
observations, especially if the atmosphere is disturbed by dynamical events. Seasonal
differences between NDACC and TCCON XCH,4 data were found and attributed, in

part, to dynamical variability.

Seasonal variations in XCHy are a result of a complex interplay between emissions, at-
mospheric transport and chemistry (OH sink). The results of the third article confirm
the findings from earlier studies (e.g., Washenfelder et al., 2003) that the stratospheric
contribution is an important controlling factor for the integrated quantity XCHy. The
disagreement between model representations of stratospheric CHy reflects current defi-
ciencies in the modeling of stratospheric transport and chemistry, which are hindering
the potential of XCHy4 observations to be fully exploited for the inverse modeling of re-
gional CH,4 emissions. Therefore, a conclusion of the third study is that the modeling of
stratospheric CHy4 requires improvements, i.e. the impact of model-to-model differences
in the simulation of stratospheric transport and chemistry needs to be investigated in
detail. At the same time, the third study reveals that stratospheric satellite data re-
quire a better quality assessment in order to be used for a robust evaluation of CTMs.
Validation of satellite data is a steady process requiring more in situ observations of
stratospheric CH, as reference. Beyond that, the finding of the third study, that the
ACTM simulations of stratospheric CHy are largely biased, has implications for the first
and the second article using ACTM-modeled CHy profiles as common prior for NDACC
and TCCON retrievals: it is likely that a certain part of the different smoothing effects
for NDACC and TCCON retrievals are driven by the high-biased ACTM stratospheric
CHy4 distributions. Therefore, it can be concluded that the remaining seasonal bias be-
tween NDACC and TCCON XCH,4 data may be reduced by using a common prior with

more accurate stratospheric CHy distributions than provided by ACTM.
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Overall, this thesis has contributed to a better knowledge of the atmospheric quantity
XCHy, but room for improvement on either the observation or the simulation side is still
left. The quality of ground-based FTIR retrievals from NDACC and TCCON has been
continuously improved from the network starting time until now. This process of devel-
opment is going to be sustained in the future with improvements in spectroscopy, line
shape parameterizations and a priori information about the atmospheric composition. A
new, refined spectroscopy, for example, is in preparation and will be applied in the near
future. However, using this new spectroscopy for NDACC retrievals requires that the
current retrieval strategy, which was optimized with the old spectroscopy (see Sussmann
et al., 2011), has to be carefully tested again in order to avoid HoO interference errors.
Furthermore, there are ongoing efforts in developing an improved CH, profile retrieval
strategy for NDACC as well as TCCON retrievals. Such a profile retrieval strategy

should ideally mitigate problems with stratospheric variability.

Raising the level of accuracy for ground-based XCHy observations also requires extended
validation with balloon- and air-borne in situ measurements in addition to the small
number of validation campaigns performed yet within TCCON. Although the first study
(Sussmann et al., 2013) and the second one (Ostler et al., 2014) provide a seasonal
validation of NDACC XCHjy retrievals against TCCON observations, they do not achieve
a long-term validation of ground-based XCH,4 observations against WMO standards of in
situ measurements. In this context, it is highly desirable to obtain an in situ validation
data set including a full seasonal cycle and also covering the stratospheric layer. For
the future, aircore observations can act as a cost-efficient possibility to perform in situ
measurements covering the stratosphere more regularly. Aircore observation use a long
tube with one open end to collect ambient air while descending through the atmosphere
(Karion et al., 2010). After arriving at the ground, the aircore is sealed upon recovery
until it is analyzed for trace gas concentrations according to WMO in situ trace gas
measurement scales. Using a balloon-borne platform, the aircore observation can reach
high altitudes (~ 30 km). In particular for TCCON data, such a long-term validation
with aircore in situ measurements will strengthen the reliability of the retrieval accuracy

once more.

Although we have shown that NDACC XCHy retrievals have the potential to reach
the accuracy level of TCCON XCH,4 observations, there is little application of NDACC

XCHy data by the scientific community compared to TCCON. Given our experience



40 Chapter 3. Conclusions and outlook

in working with both NDACC and TCCON data, this shortcoming mainly is due to
practical issues like data processing. l.e., TCCON XCH, data are easily applicable
and ensure high accuracy because of strict regulation in retrieval strategy and data
processing. In contrast, there is no strict regulation for NDACC XCHy retrievals: the
retrieval strategy is recommended, but not definite and XCHj, is not available as retrieval
output (the NDACC end product is the retrieved CHy total column). This also means
that the NDACC data user has to convert the retrieved CHy total column into XCHy by
oneself. Such a conversion is based on the calculation of the dry pressure column which
in turn requires pressure and water vapor profiles. This extra work maybe prevents
scientist to use NDACC data. Therefore, it can be expected that providing XCHy as
one end product amongst others with a fixed retrieval strategy and common quality
control could help to make NDACC XCH,4 data more attractive to climate scientists.
At the same time NDACC retrievals should not loose their experimental character,
whereas TCCON retrievals could benefit from a more experimental, site-specific mode

of operation alongside the common validated retrieval strategy.

Improving the quality of XCH,4 observations and simulations is beneficial for top-down
estimates, but is not the unique solution to current shortcomings in the assessment of the
CH,4 budget. As proposed by Kirschke et al. (2013), the partitioning of CH4 emissions
by region and process is not possible with the use of XCH,4 data alone, but needs a
synergistic combination of surface in situ observations and satellite-derived total column
retrievals. However, there is also the possibility to acquire knowledge about sectoral
emission contingents from simultaneous observations of XCH4 and other atmospheric
trace gas total columns like ethane (CaHg). Under the assumption that the predominant
part of atmospheric CoHg originates from fugitive emissions of the fossil fuel sector, the
ratio of XCoHg and XCHy4 observations could be used as constraint on inventory-based
estimates of fugitive emissions from natural gas production and use. Such an approach
refers to the study of Wennberg et al. (2012), which was based on an analysis of aircraft
in situ measurements of CyHg and CH4. Simpson et al. (2012) already showed that
the prominent CH4 stagnation period from 1999 to 2006 is accompanied by a decline
in CyHg concentrations. Furthermore, Franco et al. (2015) recently found out that
the atmospheric burden of CoHg has increased since 2009. Another recent study by
Hausmann et al. (2016) analyzed the relationship between NDACC-type retrievals of

XCHy and XCqHg for two sites representing northern and southern hemisphere. For the
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time period of renewed CHy increase (2007—2014), they found a significant correlation
between the northern-hemispheric time series of XCH4 and XCoHg. By using a two-
box model (representative for two hemispheres) in combination with the observation-
based ethane-to-methane ratios, Hausmann et al. (2016) were able to optimize both
CH4 and CyHg emissions. Their results suggested that the oil and natural gas emission
contribution to the renewed methane increase ranges between 18% and 73% with a
most plausible contribution being at least 39%. Finally, these correlations between
spatiotemporal distributions of atmospheric CH4 and CoHg concentrations suggest that
fugitive emissions are an important driver for the long-term trend in atmospheric CHy
levels. This implies that, in the near future with increasing exploitation of natural gas

in the norther hemisphere, fugitive CH, emissions are not expected to be reduced.

In addition to the scientific interest in CH4 emission fluxes, there are many open ques-
tions on the role of CHy in atmospheric chemistry. At the moment, it is not clear if the
increase in atmospheric CHy concentrations has already caused a reduction in global
OH concentrations and an increase in stratospheric HoO concentrations. Another con-
temporary issue is the question to what extent the renewed increase in atmospheric CHy4
levels has contributed to the recent NH increase in hydrogen chloride (HCI). Strato-
spheric HCI as the main stratospheric chlorine reservoir is able to release the depletion
of stratospheric O3. Though the role of stratospheric CHy as precursor of stratospheric
HCI is well-known, Mahieu et al. (2014) have not investigated the impact of increasing
CHy levels, but have attributed the renewed HCI increase to changes in the stratospheric
circulation. Finally, this shows that atmospheric CHy concerns various areas of climate

research with a lot of remaining challenges for scientists — there is still a lot to be done.
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Abstract. We present the first intercalibration of dry-air uncertainty. At Wollongong the seasonal cycle of methane is
column-averaged mole fractions of methane (XCHe- less pronounced and corresponding smoothing errors are not
trieved from solar Fourier transform infrared (FTIR) mea- as significant, enabling standard MIR and NIR retrievals to
surements of the Network for the Detection of Atmo- be used directly, without correction to a common a priori.
spheric Composition Change (NDACC) in the mid-infrared  Our results suggest that it is possible to set up a harmo-
(MIR) versus near-infrared (NIR) soundings from the To- nized NDACC and TCCON XCH data set which can be
tal Carbon Column Observing Network (TCCON). The exploited for joint trend studies, satellite validation, or the
study uses multi-annual quasi-coincident MIR and NIR mea-inverse modeling of sources and sinks.
surements from the stations Garmisch, Germany (4148
11.08 E, 743 ma.s.l.), and Wollongong, Australia (34.&1
150.88 E, 30ma.s.l.).
Direct comparison of the retrieved MIR and NIR XgH 1 Introduction
time series for Garmisch shows a quasi-periodic seasonal
bias leading to a standard deviation (stdv) of the differ- Atmospheric methane has become one of the so-called
ence time series (NIR-MIR) of 7.2 ppb. After reducing time- Kyoto gases since it causes a considerable contribution
dependent a priori impact by using realistic site- and time-(0.48 W nT2) to the total anthropogenic radiative forcing of
dependent ACTM-simulated profiles as a common prior, the2.43 W n12 (Forster et al., 2007). In addition, GHhas an
seasonal bias is reduced (stdv=>5.2 ppb). A linear fit to theindirect greenhouse effect of 0.13 Wby forming tropo-
MIR/NIR scatter plot of monthly means based on same-spheric ozone, stratospheric water vapor, and other infrared-
day coincidences does not show-antercept that is statis- active trace gases (Lelieveld et al., 1998). The main methane
tically different from zero, and the MIR/NIR intercalibra- sources are natural wetlands, biomass burning and anthro-
tion factor is found to be close to ideal withina2-uncer- pogenic activities like livestock breeding, rice cultivation,
tainty, i.e. 0.9996(8). The difference time series (NIR-MIR) or usage of fossil fuels. Global emissions are about 515Tg
do not show a significant trend. The same basic findingsper year (Patra et al., 2011), of which 60-70% are anthro-
hold for Wollongong. In particular an overall MIR/NIR in- pogenic (Denman et al., 2007). The major sink of methane is
tercalibration factor close to the ideal 1 is found withim2- the destruction by hydroxyl radicals (OH), which contributes
to about 90 % of the methane loss in the atmosphere. Other

Published by Copernicus Publications on behalf of the European Geosciences Union.
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sinks are the uptake of methane by soils or the reaction witltalibrated against the World Meteorological Organization
chlorine radicals (Denman et al., 2007). (WMO) in situ trace gas measurement scales, using profiles

Since the beginning of industrialization, methane concen-obtained by aircraft in situ measurements flown over TC-
trations in the atmosphere have more than doubled (e.gCON sites (Washenfelder et al., 2006; Deutscher et al., 2010;
Etheridge et al., 1998). However, there was a period of nearWunch et al., 2010; Messerschmidt et al., 2011; Geibel et al.,
zero growth at the beginning of this century (Dlugokencky 2012). Currently, there are 18 operational TCCON stations,
et al., 2003; Bousquet et al., 2006), and after 2006 the atmost of which have been established during the last couple
mospheric methane concentration started to increase agaif years.
(Rigby et al., 2008; Dlugokencky et al., 2009). The increase If a sufficiently precise and accurate relationship can
for the years 2007-2008 has been quantified, and possiblee established between the NDACC and TCCON column-
causes discussed (e.g. Bousquet et al., 2011; Frankenbergateraged dry-air mole fractions of methane, then data from
al., 2011). More recently, it has been shown via ground-basedhe two networks could be combined to provide wider spa-
FTIR (Fourier transform infrared) methane column measure-ial and temporal coverage than either network individually.
ments that the renewed increase after 2006 has been ongoifidis is not only an advantage for satellite validation but
for about~ 5 yr until the present (end of 2011) with a rate of also provides the opportunity for trend analysis dating back
~ 5ppbyr! above northern mid-latitudes (Sussmann et al.,15yr before TCCON operations began. It is, therefore, the
2012). goal of this study to establish the NDACC-TCCON inter-

Ground-based column measurements of methane are conealibration for XCH,. An important question in this context
plementary to in situ measurements in many respects; e.gs whether or not one overall intercalibration factor for all
column measurements are representative of a larger getations can be found and quantified, or whether a site- and
graphical region (e.g. Keppel-Aleks et al., 2011), while in time-dependent intercalibration parameterization, with a sig-
situ measurements can represent a specific location or biomaificant linear and/or seasonal component, is necessary.
Measured methane columns are impacted by the varying Our paper is structured as follows: After introducing the
stratospheric contribution, while the interpretation of surfaceparticipating FTIR sites and their measurement settings in
measurements to infer sources and sinks can be impacted [8ect. 2 along with the MIR and NIR retrieval strategies, we
so-called rectifier effects resulting from errors in the trans-describe our intercomparison method (Sect. 3). The results
port modeling. Rectifier effects can be avoided if column are shown in Sect. 4. Section 5 gives a summary and Sect. 6
measurements are used, because these are insensitive to viite conclusions with recommendations on the joint use of the
tical mixing (Gloor et al., 2000). In situ measurements are di-MIR and NIR data along with an outlook.
rectly traceable to calibration standards, while ground-based
column measurements can be traced back to such standards
via aircraft calibration campaigns. Column measurement®  Ground-based sounding of columnar methane in the
are preferred for satellite validation since they provide the  MIR and NIR
same quantity as satellites measure.

There are two established global networks performing2.1  Garmisch FTIR soundings
ground-based remote sensing measurements of column-
integrated methane. Within the Network for the Detection of The Garmisch solar FTIR system (47248 11.06 E,
Atmospheric Composition Change (NDACGhttp://www. 743ma.s.l.) is operated by the group “Variability and
ndacc.oryy solar FTIR measurements in the mid-infrared Trends” at the Institute for Meteorology and Climate Re-
(MIR) have been performed for about two decades (cur-search, Karlsruhe Institute of Technology, Germany. Oper-
rently 22 stations). Retrievals of methane from NDACC- ation of a Bruker IFS125HR interferometer was initiated in
MIR spectra have been used for trend studies (Angelbrat2004 as part of TCCON, and the system took part in the air-
et al., 2011; Sussmann et al., 2012) and satellite validatiorcraft calibration campaign of the EU project IMECC (Infras-
(e.g. Sussmann et al., 2005). Since 2004 the NDACC hasructure for Measurement of the European Carbon Cycle)
been complemented by the Total Carbon Column ObservingMesserschmidt et al., 2011; Geibel et al., 2012). Column-
Network (TCCON http://www.tccon.caltech.edyhichis  averaged methane is retrieved from single-scan measure-
dedicated to high-precision retrievals of climate gases (e.gments in the NIR (see Table 1 for the spectral micro win-
COy, CHy, N20O) from solar absorption spectra in the near- dows) recorded with an InGaAs diode using a maximum op-
infrared (NIR) spectral region (Wunch et al., 2011a). TC- tical path difference of 45cm. The FTIR system also per-
CON has been used for the validation of models (Houwel-forms NDACC-type measurements in the MIR (Table 1) in
ing et al., 2010) and satellite measurements of methanalternating mode with the NIR measurements. The interfer-
(e.g. Morino et al., 2011; Schneising et al., 2012), but alsoograms for the MIR methane retrievals are recorded with
for deriving information on sources and sinks of green-an InSb detector using an optical path difference of typ-
house gases (e.g. Wunch et al., 2009; Chevallier et al., 201%ically 175cm. Six scans are averaged with an integration
Keppel-Aleks et al., 2012). The TCCON measurements ardime of approximately seven minutes. Data obtained with the

Atmos. Meas. Tech., 6, 397418 2013 www.atmos-meas-tech.net/6/397/2013/



R. Sussmann et al.: First intercalibration of column-averaged methane from TCCON and NDACC 399

Table 1. Strategies for retrieval of column-averaged methane fromal., 1998). It was replaced in 2007 with a Bruker IFS 125HR
MIR and NIR solar spectra. instrument set up for measurements in both the MIR and the
NIR spectral ranges (Jones et al., 2013; Wunch et al., 2011a).

MIR NIR For this study only the Bruker data were used. Spectra in the
?“fmf window$ gg;ggg—gggg-gg E:ggi o ?232-0:—392300(; MIR range are recorded with an InSb detector, using an op-
interfering 50— . , Ho0, . . . i
species fitted) ~ 2921.00-2921.60 (HDO, 30, 5996.45-6007.55 tical path difference of 257 cm and averaging two successive

NOy) (CO,, H20, HDO) scans with an integration time of approximately four min-

6007.00-6145.00
(COg, H20, HDO)
line list HITRAN 2000 including 2001 HITRAN 2008
update release (Rothman et al.(Rothman et al., 2009)

utes. The settings for the NIR measurements are identical to
those at Garmisch. The intercalibration uses the Wollongong

time series of June 2008—-December 2011 which comprises

2003) including update by

Frankenberg et 1405 MIR spectra and 15 787 NIR spectra.

al. (2008)
calibration no XCH calibration 2.3 MIR and NIR retrieval strategies

factor from Wunch

et al. (2010):

(Tvgﬁggﬂiag;;agt The codes SFIT (MIR) and GFIT (NIR) have common roots
retrieval Tikhonov Ly, regularization scaling ofémethane astothe ray t_racmg and forward mOdel; hOWGVGI’, the inverse
constraint strengtho optimized via a priori profile models are different.

L-curve/minimum diurnal

ury urmna For the retrieval of XCl from NDACC-type MIR mea-
variation €:2dof§’), altitude .
constant on per-cent-vifiscale surements the retrieval strategy MIR-GBM v1.1 (Sussmann
a priori vmr WACCMY (1 fixed profile) generated from MKIV et al., 2011) is used in this study along with the spectral-

profiles (Fffisxzs"pc’r‘gf‘nzgomes fitting software SFIT2 ver. 3.94 (Pougatchev et al., 1995).
background fit linear slope linear slope The basic features of MIR-GBM v1.1 are given in Table 1.
retrieval quality threshold (0.15 %) for fractional var. in solar SFIT is set up for a full profile retrieval via the use of a cli-
selection rms-noise/dof3 intensity (0.0-5.0 %) . . “ . . - .
XCH, matological covariance (“optimal estimation”) or an inverse
(0.0-2.0<10°°) covariance, i.e. an ad hoc regularization matrix. The a pri-
XCHgy . .. . . .
error (0.0-1.0< 10-7) ori V(_)Iume mixing rat_lo (vmr) profiles qsed for SFIT, i.e.
SZA® (0.0-82) one fixed profile per site have, been derived from the Whole
calculation of use 4-times-daily-NCEPPTU use simultaneously Atmosphere Chemistry Climate Model (WACCM; Garcia et
lumn- d profiles for calculating the ai d @col : : :
dryaitmole - volumn and water vapar @column al., 2007); see Fig. 1 and Appendix B for details. For SFIT
fractions column methane retrievals we found a Tikhonov-L1 regularization
gi’l‘jﬁ::"\;‘aggion) <03% <03% scheme to be favorable, with the regularization applied to an
seasonal bias ~ <0.14% hitherto undetermined a priori profile given in relative units (per cent scale) and
,(Fizof/HDO-CHzt with an altitude-constant regularization strength (Sussmann
interreren B .
er:.”ge)e ° et al., 2011). This is what we call the MIR-GBM v.1.1 re-
references Sussmann et al. (2011) Waunch et al. (2011a) trieval strategy, and it includes the use of 4-times daily NCEP

pressure/temperature/humidity profiles to calculate the dry-
air column, and 3 MIR spectral micro windows along with
HITRAN 2000. The MIR retrievals are used as retrieved, i.e.
they are not calibrated, e.g. to WMO/GAW trace gas mea-
surement scales.

Garmisch FTIR have been used for satellite validation (de TCCON-type NIR measurements are analyzed with
Laat et al., 2010; Morino et al., 2011; Wunch et al., 2011b),the spectral fitting software GFIT ver. 4.4.10 (release
carbon cycle research (Chevallier et al., 2011), and studie§99-20091107) referred to as “GFIT" hereafter. The basic
of atmospheric variability and trends (e.g., Borsdorff and features of GFIT are given in Table 1, while more details can
Sussmann, 2009; Sussmann et al., 2011). The intercalibratiof€ found in Wunch et al. (2011a). GFIT uses an a priori pro-
uses the Garmisch time series of July 2007-December oo1fjle derived from mid-latitude FTIR balloon measurements

which comprises 3403 MIR spectra and 35 171 NIR spectra.(Fig' 1a). Note there has been a recent_GFIT update,_i.e. ver.
4.8.6 (release ggg8012July_ Update) using site- and time-

dependent a priori profiles (see Fig. 1b and “Note: impact
of GFIT 2012 update”). Column-averaged dry-air mole frac-
The Wollongong solar FTIR system (34°43, 150.88E, tions are retrieved by scaling an a priori profile to provide the
30ma.s.l.) was set up in 1995 as part of the NDACC net-best fit to the measured spectra and, finally, by dividing these
work. It is operated by the Center for Atmospheric Chem- columns by the dry-air column. The dry-air column is di-
istry at the University of Wollongong, Australia. From 1995 rectly derived from the simultaneously retrieved €lumn.

to 2007 a Bomem DA8 FTIR system was operated (Griffith etGFIT uses a broad spectral window including full bands in

aunits are cml; P dofs — degrees of freedom for sign@lymr — volume mixing
ratio; 9 WACCM — Whole Atmosphere Chemistry Climate ModISZA — solar
zenith angle! NCEP — National Center for Environmental Predicti8see
Sussmann and Borsdorff (2007) for a definition.

2.2 Wollongong FTIR soundings
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Fig. 1. A priori profiles used in this workia) GFIT is the standard ~ Fi9- 2. Averaging kernelga) for the NIR retrievals an¢b) the MIR
a priori profile of the NIR retrievals using GFIT ver. 4.4.10 (release "€trievals. Solar zenith angles (in deg) are color coded.
09920091107, one fixed profile for all stations) and WACCM for

the MIR retrievals (one per station). The ACTM model profiles (3- ] o ) ]
hourly mode|) are Suggested as a common p(t@rA pnon pro- pI’OfI|eS and (”) d|ﬁ:er|ng SmOOthIng effeCtS because Of d|ﬁ:er'

files used in the recent GFIT 2012 update, i.e. ver. 4.8.6 (releaséng averaging kernels influencing the retrieved trace gas col-

0992012 July_Update). See “Note” for an investigation of the im- umn amounts. Therefore, our intercomparison strategy com-

pact of this GFIT update. prises (i) an approach for eliminating the impact from differ-
ing a priori profiles (Sect. 3.1) and (ii) a strategy for optimum
selection of a common a priori profile model in order to mini-

the NIR. The GFIT XCH results are scaled by a calibration mize smoothing errors (Sect. 3.2). Finally, we investigate the

factor of 0.978 that has been obtained from coincident meaimpact from applying the strategies (i) and (i) upon the time

surements with aircraft equipped with WMO-scale in situ series (Sect. 3.3).

instrumentation, and this bias is attributed to spectroscopy

uncertainties (Wunch et al., 2010). Note that a recent Euro3.1 Eliminating the impact from differing a

pean aircraft campaign provided another calibration factor priori profiles

for XCHgy; see Geibel et al. (2012) for details. We use the

Wunch et al. (2010) factor for this paper because it is theAccording to Rodgers (2000) the impact from differing a

official factor used within TCCON for the time being. The Ppriori profiles can be taken into account by an a posteriori

averaging kernels for the NIR and MIR retrievals are givenadjustment of the soundings for a common a priori profile
in Fig. 2. Xcommon This approach has been applied recently for the

comparison of carbon dioxide and methane columns mea-
sured by SCIAMACHY to ground-based FTIR measure-
3 Intercomparison method ments and to model results (Reuter et al., 2011; Schneising et
al., 2012). In our case we obtain corrected column-averaged
Any direct comparison of two different remote sounders is mole fractions:co for the MIR or NIR soundings which can
potentially complicated because in general they contain a difbe directly compared:
fering a priori impact, i.e. effects from (i) differing a priori
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The benefit of using ACTM will be demonstrated later in
1 guantitative terms; i.e. we will find a smaller seasonal bias

ccor=E+ = (1—a")(xtommon— Xo) AP’ (1)  between MIR and NIR retrievals using ACTM profiles as
P07 X commonCOmpared to two possible other ad hoc choices for

Here ¢ represents the column-averaged mole fraction of¥common Namely using the time-constant (MIR or NIR) re-
methane retrieved from MIR or NIR spectra. For every model{fi€val & prioris. To show this, the following 4 cases will be
layer! the difference between 1 (i.e. the ideal averaging ker-vestigated in parallel: (i) using the original MIR and NIR
nel) and the vector componeat of the total column aver- @Prioris. (ii) using time-dependent ACTM profiles as com-
aging kernel in this layer is multiplied with the difference MON POr X*common ('“)_“S'”Q the constant MIR retrlgval a
between the common a priori mole fractiofy,,,o,and the ~ Priori 8S¥common and (iv) using the constant NIR retrieval a
FTIR (MIR or NIR) a priori mole fractionx!, as well as with Prort asxcommon

the pressure difference between the lower and upper boundé 3
aries of layet; po denotes the surface pressure. '

Obviously, this correction can be neglected in cases of the=y, the intercomparisons we use monthly means calculated
averaging kernel being close to ideal or the a priori prafile 5 individual MIR and NIR measurements recorded on the

being close torcommon However, this is not the case in our game gays. Only months with 5 measurements have been
application since the MIR and NIR a prioris and the MIR and j,¢juded.

NIR averaging kernels differ; see Figs. 1 and 2, respectively. ap, example for the bias and the seasonal variation in-
Equation (1) has been designed for post-retrieval exchanggced by changing an a priori profile is visualized in Fig. 3.
of an a priori profile. Therefore, in the ideal case, it should |t shows the impact on the Garmisch NIR time series from
yield the same results as performing a retrieval after eXCha”g(:hanging the standard GFIT a priori profile to ACTM profiles
ing the a priori beforehand. However, Eq. (1) uses averagtrig, 3a). An insignificant bias results-0.27- 0.58 ppb)
ing kernels which are linear approximations of the retrieval 5150 with a significant change of the seasonal cycle (dif-
Wh|cr_1 is n_on-_llnear inc. We shqw in Ap_pe_ndlx Athat this farence time series with stdv=2.1 ppb). The analogous plot
non-linearity is small and negligible within the context of ¢, Wollongong (Fig. 3b) shows a similar change in sea-
this paper. Therefore, we will be able to use in this paper reonajity (stdv = 2.8 ppb) along with a larger, significant bias
trievals re-run after exchanging the a priori beforehand, along_5 g4+ 1 07 ppb). The latter may be understood by the
with retrieyals corrected a posteriori via Eq. (1). If the Igtter larger overall discrepancy between the GFIT a priori pro-
are exploited, the reason has been to save computation efje and the ACTM profiles at Wollongong compared to the
forts. Garmisch case; see Fig. 1. Figure C1 shows analogous plots
for all the other cases with exchanged prior for Garmisch and
Wollongong. Numbers are listed in Table 2. Each exchange
causes a bias and a change in seasonality. The impact on sea-
the smoothing term (& a') (ymmon— X rue). This smooth- sonality tends to be larger for the cases where the original

ing term varies seasonally because of the zenith angle depef- Priori profile is replaced by time-dependent ACTM pro-
dency of the averaging kernels (Fig. 2). Also the magnitudef'les compared to the other cases. This is because in the cases
of the smoothing term is different for MIR and NIR because where one of the two constant retrieval a priori profiles is
of the differing averaging kernels. Our strategy to minimize used as common prior, the seasonal variation of the correc-

this difference is to use time-dependent and site-dependerion t€rm is only driven by changes in the averaging kernels
profiles xcommor(7, lat, lon) that are as close as possible to 25 & function of zenith angle. This can be seen from Table 2,

xwue(t, lat, lon) at a site at the moment of observation. e.g. _stdv: 1.7 ppb for Garmisch MIR retrieve_d with GFIT a
Therefore, we favor the use of ACTM GHnodel pro-  Priori compared to stdv=4.7 ppb for the retrieval based on

files for each site as common a priori; see Fig. 1 and Ap-ACTM, or stdv =0.9 ppb for Wollongong NIR retrieved with

pendix B for details. Briefly, ACTM-simulated vertical pro- WACCM a priori compared to stdv =2.8 ppb for the retrieval

files of dry-air mole fractions on the native model vertical Pased on ACTM.
grid and nearest horizontal grid of the FTIR sites are sam-

pled at 3-hourly intervals for use as a priori in this study. We 4
interpolated the model profiles for each measurement time
on the model pressure grid and applied this interpolated prog.1  Direct comparison

file. Another favorable choice (especially for Wollongong) is

the use of the MIR retrieval a priori which is a time-constant Figure 4a shows a scatter plot of the NIR and MIR monthly

but site-dependent priarcommor(lat, lon) derived from the  means as retrieved with the original a prioris for Garmisch

WACCM model. See also Appendix B for a description of and Wollongong, respectively. Error bars on data points are
how the WACCM-based prior has been set up. 2-0 uncertainties derived from the stdv of the linear slope fit

Impact of varied a priori profiles on the time series

3.2 Strategy for selecting a common a priori

After correction to a common a priaticommon there is still

Intercomparison results
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Table 2. Impact of varied a priori profiles on mean XGHevel retrieved in the NIR and MIR, and stdv of differences (retrieval with new a
priori — retrieval with original a priori). Numbers are for monthly means constructed from same-day measurement coincidences. Uncertainties
are 2 times the standard errors of the meaa &yt (2)).

mean difference stdv of differences
n, number of  (retrieved withnewa  (retrieved with new a
coincident priori —retrieved with  priori — retrieved with
monthly original a priori) original a priori)
data set new a priori means (ppb) (ppb)
Garmisch NIR retrieved with 51 —0.27 @&0.58) 2.1
ACTM a priori
NIR retrieved with 51 +0.75 &0.44) 1.6
WACCM a priori
MIR retrieved with 51 —0.55 &1.3) 4.7
ACTM a priori
MIR retrieved with 51 —3.19 0.48) 1.7
GFIT a priori
Wollongong NIR corrected to 27 —5.04 @1.07) 2.8
ACTM a priori
NIR retrieved with 27 —1.65 @0.35) 0.9
WACCM a priori
MIR corrected to 27 +1.75 @&1.25) 3.3
ACTM a priori
MIR retrieved with 26 +5.36 £0.37) 1.0
GFIT a priori

(2 stdvih/2). (Remark: we used this way of obtaining error 4.2 Comparison with common a priori: analysis
bars because they reflect both the statistical uncertainty of of seasonality
the individual monthly means originating from the scatter of
the retrievals and systematic errors of the monthly means du€&igure 5b show both NIR and MIR time series, but now re-
to errors in the seasonality. We found that the latter (systemirieved using ACTM profiles as common a priori as described
atic) error contribution is the dominant one: calculating the in Sect. 3. By comparison to the original time series (Fig. 5a)
stdv of the monthly means directly from the retrievals gaveit can be seen that the exchange of the a priori profiles af-
significantly smaller numbers; i.e. retrieval scatter is not thefects the MIR retrievals in a different way than the NIR re-
dominant source of uncertainty. Furthermore, this (insignif-trievals. This is because of the differing original a priori pro-
icant) uncertainty of the monthly means from the retrieval files (Fig. 1) and the differing averaging kernels (Fig. 2).
scatter changes strongly from month to month, because of
the varying number of available measurements. Therefore4.2.1 Stdv of NIR-MIR difference time series
we did not use the scatter of the retrievals for weighting the
individual monthly means during the slope fits.) Uncertain- The effect of using the common ACTM a priori is that the
ties for the slopes are derived from the fit and are at 2- seasonality of the MIR and NIR XCHime series are in bet-
The linear MIR/NIR slopes (obtained from linear fits ter agreement: the stdv of the difference time series NIR-
forced through zero) are not significantly different from 1 for MIR has been 7.2 ppb for the original time series (Fig. 5a).
both stations, i.e. 0.9998(11) for Garmisch and 0.9987(16)After using the common ACTM a priori (Fig. 5b) the stdv
for Wollongong. In other words, there is no evidence from of the difference time series is reduced to 5.2 ppb. Analo-
the direct comparison that an intercalibration of the MIR andgous plots for Wollongong can be found in Appendix C:
NIR data sets would be required before using them togethetere, the original stdv of 7.1 ppb (Fig. C2c) is reduced to
This will be shown and discussed in more detail in the corre-stdv = 6.6 ppb (Fig. C2d) if ACTM profiles are used. Obvi-
lation analysis of Sect. 4.3 (along with the other cases whereusly, the reduction of stdv’s by use of the time-dependent
common a prioris are used for the NIR and MIR data). ACTM prior is smaller for Wollongong than for Garmisch.
Figure 5a shows the same MIR and NIR monthly meanThis may be understood by the fact that the Southern Hemi-
data as time series. It can be seen that the MIR and NIRsphere seasonal cycle (Wollongong) is less pronounced com-
seasonalities differ significantly (stdv=7.2ppb for the dif- pared to the Northern Hemisphere cycle at Garmisch — and
ference time series shown in the upper trace). An analogoubecause of this reason the use of the time-constant origi-
plot for Wollongong can be found in Appendix C (Fig. C2c). nal prior is a better approximation for Wollongong than for
Garmisch. Figure C2 also shows the cases where, rather than
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S =20 showp in Fig. 5a as well as thg reduction qf this differer.me
g £ 10- a) bias = -0.27 (+0.58) ppb, stdv = 2.1 ppb by using a common prior; see Fig. 6. In a strict mathema}ucal
g ‘5 i o %oy _oo%, . oo sense, the.s_easonall'ne_s of the_ NIR and MIR data retrieved
82 I R %000® T 0ee®  "0eee’ with the original a priori (blue line in Fig. 6) cannot be de-
-'2—3, §-10— scribed by a simple phase shift because (i) the maximum
o =-20  —— —— T of the cross-correlation is at zero time delay, (i) the recur-
] B E/‘irc':gT'r':j'aapF;i’(')‘;ir)') rences are weaker than the central maximum, and (jii) both

— 1800—_ + + + ++ the central maximum and the maxima of the recurrences are
S 1780 ++ ++ +++++++++ + + w + ++ ++ + H altogether< 1. However, the cross-correlation does show pe-
£ 1760 4 +++ ++ + %ﬂ ++++++ + riodic recurrences, and the wings of the maxima are asym-
o 1740 ] ++ + ) metric towards negative time delays of about 1 month at half
O ] Garmisch maximum. This behavior can be interpreted as being similar
X 1720 U ¥ ' I ' I ' I to a phase shift, and we will use the term “seasonal bias” for
- 2008 2009 2010 2011 2012 this behavior in the following discussion. For the data based
g ’—g‘ 20 b) . on the common ACTM a priori (red line in Fig. 6) two things
S5 104 * bias =-5.04 (+1.07) ppb, stdv = 2.8 ppb have changed: (i) the asymmetry of the maximum is reduced,
< ° 04 e 0o . o and (ii) the maximum cross-correlation has increased and is
_-3 2.10d . %% o0t oo closer to 1. This means that the seasonal bias is reduced by
a %_20 : . . . : . | the use of ACTM. Figure C3a and b show similar but weaker
= e NIR (original a priori) effects for the cases where either of the two retrieval a prioris

1780 ® _NIR (corrected to ACTM a priori) is used as common prior: the increase of the maxima towards

# 1is less pronounced.

=) 1760 ++ # Figure C3c—e show the analogous cases for Wollongong.
417401 + ## # ++## %# ++## % Obviously, compared to Garmisch there are nearly no recur-
5 1720 + ++ # Wollongong rences, and in the cases with common a prioris (red lines)
X 1700 L , the value of the maximum cross-correlation is similar to the

T T T T T T
2009 2010 2011 2012 reference cases with original a priori (blue lines). This can be
) _ _ understood by the fact that the seasonal cycle of the Southern
Fig. 3. (@) Lower trace: monthly mean time series of column- Hemjisphere site Wollongong is much less pronounced com-
averaged methane retrieved from NIR spectral measurements ?}ared to the Northern Hemisphere site Garmisch, and this is

Garmisch — retrieved using the original (GFIT) a priori profile . . . A . -
(grey) as well as the ACTM a priori profiles. The impact from n Iln'e with the findings from our analysis of stdv's in the
previous section.

changing the a priori profile is shown in the upper trace. Error bars
are 2o uncertainites as explained in Fig. 4. Bias uncertainty is 2 ) )
stdvi/n of the residuals(b) Same aga) but for Wollongong; green ~ 4-2.3 Autocor_relauon of NIR-MIR difference
points: data corrected to ACTM prior using Eq. (1). (2008 stands for time series
1 January 2008; the minor tic is 1 July).

Now we investigate the residual in Fig. 5b (stdv=5.2 ppb) in

more detail. An autocorrelation of this residual indicates that
using ACTM, one of the two retrieval a prioris (WACCM it is no white-noise residual but still contains some seasonal-
or GFIT) has been used as common a priori profile: e.g. thdty (blue line in Fig. 7). However, this seasonality has been
original stdv of 7.2 ppb for Garmisch (Fig. 5a) is only re- reduced by the use of the common ACTM prior compared
duced to stdv=6.5ppb (Fig. C2a) if the WACCM a priori to the case with original a prioris. This can be seen via the
profile is used, and it is reduced to 6.2 ppb if the GFIT a priori larger-amplitude recurrences of the black line in Fig. 7 com-
is used as a common prior (Fig. C2b). Obviously, the reduc-pared to the blue line. Figure 7 also shows that, for cases us-
tion of stdv’s is smaller for the cases using one of the constantng either of the constant retrieval a prioris as common prior,
retrieval a prioris as common prior compared to the ACTM the maxima of the recurrences are in between the original and
cases. This confirms what has been postulated in Sect. 3.2he ACTM case (red and green lines in Fig. 7). This confirms
namely that the seasonally varying smoothing term can be@nce more that the ACTM prior does the best job in reducing
minimized by using the more realistic ACTM model as com- the seasonal bias.

mon prior. Next we investigate the reason for the residual seasonal-
ity in Fig. 5b (stdv=5.2 ppb). The question is whether one
4.2.2 NIR-MIR cross-correlation can understand the maxima of the corrected NIR-MIR differ-

ences (March 2008, March 2010, and March 2011) to be due
Now we use the concept of cross-correlation to characterto an SZA (airmass) dependency. We prepared coincidences
ize and quantify the difference in NIR and MIR seasonalitiesnow on a 10-min scale (our initial coincidences had been
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| @) original a priori b) ACTM a priori ] €) WACCM a priori
. Garmisch retrieved with ACTM 1800 .
1800 1800+ Wollongong corrected to ACTM T
—_ slope = 0.9998(11) 4 — 1 —_ slope = 0.9994(10) . o
2 stdv=72ppb - Al 2 slope =0.9996(08) 244" 2 stdv = 6.5 ppb s 410
=) By i o stdv = 5.2 ppb et il =2 b o S2LP
~ 1 s ~ oy XN = i
T . . T 13l T o o
O 17604 7 QO 17604 > QO 1760 Y
X . A X 4 < . i
o o s x Yo N x oo fa
= Y. °  slope=0.9987(16) |= * % slope = 1.0026(15) |= * ¥ °  slope=0.9996(16)
1 4 stdv = 7.1 ppb o A stdv = 6.6 ppb 1 ol stdv = 7.3 ppb
1720 e Garmisch 1720 y e Garmisch 17204 4 e Garmisch
e Wollongong e Wollongong e Wollongong
11 1:1 11
T T T T T T T T
1760 1800 1720 1760 1800 1720 1760 1800

Fig. 4. (a) Scatter plot of MIR and NIR monthly means, both series retrieved with the standard retrieval a priori profile. Error bars on data
points are 2 uncertainties derived from the stdv of the linear slope fit (2 sf@)/ Uncertainties for the slopes are derived from the fit and

NIR XCH, (ppb)

NIR XCH, (ppb)

NIR XCH, (ppb)

are at 2¢. (b) Same aga) but using ACTM profiles as common prigc) Same aga) but using WACCM profiles as common prior.

Table 3.Trend analysis of the XClddifference time series (NIR-MIR).

trend 2¢ trend  significant trend
NIR-MIR uncertainty (95%

data set a priori time period (ppb‘yh (ppb yr_l) confidence)?
Garmisch NIR & MIR 07/2007—- +0.91 +1.51 no

retrieved with ~ 12/2011

original a priori

NIR & MIR 07/2007—- +0.66 +1.11 no

retrieved with ~ 12/2011

ACTM a priori

NIR & MIR 06/2008— +1.32 +1.73 no

retrieved with 12/2011

ACTM a priori

NIR retrieved 07/2007—- +0.88 +1.37 no

with WACCM 12/2011

apriori

MIR retrieved  07/2007- +0.87 +1.31 no

with GFIT a 12/2011

prioriP
Wollongong NIR & MIR 06/2008— +0.44 +2.52 no

retrieved with 12/2011

original a priori

NIR & MIR 06/2008— +0.26 +2.35 no

corrected to 12/2011

ACTM a priori

NIR retrieved 06/2008— +0.31 +2.61 no

with WACCM 12/2011

a priorit

MIR retrieved  06/2008— +0.47 +2.68 no

with GFIT 12/2011

a prior?

2 MIR retrieved with original (WACCM) a priori? NIR retrieved with original (GFIT) a priori trend obtained by linear fit to the
monthly mean difference time series (NIR-MIR).
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= 20 . = 10 — —
o 1 a) ° DS ® o original a priori
2 10 ] L o o R o % 0.8 —— ACTM a priori
T 0 ot e S Lt e © Garmisch
'g -10 —- o .m ¢ % * .o £ 0.6+
D o stdv = 7.2 ppb S
9 -20 T | T 1| T I T T T T C;) 04'
e MIR (original a priori) 8
= 1800 h e NIR (original a priori) * #H 5 0.2
S 1780 #W % H%%# H# ' i##ﬁ # %‘ 0.0-
1760 ++ % M o
Q 1740 1 Garmisch x -
1720 T T T T T T T T T T = '04 T T T T T T T T T T T T T T T
2008 2009 2010 2011 2012 -20 -15 -10 -5 0 5 10 15 20
9 20 time difference (month)
% lo_' b) . % °
= 0 - ‘e . o * e " e Fig. 6. Cross-correlation of Garmisch NIR and MIR monthly mean
‘3“ oo .°.,' o', o . -.“ time series. Blue: retrievals with original a priori profiles. Red: re-
% -10 1 stdv = 5.2 ppb . trievals with ACTM profiles as common a priori.
o -20 T T T T T T T T T
e MIR (ACTM a priori)
1800 ] o NIR (ACTM a priori) c 1.2 original a priori Garmisch residuals
a ] # # ++ % .S 1.0 — WACCM a priori (NIR - MIR)
% 1780 ++++ +§+ ﬁ ¢ #ﬁ# ## #ﬁ E)' ] GFIT a priori
1760 - + ++ #3# ### = 0.8-_ —— ACTM a priori
el e _
O 17401 Garmisch 5 0.6
STy 7 I S 0.4
2008 2009 2010 2011 2012 @ 0.2
Fig. 5. (a) Lower trace: monthly mean MIR and NIR time series for 8 0.0+
Garmisch. Both column series are plotted as retrieved; i.e. no cor- 8 _g 2 ]
rection for a priori impact according to Eq. (1) has been performed. g 1
Error bars are 2 uncertainites as explained in Fig. 4. Upper trace: '0'4'_
residual time series, i.e. difference time series of the NIR and MIR -0.6 — T T T T
data shown in the lower tracé) Same aga) but using ACTM -:30 -20 -10 0 10 20 30
profiles as common prior. time difference (month)

Fig. 7. Autocorrelation of Garmisch residuals, i.e. NIR-MIR differ-
“same day”) from the ACTM-based MIR and NIR Garmisch ence time series (see e.g., Fig. 5). Retrievals with original a priori
series and plotted the resulting NIR-MIR differences month-profiles (black), and retrievals with WACCM (red), GFIT (green),
by-month as a function of solar zenith angle (SZA); seeand ACTM (blue) as common a priori profiles.
Fig. C4. The resulting SZA dependency of the NIR-MIR
differences is about<0.25) ppb deg? for the interval 25— _ _ _
60 deg and it is aboutH0.1) ppb deg? for the interval 60— 4.2.4 Trend of the NIR-MIR difference time series

82 deg. From this, together with the fact that the average SZAAnother finding from analyzing the difference time series

of the March data is about 60 deg, one V\.IO.UId predict that thq\IIR—MIR is that they do not show a significant trend; this
'lltlrlli_xﬁrg(quc?trsegﬁfznsdr;r?uIgf i;‘;:ghamrgi}?;m Il;?r '\éls r(\:/\r;é is important for trend studies based on joint use of MIR and
9 : g. 9b. NIR data. The trends have been obtained by a linear fit to the
conclude that the observed small airmass dependency of the ; . : :
corrected NIR-MIR differences is not the dominant driver monthly mean difference time series. See Table 3 for derived
: : . . ._numbers on trends and uncertainties for both stations and all
of their observed residual seasonality of Fig. 5b. From this

we conjecture that the origin of this residual seasonality maycases with different a prioris.

be due to differences in the smoothingxdf1y, — Xfe for
MIR and NIR retrievals (see Sect. 3.2 for a discussion of this
smoothing term).
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Table 4. Significance of correlation between multi-annual data sets of NIR and MIR Xi@tfievals using varied a priori profiles. Signif-
icant correlation is achieved if the quality measure (5th column) exceeds the t-value. Data are monthly means constructed from same-day
measurement coincidences.

n, number of significant
coincident quality  t-value for correlation
monthly r, Pearson measure 99% (99%
data set a priori means coefficientr - 1n:r22 confidence confidence)?
Garmisch NIR & MIR 51 0.82 10.12 2.68 yes
retrieved with
original a priori
NIR & MIR 51 0.91 15.27 2.68 yes
retrieved with
ACTM a priori
NIR retrieved 51 0.85 11.51 2.68 yes
with WACCM a
priori@
MIR retrieved 51 0.86 11.87 2.68 yes
with GFIT a
priorib
Wollongong NIR & MIR 27 0.82 7.17 2.79 yes
retrieved with
original a priori
NIR & MIR 27 0.84 7.75 2.79 yes
corrected to
ACTM a priori
NIR retrieved 27 0.80 6.78 2.79 yes
with WACCM a
priori2
MIR retrieved 26 0.79 6.33 2.80 yes
with GFIT a
prioriP

2 MIR retrieved with original (WACCM) a priori,b NIR retrieved with original (GFIT) a priori.

4.3 Comparison with common a priori: correlation retrievals are based on the original a priori. However, the ben-
analysis efit of using the ACTM model as common prior can be seen
via a significantly enlarged quality measure: for Garmisch,
The data sets for our correlation analysis are displayed vidhe quality measure increases from 10.12 to 15.27 if the
scatter plots of MIR and NIR monthly means: Fig. 4a showsACTM is used instead of the original a priori; for Wollon-
the Garmisch and Wollongong case retrieved with the origi-gong the quality measure is increased from 7.17 to 7.75.
nal retrieval a prioris, Fig. 4b with common ACTM prior, and Obviously, the improvement of using ACTM is more pro-
Fig. 4c with common WACCM prior. Another case using the nounced for Garmisch compared to Wollongong. As dis-
constant NIR (GFIT) retrieval a priori as common prior is cussed before, this can be interpreted as a more pronounced

given in Appendix C (Fig. C5). seasonal cycle at Garmisch. The other cases, using either of
the two retrieval a prioris as common prior, only show weaker
4.3.1 Correlation analysis via t-test effects upon the quality measure compared to the reference

case with original a prioris. This once more confirms the ad-
Table 4 gives an analysis of correlation significance via a t-vantage of using ACTM as a common prior in terms of bring-
test. The table shows numbers of Pearson’s correlation coeffi"d the (pronounced Northern Hemisphere) seasonality into
cientr and the derived quality measurg/((n—2)/(1—r2)), ~ agreement.
wheren is the number of coincident monthly means. Sig-
nificant correlation is achieved if the quality measure ex-4.3.2 Significance of intercept and slope
ceeds the t-value. The numbers show for both Garmisch and
Wollongong data a significant MIR-NIR correlation with The NIR and MIR retrieval methods are predicted to be
> 99 % probability for all cases, even for the cases where théboth linear and have no intercept. If we apply least squares
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Table 5. Intercept and slope of linear scatter plot fits between multi-annual data sets of NIR and MIRr¥€idvals using varied a priori
profiles. Data are monthly means constructed from same-day measurement coincidences.

fity=a+bx fit y =bx
statistically
interceptz  significant
and 2e intercept slopé and  slope different
uncertainty on 2 20 fromlon2e stdv
data set a priori (ppb) level? uncertainty  level? (ppb)
Garmisch NIR & MIR 209(310) no 0.9998(11) no 7.2
retrieved with
original a priori
NIR & MIR 183(217) no 0.9996(8) no 5.2
retrieved with
ACTM a priori
NIR retrieved 127(286) no 0.9994(10) no 6.5
with WACCM a
priori2
MIR retrieved 170(239) no 0.9980(10) vyes 6.2
with GFIT a
priorib
Wollongong NIR & MIR 265(411) no 0.9987(16) no 7.1
retrieved with
original a priori
MIR & NIR 250(385) no 1.0026(15) yes 6.6
corrected to
ACTM a priori
NIR retrieved 271(433) no 0.9996(16) no 7.3
with WACCM a
priori2
MIR retrieved 316(452) no 1.0019(17) vyes 7.5
with GFIT a
prioriP

2 MIR retrieved with original (WACCM) a priori,b NIR retrieved with original (GFIT) a priori.

fits allowing for nonzero intercepts to the Wollongong and respectively), and also for Garmisch data retrieved with com-

Garmisch data sets, the fits yield intercepts that are relativelynon ACTM prior (slope 0.996(8) or 0.4 per mille rel. dif-

large (typically 200 ppb or: 10 % of the XCH values), but  ference). There are 3 cases where we also find slopes close

these are for all cases not significant withir 2incertainty;  to 1, however, with small deviations from 1 just above (2-

see Table 5. This is a direct consequence of the relativelyr) significance level (Table 5): for Garmisch data retrieved

small dynamical range of XCHof ~ 3% (Fig. 4). Because with common GFIT a priori we find a slope of 0.9980(10),

of this situation we decided to perform fits with zero inter- for Wollongong data corrected to the common ACTM prior

cept, as concluded earlier by Wunch et al. (2010) in an anal41.0026(15), and for Wollongong data retrieved with common

ogous case. GFIT prior we find a slope of 1.0019(17). The slopes of these
The slopes obtained from fits forced through zero are giver3 cases correspond to differences in X0 3.6—-4.8 ppb or

in Table 5 as well. For the majority of cases (5 out of 8) the 1.9-2.6 per mille. Although these NDACC-TCCON differ-

XCHy intercalibration factors (i.e. slopes MIR/NIR) do not ences are significant within @; we want to note that they

differ significantly from 1 within 2¢- uncertainty. This holds are relatively small, i.e. even smaller than the TCCON target

for both Garmisch and Wollongong MIR and NIR data re- accuracy of 3 per mille.

trieved with the original a prioris (slope 0.9998(11) or 0.2

per mille relative difference for Garmisch, slope 0.9987(16)

or 1.3 per mille rel. difference for Wollongong), as well as for

Garmisch and Wollongong data retrieved with the common

WACCM prior (slope 0.9994(10) or 0.6 per mille rel. dif-

ference, and slope 0.9996(16) or 0.4 per mille rel. difference,
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5 Summary on the intercalibration of NDACC and Fig. 9. (a) Lower trace: monthly mean time series of column-
TCCON XCH 4 data averaged methane retrieved from NIR spectral measurements

at Garmisch — retrieved using both GFIT ver. 4.4.10 (release
We conclude from the previous sections (in particular, Ta-999-20091107) used throughout this paper (grey) and the very
ble 5) that the direct comparison of the original Garmisch "6cént update GFIT ver. 4.8.6 (release @§4.2July Update)
and Wollongong MIR and NIR data sets as retrieved ShoWs(green). The (negligible) impact from this GFIT update is shown
s . In the upper tracgb) Same aga) but for Wollongong.

a very good overall agreement within the error bars: slope
0.9998(11) or relative difference 0.2 per mille for Garmisch,
and slope 0.9987(16) or relative difference 1.3 per mille fora joint (NIR plus MIR) data set is shown for Garmisch; the
Wollongong. That is, we do not find the need for applying an monthly means have been constructed from the columns re-
overall MIR/NIR intercalibration factor. trieved from the individual MIR and NIR spectra recorded

However, the Garmisch MIR and NIR time series basedwithin this month, each column weighted by the number of
upon the original retrieval a prioris do contain a significant scans per spectrum.
seasonal bias, which appears to be dominated by the differ- For Wollongong, MIR and NIR data agree well with orig-
ing a priori profiles and averaging kernels of the MIR and inal a prioris (slope =0.9987(16), stdv="7.1 ppb); see Fig. 8b
NIR retrievals. It was shown that this seasonal bias can bdor the joint (MIR plus NIR) data set. The advantage of
significantly reduced by implementing the same a priori for using the common ACTM prior is less prominent in terms
the MIR and NIR data sets. This common a priori should ide-of MIR/NIR stdv (i.e. 6.6 ppb) due to the weaker seasonal
ally be based on a realistic site-specific and time-dependentycle (compared to Garmisch). Another fact is that for the
model. This approach allows for the reduction of the differing Wollongong ACTM case there is this small but signifi-
smoothing errors due to the differing averaging kernels leadcant deviation from the ideal intercalibration factor 1, i.e.
ing to better agreement of the MIR and NIR seasonal cycles1.0026(15). Therefore, a recommended alternative for Wol-
The impact of this is stronger for Garmisch with its more pro- longong would be to use the common WACCM prior leading
nounced (Northern Hemisphere) seasonal cycle compared tto a close-to-ideal slope of 0.9996(16), although the stdv is
Wollongong. As outlined in the previous chapters the bestslightly increased (7.3 ppb). The joint data set based on the
choice for Garmisch is the one with ACTM as common prior WACCM option is displayed in Fig. 8c. Note that there are
(MIR/NIR slope =0.9996(8), stdv =5.2 ppb). In Fig. 8a such practically no differences between Fig. 8b and c.
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realistic (i.e. site- and time-dependent) set of a priori profiles.
Figure 1b shows that these are quite similar to the ACTM
profiles (Fig. 1a). We conjecture that the new GFIT 2012
a priori profiles should be a good choice for use as a com-
mon priori in order to minimize the impact from differing a
priori profiles and smoothing errors for the purpose of joint
NDACC and TCCON studies and satellite validation.

Note: impact of GFIT 2012 update

After completion of this work a new official release of the
GFIT (NIR) retrieval software has become available and been
released (GFIT ver. 4.8.6, release cgg@fl2 July Update).
The main change relative to the GFIT version used in our pa-
per (GFIT ver. 4.4.10, release g@§091107) has been that
the (one) a priori profile used for all sites is now being cor-

rected for the actual tropopause altitude on a per-day and a
per-site basis; see Fig. 1b. Figure 9a shows that the impact
of this update is negligible in terms of the questions inves-
tigated in our paper; i.e. the bias (GFIT 2012 minus GFIT
Fig. 10. Scatter plot of MIR and NIR monthly means, both se- 2009) is only—0.3 (f0.09) ppb for Garmisch and no signifi-
ries retrieved with the standard retrieval a prioris (similar to cant additional seasonality is introduced (difference time se-
Fig. 4a) but using the recent update GFIT ver. 4.8.6 (releasgjes with stdv=0.3 ppb). Also for Wollongong only a small
99g-2012July Update). impact is found in the bias{1.68+ 0.47 ppb) and season-
ality (stdv=1.2 ppb); see Fig. 9b. This means that the ba-
sic findings and conclusions from our paper should hold for
retrievals with the new GFIT version as well. For example,
Fig. 10 also shows that, using the GFIT 2012 version, the
slopes for the direct NIR-MIR comparison are again not sig-
It has been shown recently that the MIR XgHata can be nificantly different from 1, as found previously using GFIT
used as retrieved for trend studies, if such studies are base2009 (Fig. 4a).
on de-seasonalized data (Sussmann et al., 2012). On the other
hand we have shown in this paper that in general the infor-
mation content and smoothing errors of the NIR and MIR Appendix A
retrievals can be significantly different, leading to differing
seasonalities. Therefore, the use of these data sets for satellit@lidity of the linear approximation of Eq. (1)
validation or flux inversions would need to take the a priori
profiles and averaging kernels of the retrievals into account. Equation (1) contains an approximation as it uses averaging
The use of a joint NDACC and TCCON data set for satel- kernels which are linear approximations of the true retrieval
lite validation would ideally be performed using satellite data which is non-linear in the state vecter To investigate the
based on the same common realistic (model) a priori as usedalidity of this approximation within the context of our pa-
for the NIR and MIR ground FTIR data. This can either be per, we performed new retrievals of the full Garmisch MIR
done by reprocessing the satellite data with the common a@and NIR time series using 3-hourly ACTM model profile as
priori or, with less effort, by using Eq. (1). prior and compared this to the alternative way of replacing
In future work we will apply the concepts introduced in the original a priori by ACTM, namely via Eq. (1). These
this study to all other existing stations that perform coinci- two different versions of ACTM-based time series were com-
dent MIR and NIR soundings of column-averaged methanepared to the time series retrieved with original a priori us-
The goal is to further confirm or refine the intercalibration ing 10-min coincidences. The results are shown in Fig. Ala.
behavior found in this work. Here, the differences of the retrievals using ACTM prior and
Finally, we investigated the recent MIR retrieval update the retrievals using the original prior are displayed via red
(GFIT ver. 4.8.6, release gggp12 July_Update; see “Note: crosses. The black crosses are the differences of the retrievals
impact of GFIT 2012 update”). We found that, using GFIT (based on the original a priori) corrected to ACMT prior via
2012, the slopes for the direct NIR-MIR comparison areEq. (1) and the retrieval with the original a priori. It can be
again not significantly different from 1, as found previously seenin Fig. Alathat there are only small differences between
using GFIT 2009. However, GFIT 2012 is based upon a morehe red and black crosses, and this is visualized via green

—— ——
1760 1800

NIR XCH, (ppb)

——
1720

6 Conclusions on joint use of NDACC and TCCON
XCH 4 data
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Fig. Al. Investigation of the validity of the linear approximation within Eq. (). Red: XCH; from Garmisch NIR measurements retrieved

with 3-hourly ACTM profiles minus retrievals using the original (GFIT) prior. Black: same as red but using Eq. (1) for a posteriori exchange
of the a priori profile. Green: difference between red and black — deviations from zero are due to non-linearity of the retrieval. Data basis is
retrievals from individual NIR and MIR spectra constructed from same-day NIR-MIR coincidgbg&ame aga) but for Garmisch NIR
retrievals using the WACCM a priori profile (i.e., the prior of the MIR retrievals),Garmisch MIR retrievals using the 3-hourly ACTM
profiles,(d) Garmisch MIR retrievals using the GFIT a prigie) Wollongong NIR retrievals using the WACCM a priori, a¢f{iWollongong

MIR retrievals using the GFIT a priori.
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Table Al. Impact of non-linearity on XCll from using Eq. (1) for a posteriori exchange of an a priori profile versus performing a retrieval
with exchanged a priori. Data basis is retrievals from individual MIR and NIR spectra, from same-day NIR-MIR coincidences. Uncertainties
are 2 times the standard errors of the mean &rt (2)).

mean bias from non-linearity

(XCHy retrieved with stdv from non-linearity
exchanged a priori minus (XCtetrieved with exchanged a
XCHy4 from use of Eq. 1) priori minus XChlfrom use of Eq. 1)
data set a priori (ppb) (ppb)
Garmisch NIR ACTM 0.5740.001) 0.24
NIR WACCM  —0.50 ¢0.001) 0.12
MIR ACTM 1.19 (£0.012) 1.19
MIR GFIT 0.10 @-0.003) 0.16
Wollongong NIRWACCM 0.67£0.002) 0.24
MIR GFIT —0.08 @0.005) 0.23

crosses. Figure Alb—f show analogous plots of the effects omt 3-hourly intervals for use as a priori in this study. We in-
MIR and NIR retrieval differences by exchanging their orig- terpolated the model profiles for each measurement time on
inal a prioris with ACTM (MIR and NIR), GFIT (MIR), and the model pressure grid and applied this interpolated profile.
WACCM (NIR) a prioris for both stations. We derived from

Fig. A1 numbers on the mean bias and the seasonality of th82 WACCM-based prior

bias introduced by the use of Eq. (1). These are summarized . .
in Table A1. The general finding from Fig. Al and Table A1 Chemical profiles for all targeted NDACC and many back-

is that the non-linearity introduces significant but very small 9r0und species have been generated for all NDACC, TC-

mean biases in both MIR and NIR cases at Wollongong and=ON @nd other sites for use as a priori. These a priori pro-
Garmisch, and also the seasonality of these biases is negligfl/€S have several advantages over other sources of a prioriin-
ble or small. Only in the case of Garmisch data based uporﬁormatlon. The modeled data employs surface emission data

ACTM a priori were non-linearity errors of 1 ppb (bias and that can provide more accurate low-altitude mixing ratios
seasonal/zenith angle dependent stdv) found. that the FTIR retrieval may not be sensitive to and may not

be included in other a priori sources, e.g. satellite profiles.
By deriving a mean a priori from a long-term model run,
the variability of the mean is also determined and is a sole
source variability and a valuable component for understand-
ing smoothing by the retrieval. To the accuracy of the model
the interspecies correlations are self-consistent. The global
B1 ACTM-based prior surface-to-mesosphere model provides consistency for all
sites in the altitude of interest for the FTIR retrievals. The
The model used for obtaining a common a priori profile WACCM model is described in Garcia et al. (2007).
of the MIR and NIR retrievals is the CCSR/NIES/FRCGC  To provide a priori that are as unbiased as possible, the
AGCM-based chemistry transport model (i.e., ACTM), & priori are an average from monthly sampling of the 40-yr
which has been developed for simulating the major long-portion from 1980 to 2020 of a 75-yr CCMVal model inter-
lived greenhouse gases (Patra et al., 2009). The ACTM simucomparison. The CCMVal project is described in Eyring et
lations are conducted at T42 spectral truncations in the horial. (2007) and compares several models under specific IPCC
zontal & 2.8 x ~ 2.8 degrees latitude/longitude) and 67 ver- scenarios for ozone recovery. In particular we use a moderate
tical levels covering the height range from the earth’s surfaceset of scenarios following REF2 and IPCC scenarios A1B for
to the mesosphere«(1.3x10~% o pressure o~ 80km). The ~ greenhouse gas emissions, AR4 for sea surface temperatures
emissions and loss of methane in ACTM are adopted fromand surface halogen as prescribed by WMO/UNEP. Details
the TransCom-Chkisimulation protocol (Patra et al., 2011). can be found in Eyring et al. (2007). These a priori provide
Comparisons showed that formard ACTM simulations of @ reasonable mean from which observations will vary. The a
annual-mean methane are in close agreement (within 1 ppHjriori were tested for applicability at all sites before adoption
with measurements from surface sites as to inter-hemispheri@s an NDACC a priori standard.
gradients (Patra et al., 2011). ACTM-simulated vertical pro-
files of dry-air mole fractions on the native model vertical
grid and nearest horizontal grid of the FTIR sites are sampled

Appendix B

Description of the a priori models
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Fig. C1. Same as Fig. 3 but showing the impact(@hGarmisch NIR retrievals using the Garmisch WACCM a priori profile (i.e. the
standard prior of the Garmisch MIR retrievals) as pri{b},Garmisch MIR retrievals using 3-hourly ACTM profilgg) Garmisch MIR
retrievals using the GFIT a priori profile (i.e. the standard prior of the NIR retrie\dlsyVollongong NIR retrievals using 3-hourly ACTM
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to 3-hourly ACTM profiles via Eq. (1), anfly) Wollongong MIR retrievals using the GFIT a priori profile.
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Fig. C2. Same as Fig. 5 but usir(g) for Garmisch the WACCM a priori profile as common prior (i.e. the standard prior of the Garmisch
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(f) for Wollongong the GFIT a priori profile.
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Fig. C4. Monthly mean NIR-MIR differences (10-min coincidences) for Garmisch retrievals with common ACTM a priori profiles as a
function of solar zenith angle (SZA).
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Fig. C5. Same as Fig. 4 but using the GFIT 2009 a priori profile as a common prior for the MIR and NIR retrievals.
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Abstract. Dry-air column-averaged mole fractions of
methane (XCHg) retrieved from ground-based solar Fourier
transform infrared (FTIR) measurements provide valuable
information for satellite validation, evaluation of chemical-
transport models, and source-sink-inversions. In this con-
text, Sussmann et al. (2013) have shown that midinfrared
(MIR) soundings from the Network for the Detection of At-
mospheric Composition Change (NDACC) can be combined
with near-infrared (NIR) soundings from the Total Carbon
Column Observing Network (TCCON) without the need to
apply an overall intercalibration factor. However, in spite of
efforts to reduce a priori impact, some residual seasonal bi-
ases were identified, and the reasons behind remained un-
clear. In extension to this previous work, which was based on
multiannual quasi-coincident MIR and NIR measurements
from the stations Garmisch (47.48° N, 11.06° E, 743 ma.s.l.)
and Wollongong (34.41° S, 150.88° E, 30 ma.s.l.), we now
investigate upgraded retrievals with longer temporal cov-
erage and include three additional stations (Ny-Alesund,
78.92° N, 11.93° E, 20 ma.s.l.; Karlsruhe, 49.08° N, 8.43° E,
110ma.s.l.; Izafa, 28.31° N, 16.45° W, 2.370ma.s.l.). Our
intercomparison results (except for Ny-Alesund) confirm that
there is no overall bias between MIR and NIR XCHjy4 re-
trievals, and all MIR and NIR time series reveal a quasi-
periodic seasonal bias for all stations, except for lzafia.

We find that dynamical variability causes MIR-NIR dif-
ferences of up to ~30ppb (parts per billion) for Ny-
Alesund, ~ 20 ppb for Wollongong, ~ 18 ppb for Garmisch,
and ~12ppb for Karlsruhe. The mechanisms behind this

variability are elaborated via two case studies, one dealing
with stratospheric subsidence induced by the polar vortex at
Ny-Alesund and the other with a deep stratospheric intrusion
event at Garmisch. Smoothing effects caused by the dynam-
ical variability during these events are different for MIR and
NIR retrievals depending on the altitude of the perturbation
area. MIR retrievals appear to be more realistic in the case of
stratospheric subsidence, while NIR retrievals are more accu-
rate in the case of stratosphere—troposphere exchange (STE)
in the upper troposphere/lower stratosphere (UTLS) region.
About 35% of the FTIR measurement days at Garmisch are
impacted by STE, and about 23 % of the measurement days
at Ny-Alesund are influenced by polar vortex subsidence.
The exclusion of data affected by these dynamical situations
resulted in improved agreement of MIR and NIR seasonal
cycles for Ny-Alesund and Garmisch.

We found that dynamical variability is a key factor in con-
straining the accuracy of MIR and NIR seasonal cycles. To
mitigate this impact it is necessary to use more realistic a
priori profiles that take these dynamical events into account
(e.g., via improved models), and/or to improve the FTIR re-
trievals to achieve a more uniform sensitivity at all altitudes
(possibly including profile retrievals for the TCCON data).
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1 Introduction

Atmospheric methane (CH4) is the most important anthro-
pogenic greenhouse gas after carbon dioxide. The radia-
tive forcing (RF) from emissions of CH4 for 2011 rela-
tive to the preindustrial time (1750) is 0.97 Wm~2 reflect-
ing a significant contribution to the total anthropogenic RF
of 2.29Wm~2 (Stocker et al., 2013). There is a diverse
range of sources of CH4 emissions from the Earth, coming
from biogenic, thermogenic, and pyrogenic formation pro-
cesses. Among these three groups there are several sources
that are driven by anthropogenic activities (livestock breed-
ing, rice cultivation, and exploitation of fossil fuels), whereas
other main sources of CH4 are not directly influenced by hu-
mans (natural wetlands, biomass burning, termites). How-
ever, there are large positive CH4 feedbacks on climate
warming such as increased emissions from wetlands and
melting hydrates (Dlugokencky et al., 2011). The latter pro-
cess has attracted special interest because a fast CH, release
from the insulated hydrate reservoir would cause a massive
warming effect within a few years (Archer, 2007).

Oxidation of atmospheric CHy4 by hydroxyl radicals (OH)
is responsible for about 90 % of the global CH4 sink. The
remainder is absorbed by soils and by reactions with atomic
and chlorine radicals in the stratosphere (Cicerone and Orem-
land, 1988). Another minor oxidation sink is the reaction
with chlorine radicals in the marine boundary layer (Allan
et al., 2007).

As a consequence of an imbalance between CH, sources
and sinks, the global CH,4 surface concentration has in-
creased to ~ 1803 ppb (parts per billion) in 2011, thereby
exceeding the preindustrial levels by about 150 % (Stocker
et al., 2013). Attributing the changes of atmospheric CHy
to source variations on historical timescales (Houweling et
al., 2008; Sapart et al., 2012) as well as in the recent past
(Bousquet et al., 2006, 2011; Kirschke et al., 2013) has
been the subject of extensive research, but is still associ-
ated with uncertainties. The ability to locate CH4 emissions
(anthropogenic and natural) on regional scales will be essen-
tial for future climate policy with regard to emission trading
schemes. For this purpose, it is necessary to reduce the trans-
port uncertainties of inversions. Furthermore, it is manda-
tory to increase the network of CH,4 observations and to im-
prove the accuracy of CH4 measurements. Indeed, the spa-
tiotemporal coverage of atmospheric CH, measurements has
been consistently improved since the early 1980s (Kirschke
et al., 2013). Global networks for surface-based in situ mea-
surements (i.e., Advanced Global Atmospheric Gases Ex-
periment, AGAGE, and network of National Oceanic and
Atmospheric Administration, Earth System Research Lab-
oratory, Global Monitoring Division, NOAA ESRL GMD)
have been developed and airborne measurements in the
free troposphere have been performed (e.g., Wofsy et al.,
2011). Furthermore, remote-sensing measurements of CHy4
columns have been achieved by satellite instruments such as
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SCIAMACHY (Scanning Imaging Absorption Spectrometer
for Atmospheric Cartography) aboard Envisat (Environmen-
tal Satellite) and TANSO (Thermal And Near-infrared Sen-
sor for carbon Observation) on GOSAT (Greenhouse Gases
Observing Satellite). The ground-based equivalents of the
satellite observations are represented by the high-precision
Fourier-transform infrared (FTIR) measurements of the two
established networks NDACC (Network for the Detection of
Atmospheric Composition Change, http://www.ndacc.org/)
and TCCON (Total Carbon Column Observing Network,
http://www.tccon.caltech.edu/; Wunch et al., 2011a), since
both measure the same quantity as satellites.

Because of their high accuracy for column-integrated CHy4
measurements, both TCCON (Butz et al., 2011; Schneis-
ing et al., 2012; Yoshida et al., 2013; Fraser et al., 2013)
and NDACC (Sussmann et al., 2005; De Maziéere et al.,
2008) data have been used for satellite validation. Satellite
retrievals are used extensively in top-down estimates of CHy
emissions (Bergamaschi et al., 2009, 2013; Fraser et al.,
2013; Monteil et al., 2013; Houweling et al., 2014), there-
fore, NDACC/TCCON FTIR retrievals have a strong indirect
influence on the accuracy of inversions. In addition, ground-
based FTIR measurements can be directly utilized for valida-
tion of models (Houweling et al., 2010; Saito et al., 2012; Be-
likow et al., 2013) and inversions (Fraser et al., 2013). Thus,
it is obvious that ground-based FTIR retrievals of column-
averaged CHgy are a cornerstone for satellite retrievals, chem-
ical transport models and inverse models.

By comparing column-averaged dry-air mole fractions of
methane (XCH4) from NDACC and TCCON retrieved at the
sites Garmisch (47.5° N) and Wollongong (34.5° S), Suss-
mann et al. (2013) showed that the data from both networks
can be directly combined without performing an intercali-
bration. Because of its wider spatial and temporal coverage
such a joint data set can provide major benefits for validation
as well as for long-term trend analysis. However, the agree-
ment obtained between NDACC and TCCON retrievals was
not perfect despite applying a refined intercomparison strat-
egy accounting for differing a priori profiles and averaging
kernels. The reasons for these residual differences remained
unexplained from this previous study.

In this paper we extend the previous work by Sussmann et
al. (2013) by updating the FTIR time series and including
three additional stations (Ny-Alesund, 78.9° N, Karlsruhe,
49.1° N, and lzafia, 28.3° N), thereby covering diverse geo-
physical conditions. Besides the intercomparison of NDACC
and TCCON measurements, the main focus of this study is
understanding the impact of dynamical effects such as strato-
spheric subsidence and stratosphere—troposphere exchange
(STE) processes on the residual differences observed be-
tween NDACC and TCCON retrievals of CHyg.

Our paper is structured as follows: the participating FTIR
sites and their measurement settings are introduced in Sect. 2
along with the MIR (midinfrared) and NIR (near-infrared) re-
trieval strategies. After explaining the intercomparison strat-
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Table 1. The FTIR stations of this NDACC versus TCCON inter-
comparison of XCHy, along with geographical coordinates and the
time period of FTIR measurements used.

Site latitude longitude  altitude time period

Garmisch 47.48°N 11.06°E 0.743km  07/2007-12/2012
Wollongong 34.41°S  150.88°E 0.030km  06/2008-12/2012
I1zafa 28.31°N 16.45°W  2.370km  12/2010-12/2012
Karlsruhe 49.08°N 8.43°E 0.110km  04/2010-12/2012
Ny-AIesund 78.92°N 11.93°E 0.020km  03/2005-08/2012

egy the corresponding results are shown in Sect. 3. Section 4
investigates in quantitative terms the impact of dynamical
variability on residual differences between MIR and NIR
retrievals. This is performed via analysis of one case study
showing strong stratospheric subsidence induced by the po-
lar vortex at Ny-Alesund and another case study for a deep
stratospheric intrusion event above Garmisch. Section 5 dis-
cusses what can be done to mitigate the impact of strato-
spheric variability. Finally, Sect. 5 gives a summary and con-
clusions.

2 Ground-based soundings of columnar methane
in the MIR and NIR

The NDACC Infrared Working Group currently consists of
22 sites with measurements dating back up to 2 decades. The
NDACC retrievals are obtained from solar absorption spec-
tra recorded in the MIR spectral range. Since the establish-
ment of TCCON in 2004, solar absorption measurements in
the NIR have started to provide high-precision retrievals of
climate gases, such as CO,, CHy4, and N2O (Wunch et al.,
2011a). Today, there are around 20 operational TCCON sites.

The observational data set obtained from ground-based so-
lar absorption measurements at Garmisch and Wollongong
is extended by 1 year from the previous study of Suss-
mann et al. (2013), until the end of 2012. Additionally, the
intercomparison data set is supplemented by FTIR mea-
surements from three further sites (Ny-Alesund, Karlsruhe,
Izafa), thereby covering diverse geophysical conditions (Ta-
ble 1). The solar FTIR systems of the individual sites are
described in Appendix A. The intercomparison of MIR and
NIR measurements requires that both MIR and NIR observa-
tions are performed in alternating mode.

For the analysis of NDACC- and TCCON-type measure-
ments we used the spectral fitting software SFIT (or PROF-
FIT) and GFIT, respectively (Pougatchev et al., 1995; Hase
etal., 2004; Wunch et al., 2011a). The MIR and NIR retrieval
strategies are identical to the strategies used in Sussmann
et al. (2013), with the exception of the update from GFIT
v.4.4.10 to GFIT v.4.8.6 (GGG2012) which now includes the
use of site- and time-dependent a priori profiles. The retrieval
strategy MIR-GBM v1.1 (Sussmann et al., 2011) is used
for retrieving XCH4 from measurements in the midinfrared
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spectral region (2613-2921 cm~1). Within SFIT (or PROF-
FIT) a full profile retrieval is set up using a Tikhonov L1 reg-
ularization with an altitude-constant regularization strength
applied to an a priori profile given in relative units (percent
scale). One fixed a priori volume mixing ratio (vmr) profile
is used per site, derived from the Whole Atmosphere Chem-
istry Climate Model (WACCM, version 5, 40-year run; Gar-
cia et al., 2007). The MIR XCHy is calculated by dividing
the retrieved total column by the corresponding dry pressure
column. To obtain the daily dry pressure column we used
the NCEP (National Center for Environmental Prediction)
pressure—temperature—humidity profile from 12:00 UT (uni-
versal time) for calculating the air column and water vapor
column.

For the NIR retrievals GFIT uses an iterative method of
scaling the a priori profile to provide the best fit to the mea-
sured spectrum in the near-infrared spectral region (5938-
6076 cm~1). The retrieved total column is divided by the dry
pressure column derived from the simultaneously measured
oxygen column (Wunch et al., 2011a) and subsequently
scaled by the calibration factor 0.976. This calibration is
used to account for spectroscopic uncertainties and was de-
termined from various campaigns using coincident airborne
in situ measurements calibrated to the WMO scale (Wunch et
al., 2010; Geibel et al., 2012). The 2o uncertainty of the cali-
bration factor is ~ 0.2 % and can be regarded as the accuracy
of TCCON XCHgy. In contrast to that, MIR retrievals are used
without calibration, but are optimized to reduce the seasonal
bias due to H,O dependence to < 0.14%. The precision of
MIR and NIR retrievals estimated on 1o diurnal variation is
<0.3%.

For the MIR retrievals we used HITRAN (HIgh-resolution
TRANsmission molecular absorption database) 2000 includ-
ing the 2001 update release (Rothman et al., 2003). For the
NIR retrievals GFIT uses line lists which are based on HI-
TRAN 2004 (Rothman et al., 2004), and HITRAN 2008
(Rothman et al., 2009) including an update by Frankenberg
et al. (2008). Further details of the retrieval strategies can be
found in Sussmann et al. (2013).

Note that the MIR measurements of Karlsruhe and lzafia
were analyzed with the retrieval code PROFFIT instead of
SFIT. Differences in these codes are not expected to have an
impact on the MIR retrievals as shown by Hase et al. (2004).

3 Intercomparison
3.1 Method

In addition to the direct intercomparison of MIR and NIR
retrievals obtained with their individual retrieval a priori pro-
files, we will also investigate the intercomparison results af-
ter reducing the impact of differing a priori profiles of the
MIR versus NIR retrievals. This is achieved by the inter-
comparison strategy proposed by Sussmann et al. (2013);

Atmos. Meas. Tech., 7, 4081-4101, 2014



4084

see Eq. (1) therein. This strategy applies two crucial benefits:
(i) effects from differing a priori profiles are eliminated by an
a posteriori adjustment of the soundings to a common a pri-
ori profile x common; and (ii) differing smoothing terms caused
by the differing averaging kernels are minimized by using
time-dependent and site-dependent profiles xcommon that are
as close as possible to the true profile x e at a site at the mo-
ment of observation. As in Sussmann et al. (2013) we use 3-
hourly sampled CH4 model profiles for x common. The model
profiles are provided by the Center for Climate System Re-
search/National Institute for Environmental Studies/Frontier
Research Center for Global Change (CCSR/NIES/FRCGC)
atmospheric general circulation model (AGCM) based chem-
ical transport model (CTM) (hereafter, ACTM; Patra et al.,
2009, 2011). The ACTM simulations are operated at T42
spectral truncation in the horizontal and 67 vertical levels
reaching from Earth’s surface to the mesosphere (80 km). See
Appendix B in Sussmann et al. (2013) for more details on the
ACTM profiles.

Although the use of Eq. (1) in Sussmann et al. (2013) elim-
inates the impact of differing a priori profiles, differences
(MIR-NIR) can still arise because of different vertical sensi-
tivities for both retrievals. The smoothing term for the MIR
retrieval is (1 — ajyr) (*ommon — *hue)s Where aly 5 is the
total column averaging kernel of the MIR retrieval for model
layer [. The analogous smoothing term for the NIR retrieval
(1 —akyr) (cLommon — Xhue) is different because in general
it holds that aj,r # ak,r. This aspect is crucial for under-
standing the origin of possible residual XCH, differences
(NIR-MIR). The magnitude of such residual XCH, differ-
ences (MIR-NIR) depends on the season because the aver-
aging kernels show zenith angle dependence and, therefore, a
seasonal behavior, shown in Fig. 2 in Sussmann et al. (2013).
This seasonality of residuals will be discussed in Sect. 3.2
below. The differences are largest when the model differs the
most from the true atmospheric profile, which is most likely
to occur in special atmospheric situations. Examples for this
can be cases with strong stratospheric subsidence or strato-
spheric intrusions. Case studies that illustrate this effect will
be discussed in quantitative terms in Sect. 4.

The intercomparison is based on monthly means calcu-
lated from individual MIR and NIR measurements recorded
on the same day. Only months with >5 MIR and >5 NIR
measurements have been included. The criterion of daily co-
incidence ensures that the results of the monthly mean inter-
comparison will also reflect the agreement between NIR and
MIR retrievals on daily and shorter timescales.

3.2 Results

Figure 1a shows a scatter plot of the MIR and NIR monthly
means containing data from all five FTIR sites as retrieved
with their original retrieval a priori profiles. Error bars on
data points are 2o uncertainties derived from the standard
deviation (SD) of the linear slope fit (2 SD/./2) determined
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Figure 1. (a) Scatter plot of MIR and NIR monthly means, both
series retrieved with the standard retrieval a priori profiles. Error
bars on data points are 20 uncertainties derived from the SD of the
linear slope fit (2 SD/4/2). (b) Same as (a) but for using ACTM
profiles as common prior.

separately for each site, see Sussmann et al. (2013) for a
discussion of this error characterization. The linear MIR/NIR
slopes and their corresponding 2o uncertainties are obtained
from linear fits forced through zero. Consecutively, the slope
uncertainty is illustrated behind the slope value in brack-
ets corresponding to the third and fourth decimal place of
the slope value. The linear MIR/NIR slopes (obtained from
linear fits forced through zero) are not significantly differ-
ent from 1 for three stations; i.e., 1.0002(12) for Garmisch,
1.0010(13) for Wollongong and 0.9996(13) for Karlsruhe,
see Table 2. However, they are significantly different from 1
for Izafia (0.9986(06)) and for Ny-Alesund (0.9909(22)). The
slope for lzafia corresponds to a small bias in XCHj (1.4 %o)
whereas there is a relatively big bias for Ny-Alesund of
9.1 %o. This means that the results of the direct intercompar-
ison confirm the conclusion of Sussmann et al. (2013), that

www.atmos-meas-tech.net/7/4081/2014/
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the MIR and NIR data sets could be used together without the
need of an intercalibration (except for Ny-Alesund; possible
reasons will be discussed in Sect. 4).

Figure 1b is the same as Fig. 1a but using ACTM profiles
as common prior. The linear MIR/NIR slopes (obtained from
linear fits forced through zero) are not significantly different
from 1 for Garmisch (0.9994(09)) and lzafia (1.0007(07)).
However, the MIR/NIR slopes are different from 1 for
Karlsruhe (1.0024(11)), Wollongong (1.0030(11)), and Ny-
Alesund (0.9940(19)). It is not obvious that there is a sig-
nificant improvement in the overall agreement of the MIR
and NIR XCH4 monthly means after the adjustment to the
common prior, except at Ny-Alesund, where the difference
of the linear slope from 1 is reduced (from 0.9909(22) to
0.9940(19)) corresponding to a bias of 6 %o. However, as ex-
plained in Sussmann et al. (2013) the main benefit of using
the common ACTM a priori is that the seasonalities of the
MIR and NIR XCHy, time series are in a better agreement.

The MIR and NIR monthly mean time series for all sta-
tions are shown in Fig. 2a—j, retrieved with both their orig-
inal retrieval a priori profiles and with the common ACTM
prior profile. It can be seen that for all stations except 1zafia
the SD of the difference time series (Fig. 2a—j, upper trace)
is reduced by using the ACTM profiles as common prior. For
Izafa there is no reduction of the SD (Fig. 2j) because the
MIR and NIR time series are already in very good agreement
(SD = 2.5 ppb) without applying the a posteriori adjustment
to a common a priori profile (Fig. 2i). This is probably due to
generally favorable measurement conditions at lzafia with a
high fraction of days with unperturbed clear sky conditions.
An overview of all SDs and MIR/NIR slopes is given in Ta-
ble 2.

Although the use of ACTM as a common prior leads to
an improved agreement between MIR and NIR XCHyg, there
are still differences which can reach levels of up to 30 ppb
for Ny-Alesund (Fig. 2b), 20 ppb for Wollongong (Fig. 2d),
18ppb for Garmisch (Fig. 2f), and 12ppb for Karlsruhe
(Fig. 2h). Furthermore, Fig. 2 shows a periodicity in the oc-
currence of the maximum differences at all stations except
Izafa.

A principal explanation for such seasonal differences
(MIR-NIR) has been given in Sect. 3.1; i.e., ACTM pro-
files cannot completely resolve the local dynamical variabil-
ity caused by atmospheric processes such as stratospheric
subsidence or stratosphere—troposphere exchange processes.
In order to investigate this effect in quantitative terms, in the
following section we present a case study of stratospheric
subsidence induced by the polar vortex at Ny-Alesund and
another case study of a deep stratospheric intrusion event at
Garmisch. In addition to that, in Sect. 5 we discuss the po-
tential of different methods to mitigate the impact caused by
stratospheric variability.

www.atmos-meas-tech.net/7/4081/2014/
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4 Effects of dynamical variability
4.1 Impact of subsidence

The motivation for this case study is to demonstrate and ex-
plain the effects of polar subsidence on the MIR and NIR
retrievals (Sect. 4.1.1). Furthermore, the total impact on the
intercalibration results for Ny-Alesund is inferred by exclud-
ing FTIR measurements that are affected by polar vortex sub-
sidence (Sect. 4.1.2).

4.1.1 Case study I: Ny-Alesund on 25 March 2011

As shown by Lindenmaier et al. (2012) and Sinnhuber et
al. (2011) the meteorological conditions during winter/spring
2011 formed a strong polar vortex that persisted into April.
Besides that, high potential vorticity (PV) values of 46 PVU
(potential vorticity unit) on the 450K potential tempera-
ture (PT) surface (ECMWF reanalysis, European Centre for
Medium-Range Weather Forecasts) strongly indicate that
Ny-Alesund was underneath the area of the polar vortex on
25 March 2011.

Therefore, we investigate the impact of replacing the
ACTM-based a priori profile with a strongly subsided CHy4
profile, which is typical for intravortex conditions and may be
more realistic for 25 March 2011 above Ny-Alesund. Such a
profile (labeled MIR a priorisynsideq) iS given in Fig. 3a along
with the ACTM profile for 25 March 2011 and the standard
retrieval a priori profiles. This subsided profile corresponds
to the MIR standard retrieval a priori from WACCM, which
has been modified to account for subsidence according to
Toon et al. (1992), see Appendix B for details.

Figure 4 shows the MIR and NIR XCH, as computed us-
ing the original ACTM as common prior along with the case
using MIR a priorigypsided- It can be seen that in the case
of using the original ACTM as a common prior, there is a
significant difference between the NIR and MIR retrievals
(~ 29 ppb for the time period 08:00-10:00 UT), while there
is good agreement if using the subsided profile MIR a
priorisypsided (Mean difference of ~ 6 ppb for the time period
08:00-10:00 UT). Most of the difference arises from the fact
that the NIR data based on the ACTM prior profile are re-
duced by ~ 31 ppb (for the time interval 08:00-10:00 UT) if
MIR a priorigypsided 1S used instead. For the MIR data the re-
duction due to the use of MIR a priorigypsided iS only ~ 8 ppb.
This is due to the fact that the NIR total column kernels are
not as sensitive as the MIR total column kernels in the lower
stratosphere (see Fig. 3b). Figure C1 shows an analogous plot
with the MIR and NIR retrievals based on their original stan-
dard a priori profiles. The effect of using the subsided profile
(MIR a priorisypsiged) instead of the original standard retrieval
a priori profiles is very similar to the effect described with re-
gard to Fig. 4; i.e., the difference between the NIR and MIR
retrievals is reduced from ~ 37 to ~ 6 ppb (for the time pe-
riod 08:00-10:00 UT). Furthermore, MIR and NIR retrievals

Atmos. Meas. Tech., 7, 4081-4101, 2014
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Table 2. Slope of linear scatter plot fits between multiannual data sets of NIR and MIR XCHy retrievals using varied a priori profiles. Slope
uncertainties are derived from the fit and are at 20. The slope uncertainty is illustrated in brackets corresponding to the third and fourth
decimal place of the slope value; i.e., (12) implies a slope uncertainty of £0.0012. Standard deviations of NIR-MIR differences are provided
as SD. Data are monthly means constructed from same-day measurement coincidences.

fit y =bx
Data set a priori slope b and slope different from  SD (ppb)
20 uncertainty 1 on 20 level?
Garmisch NIR & MIR retrieved with original a priori ~ 1.0002(12) no 8.6
NIR & MIR corrected to ACTM a priori 0.9994(09) no 6.3
Wollongong  NIR & MIR retrieved with original a priori ~ 1.0010(13) no 7.4
NIR & MIR corrected to ACTM a priori 1.0030(11) yes 6.1
Izafa NIR & MIR retrieved with original a priori ~ 0.9986(06) yes 2.5
NIR & MIR corrected to ACTM a priori 1.0007(07) no 3.0
Karlsruhe NIR & MIR retrieved with original a priori  0.9996(13) no 6.1
NIR & MIR corrected to ACTM a priori 1.0024(11) yes 5.1
Ny-Alesund  NIR & MIR retrieved with original a priori  0.9909(22) yes 13.0
NIR & MIR corrected to ACTM a priori 0.9940(19) yes 115

are reduced by 4 and 35 ppb, respectively, compared to the
standard a priori profiles.

Our case study for Ny-Alesund shows in quantitative terms
that the effect of polar subsidence on (x’mon —*kue) €an be
high enough to significantly impact the accuracy of the MIR
and NIR retrievals in a different way. Especially, the NIR re-
trievals are significantly affected when using a priori profiles
which do not account for stratospheric subsidence, because
their averaging kernels are less sensitive in the stratosphere.

4.1.2 Exclusion of subsidence events

While the case study in Sect. 4.1.1 was focused on the differ-
ent impacts of stratospheric subsidence on the MIR and NIR
retrievals for a single day, we now investigate the overall im-
pact of subsidence on the full Ny-Alesund time series used
for the intercomparison of MIR and NIR XCHy retrievals.

To identify the location of the polar vortex and the onset
and breakup dates of the vortex, we used the criteria from
Nash et al. (1996). Thereby, we determined if Ny-Alesund
was inside the vortex or not at the 450 K potential tempera-
ture level (about 18 km altitude). Figure 5 shows the number
of FTIR measurement days at Ny-Alesund that were influ-
enced by the polar vortex together with the total number of
FTIR measurement days, separated by year. As FTIR mea-
surements (MIR and NIR) at Ny-Alesund are typically per-
formed from the middle of March until the end of Septem-
ber, the overlap time with the polar vortex period is limited
to early spring. We found that the relative fraction of FTIR
measurement days influenced by the polar vortex is ~ 63 %
in March and ~ 57 % in April (averaged for the time period
2005-2012).
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All in all, 23% of the FTIR measurement days were in-
fluenced by the polar vortex. These days were excluded
from the MIR/NIR intercomparison and monthly mean scat-
ter plots (MIR versus NIR) were analyzed via linear fits. The
parameters from these fits are listed in Table 3. The linear
MIR/NIR slope of the data set that is corrected to ACTM
as common prior is improved slightly from 0.9940(19) to
0.9950(20) and the SD is further reduced from 11.5 to
11.0 ppb.

Despite these slightly positive effects of the exclusion of
polar vortex situations on the overall intercomparison, there
are still significant residual XCH, differences (MIR-NIR)
for Ny-Alesund, which vary temporally (see Fig. C2). Hence,
we speculate that deviations of the ACTM profiles from the
true profiles in the stratosphere also occur outside the early
spring period. Indeed, besides subsidence, there are further
dynamical processes in the UTLS (upper troposphere/lower
stratosphere) region that may contribute to a variability of the
CHyg profile not captured by ACTM. This assumption is sup-
ported by the fact that the residual XCH, differences from
the stations Garmisch, Wollongong, and Karlsruhe cannot be
linked to the polar vortex subsidence because of their geo-
graphical position. Therefore, the emphasis of Sect. 4.2 lies
on the impact of dynamical variability caused by STE pro-
cesses. Moreover, systematic deviations of the a priori pro-
files in the stratospheric CH4 could also act as a source for
smoothing effects.

4.2 Impact of stratosphere-troposphere
exchange processes

STE processes cause the transport of air-masses across the
tropopause. For a detailed overview of the extensive research
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Figure 2. (a) Lower trace: monthly-mean MIR and NIR time series for Ny-Alesund. Both column series are plotted as retrieved with their
original retrieval a priori profiles. Error bars are 20 uncertainties as explained in Fig. 1. Upper trace: residual time series; i.e., difference time
series of the NIR and MIR data shown in the lower trace. (b) Same as (a) but using for Ny-Alesund a correction to 3-hourly ACTM profiles
as common prior, (c) for Wollongong the original retrieval a priori profiles, (d) for Wollongong a correction to ACTM, (e) for Garmisch the
original retrieval a priori profiles, (f) for Garmisch a correction to ACTM, (g) for Karlsruhe the original retrieval a priori profiles, (h) for

Garmisch a correction to ACTM, (i) for Izafia the original retrieval a priori profiles, and (j) for 1zafia a correction to ACTM.
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Table 3. As Table 2, but only for Ny-Alesund. The data set “Ny-Alesund PV filter” corresponds to MIR and NIR retrievals that are not

influenced by the polar vortex.

fit y =bx
Data set a priori slope b and slope different from  SD (ppb)
20 uncertainty 1 on 20 level?
Ny-Alesund NIR & MIR retrieved with original a priori ~ 0.9909(22) yes 13.0
Ny-Alesund PV filter  NIR & MIR retrieved with original a priori ~ 0.9922(23) yes 124
Ny-Alesund NIR & MIR corrected to ACTM a priori 0.9940(19) yes 115
Ny-Alesund PV filter  NIR & MIR corrected to ACTM a priori 0.9950(20) yes 11.0
30 1820
|a) Ny-Alesund | |b) —MIR 09:21 UT | | & MIRwith ACTM
»s 25 March 2011 — NIR 08:30 UT o MIR with MIR a priori , ..,
7 T 7 7 18004 | ¢ NIRwith ACTM N
¢ NIR with MIR a priori _, ..,

altitude (km)
g

{— MIR a priori

5]~ NIR a priori 1 i
|—ACTM
—MIR apriori_, ..
0+—v——"1———ga—1 . . . . .
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Figure 3. (a) A priori profiles used for analysis of Ny-Alesund
spectra recorded on 25 March 2011. MIR a priori is the stan-
dard a priori profile from WACCM for Ny-Alesund used in
SFIT. NIR a priori is the current a priori profile of GFIT (re-
lease ggg 2012 July Update) for Ny-Alesund. ACTM is the ac-
tual ACTM profile for 25 March 2011 used as a common prior for
standard intercomparison of the NIR and MIR retrievals. MIR a
priorigypsideg 1S @ strongly subsided profile typical for intravortex
conditions as explained in Appendix B used for recorrection of the
NIR and MIR retrievals in a more realistic intercomparison. (b) Av-
eraging kernels for MIR and NIR retrievals using Ny-Alesund spec-
tra recorded on 25 March 2011.

related to STE processes with some focus on processes in
the extratropics we refer to Stohl et al. (2003). A consider-
able part of STE research dealt with the impacts of STE on
the tropospheric ozone (O3) budget due to its relevance to air
quality (Stohl and Trickl, 1999; Stohl et al., 2000; Trickl et
al., 2003, 2010). Recently, by using a high-resolution chem-
ical transport model Lin et al. (2012) were able to show that
stratospheric intrusions in springtime of 2010 significantly
increased surface ozone at high-elevation western US sites.
Whereas ozone-related STE processes have been well
studied, the impact of STE processes on the CH,4 budget has
not been investigated very much. Nevertheless, by observing
a stratospheric intrusion event on 27 March 2010, Xiong et
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Figure 4. Ny-Alesund XCH,4 on 25 March 2011 retrieved from
FTIR data. MIR and NIR retrievals are corrected to the common
ACTM prior (filled squares) and are corrected to a strongly sub-
sided MIR a priori profile (open squares) as shown in Fig. 3a.

al. (2013) revealed that areas with depleted CH, are collo-
cated with enhanced O3 and low tropopause. They analyzed
data from Atmospheric Infrared Sounder (AIRS) retrievals
and used aircraft in situ measurements that confirmed that
CHg depletion occurred down to 550 hPa with a decrease in
mixing ratios of up to 100 ppb.

In order to investigate the (possibly differing) impact
of STE processes on MIR and NIR retrievals of XCHg,
Sect. 4.2.1 deals with a stratospheric intrusion event on
6 March 2008 at Garmisch. After that, the aim of Sect. 4.2.2
is to estimate the percentage of FTIR measurements that
are affected by STE processes, and to identify the conse-
quences for the intercomparison of MIR and NIR retrievals
at Garmisch.

4.2.1 Case study Il: Garmisch on 6 March 2008
Figure 6a shows the single MIR and NIR XCH, values on

6 March 2008 as computed with the a posteriori adjustment
to the common ACTM prior. It is obvious that the agreement
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Figure 5. Number of days with coincident MIR and NIR FTIR mea-
surements at Ny-Alesund. Black: total number; red: only measure-
ment days when the station has been inside the polar vortex.

between MIR and NIR XCHy is very good until 11:00 UTC
(universal time coordinated), but then the NIR XCHjy in-
creases by about 25 ppb within 1h. In contrast to that, the
MIR XCHy, increases only slightly, and this results in high
XCHy residuals (NIR-MIR ~ 15 ppb).

We will show in the following that this significant increase
in XCH, differences within a short timescale of 1 h is caused
by a deep stratospheric intrusion event that was observed by
the tropospheric ozone lidar at Garmisch. Details and illus-
trations of lidar sounding series detecting stratospheric intru-
sions very similar to our 6 March 2008 case can be found,
e.g., in Trickl et al. (2010). The lidar sounding series of
6 March 2008 (Trickl et al., 2014) points to the occurrence
of various layers with elevated ozone levels generated by a
stratospheric intrusion. Until 11:00 UTC, there is one layer
existing approximately in the altitude range of 2-4 km and a
second layer in the range of 6-10 km. Both regions are char-
acterized by enhanced O3 volume mixing ratios (typically up
to 125 ppb). These layers with elevated ozone concentrations
correspond to areas of depleted CH,4 volume mixing ratios.
According to the lidar sounding, after 11:00 UTC there re-
mains only one layer with ozone-rich air masses, i.e., CHy-
depleted air masses in the UTLS region (8-15 km).

To respond to the dynamical variability induced by the
stratospheric intrusion the MIR and NIR retrievals were
recorrected (Fig. 6b). The ACTM profiles were modified
in a simple manner to represent the depletion of CHy
before 11:00UTC (ACTMintrusiont) and after 11:00UTC
(ACTMintrusion2). The magnitudes of the CH4 depletions
used in Fig. 7a correspond to typical values reported in the
study by Xiong et al. (2013).

The transformation of Oz lidar soundings into CHy4 pro-
files is just a semiquantitative approach. However, the recor-
rection of the MIR and NIR retrievals to the modified
ACTM a priori profiles of Fig. 7a results in a nearly per-
fect agreement between MIR and NIR XCH4 as shown
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Figure 6. Garmisch XCH4 on 6 March 2008 retrieved from FTIR
data. (@) MIR and NIR retrievals are corrected to a common ACTM
a priori. (b) MIR and NIR retrievals are corrected to the modified
ACTM profiles shown in Fig. 7a.

in Fig. 6b. The recorrection effect on the NIR retrievals
is small (<5 ppb) because the NIR total column retrievals
shows high sensitivity in the troposphere and the lowest
stratosphere (see Fig. 7b). The effect on the MIR retrievals,
however, is twofold: Although the MIR total column Ker-
nels are not perfectly sensitive in the troposphere (Fig. 7b)
there is almost no recorrection effect on the MIR retrievals
until 11:00UTC. This is because of two smoothing ef-
fects, which compensated each other before the recorrec-
tion was applied. The lower-layer CH4 depletion (Fig. 7a,
ACTMintrusion1, 2—4 km) was underestimated (see MIR aver-
aging kernel in Fig. 7b) while the upper-layer CH,4 depletion
(Fig. 7a, ACTMintrusiont, 6—10km) was overestimated (see
MIR averaging kernel in Fig. 7b). Therefore, there was no net
effect on the MIR retrievals before 11:00 UTC. However, af-
ter 11:00 UTC, MIR XCH, was significantly lower than NIR
XCHy4 because of an overestimation of the CH4 depletion
in the UTLS region (Fig. 7a, ACTMintusion2, 8—15km; see
MIR averaging kernel in Fig. 7b). The recorrection effect on
MIR retrievals after 11:00 UTC corresponds to an increase
in XCH4 of up to 15 ppb. All together, we are able to explain

Atmos. Meas. Tech., 7, 4081-4101, 2014
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Figure 7. (a) ACTM profiles used for the a posteriori correc-
tion of MIR and NIR retrievals of Garmisch spectra recorded on
6 March 2008: ACTMoriginal is the original ACTM profile used in
the correction. ACTMingrusion1 @nd ACTMintrusion2 are the original
ACTM profiles which were modified due to a deep stratospheric
intrusion event on this day. ACTMintrusion1 S used for the recorrec-
tion of retrievals before 11:00 UTC, ACTMintrusion2 i used for the
recorrection of retrievals after 11:00 UTC. (b) Averaging kernels for
MIR and NIR retrievals of Garmisch spectra recorded on 6 March
2008.

the diurnal variation of the recorrected MIR and NIR XCHg4
(Fig. 6b) in relation to the basic features of the stratospheric
intrusion above Garmisch.

Finally, we can understand the significant step in both MIR
and NIR XCHjs which can be seen after 11:00 UTC. The
two tropospheric layers of CHy-depleted air in the time pe-
riod until their dissipation at 11:00 UTC have a bigger im-
pact on XCH,4 compared to the CH,4 depletion in the UTLS
after 11:00 UTC because the relative fraction of air mass is
higher in the troposphere. Therefore, the mean XCH,4 (NIR,
MIR) before 11:00 UTC is about 20 ppb lower than for the
time period after 11:00 UTC. This is the first time that such a
significant intraday increase in XCHg4 (1.15 %) could be de-
tected from ground-based FTIR retrievals and explained by
the dynamical variability of a stratospheric intrusion event.

4.2.2 Exclusion of STE events

For the detection of stratospheric intrusions coincident with
FTIR measurements at Garmisch we adapted an approach for
the analysis of stratospheric intrusions that was introduced
by Trickl et al. (2010). This strategy uses STE trajectories
based on ECMWEF data. These STE trajectories represent a
small subset of 4-day forward trajectories calculated with the
Lagrangian analysis tool (LAGRANTO; Wernli and Davies,
1997) and are defined through two requirements: they are
(i) initially residing in the stratosphere and then (ii) during
the following 4 days are descending by more than 300 hPa
into the troposphere.

Atmos. Meas. Tech., 7, 4081-4101, 2014
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Figure 8. STE trajectories calculated with the tool of ETH Zirich,
based on ECMWEF data. The trajectories were initiated on 16 Au-
gust 2007 at rg = 12:00 UTC. The time positions on the trajectories
for 79, 190+ 2d and g + 4 d are marked by azure, cyan, and black
dots, respectively.The frame of the detection area (2° x 2°) around
Garmisch is marked by the blue square.

For each day, STE trajectories have been calculated for
the start times 00:00 and 12:00UTC, and distributed by
automated electronic mail by ETH Zirich (Swiss Federal
Institute of Technology). As an example, Fig. 8 shows
the intrusion trajectories initiated on 16 August 2007 at
12:00UTC. For the identification of the stratospheric in-
trusions at Garmisch we defined a detection area of £1°
(latitude and longitude) around Garmisch (see Fig. 8 blue
square). The trajectories in Fig. 8 do not touch or pass
through the detection area because, most likely, there will
not be a STE event at Garmisch for the next 4 days. As a
further requirement for counting a stratospheric intrusion, at
least five trajectories should touch or hit the detection area.

In addition, trajectory calculations were carried out with
the HYSPLIT (Hybrid Single Particle Lagrangian Integrated
Trajectory) model. The HYSPLIT trajectories were eval-
uated according to the approach by Trickl et al. (2010,
Sect. 2.3 therein) for identifying stratospheric intrusions at
Garmisch. (Note that the detection analysis of stratospheric
intrusions could not be made for the complete FTIR data set
because of some missing trajectories. Nevertheless, the anal-
ysis covers the majority of the FTIR measurements.)

Our analysis reveals that ~35% of the FTIR measure-
ment days at Garmisch are influenced by STE processes.
When excluding the affected XCH, data the agreement is im-
proved significantly for the original a priori case with regard
to the SD of difference time series NIR-MIR: using the orig-
inal and common ACTM priors (see Fig. C3) it is reduced
from 8.2 to 6.5 ppb and from 6.2 to 4.7 ppb, respectively. The
MIR/NIR slope from the intercomparison with original prior
(Fig. 9a) is not improved, but is still in the range of TCCON

www.atmos-meas-tech.net/7/4081/2014/



A. Ostler et al.: Multistation intercomparison of column-averaged methane from NDACC and TCCON 4091

1820

a) Garmisch: original a priori
n=255
1800 <§ @
¢
=~ R
Qo
Q 1780 &
c A
T Oy S0
2 1760 90
x (4
= 3
= &
1740 o [—1:1
¢ all measurements
¢ without STE-events
1720 T T T T
1720 1740 1760 1780 1800 1820
NIR XCH, (ppb)
1820
b) Garmisch: corrected to ACTM
n=>55
1800 ®
Q
Qo
g 1780 o0
T @
S 17601 ¢ ®
x ¢ ¢
= o,
1740 - 0 —11
¢ all measurements
¢ without STE-events
1720

1720 1 7I40 1 7I60 17I80 18I00 1820
NIR XCH,, (ppb)

Figure 9. Scatter plot of MIR and NIR monthly means for Garmisch
XCHjy obtained from all FTIR measurements (black diamonds) and
FTIR measurements which are not affected by STE events (red di-
amonds), respectively. (a) MIR and NIR XCHj retrieved with their
original retrieval a priori profiles and (b) a posteriori corrected to
common ACTM profiles. Note: the data set is not identical to that
in Sect. 3 because STE trajectories are not available for the com-
plete time series.

accuracy. In the case of the common prior profile (Fig. 9b),
the MIR/NIR slope is slightly improved by the exclusion of
affected data. All fit parameters for the data sets of the STE
analysis at Garmisch are given in Table 4.

The improved agreement is achieved by the fact that mea-
surement days with high residual XCH, differences, caused
by different smoothing terms related to STE, are filtered
out. Winter months are particularly affected by this extra
filter criterion. This is in accordance with Sprenger and
Wernli (2003), who showed that STE in the Northern Hemi-
sphere has a distinct seasonal cycle with a flat maximum
from December to April and a pronounced minimum in Au-
gust and September.

Another outcome from Sprenger and Wernli (2003) is that
at a subtropical site like lzafa, the frequency of STE events
is much lower than at midlatitude sites like Garmisch, Karl-
sruhe, or Wollongong. Hence, the overall impact of STE pro-
cesses on Izafia MIR and NIR retrievals is small compared to
the other sites. This is confirmed by the very good agreement
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between MIR and NIR seasonalities at 1zafia. Also, the polar
site Ny-Alesund is more influenced by STE processes than
Izafia and thereby the MIR and NIR retrievals at Ny-Alesund
are affected by a second mechanism of dynamical variabil-
ity in addition to polar subsidence. Besides that, we expect
that remaining XCHj, differences (NIR — MIR) are caused
by near-surface CH4 variations in combination with different
MIR and NIR retrieval sensitivities. As the high mountain
site Izafa is usually located above the planetary boundary
layer (PBL), there should not be an impact on MIR and NIR
retrievals. In contrast to that, Garmisch is located inside the
PBL and therefore MIR and NIR retrievals are affected by
this CHg4 variability. For this reason, MIR and NIR retrievals
at lzafa are expected to be in better agreement compared to
Garmisch (and this is in line with our results), although re-
trievals affected by STE processes have been excluded for
Garmisch.

Finally, the qualitative findings from the STE analysis of
MIR and NIR retrievals at Garmisch can be transferred di-
rectly to the sites Karlsruhe, Wollongong, and Ny-Alesund.
As explained above, they are consistent with the site-specific
characteristics at |zafia.

5 Mitigation strategies for the stratospheric impact

The stratospheric part of CHy is defined by the position of the
tropopause and the CH,4 vmr gradient in the UTLS. Whereas
the CH4 vmr gradient in the UTLS is the result of large-scale
vertical transport (Brewer—Dobson circulation), the position
of the tropopause depends on synoptic (e.g., polar vortex,
STE) as well as seasonal variations (except for the tropics).
Due to these facts the stratospheric part of CH,4 can produce
a lot of variability and uncertainty (smoothing effects) in the
total column CH4 and, consequently, in XCHg. This vari-
ability can be misleading within the analysis of trends with
regard to tropospheric emissions. Therefore, methods have
been developed to overcome this problem of stratospheric
variability by separating the tropospheric part of CH, from
the total column

First of all, Washenfelder et al. (2003) showed that strato-
spheric tracer—tracer relationships can be used to approxi-
mate the stratospheric CH4 in order to subtract it from the
total column CHy to get a tropospheric CH4 with a theoret-
ical precision of ~0.5%. Their study was based on simul-
taneous NIR retrievals of CH, and hydrogen fluoride (HF)
that is strongly anticorrelated with stratospheric CHg. This
method has been refined by Saad et al. (2014) by explic-
itly accounting for averaging kernels. As a result the mean
precision of tropospheric CH,4 was improved to ~ 0.1 %. At
the same time, Wang et al. (2014) showed that nitrous ox-
ide (N20) can also be an appropriate proxy for stratospheric
CHg, with less H,O dependence compared to HF. In contrast
to NIR, the proxy retrieval is not applicable for MIR mea-
surements, as shown by Sepulveda et al. (2012). However,
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Table 4. As Table 2, but only for Garmisch using MIR and NIR retrievals which are coincident to the STE trajectory data set. Data sets are
divided into monthly means using measurements from all days (Garmisch complete) or only days without STE events at Garmisch (Garmisch

without STE).
fit y =bx
Data set a priori slope b and slope different from  SD (ppb)
20 uncertainty 1 on 2o level?
Garmisch complete NIR & MIR retrieved with original a priori ~ 1.0001(12) no 8.2
Garmisch without STE ~ NIR & MIR retrieved with original a priori ~ 1.0015(11) yes 6.5
Garmisch complete NIR & MIR corrected to ACTM a priori 0.9993(09) no 6.2
Garmisch without STE ~ NIR & MIR corrected to ACTM a priori 1.0002(08) no 4.7

the latter extracted tropospheric CHy4 directly from optimized
profile retrievals in the MIR.

Nevertheless, all methods mentioned have their limita-
tions, e.g., Sepulveda et al. (2014) found that their tropo-
spheric CH4 product can be affected significantly by varia-
tions in the UTLS. They emphasize that tropospheric CHy
with a precision of ~ 0.5% can be derived only by means of
an a posteriori correction of the MIR retrievals. The results of
the proxy methods in the NIR achieve high theoretical preci-
sion indeed, but their accuracy directly depends on the accu-
racy of the total column CH4 which is linked to the quality of
a priori profiles. For example, especially in polar vortex con-
ditions, NIR proxy retrievals are limited due to smoothing
effects (Saad et al., 2014). In the end the smoothing effect
described in Sect. 4.1.1 directly affects the accuracy of the
tropospheric CH4 which points to the importance of realistic
a priori profiles for scaling retrievals. One further problem is
introduced by the complex structure of STE events because
they do not only affect the stratosphere, but also the tropo-
sphere, as shown in Sect. 2.2.1.

Due to these reasons and the fact that our MIR retrieval
strategy is optimized with regard to total columns, we de-
cided to focus on total XCH,. However, a comparison of tro-
pospheric NIR and MIR retrievals is certainly interesting. It
is obvious that such an intercomparison should be performed
with retrieval methods dedicated to tropospheric columns,
and improved a priori profiles that are able to reproduce the
polar vortex subsidence in a realistic way. The NIR proxy
retrievals (Saad et al., 2014; Wang et al., 2014) will bene-
fit from these a priori profiles in the same way as the total
column retrievals. In addition to that, these profiles could be
used by tropospheric MIR profile retrievals (Sepulveda et al.,
2014), thereby acting as a common prior within an intercom-
parison study.

Attention should also be paid to the dependence of XCH4
on stratospheric variability with regard to validation of satel-
lite and model data. This means that the prior and the aver-
aging kernels should be taken into account, particularly as
satellites have their own vertical sensitivities. In the case of
similar vertical sensitivities we can assume that the smooth-
ing effects from satellite and ground-based retrievals are of
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nearly equal magnitude. Hence, remaining differences can
be attributed to other error sources such as systematic er-
rors. Thus, NIR TCCON retrievals may be more valuable
than MIR NDACC retrievals if SWIR (shortwave infrared)
sounders such as GOSAT or SCIAMACHY are concerned.
Furthermore, it is important to be very careful with the inter-
pretation of results when evaluating model data from arctic
regions.

Instead of separating the stratospheric part from the to-
tal column, we tried to detect and exclude situations with
high dynamical variability by analyzing meteorological pa-
rameters (Sects. 4.1.2 and 4.2.2). In future, these meteoro-
logical criteria for exclusion could be installed as additional
information in the prior data (TCCON). Another possibil-
ity for the exclusion of affected data has been presented by
Angelbratt et al. (2011). They used a multiple regression
model with anomalies of HF, carbon monoxide (CO), and
tropopause height to reduce the variability in total column
CHpg. This concept of anomalies can also be transferred to the
retrieval process. Certain threshold values of stratospheric
tracers (HF, N2O) can be implemented as filter criteria for
XCHjy. In Appendix D we show that HF is suitable for de-
tecting polar vortex subsidence. In contrast, the situation with
STE is much more complex and HF cannot be recommended
as an additional filter criterion.

Substantial progress could be achieved when combining
the NIR and MIR measurements in a concurrent retrieval
setup. In this approach the difference in averaging kernels is
not considered as a problem but as an opportunity to differ-
entiate more atmospheric layers. The synergetic potential of
such an approach seems to be more promising in the case of
polar vortex subsidence because the dynamics of subsidence
are not as fine-structured compared to STE events. However,
the main objective of combining both retrievals will be to de-
termine the shape of the stratospheric CHy4 profile. Hence, re-
ducing the uncertainty of the stratospheric CH,4 will be ben-
eficial for models and retrievals. We want to construct such
a combined method and also want to present the method in a
subsequent study.
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6 Summary and conclusions

We have compared MIR (NDACC) and NIR (TCCON) re-
trievals of XCH4 obtained at the sites Garmisch, Karlsruhe,
Izafia, Wollongong, and Ny-Alesund. Our intercomparison
results (Table 2) confirm the major findings from Sussmann
et al. (2013). That is, there is no need to apply an MIR/NIR
intercalibration factor due to very good overall agreement of
the original MIR and NIR data sets as retrieved (except Ny-
Alesund). Furthermore, we showed that the remaining sea-
sonal bias could be reduced by using a realistic site-specific
and time-dependent common prior (ACTM). However, resid-
ual differences in Sussmann et al. (2013) and also in the
present study reached significant levels (up to ~ 30 ppb for
Ny-Alesund), limiting the accuracy of the MIR and NIR sea-
sonal cycles.

In this paper we were able to show that dynamical variabil-
ity is the main source for these residual differences. Thereby,
we complement the outcomes from Sussmann et al. (2013)
with important additional findings about the characteristics
of MIR and NIR retrievals of methane.

In extreme scenarios of atmospheric variability, i.e., strato-
spheric subsidence or deep STE events, the approach using
a common model prior to reducing differing smoothing er-
rors fails because the model profile is likely to deviate from
the true atmospheric CH4 profile. By means of a case study
we showed that stratospheric subsidence at Ny-Alesund is
associated with large differences between MIR and NIR re-
trievals (~29ppb for the time period 08:00-10:00 UT on
25 March 2011). Another case study indicated that a deep
stratospheric intrusion at Garmisch gives rise to residual dif-
ferences of up to ~ 15 ppb. Due to the different vertical sensi-
tivities (averaging kernels), the smoothing effects of MIR and
NIR retrievals are unequal for both case studies. While NIR
retrievals are affected by stratospheric subsidence more than
MIR retrievals, the situation is reversed for STE processes
such as deep stratospheric intrusions. As a consequence, both
the exclusion of Ny-Alesund retrievals affected by strato-
spheric subsidence and the exclusion of Garmisch retrievals
affected by STE processes resulted in improved agreement
of MIR and NIR seasonal cycles (Tables 3, 4).

We found that 23% of the FTIR measurement days at
Ny-Alesund are influenced by the polar vortex and 35 % of
the FTIR measurement days at Garmisch are influenced by
STE. Considering that the high increase in XCH4 of ~ 25 ppb
within 1 h at Garmisch is related to a deep stratospheric intru-
sion, it is obvious that such STE processes are able to intro-
duce a remarkable variation in XCHg4. From the geograph-
ical and seasonal variability of STE presented in Sprenger
and Wernli (2003) we conclude that, in contrast to Izafia,
the other midlatitude sites (Karlsruhe, Wollongong) and the
polar site (Ny-Alesund) are also affected by STE processes.
This is in line with the very good agreement of the MIR and
NIR seasonal cycles for lzafia.
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We conclude that atmospheric variability (subsidence,
STE, and stratospheric variability in general) is a key fac-
tor in constraining the accuracy of MIR and NIR seasonal
cycles. Different vertical sensitivities for both retrievals give
rise to different smoothing effects. We showed that this im-
pact can be mitigated by means of two basically different ap-
proaches. Either situations with high atmospheric variability
are detected and excluded from further analysis or one has
to focus on retrievals of tropospheric XCH4 (Sect. 5). Nev-
ertheless, NIR and MIR XCHy retrievals can be used in in-
versions without limitation of data. For example, inversions
can explicitly account for averaging kernels and a priori pro-
files, thereby reducing the bias between MIR and NIR. At
the same time, both measurements will be consistent with
the model. In addition to that, inverse models are able to take
the smoothing error directly into account.

One step forward would be to use models as a transfer
standard between MIR and NIR column retrievals. Assuming
that only the true CH4 profile is able to harmonize NDACC
and TCCON retrievals of XCHyg, it is possible to construct a
concurrent retrieval setup. The synergetic potential of such a
combined method is based on the different vertical sensitivi-
ties of the retrievals. A study on this subject has already been
initiated and is subject of a subsequent publication.

However, NIR retrievals at polar sites may be improved
by accounting for stratospheric subsidence in the standard
retrieval a priori. Improving the quality of MIR retrievals af-
fected by STE seems to be more complicated due to the di-
versity of STE processes. However, we conjecture that more
realistic a priori profiles from high-resolution models reflect-
ing small-scale processes could help to reduce MIR smooth-
ing effects. An alternative method to overcome this problem
would be to further improve the FTIR retrievals with the tar-
get to achieve a more uniform sensitivity at all altitudes; i.e.,
if the MIR averaging kernel was more evenly weighted with
altitude then the MIR dependence on STE should be reduced.
Also, using a formal optimal estimation (OE) inverse tech-
nique in GFIT could foreseeably help to improve the sensi-
tivity of NIR retrievals to subsidence.

When using NDACC and/or TCCON XCHy, data, it is crit-
ical to be aware of the effects of dynamic events on the accu-
racy of the relevant data set. Depending on the requirements
on data accuracy, NDACC and/or TCCON XCH, data can
be used with or without the exclusion of dynamical events.
Methods to detect these events have been presented in this
study. Given a proper data use based on the findings in this
paper, a joint NDACC and TCCON data set will result in
wider spatial and longer temporal coverage of XCH, data
for the validation of top-down estimates, satellite validation,
and trend studies.
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Appendix A: Description of FTIR sounding sites
Al Garmisch

The Garmisch solar FTIR system (47.48°N, 11.06°E,
743ma.s.l.) is operated by the group Atmospheric Variabil-
ity and Trends at the Institute of Meteorology and Climate
Research — Atmospheric Environmental Research (IMK-
IFU), Karlsruhe Institute of Technology (KIT). Column-
averaged methane is retrieved from FTIR measurements per-
formed with a Bruker IFS125HR interferometer. NIR for-
ward and backward single-scan measurements are recorded
with an InGaAs detector by using a maximum optical path
difference of 45cm. In the MIR spectral range the solar ab-
sorption spectra are detected with an InSb detector using a
maximum optical path difference of 175cm and averaging
six scans with an integration time of approximately 7 min.

The Garmisch FTIR system took part in the aircraft cali-
bration campaign of the EU project IMECC (Infrastructure
for Measurement of the European Carbon Cycle) (Messer-
schmidt et al., 2011; Geibel et al., 2012). Garmisch FTIR
measurements have been used for satellite validation (de Laat
etal., 2010; Morino etal., 2011; Wunch et al., 2011b), carbon
cycle research (Chevallier et al., 2011), and studies of atmo-
spheric variability and trends (e.g., Borsdorff and Sussmann,
2009; Sussmann et al., 2009, 2012). The intercalibration of
MIR and NIR measurements in this study covers the time
period from July 2007 to December 2012.

A2 Wollongong

The Wollongong solar FTIR system (34.41° S, 150.88° E,
30ma.s.l.) is operated by the Centre for Atmospheric Chem-
istry at the University of Wollongong, Australia. The inter-
comparison uses the Wollongong time series of June 2008-
December 2012. In this time period the FTIR measure-
ments were performed with a Bruker IFS125HR instrument.
The settings for NIR measurements are identical to those at
Garmisch. In the MIR spectral range solar absorption spectra
were recorded with an InSb detector, using an optical path
difference of 257 cm and averaging two scans with an in-
tegration time of approximately 4 min. Data obtained from
Wollongong FTIR have contributed to a chemical-transport
model validation by using MIR measurements of strato-
spheric tracer total column abundances (Kohlhepp et al.,
2012).

A3 Karlsruhe

The Karlsruhe solar FTIR system (49.08°N, 8.43°E,
110 ma.s.l.) is operated by the group Ground-based remote-
sensing at the Institute for Meteorology and Climate Re-
search — Atmospheric Trace Gases (IMK-ASF), KIT, Ger-
many. In 2009 a new FTIR container with a Bruker
IFS125HR interferometer was set up for solar absorption
measurements in the MIR and NIR.
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The settings for NIR measurements are identical to those
at Garmisch. MIR measurements are performed with an InSb
detector using a maximum optical path difference of 180 cm.
Four scans are averaged with an integration time of 9.5 min.
This study uses MIR and NIR measurements out of the time
period from March 2010 to December 2012. The Karlsruhe
FTIR system participated in the aircraft calibration campaign
of the EU project IMECC.

A4 lzana

The lzafia solar FTIR system (28.31°N, 16.45°W,
2370ma.s.l.) is located on the Canary lIsland of Tener-
ife and is part of a collaboration between the Meteorological
State Agency of Spain (Spanish acronym: AEMET) and
KIT. It is operated by the lzafia Atmospheric Research
Center and the responsibility for the FTIR experiment lies
with IMK-ASF of the Karlsruhe Institute for Technology.
Because measurements from 2007 to 2010 are affected by
laser sampling ghosts, the intercalibration only uses FTIR
data from December 2010 to December 2012 which have
been recorded with a Bruker IFS125HR interferometer. The
settings for NIR measurements are identical to those at
Karlsruhe. The interferograms for the MIR retrievals are op-
erated with an InSb detector using a maximum optical path
difference of 180 cm before averaging six scans with an in-
tegration time of about 7min. Izafia FTIR measurements
have been used for a long-term validation of tropospheric
column-averaged methane in the midinfrared spectral region
(Sepulveda et al., 2012) and have also been part of a tech-
nical study about a method for ghost correction in historic
near-infrared FTIR measurements (Dohe et al., 2013).

A5 Ny-Alesund

The Ny-Alesund solar FTIR system (78.92°N, 11.93°E,
20ma.s.l.) is part of the the joint French-German Arctic
Research Base AWIPEV (Alfred Wegener Institute for Po-
lar and Marine Research and the French Polar Institute Paul
Emile Victor) on the Svalbard archipelago. The intercalibra-
tion contains FTIR measurements from March 2005 to Au-
gust 2012 which have been performed with a Bruker 120HR
interferometer by the AWI (Alfred Wegener Institute) Pots-
dam and the University of Bremen. Ground-based solar ab-
sorption measurements are operated from the end of March
until the end of September when the polar night begins.

Column-averaged methane is retrieved from double-scan
TCCON-type measurements recorded with an InGaAs diode
using a maximum optical path difference of 30cm. No
DCl/solar intensity variation correction was applied to Ny-
Allesund data. MIR retrievals are recorded with an InSh de-
tector by using an optical path difference of 180 cm. Two
scans are averaged with an integration time of approximately
2.5min.
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Appendix B: Derivation of a typical strongly subsided
CHy profile for Ny-Alesund

Inside the polar vortex, stratospheric subsidence leads to a
depletion of the total columns of tropospheric source gases,
whereas outside the polar vortex the columns of these gases
remain unchanged. Based on the assumption that this varia-
tion of total columns is the result of vertical transport alone,
Toon at al. (1992b) derived a mapping transformation which
links points on the vmr profile outside the vortex to the same
vmr inside according to the relation

VMrsypsided (2) = vmr(z(1 4 DOS)), (B1)

where DOS is the degree of subsidence.

As explained in Sect. 4.1.1, Ny-Alesund was affected by
strong subsidence on 25 March 2011. Therefore, we decided
to use a typical maximum DOS value of 0.44 to account for
subsidence in the MIR and NIR retrievals on 25 March 2011.
Equation (B1) was applied to the MIR original a priori pro-
file (from WACCM) above the tropopause to get a subsided
common prior (see Fig. 3a, MIR a priorigypsided)-
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Appendix C: Supplementary figures
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Figure C1. Same as Fig. 4 but MIR and NIR retrievals as computed with their standard (original) retrieval a priori profiles (filled squares)

and as corrected to a strongly subsided MIR a priori profile (open squares) as shown in Fig. 3a.
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Figure C2. Same as Fig. 2 for Ny-Alesund but excluding retrievals affected from stratospheric subsidence via PV as an extra filter criterion
(see Sect. 4.1.2). (a) NIR and MIR retrievals with their original standard retrieval a priori profiles. (b) NIR and MIR retrievals corrected to
the common ACTM a priori profile.
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Figure C3. Same as Fig. 2 for Garmisch but excluding retrievals affected from STE events (see Sect. 4.2.2). (a) NIR and MIR retrievals with
their original standard retrieval a priori profile. (b) NIR and MIR retrievals corrected to the common ACTM a priori profile.

Atmos. Meas. Tech., 7, 4081-4101, 2014 www.atmos-meas-tech.net/7/4081/2014/



A. Ostler et al.: Multistation intercomparison of column-averaged methane from NDACC and TCCON 4097

Appendix D: Supplementary figures

In Sects. 4.1.2 and 4.2.2 we applied meteorological crite-
ria for detecting situations with polar vortex subsidence, and
STE, respectively. These methods are complex and not really
practicable in the operational retrieval process. In contrast to
that, it seems to be logical to use simultaneous measurements
of stratospheric tracers (HF, N2O) for detecting polar vortex
subsidence and STE. The chemically inert trace gas HF ap-
pears to be an excellent candidate for such an intention since
it is strongly anticorrelated with stratospheric CHj.

In the case of polar vortex subsidence it can be expected
that the stratospheric CH4 depletion involves an enhance-
ment in the HF total column. Figure D1 shows the NIR XHF
daily mean time series of Ny-Alesund. Measurement days
with polar vortex subsidence were identified in Sect. 4.1.2
and are highlighted in Fig. D1. Indeed, it is clearly recogniz-
able that the XHF values are significantly higher (~ factor 2)
at the predominant part of polar vortex situations. Therefore,
we conclude that it would be possible to exclude polar vortex
situations at Ny-Alesund with an XHF threshold of ~ 100 ppt
(parts per trillion).

In contrast to that, the situation is more difficult with re-
gard to STE due to its complex nature. Thus, it is possible
that both enhancements and depletions of CH,4 and conse-
quently HF can occur. Figure D2 shows the NIR XHF daily
mean time series of Garmisch. Days with and without STE
were identified according to Sect. 4.2.2 and can be distin-
guished in Fig. D2. It is obvious that XHF is in same range
of values in situations with STE as in situations without STE.
Hence, XHF is not suitable for the detection of STE events.
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Figure D1. XHF daily mean time series for Ny-Alesund obtained

from NIR measurements (TCCON). Polar vortex days were de-
tected by using the PV criterion by Nash et al. (1996).
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Figure D2. XHF daily mean time series for Garmisch obtained from

NIR measurements (TCCON). The detection of measurement days
affected by STE is described in Sect. 4.2.2.
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Abstract. The distribution of methane (CH,) in the stratosphere can be a major driver of spatial variability in the dry-air
column-averaged CH, mixing ratio (XCHy), which is being measured increasingly for the assessment of CH, surface
emissions. Chemistry-transport models (CTMs) therefore need to simulate the tropospheric and stratospheric fractional
columns of XCH, accurately for estimating surface emissions from XCH,. Simulations from three CTMs are tested against
XCH,4 observations from the Total Carbon Column Network (TCCON). We analyze how the model-TCCON agreement in
XCH, depends on the model representation of stratospheric CH, distributions. Model equivalents of TCCON XCH, are
computed with stratospheric CHy fields from both the model simulations and from satellite-based CH,4 distributions from
MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) and MIPAS CH, fields adjusted to ACE-FTS
(Atmospheric Chemistry Experiment Fourier Transform Spectrometer) observations. In comparison to simulated model
fields we find an improved model-TCCON XCH, agreement for all models with MIPAS-based stratospheric CHy fields. For
the Atmospheric Chemistry Transport Model (ACTM) the average XCH, bias is significantly reduced from 38.1 ppb to 13.7
ppb, whereas small improvements are found for the models TM5 (Transport Model, version 5; from 8.7 ppb to 4.3 ppb), and
LMDz (Laboratoire de Météorologie Dynamique model with Zooming capability; from 6.8 ppb to 4.3 ppb), respectively.
MIPAS stratospheric CH, fields adjusted to ACE-FTS reduce the average XCH, bias for ACTM (3.3 ppb), but increase the
average XCH,4 bias for TMS5 (10.8 ppb) and LMDz (20.0 ppb). These findings imply that the range of satellite-based
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stratospheric CH, is insufficient to resolve a possible stratospheric contribution to differences in total column CH,4 between
TCCON and TMS or LMDz. Applying transport diagnostics to the models indicates that model-to-model differences in the
simulation of stratospheric transport, notably the age of stratospheric air, can largely explain the inter-model spread in
stratospheric CHy and, hence, its contribution to XCH,4. This implies that there is a need to better understand the impact of
individual model transport components (e.g., physical parameterization, meteorological data sets, model horizontal/vertical

resolution) on modeled stratospheric CHy.

1 Introduction

The column-averaged dry-air mixing ratio of methane (CH,), denoted as XCH,, is an integrated measure of CH, with
contributions from the troposphere and the stratosphere. Observations of XCH, contain source/sink information on a global
to regional scale. They are provided by the ground-based networks NDACC (Network for the Detection of Atmospheric
Composition Change, http://www.ndacc.org/; Kurylo, 1991) and TCCON (Total Carbon Column Observing Network,
http://www.tccon.caltech.edu/; Wunch et al., 2011a), and also by satellite-based observation platforms like SCTAMACHY
(Scanning Imaging Absorption Spectrometer for Atmospheric Cartography; Burrows et al., 1995; Frankenberg et al., 2011)
and GOSAT (Greenhouse Gases Observing Satellite; Kuze et al., 2009; Yokota et al., 2009). Satellite-inferred XCH,
observations are increasingly used in atmospheric inverse modelling because of their beneficial spatiotemporal data coverage
(Bergamaschi et al., 2013; Fraser et al., 2013; Monteil et al., 2013; Fraser et al., 2014, Houweling et al., 2014; Wecht et al.,
2014; Cressot et al., 2014; Alexe et al., 2015; Turner et al., 2015; Locatelli et al., 2015). Given the high accuracy of ground-
based XCH, TCCON retrievals, these observations are typically used for the evaluation of both chemistry-transport model
(CTM) simulations (Saito et al., 2012; Belikov et al., 2013; Monteil et al., 2013; Fraser et al., 2014; Alexe et al., 2015;
Turner et al., 2015), and satellite-retrieved XCH, (Parker et al., 2011; Schepers et al., 2012; Dils et al., 2014; Houweling et
al., 2014; Parker et al., 2015; Kulawik et al., 2015; Parker et al., 2015; Pandey et al., 2016; Inoue et al., 2016).

Because of the various influences on XCH,4, however, the interpretation of residual XCH, differences with TCCON may be
difficult. For example, a good agreement between XCH, simulations and observations may suggest that a CTM is able to
represent atmospheric conditions in a realistic way. However, it could also be that systematic model and satellite data errors
in the troposphere and the stratosphere compensate each other. For this reason, it is necessary to extend model validations
with additional atmospheric CH,4 observations that are complementary to XCH,4 observations, like surface or airborne in situ
measurements, or balloon-based vertical profiles (Karion et al., 2010). In the context of a refined model comparison, it is
also possible to separate ground-based XCH, observations into tropospheric and stratospheric partial columns (Washenfelder
et al., 2003; Septlveda et al., 2012; 2014; Wang et al., 2014; Saad et al., 2014).

Model-measurement XCH, residuals are minimized by atmospheric inversions in order to constrain CH4 emission fluxes.
Inversion models are also able to make use of in situ measurements and XCH, observations at the same time in order to

adjust prior emission fluxes. Nevertheless, such inverse models still have to deal with ill-defined XCH, residual biases,
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which, in contrast to well-quantified biases, cannot be attributed to errors in the model or the observations without an
unambiguous assignment (Houweling et al., 2014). Currently, there are various approaches to optimize bias functions within
the inverse model or to construct bias corrections as ad hoc functions of latitude or air mass. Ad hoc bias corrections, like
removing a latitudinal background pattern in XCH, model-observation differences, are common, even though they bear the
risk of obscuring real signals from emissions on the Earth’s surface. Given the fact that the stratospheric contribution relative
to the CH, total column increases from ~5% at the tropics up to ~25% at mid- and high latitudes, model errors in the
representation of stratospheric CH4 mixing ratios are expected to give rise to a latitudinal varying bias (Turner et al., 2015).
Although it is known that CTMs differ by up to ~50% in the simulation of lower stratospheric CH, distributions (Patra et al.,
2011), an atmospheric region with a steep methane gradient of ~ -50 ppb/km, the impact of model errors in stratospheric CHy
on XCH, has not been rigorously quantified up to now. In this context, the goal of this study is to better understand the
sensitivity of XCH4 model-observation differences to the model representation of stratospheric CHy.

Our XCH,; model-observation analysis is based on optimized model simulations from three well-established CTMs on the
one side and accurate XCH, observations from TCCON on the other. The impact of model stratospheric CH, distributions on
XCHy is estimated by replacing modeled stratospheric CHy fields with monthly mean CH, distributions observed by MIPAS
(Michelson Interferometer for Passive Atmospheric Sounding), and by ACE-FTS (Atmospheric Chemistry Experiment
Fourier Transform Spectrometer). In addition to this, we briefly evaluate the model characteristics of stratospheric transport
in order to understand differences between simulated and observed CH, distributions. The paper has the following structure:
After introducing the models (Sect. 2) and the observations (Sect. 3), we present both a direct model-TCCON comparison
and a comparison with refined model data using satellite data products of stratospheric CHy in Sect. 4. The transport

characteristics of the models are discussed in Sect. 5, followed by a summary and conclusions in Sect. 6.

2 Model simulations

The focus of this study is assessing the impact of stratospheric CH4 on XCH,. Therefore, we try to ensure that model
simulations represent tropospheric CH4 mixing ratios as well as possible. For this purpose, we use optimized CH,; model
simulations that have been constrained by surface observations. Our model analysis comprises simulations from three well-
established CTMs that have already been part of the chemistry-transport model inter-comparison experiment TransCom-CHy
(Patra et al., 2011) and used in inverse modelling of CH, emissions. Furthermore, we use model simulations of stratospheric

mean age for an evaluation of model transport characteristics in Sect. 5. Basic model features are given in Table 1.

2.1 ACTM

The ACTM model (Patra et al., 2009a) is an atmospheric general circulation model (AGCM)-based CTM from the Center
for Climate System Research/National Institute for Environmental Studies/Frontier Research Center for Global Change

(CCSR/NIES/FRCGC). Here, we use optimized ACTM simulations presented in Patra et al. (2016) as inversion case 2
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(CH,ags). The ACTM horizontal resolution is ~ 2.8°%2.8° (T42 spectral truncations) with 67 sigma-pressure vertical levels.
The meteorological fields of ACTM are nudged with reanalysis data from the Japan Meteorological Agency, version JRA-25
(Onogi et al., 2007). ACTM uses an optimized OH field (Patra et al., 2014) based on a scaled version of the seasonally
varying OH field from Spivakovski et al. (2000). The concentration fields being relevant for stratospheric CH4 loss — OH,
O('D), and chlorine (Cl) radicals — are based on simulations by the ACTM’s stratospheric model run (Takigawa et al., 1999).
ACTM mean age is derived from the simulation of an idealized transport tracer with uniform surface fluxes, linearly
increasing trend, and no loss in the atmosphere (Patra et al., 2009b). The ACTM simulate the observed CH, inter-

hemispheric gradient in the troposphere and individual in situ measurements generally within 10 ppb (Patra et al., 2016).

2.2 TM5

The global chemistry Tracer Model, version 5 (TMS5) has been described in Krol et al. (2005) and used as an atmospheric
inversion model for CH4 emissions (Bergamaschi et al., 2005; Meirink et al., 2008, Houweling et al., 2014). Here, we use
TMS5 simulations of CH,4 optimized with surface measurements only (Pandey et al., 2016). TMS5 is run with a horizontal
resolution of 6°x4° and a vertical grid of 25 layers. TMS meteorology is driven by the reanalysis data set ERA-interim (Dee
et al., 2011) from the European Centre for Medium Range Weather Forecasts (ECMWF). The simulation of the chemical
CHy, sink uses OH fields from Spivakovski et al. (2000), which have been scaled to match methyl chloroform measurements.
In addition to that, stratospheric CHy loss via Cl and O('D) radicals is simulated using their concentration fields based on the
2-D photochemical Max-Planck-Institute (MPI) model (Bruehl and Crutzen, 1993). Known deficiencies in the TMS5
simulation of inter-hemispheric mixing have been corrected by extending the model with a horizontal diffusion
parameterization that is adjusted to match SF¢ simulations with SF; measurements (Monteil et al., 2013).

TMS5 simulations of sulfur hexafluoride (SF¢) were used to derive stratospheric mean age data. SF¢ mixing ratios are
monotonically increasing with time showing higher mixing ratios in the troposphere than in the stratosphere, given the
transport time from SF¢ surface sources to higher altitudes. This implies that tropospheric and stratospheric SFs mixing ratios
of equal size are separated from each other by a time lag which is commonly defined as mean age of air. In order to derive
mean age from SF¢ model simulations, the same tropospheric SFg reference time series was used as for the derivation of

MIPAS mean age data (see Stiller et al., 2012)

2.3 LMDz

The LMDz (Laboratoire de M¢étéorologie Dynamique model with Zooming capability) is a general circulation model
(Hourdin et al., 2006), that has been used to investigate the impact of transport model errors on inverted CH, emissions
(Locatelli et al., 2013). Here, we use optimized LMDz simulations of CH,, recently presented as LMDz-SP constrained by
surface measurements from background sites (Locatelli et al., 2015). These model simulations are nudged with the ERA-
Interim reanalysis data set for horizontal winds (u,v). LMDz has a horizontal resolution of 3.75°x1.875°, and 39 hybrid

sigma-pressure layers. The chemical destruction of CH, by OH and O('D) is based on prescribed concentration fields

4



10

15

20

25

30

simulated by the chemistry—climate model LMDz-INCA (Szopa et al., 2013). No Cl-based CH, destruction is prescribed in
this version of the model. Besides CH,, LMDz simulations of SFs were used to derive mean age data in analogy to the

method used for TMS.

3 Intercomparison strategy and observations
3.1 Intercomparison strategy

We want to quantify the dependence of the XCH, model-observation agreement on the model representation of stratospheric
CH,4 mixing ratios. For this purpose, we apply original CH, model fields and two corrected CH4 model fields, where we have
replaced the modeled stratospheric CHy by satellite data sets of stratospheric CH, mixing ratios. The first satellite data set
consists of MIPAS CH, observations, whereas the second satellite data set contains MIPAS CH, observations that are
adjusted to ACE-FTS-observed CH, levels. This allows us to represent an uncertainty range for the satellite-based model
correction. Finally, our XCH4 model-observation comparison deals with a triplet of model CH, fields for each CTM.

Using TCCON XCH, observations as validation reference, we evaluate the impact of correcting the modeled stratospheric
CH,4 on XCH,4. Consequently, modeled vertical profiles of CH4 were extracted for each TCCON site and subsequently
converted to XCHy4 by accounting for the TCCON retrieval a priori and vertical sensitivity. This means that model CH,4
profiles are adjusted to the actual surface pressure measured at the time of a single TCCON observation. In addition to that,
model profiles are convolved with the daily TCCON retrieval a priori profiles of CH,, that have been converted from wet-air
into dry-air units by subtracting a daily water vapour profile provided by NCEP (National Centers for Environmental
Prediction).and the averaging kernel depending on the actual solar zenith angle. Thereby, monthly mean CH, profiles from
LMDz also receive a daily component depending on the surface pressure, the TCCON a priori profiles and averaging
kernels. The statistical analysis of XCH4 model-TCCON differences then is based on the daily mean time series for the year

2010 and produces two site-specific parameters: the mean difference (bias) and the residual standard deviation (RSD).

3.2 TCCON observations of column-averaged methane

Solar absorption measurements in the near-infrared (NIR) are performed via ground-based Fourier Transform Spectrometers
(FTS) at TCCON sites across the globe. TCCON-type measurements are analyzed with the GGG software package including
the spectral fitting code GFIT to derive total column abundances of several trace gases (Wunch et al., 2011). The CH, total
column is inverted from the spectra in three different spectral windows centered at 5938 cm™, 6002 cm™, and 6076 cm™. The
spectral fitting method is based on iteratively scaling a priori profiles to provide the best fit to the measured spectrum. The
general shape of the a priori profiles has been inferred from aircraft, balloon and satellite profiles (ACE-FTS profiles
measured in the 30-40° N latitude range from 2003 to 2007). In addition, the shape of the daily a priori profile is vertically
squeezed/stretched depending on tropopause altitude and the latitude of the measurement site. This means, that the

tropopause altitude is used as a proxy for stratospheric ascent/descent to represent the origin of the airmass in the a priori
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profile. XCHy is calculated by dividing the CH4 number density by the simultaneously measured O, number density (a proxy
for the dry-air pressure column).

These XCH, retrievals are a posteriori corrected for known airmass-dependent biases and calibrated to account for airmass-
independent biases, which can, among other errors, arise from spectroscopic uncertainties (Wunch et al., 2011). The airmass-
independent calibration factor, which is determined by comparisons with coincident airborne or balloon-borne in situ
measurements over TCCON sites (Wunch et al., 2010; Messerschmidt et al., 2011; Geibel et al., 2012), allows for a
calibration of TCCON XCHy retrievals to in situ measurements on the WMO scale. Furthermore, the quality of the retrievals
is continuously improved by correcting the influence of systematic instrumental changes over time. As a result of these
improvements there are different versions of the GGG software package. In this study we use TCCON retrievals performed
with version GGG2014 (for details see https://tccon-wiki.caltech.edu/). The TCCON measurement precision (2-¢) for XCH,4
is <0.3% (< 5ppb) for single measurements. For the year 2010, XCH, observations are available from 11 TCCON sites,
listed in Table 2. Knowing that TCCON XCH,4 accuracy can be affected by a strong polar vortex (Ostler et al., 2014), we
exclude high-latitude observations at Sodankyld within the early spring period (March, April, May) from the analysis.
TCCON data were obtained from the TCCON Data Archive, hosted by the Carbon Dioxide Information Analysis Center
(CDIAC: http://cdiac.ornl.gov/). The individual data sets of the TCCON sites used in this study are available at this database.

3.3 Satellite-based data sets of stratospheric methane

In order to correct modeled stratospheric CH, fields, we use satellite-borne MIPAS measurements covering the stratosphere.
As a Fourier-Transform Infrared Spectrometer aboard the Environmental Satellite (Envisat), MIPAS detected atmospheric
emission spectra in the mid-infrared region via limb sounding (Fischer et al., 2008). Profiles of various atmospheric trace gas
concentrations are derived by the research processor developed by the Karlsruhe Institute of Technology, Institute of
Meteorology and Climate Research (KIT IMK) and the Instituto de Astrofisica de Andalucia (CSIC) (von Clarmann et al.,
2003). The MIPAS CH, data set comprises zonal monthly means with a horizontal grid resolution of 5° latitude. In the
vertical, the resolution of the MIPAS CH, fields range from 2.5 to 7 km, see Plieninger et al. (2015a) for more details. As an
additional quality criterion, we only select MIPAS data points that are averaged over more than 300 profile measurements.
As a result, our MIPAS CH, data set typically covers altitudes higher than ~10 km at mid latitudes and heights above ~15
km in the Tropics. This implies that we do not use a thermal or chemical tropopause definition, but use the MIPAS data
where they are available. Therefore, we cannot exclude that our MIPAS-based CH, fields contain some upper tropospheric
MIPAS values, i.e. our definition of stratospheric CHy is not strict from a meteorological point of view.

The corrected model CH,4 profiles rely on original model CH, fields that are merged with MIPAS-based zonal CHy fields
(monthly means) interpolated to the model grid. Merging original model CH, fields/profiles with zonal monthly means
implies that we lose some spatial and temporal variability in the corrected model CH, fields. However, for our aim —
investigating the overall impact of model stratospheric CH, fields on the quantity XCH4 — a monthly mean representation of

stratospheric CHy in the corrected model fields is sufficient.
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In our study we use the strongly revised MIPAS CH, data product for the MIPAS reduced-resolution period from January
2005 to April 2012. This new data set (version VSR_CH4 224/V5R CH4 225) was recently introduced by Plieninger et al.
(2015) with an emphasis on retrieval characteristics. Plieninger et al. (2015) showed that CH4 mixing ratios are reduced in
the lowermost stratosphere when using the new retrieval settings. This finding implies that the high bias of the older CHy
data version in the lowermost stratosphere, which was determined by Laeng et al. (2015), has been partially alleviated.
Nevertheless, a recent comparison study by Plieninger et al. (2016) suggests a remaining positive bias (100 — 200 ppb)
relative to other satellite measurements such as ACE-FTS observations.

For this reason, a second satellite CH,4 data set was constructed by adjusting MIPAS stratospheric CH4 mixing ratios to ACE-
FTS measurements of CH,. Given the sparse data coverage of ACE-FTS observations for the year 2010, we did not use
ACE-FTS measurements directly. Instead, the MIPAS CH, fields were adjusted by offsets relative to ACE shown in Fig. 1,
yielding the second satellite-based CH, data set abbreviated by MIPAS ACE. We used collocated pairs of CH, profiles from
MIPAS and ACE-FTS to derive a CH, offset as a function of altitude and latitude for the year 2010. The collocation criteria
are based on a maximum radius of 500 km and a maximum temporal deviation of 5 hours, which is identical to Plieninger et
al. (2016). Furthermore, the MIPAS averaging kernels were applied to ACE-FTS CH, profiles. ACE-FTS operates in solar
occultation mode (Bernath et al., 2005) and also provides retrievals of several trace gases including CH,4. Here, we use ACE-
FTS data from a research version of the 3.5 retrieval described in Buzan et al. (2015).

Figure 1 shows the CH, offset functions computed as mean differences between MIPAS and ACE-FTS for 30° latitudinal
bands. Figure 1 confirms the findings by Plieninger et al. (2016) that MIPAS is biased positive by ~ 150 ppb relative to
ACE-FTS within the lowermost stratosphere. For higher altitudes (> 25 km), mean differences between MIPAS and ACE-
FTS are larger for the tropical domain (up to 100 ppb) compared to higher latitudes (up to 50 ppb).

3.4 MIPAS-observed mean age

Besides MIPAS CH, observations, we also use MIPAS data sets of stratospheric mean age inferred from SFs measurements.
Here, we use the new MIPAS mean age data set presented by Haenel et al. (2015). This new mean age data set contains
several improvements compared to the previous version introduced by Stiller et al. (2012). For MIPAS, the mean age is
calculated as the average transport time from the tropical troposphere to a certain location in the stratosphere using NOAA
(National Oceanic and Atmospheric Administration) observations as reference. The mean age of stratospheric air is of
special interest for climate research because the distributions of greenhouse gases like ozone critically depend on possible
changes in the stratospheric transport pathways (Engel et al., 2009). Mean age can be inferred from observations of clock-
tracers (concentrations monotonically increasing with time) like SF¢ or CO,, and can also be simulated by models. For this
reason, it is a well-known diagnostic for stratospheric transport being very suitable for the evaluation of model transport
characteristics (Waugh and Hall, 2002). The combined MIPAS data set of stratospheric CH, and mean age is used for the

evaluation of model transport characteristics in Sect. 5.1.
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4 Model-TCCON comparison of column-averaged methane

Figure 2 shows model biases in XCH,4 with respect to TCCON observations, where each TCCON site is represented by its
geographical latitude. For each CTM a triplet of model CH, fields (uncorrected, MIPAS and MIPAS ACE corrected) yields
a triplet of model XCH, biases. All site-specific XCH4 model biases are individually listed in Table 3. In addition, Table 4
provides an average XCH, bias for each model data set, computed as the mean of absolute site-specific biases.

The original XCH,4 bias for ACTM lies in between 18.8 ppb and 51.3 ppb (see Fig. 2a and Table 3). This high bias is
significantly reduced when ACTM stratospheric CH, fields are replaced by satellite-based CH, fields. The model correction
with MIPAS CH, reduces the average ACTM XCHy, bias from 38.1 ppb to 13.7 ppb (see Table 4). Site-specific XCH, biases
are ranging from 4.8 ppb to 19.9 ppb (see Table 3). The model correction with MIPAS ACE reduces the average ACTM
XCHj, bias further from 38.1 ppb to 3.3 ppb (see Table 4) with values in an interval between —9.9 ppb and 3.5 ppb (see Table
3) ), similar to that were expected from the comparison with ACTM simulations with tropospheric measurements (Patra et
al., 2016).

For the original TM5 we detect negative site-specific XCH,4 biases with values between —17.6 ppb and —3.7 ppb (see Fig. 2b
and Table 3). When TMS5 CH, fields are corrected with MIPAS observations, this negative XCH, bias is reduced from -8.7
ppb to -4.3 ppb on average (see Table 3). The corresponding site-specific XCH, biases then are between —11.1 ppb and 8.1
ppb (Table 3). If the MIPAS ACE is applied to TMS5 then the site-specific TM5 XCH, biases are shifted further to the
negative direction with values between —18.3 ppb and —3.7 ppb. In this case the average XCH, bias increased from 8.7 ppb to
10.8 ppb (Table 4).

With respect to TCCON observations LMDz produces both negative and positive XCH, biases ranging from —11.9 ppb
(Wollongong) to 13.0 ppb (Sodankyld), see Fig. 2c and Table 3. The average LMDz XCHj bias is slightly reduced from 6.8
ppb to 4.3 ppb if LMDz is corrected with MIPAS CH, fields (see Table 4). After this correction, site-specific LMDz XCH,
biases lie between —2.9 ppb and 9.1 ppb. Using MIPAS ACE CH; fields for the LMDz model correction produces LMDz
XCHy, biases between —13.8 ppb and —31.1 ppb. At the same time, the average LMDz XCHy, bias is increased from 6.8 ppb
to 20.0 ppb (Table 4).

Overall, our results confirm that the model-TCCON agreement in XCH,4 depends very much on the model representation of
stratospheric CHy. It is obvious that the XCH, offset between ACTM and TCCON is significantly reduced with stratospheric
CHy, fields based on satellite data. By contrast, for TM5 and LMDz the impact of the model correction on the model-TCCON
agreement is ambiguous. In that, the model-TCCON agreement can be improved (with MIPAS), but can also be reduced
(with MIPAS ACE). In order to understand this inter-model spread we look at the differences between modeled and
satellite-retrieved CH, fields. Figure 3 shows zonal and annual averaged CH, mixing ratio differences between MIPAS and
each CTM. Figure 3a illustrates that stratospheric CH, mixing ratios are generally much higher in ACTM than in MIPAS.
The ACTM-MIPAS differences in CHy are increasing from negligible values within the lowermost stratosphere up to 450
ppb in the upper stratosphere. Furthermore, the ACTM-MIPAS difference in CH, also shows a latitudinal dependence, with
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middle and upper stratospheric values increasing towards higher latitudes. The positive bias in stratospheric ACTM CH,
mixing ratios causes a positive ACTM bias in XCH,. In contrast to that, we find negative model-MIPAS differences in
stratospheric CH4 mixing ratios for TM5 (Fig. 3b) resulting in a small negative XCH,4 bias. We identify two altitude regions,
where TM5 modeled CH, mixing ratios are smaller than MIPAS CH, mixing ratios: the lower stratosphere with differences
in CH4 mixing ratios of up to —100 ppb, and the upper stratosphere (> 30 hPa) with maximum CH, differences of ~ —150
ppb. Figure 3c shows the CH, mixing ratio differences between LMDz and MIPAS with noticeable negative CH, differences
of up to —200 ppb within the tropical upper stratosphere. Negative CH, differences (~ —100 ppb) are also visible in the upper
stratosphere of the mid- and high-latitude region. In contrast to this, we identify positive CH, differences of up to 100 ppb
within the middle stratosphere (~ 50 hPa) of the mid and high latitudes. The negative and positive CH, differences partially
cancel out in XCHj,. In analogy to Fig. 3, the CH, differences between model and MIPAS ACE fields are illustrated in Fig.
4. Given the offset adjustment of MIPAS to ACE-FTS (see Fig. 1), the MIPAS ACE CHj fields comprise lower CH4 mixing
ratios compared to MIPAS, mostly in the lower stratosphere. Hence, the ACTM-satellite CH, difference is larger for
MIPAS_ACE fields than for MIPAS fields. For TM5 and LMDz model-satellite CH, differences are shifted into the positive
direction (Figs. 4b and 4c). In other words, modeled stratospheric CH4 mixing ratios appear to be too high when compared to

MIPAS and too low in comparison to MIPAS ACE.

5 Discussion

Our analysis shows that the model-TCCON agreement in XCH, critically depends on the model representation of
stratospheric CH,, which is diverse for the presented CTMs. In the following we discuss possible causes for the inter-model
spread in stratospheric CHy. In addition to that, we evaluate the findings of our XCH4 model-TCCON comparison with

respect to satellite data uncertainty.

5.1 Model transport characteristics as possible cause for inter-model spread in stratospheric methane

An inter-model spread in stratospheric CH, fields has already been detected by Patra et al. (2011) despite applying uniform
fields of OH, Cl, and O'D for all models. Their findings, therefore, suggested a predominant role of transport in the
simulation of CH, vertical distributions. For this reason, we tested here whether differences in the modeling of stratospheric
transport are noticeable. To do this, we follow the approach of Strahan et al. (2011) who sought to understand chemistry
climate model ozone simulations using transport diagnostics. This method is based on the compact relationship between a
long-lived stratospheric tracer and mean age in the lower stratosphere. In their work, they compared simulations and air-
borne observations of N,O/mean age correlations, in order to evaluate the model transport characteristics. Here, we use the
MIPAS data of CH, and mean age as a reference to identify model-to-model differences in the simulation of stratospheric
transport. The MIPAS data are not used to evaluate, whether modeled stratospheric circulations are realistic or not, given the

uncertainties of MIPAS CH, and mean age data. For example, the MIPAS mean age range may be too large, because MIPAS



10

15

20

25

30

mean age can be up to 0.8 years too old due to the impact of mesospheric SFg loss (Stiller et al., 2012). This loss process was
not included in the models used for this study. Moreover, the MIPAS CH, data significantly differs from ACE-FTS CH, data
within the lower stratosphere (see Fig. 1).

In analogy to Strahan et al. (2011) we focus our model transport diagnostics on the tropical domain because tropical
diagnostics quantities allow a better assessment of the individual transport processes ascent and mixing. Annual means of
age and CH; mixing ratios for modeled as well as MIPAS-observed fields were calculated for the lower stratosphere
(30100 hPa) of the tropical domain (10°S—10°N), and of the northern-hemispheric mid-latitude region (35°N—50°N),
respectively. Subsequently, vertical profiles of mean model-MIPAS differences were calculated to provide insight into the
tropical transport characteristics.

Figure 5 illustrates that the model-MIPAS difference of tropical mean age is almost identical for all models. I.e. the model
simulations produce similar mean ages that are younger than MIPAS-observed mean ages. Knowing that mean age only
represents the combined effects of ascent and mixing, we separately look at those two processes being relevant for
stratospheric transport. According to Strahan et al. (2011), the tropical ascent rate is assessed by the horizontal mean age
gradient, calculated as the difference between mid-latitude and tropical mean ages. The model-MIPAS difference of the
tropical ascent rate is shown in Fig. 6, indicating that ACTM and LMDz simulate tropical ascent in similar way. The TM5-
modeled tropical ascent is faster compared to ACTM and LMDz. Next, we look at the tropical model-MIPAS CH,
difference, which is used as a measure for (cumulative) horizontal mixing. Figure 7 reveals that horizontal mixing is
different for ACTM compared to TM5 and LMDz looking very similar. I.e. the horizontal mixing appears to be weaker for
ACTM compared to the other models. Finally, these model transport diagnostics indicate model-to-model differences in the
simulation of tropical ascent and horizontal mixing, which are likely to cause an inter-model spread in model stratospheric
CH, fields.

Indeed, model-to-model differences affecting the simulation of stratospheric transport are present in the vertical/horizontal
resolution, sub-grid-scale physical parameterizations, advection schemes, numerical methods, etc. Furthermore, the
simulation of stratospheric transport depends on the reanalysis data used to drive the model meteorology,. e.g. the ECMWF
reanalysis data set ERA-Interim leads to an improved representation of the stratospheric circulation in comparison to the
older ERA-40 reanalysis data (Monge-Sanz et al., 2007, 2011; Diallo et al., 2012). The ERA-Interim data are used by TMS5
and LMDz, whereas ACTM applies the JRA-25 reanalysis data (Onogi et al., 2007), which is known to have several
deficiencies compared to the newer JRA-55 data (Ebita et al., 2011). However, testing ACTM with both ERA-interim/40 and
JRA-25/55 has not produced significant differences in CH4 simulations (P. Patra, personal communication, 2016). Besides
that, we do not expect that the poor representation of stratospheric CH, by ACTM (with 67 vertical levels) is impacted by a

coarse vertical model grid resolution, as seen for an older version of LMDz (Locatelli et al., 2015).
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5.2 Significance of satellite data range

The model correction with satellite-based CH, fields has an impact on the XCH; model-TCCON agreement, but the
significance of this impact is diverse for the models. For ACTM both satellite-based CH, fields, in particular MIPAS ACE,
clearly yield an improved model-TCCON agreement. For TM5 and LMDz, the model-TCCON agreement can be slightly
improved (with MIPAS), but also reduced (with MIPAS ACE). Thereby, we assert, that original XCH, simulations from
TMS and LMDz lie inside the range that is spanned by the two satellite-based CH, fields. The most prominent feature of the
satellite data range lies within the lower stratosphere where MIPAS-retrieved CH4 mixing ratios are up to 200 ppb higher
than ACE-FTS-retrieved CH4 mixing ratios. Plieninger et al. (2016) also found a similar high bias for MIPAS CH, data in
comparison to satellite-based CH, observations from SCIAMACHY or HALOE (HALogen Occultation Experiment).
Furthermore, they showed that surface measurements provide CH, mixing ratios with slightly lower values than MIPAS-
retrieved CH,4 mixing ratios of the upper troposphere, a finding that is against expectation. For these reasons, it is likely that
our satellite data range is dominated by high biased lower stratospheric MIPAS CH, data. Thus, the model correction with
ACE-FTS-based CH, fields seems more reliable. However, a definite assessment of the satellite data accuracies is not

possible yet due to the lack of an extensive observational data set based on stratospheric in situ measurements.

6 Summary and conclusions

This study analyzed the importance of uncertainties in stratospheric CH4 in comparisons of modeled and TCCON observed
XCHy. Modeled stratospheric CH, fields were substituted by satellite-retrieved CHy fields from MIPAS and ACE-FTS.
Original and satellite-corrected model CH, fields were converted to XCH, and subsequently evaluated by comparison to
TCCON XCHj, observations from 11 sites. This approach and the statistical analysis of XCH4 model-TCCON residuals were
conducted with three well-established CTMs: ACTM, TMS5 and LMDz.

Our model-TCCON XCHj, intercomparison reveals an inter-model spread in XCH, bias caused by an inter-model spread in
stratospheric CHy. For ACTM we find a large average XCH, bias of 38.1 ppb, in contrast to small average XCH, biases of
8.7 ppb for TM5 and 6.8 ppb for LMDz. The ACTM XCHy, bias is reduced by the model correction to 13.7 ppb with MIPAS,
and to 3.3 ppb with MIPAS adjusted to ACE-FTS, respectively. For TMS and LMDz the impact of the model correction with
satellite-based CH,4 fields is ambiguous. In that. the model XCH, bias can be slightly reduced to 4.3 ppb with MIPAS, but
can also be increased to 10.8 ppb for TMS5 and 20.0 ppb for LMDz with MIPAS adjusted to ACE-FTS. This implies that for
TM5 and LMDz the model representation of stratospheric CHy is located within the satellite data range mapped by MIPAS
and ACE-FTS observations.

Possible causes for the inter-model spread in stratospheric CH, have been discussed with an emphasis on model transport
characteristics. Applying tropical transport diagnostics suggests that the poor representation of stratospheric CH, by ACTM
originates from errors in the simulation of transport pathways into and within the stratosphere. However, this only is an

interpretation based on a diagnostic and requires more process-oriented model evaluation of stratospheric transport. The
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inter-model spread in stratospheric CH4 could be quantitatively investigated with a main focus on model-to-model
differences in the simulation of stratospheric transport (physical parameterizations, reanalysis data sets, vertical/horizontal
resolution), e.g., model simulations could be performed with different reanalysis data sets, and/or different physical
parameterizations resulting in a model ensemble for each CTM or a multi-model ensemble consisting of multiple CTM data
sets. This would allow the individual model errors in stratospheric CH,4 to be assessed more precisely.

Overall we state that there is a need for improvement in modeling of stratospheric CH, and, thus, XCH,4. At the same time, a
better quantification of model errors in stratospheric CH, is limited by the uncertainty of satellite data products as used in
this study. This implies that more stratospheric CH, in situ observations are required to validate both satellite-retrieved and
modeled CH, data. A more accurate evaluation of modeled stratospheric CH, fields is particularly reasonable as these CTMs
are used to invert CH, emissions from XCH, data. As surface emission signals in XCH, are small compared to co-resident
XCH, atmospheric background levels, it is necessary to identify minor XCH, biases in the model as done in this study. Of
course, an analogous quality requirement also is needed for ground-based and satellite-borne XCH, data. Indeed, as long as
unallocated and poorly understood differences of several ppb remain between satellite-borne XCH,4 data and optimized

model fields, it is difficult to take a full benefit of satellite XCH,4 data to robustly retrieve regional methane emissions.
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Figure 1. Mean CH, differences between collocated MIPAS and ACE-FTS CH, profiles measured in the year 2010. Mean CH,
differences in parts per billion (ppb) are derived for 30° latitudinal bands indicated by different colours.
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Figure 6. Model-MIPAS differences of the mean age gradient as a transport diagnostics for tropical ascent. The mean age
gradient was calculated as difference between the lower stratospheric mean ages averaged over 35°N—50°N and 10°S—10°N.
Mean age data in years (yr) are calculated as annual means on the MIPAS pressure-latitude grid.
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Table 1. Overview of CTMs used for model-TCCON comparison

Model
Institution Resolution Output Mean age derived from  Reference
name
horizontal® vertical® CH,

1-hourly, idealized transport tracer

ACTM | JAMSTEC  ~2.8x2.8° 670 ) ) Patra et al. (2016)
monthly simulations

T™M5 SRON ~6 x4° 251 daily SF¢ simulations Pandey et al. (2016)

) ) Locatelli et al.
LMDz | LSCE ~3.75x1.875° 397 monthly SF¢ simulations

(2015)

* Longitude x Latitude

® vertical coordinates in sigma-pressure o (pressure divided by surface pressure) and hybrid sigma-pressure 1
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Table 2. Overview of TCCON measurement sites used for the evaluation of chemical transport models. Abbreviations of the site names,
information about geographical location, and number of measurement days in 2010 are provided.

TCCON site Abbreviation Latitude Longitude Days Reference

Sodankyla (Finland) SOD 674°N  26.6 °E 78 Kiviet al. (2014)
Biatystok (Poland) BIA 532°N  23.0°E 120  Deutscher et al. (2014)
Karlsruhe (Germany) KAR 49.1 °N 8.4 °E 79 Hase etal. (2014)
Orléans (France) ORL 480°N 21°E 91 Warneke et al. (2014)
Garmisch (Germany) GAR 47.5 °N 11.1 °E 120  Sussmann et al. (2014)
Park Falls (USA) PAR 46.0 °N 90.3 °W 155 Wennberg et al. (2014a)
Lamont (USA) LAM 36.6 °N 97.5 °W 299 Wennberg et al. (2014b)
Izafia (Tenerife) 1ZA 28.3 °N 16.5 °W 50 Blumenstock et al. (2014)
Darwin (Australia) DAR 12.4 °S 130.9 °E 64  Griffith et al. (2014a)
Wollongong (Australia) | WOL 34.4°S 150.9 °E 142 Griffith et al. (2014b)
Lauder (New Zealand) LAU 45.0 °S 169.7 °E 142 Sherlock et al. (2014a, b)
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Table 4. Average model XCH, bias with respect to TCCON observations in 2010 computed as mean of absolute site-specific biases (see
Table 3). Average XCH, biases in ppb are derived for different model stratospheric CH, fields.

mean XCH, bias
Model stratospheric CH, field | ACTM TMS5 LMDz
Original model 38.1 8.7 6.8
MIPAS 13.7 4.3 4.3
MIPAS ACE 33 108 20.0
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Appendix B:

Personal contribution to the
publications comprising this

dissertation thesis

[1] Sussmann, R., Ostler, A., Forster, F., Rettinger, M., Deutscher, N. M., Griffith, D.
W. T., Hannigan, J. W., Jones, N., and Patra, P. K.: First intercalibration of column-
averaged methane from the Total Carbon Column Observing Network and the Network
for the Detection of Atmospheric Composition Change, Atmos. Meas. Tech., 6, 397418,
doi:10.5194 /amt-6-397-2013, 2013.

e Performed batch processing of Garmisch NDACC retrievals and a priori corrections
for both NDACC and TCCON retrievals in collaboration with F. Forster.

e Refined the a priori correction and the conversion of CHy total column retrievals

into XCHy4 data.
e Computed XCHy data from NDACC retrievals of Garmisch and Wollongong.

e Evaluated the agreement of NDACC and TCCON XCHy data in terms of linear
regression, trend analysis, auto-/cross-corelation, tests on statistical significance

(t-test), and sensitivity of XCHy retrievals to airmass.

e Designed paper plots in cooperation with M. Rettinger.


http://www.atmos-meas-tech.net/6/397/2013/amt-6-397-2013.html

122 Appendix B: . Personal contribution to the publications

e Provided general input to improve the paper, in particular during the review-

process.

[2] Ostler, A., Sussmann, R., Rettinger, M., Deutscher, N. M., Dohe, S., Hase, F.,
Jones, N., Palm, M. and Sinnhuber, B.-M.: Multistation intercomparison of column-
averaged methane from NDACC and TCCON: impact of dynamical variability, Atmos.
Meas. Tech., 7, 4081-4101, doi:10.5194 /amt-7-4081-2014, 2014.

e Developed the ideas and concepts for the paper in iteration with Ralf Sussmann.

e Performed batch processing of Garmisch NDACC retrievals and a priori corrections

for both NDACC and TCCON retrievals.

e Computed XCH, data from NDACC retrievals of Garmisch, Wollongong, Karl-

sruhe, Izafia and Ny-Alesund.
e Analyzed STE-trajectories.

e Performed all paper writing with feedback from Ralf Sussmann (feedback on En-

glish language by Nicholas M. Deutscher).

e Made all response to peer review and paper revision.

[3] Ostler, A., Sussmann, R., Patra, P. K., Houweling, S., De Bruine, M., Stiller,
G. P., Haenel, F. J., Plieninger, J., Bousquet, P., Yin, Y., Saunois, M., Walker, K. A.,
Deutscher, N. M., Griffith, D. W. T., Blumenstock, T., Hase, F., Warneke, T., Wang, Z.,
Kivi, R., and Robinson, J.: Model — TCCON comparisons of column-averaged methane

with a focus on the stratosphere, submitted to Atmos. Meas. Tech., 2016.

e Developed ideas and designed the concept of the published work based on input
and feedback from Ralf Sussmann, Sander Houweling, Prabir K. Patra and Philipe

Bousquet.
e Conducted the analysis of all model, TCCON, and satellite data sets.

e Developed figures and wrote the paper with conceptual advice from Ralf Sussmann,

Sander Houweling and Prabir K. Patra.


http://www.atmos-meas-tech.net/7/4081/2014/amt-7-4081-2014.html
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