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Abstract

The upper troposphere/lower stratosphere (UTLS) plays a crucial role in the climate
system. Changes in the composition and dynamic structure of this atmospheric region
result in particularly large changes in the atmospheric radiation balance. Quantifying
the physical and chemical processes that control UTLS composition therefore repre-
sents an important task. Currently, there is a lack of UTLS observations with sufficient
three-dimensional resolution. The Gimballed Limb Observer for Radiance Imaging of
the Atmosphere (GLORIA) aircraft instrument addresses this observational lack by pro-
viding observations of numerous trace constituents as well as temperature and cloud
structures with an unprecedented combination of vertical resolution (up to 300m) and
horizontal resolution (up to 20km x 20km). As a result, important scientific questions
concerning stratosphere—troposphere-exchange, the occurrence of subvisible cirrus
clouds in the lowermost stratosphere (LMS), polar chemistry and gravity wave pro-
cesses can be addressed, as reviewed in this paper.

1 Introduction

Changes and variability of UTLS composition are major drivers of surface climate
change (e.g., Solomon et al., 2007, 2010). Even small changes of spatially highly vari-
able concentrations of greenhouse gases such as water vapour (H,0) and ozone (O3),
aerosols and cirrus clouds have significant effects on the atmospheric radiation bal-
ance. Improved prediction capabilities of chemistry-climate models (CCM) therefore
rely on a realistic representation of UTLS processes affecting UTLS composition.
UTLS composition is governed by the complex interactions of various physical and
chemical processes that operate at a wide range of temporal and spatial scales (local
to global) as illustrated in Fig. 1. Water vapour and ozone are particularly sensitive
to atmospheric transport due to their steep spatial mixing ratio gradients in this re-
gion. Small-scale trace gas filaments in the UTLS represent an important example of
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structures that are not yet adequately characterised. They arise from chaotic advection
of tracers, driven by the large scale flow (Lorenz, 1963). Dissipation of these structures
is associated with a scale collapse, which occurs in regions of strong wind shear rates.
Riese et al. (2012) showed that even small uncertainties in this dissipation process
(mixing strength) have a significant impact on simulated UTLS composition, for exam-
ple on water vapour and ozone concentrations, and associated radiative effects (see
Fig. 2).

In the past, most progress in our understanding of the UTLS and small-scale pro-
cesses in this region has been made on the basis of detailed airborne in-situ obser-
vations. Satellite limb-observations, e.g. by the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) onboard Envisat (Fischer et al., 2008), provided the
global view, however, at limited spatial resolution. Currently, there is a gap of obser-
vations concerning small-scale trace gas structures and temperature fluctuations, with
a vertical extent of less than 500 m and a horizontal extent of less than 100 km. The
Gimballed Limb Observer for Radiance Imaging of the Atmosphere (GLORIA) is de-
signed to fill this gap by two- and three-dimensional observations with unprecedented
spatial resolution.

This paper describes the scientific objectives of GLORIA. Section 2 gives a brief re-
view of the history of infrared-limb sounding in terms of spatial and spectral resolution.
A brief description of the advanced limb-imaging and tomographic capabilities of GLO-
RIA is given in Sect. 3. In Sect. 4, we discuss important scientific questions in the area
of UTLS composition and dynamics that will be addressed by GLORIA observations in
the coming years. A short summary and conclusion is given in Sect. 5.

2 Infrared limb-sounding

Infrared limb-emission sounders measure the radiance emitted by the atmosphere
along the line of sight (LOS) as illustrated in Fig. 3. The method provides high ver-
tical resolution since the LOS segment for the layer above the tangent point (closest

1537

AMTD

7,15635-1572, 2014

GLORIA scientific
objectives

M. Riese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/1535/2014/amtd-7-1535-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/1535/2014/amtd-7-1535-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

point to the Earth surface) is relatively large compared to other segments and the
total density of the atmosphere exponentially decreases with altitude. Global obser-
vations of atmospheric infrared limb-emissions were therefore made by a number of
low Earth-orbit satellite instruments in order to obtain vertically resolved profile data of
temperature, a variety of trace gases, aerosols, and clouds simultaneously, at daytime
and night-time (e.g., Drummond et al., 1980; Gille and Russel lll, 1984; Roche et al.,
1993; Taylor et al., 1993; Bingham et al., 1997; Offermann et al., 1999; Russell, 1999;
Fischer et al., 2008; Gille et al., 2008). These satellite observations greatly contributed
to our understanding of the 3-D chemical structure and large-scale dynamics of the
middle atmosphere.

For improved horizontal resolution, the Cryogenic Infrared Spectrometers and Tele-
scopes for the Atmosphere (CRISTA) instrument onboard the Shuttle Palette Satellite
(SPAS) employed three telescopes that scanned the Earth horizon in the altitude range
from 10 to 100 km at horizontal angles of 18° apart. By this approach, the large hor-
izontal measurement gap between subsequent orbits, about 2000 km at the equator,
could be filled and a horizontal across-track sampling of about 600 km was achieved.
The along-track sampling was 200 to 400 km, depending on the measurement mode.
CRISTA was successfully operated during two missions of NASA’s Space Shuttle,
STS66 in November 1994 (Offermann et al., 1999) and STS85 in August 1997 (Gross-
mann et al., 2002). During its one week missions, the instrument provided global snap
shots of stratospheric and mesospheric temperature and about 10 trace gases (Riese
et al., 1997, 1999a) with the best three-dimensional spatial resolution of global trace
gas observations achieved up to date. Parts of the CRISTA optical system were later
re-used on the high-flying Russian research aircraft M55-Geophysica by the CRISTA —
New Frontiers (NF) instrument for limb-observations in the UTLS with unprecedented
vertical resolution and along flight-track sampling (e.g., Kullmann et al., 2004; Unger-
mann et al., 2012).

To acquire the most complete set of composition data of the stratosphere, pole-to-
pole over almost a full solar cycle, MIPAS on ESA’s Envisat was focusing on high
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spectral rather than high spatial resolution. It was operating from 2002 until 2012. By
observing the 4 to 15pum range at very high spectral sampling, up to 40 atmospheric
trace gases could be measured in the nominal altitude range from 6 to 68 km (in some
modes extended up to 150 km) at 2 to 4 km vertical spacing and 300 to 500 km along-
track sampling (Fischer et al., 2008). The development of MIPAS onboard Envisat was
based on experience with the balloon-borne precursor MIPAS-B (Fischer and Oelhaf,
1996; Friedl-Vallon et al., 2004) and was later on complemented by the MIPAS-STR
instrument onboard M55-Geophysica (e.g., Piesch et al., 1996; Woiwode et al., 2012).

A new scientific focus of infrared limb sounding is the region of the UTLS owing to
its immense importance for the climate system. Airborne limb-emission sensors such
as MIPAS-STR and CRISTA-NF provide adequate spatial sampling in the UTLS in two
dimensions (vertical and along the flight track) but no spatial sampling in the viewing di-
rection. Lidar observations typically measure two-dimensional curtains (vertical x flight
direction) of a few atmospheric species such as H,O or O;. Many UTLS objectives
require, however, precise three-dimensional observations of temperature and multiple
trace gases with a vertical resolution better than 1 km and a horizontal resolution of
a few 10s of km (e.g., ESA, 2012). To fulfill this requirement, the limb-imaging tech-
niqgue was proposed (Riese et al., 2005; Friedl-Vallon et al., 2006), which combines
high spatial resolution in three-dimensions with high spectral resolution, i.e. a high
number of detectable species.

The infrared limb-imaging technique basically combines two-dimensional detector
arrays with Fourier Transform Spectroscopy (FTS) for about 10 to 10* simultaneous
limb-views in the mid-infrared spectral region. The capabilities of this technique were
studied for application on a satellite in the framework of the Earth Explorer (EE-7)
program by the European Space Agency (ESA, 2012). It could be shown that global
limb-imaging would result in a significant reduction of uncertainties in key physical and
chemical processes in the atmosphere that are currently limiting the predictive capabil-
ities of Earth system and climate models. The concept will therefore be further studied
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in the framework of the ESA Earth Explorer programme and for a proposed German
limb-imaging mission (ATMO-SAT).

3 Airborne infrared limb-imaging with GLORIA

Previous airborne limb-emission sounders such as MIPAS-STR and CRISTA-NF on-
board the high-flying Russian aircraft M55-Geophysica measure multiple trace gases
in the UTLS with high spatial sampling in two dimensions, vertically up to 200 m and up
to 20 km along the flight track. These instruments were successfully employed during
the tropical SCOUT-O3 aircraft campaign in 2005 (e.g., Spang et al., 2008; Hoffmann
et al., 2009), in the framework of the tropical TROCCINOX and the ENVISAT validation
campaigns (Keim et al., 2008), during AMMA-SCOUT in 2006 (e.g., Weigel et al., 2010,
2012; Ungermann et al., 2013), and during the Arctic RECONCILE aircraft campaign
in 2010 (e.g., Woiwode et al., 2012; Kalicinsky et al., 2013; von Hobe et al., 2013).

While CRISTA-NF and MIPAS-STR provide excellent sampling and resolution along
the flight track, the resolution perpendicular to the flight track is limited by the relative
broad weighting functions (about 200 km) of the atmospheric radiative transfer. Also
due to the single detector approach some measurement time is used up for scanning
over the limb, resulting in an irregular sampling of the atmosphere. These limitations
can be overcome by using a 2-D detector instead of single detectors, enabling limb-
imaging instead of limb-scanning (Friedl-Vallon et al., 2014). In addition, this technique
offers a way to get better information on the 3rd horizontal dimension (i.e. along the
line-of-sight) by applying tomographic techniques. GLORIA represents the first realiza-
tion of the infrared limb-imaging technique. lts first deployments took place onboard
M55-Geophysica during the ESA Sounder Campaign 2011 (Essence-11) in Decem-
ber 2011 from Kiruna (Sweden). In summer/autumn 2012, GLORIA was deployed on
HALO during the Transport and Composition in the UT/LMS (TACTS) and Earth Sys-
tem Model Validation (ESMVal) campaigns. Future aircraft campaigns are discussed in
Sect. 4.
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3.1 GLORIA instrument concept and measurement modes

GLORIA combines a classical Fourier transform spectrometer (FTS) with a 2-D detec-
tor array. The instrument takes limb images of the atmosphere from the flight altitude of
HALO or M55-Geophysica down to 4 km with a vertical sampling step of about 150 m
at 10km tangent height. Individual images contain 128 pixels (spectra) in the verti-
cal dimension and 48 pixels in the horizontal dimension. The spectral range of the
observations currently extends from about 780cm™" to 1400cm™". The list of mea-
surable quantities includes temperature, H,O, HDO, O3, CH,4, N,O, CFC-11, CFC-12,
HCFC-12, SFg, HNO3, N,O5, CIONO,, HO,NO,, PAN, C,Hg, H,CO, NH3, and cirrus
cloud quantities like effective radii and ice water content (IWC). Details on the instru-
ment design and calibration are given in the accompanying publications of Friedl-Vallon
et al. (2014) and Kleinert et al. (2014).

GLORIA is operated in a high-spectral, medium-spatial sampling (“chemistry”) mode
and a medium-spectral, high-spatial sampling (“dynamics”) mode (see below). The
spectral samplings are 0.065 cm™! for the chemistry mode and 0.65 cm™! for the dy-
namics mode, respectively. Other combinations of spectral and spatial resolution can
be used, if desirable for a specific scientific objective. In the dynamics mode, the time
saved by running the interferometer at a much shorter optical path difference (i.e. lower
spectral resolution) is used for pannig the line-of-sight from about 45° to 135° with
respect to the aircraft flight-direction. An illustration of the panning, which allows for
tomographic applications, is given in the left panel of Fig. 4. The overlap of different
viewing angles in the same air volume can be used for tomographic retrievals, also in
the case of a linear flight pattern (left panel of Fig. 4). These tomographic capabilities
can be even enhanced by chosing a closed flight pattern as illutrated in the right panel
of Fig. 4 for a circle (Ungermann et al., 2010, 2011). The high spatial density of tangent
points resulting from the large range of viewing angles in a closed-path tomography is
illustrated in Fig. 5. First results of a tomographic measurement of a fine filament of
enhanced HNOj values are presented in Sect. 3.2.
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The GLORIA chemistry mode is optimized in terms of spectral instead of horizontal
resolution. The high spectral sampling of about 0.065 cm™" allows the retrieval of trace
gases which cannot (or less reliably) be derived in the dynamics mode. The larger in-
terferometer sweep time needed for one limb image at maximum spectral resolution
results in a reduced along-track sampling while maintaining the same vertical sampling
at a fixed azimuth angle. The chemistry mode is especially suited for the reconstruc-
tion of 2-D distributions (curtains) of a huge number of trace gases along the flight
track rather than tomographically resolved 3-D temperature or trace gas fields. As an
example, Fig. 6 shows measurements of ethane (C,Hg) retrieved from chemistry mode
measurements on 18 September 2012 for a flight between the Maledives and Zyprus.
C,Hg is a typical tracer for polluted air, being produced by biomass burning and fossil
fuel production with a tropospheric lifetime of few months (Xiao et al., 2008). The en-
hancements of C,Hg in Fig. 6 point to transport of polluted air into the free troposphere
and the UTLS either from local source or large scale advection from the monsoon area.

3.2 First tomographic observations

The first tomographic observations took place during the TACTS and ESMVal aircraft
campaign in summer/autumn 2012. Due to operational aircraft constraints, hexagons
with a typical segment length of 200 km were chosen as closed paths instead of cir-
cles for enhanced tomographic applications. The high tangent point density resulted
in a horizontal resolution of up to 20km x 20km for temperature structures and atmo-
spheric trace species such as ozone, HNO3, CFC-11, and water vapour (Blank, 2013).

Figure 7 shows the HALO flight pattern south of Capetown (Southern Africa) for
12 September 2012 during the ESMVal campaign. GLORIA encountered a situation
with highly variable trace gas fields resulting from a planetary wave breaking event,
which is indicated by a large northward diplacement of polar air at 12 km altitude. Polar
vortex air can be identified by large absolute values of potential vorticity. The HALO
flight track including the position of the tomographic hexagon and indications of tan-
gent point locations is also shown in Fig. 7. GLORIA observations in the tomographic
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volume confirm that this wave breaking event was associated with pronounced small-
scale trace gas filamentation. Figure 8 shows, in fact, the first three-dimensional to-
mographic observation of a small-scale filament of stratospheric air (enhanced HNO4
values), which is surrounded by tropospheric air. A more detailed description of these
tomographic measurements and quantitative retrieval results, including the achievable
vertical and horizontal resolution and error estimates, is given in the accompanying
publication of Kaufmann et al. (2014). GLORIA achieves a vertical resolution up to
300m and a horizontal resolution down to 20km x 20km for temperature structures
and a number of trace gases. This represents an important prerequisite for major con-
tributions to the specific scientific questions outlined in Sect. 4.

4 Specific scientific objectives
4.1 Composition of the extra-tropical UTLS

In the extra-tropical UTLS, air is a mixture of aged air masses, which have been
transported downward by the stratospheric (Brewer—Dobson) circulation through the
deep stratosphere, and young air masses, which have been transported isentropically
from low to high latitudes or convectively upward from the troposphere. An overview
on the processes influencing the extra-tropical UTLS is given by Gettelman et al.
(2011). Some of the important features are illustrated in Fig. 9. The composition of
the extra-tropical lowermost stratosphere (LMS) is strongly influenced by isentropic
(quasi-horizontal) transport of air masses from the tropics. This poleward transport is
related to Rossby-wave breaking and reverses its seasonality at altitudes above 420K
(e.g., Homeyer and Bowman, 2013). Above 420K, transport maximizes during winter
and is related to structures from large-scale planetary tongues (streamers) to filaments
of subtropical air that are mixed into the winter stratosphere (Randel et al., 1993; Riese
etal., 1999b, 2002). Below 420 K, transport maximizes during summer and fall. Related
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intrusions of low latitude air may reach deep into mid and high latitudes (e.g., Pan et al.,
2009; Vogel et al., 2011).

First observations during the HALO missions TACTS and ESMVal in summer/fall
2012 demonstrate the capability of GLORIA to resolve small-scale transport structures
related to wave breaking events (Fig. 8). Dedicated studies of this transport are planned
for the Wave-driven ISentropic Exchange (WISE) campaign (HALO) in autumn 2017.
Major scientific objectves of WISE concern the relationship between the extra-tropical
transition layer (ExTL) and the tropopause inversion layer (TIL), quasi-horizontal trans-
port into the lowermost stratosphere (LMS) above the ExTL, the occurence of sub-
visible cirrus clouds in the LMS, and the influence of the Asian Summer Monsoon on
the water vapour budget in the extra-tropical LMS (see Sects. 4.1.1 to0 4.1.3.). In ad-
dition, the composition of the extra-tropical UTLS may be significantly influenced by
isentropic transport of polar air masses (and subsequent mixing) resulting from the
springtime breakup of the polar vortex. Studies of this influence are in the centre of
the Polar Stratosphere in a Changing Climate (POLSTRACC) campaign (HALO) in
winter/spring 2015/2016.

4.1.1 Extra-tropical transition layer and tropopause inversion layer

The extra-tropical transition layer (ExTL), as illustrated in Fig. 9, is generated by bi-
directional mixing across the tropopause (e.g., Fischer et al., 2000; Hoor et al., 2002;
Krebsbach et al., 2006). The vertical depth of the EXTL is about 25K in the LMS with
respect to the local tropopause (Hoor et al., 2004). The layer is most pronounced dur-
ing summer and exhibits large seasonal variability. The formation of the ExTL is a result
of disturbances of the subtropical jet by large-scale wave activity (timescales of days
to weeks) or transport from below, for example, by warm conveyor belts or deep con-
vection (e.g., Anderson et al., 2012).

Analyses of airborne in-situ observations (Kunz et al., 2009) and satellite observa-
tions (Hegglin et al., 2009) suggest a relation between the ExTL and the dynamical
feature of the tropopause inversion layer (TIL). The TIL represents a vertically narrow
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region of strongly enhanced static stability directly above the extra-tropical tropopause
(Birner et al., 2002, 2006; Wirth, 2003). Several mechanisms contributing to the forma-
tion of the TIL have been discussed such as effects of the residual circulation (Birner,
2010) or baroclinic wave breaking events in the extra-tropics (Son and Polvani, 2007).
Randel et al. (2007) suggest a radiation-controlled formation and maintenance of the
TIL, mainly involving water vapour and ozone.

The relative contributions of dynamics and radiation processes on the formation of
the TIL is still a matter of debate. According to Kunz et al. (2009), a rather well-mixed
EXTL appears to be a pre-requisite for a radiation-controlled formation of the TIL. It
is, however, unclear to what extent the TIL, in turn, affects the spatial distribution of
radiatively active species such as water vapour and ozone. The unique combination of
GLORIA three-dimensional high-resolution observations of temperature, which can be
converted to static stability (N2), water vapour, ozone, and cirrus clouds is ideally suited
to investigate this question. Moreover, GLORIA remote-sensing data will be comple-
mented during WISE by a comprehensive set of in-situ observations, which provides
detailed information on mixing processes based the tracer-tracer correlation technique
and corresponding model simulations (e.g., Vogel et al., 2011).

4.1.2 Quasi-horizontal transport above the ExTL

The composition of the Northern Hemisphere LMS is strongly influenced Rossby-wave
breaking, which occurs mainly over the Northern Atlantic and Pacific during summer
and autumn (e.g., Postel and Hitchman, 1999; Homeyer and Bowman, 2013). Ploeger
et al. (2013) showed that close to the subtropics, the isentropic (quasi horizontal) trans-
port in the upper part of the LMS (around 400K) is mainly caused by the residual
circulation (shallow branch), while at middle to high latitudes large-scale eddy mixing
dominates the horizontal water vapour transport. The dominant influence of frequent
horizontal transport from subtropical latitudes extends up to about 450 K during sum-
mer and fall, and is reflected in a clear anti-correlation between water vapour and
ozone in both Microwave Limb Sounder (MLS) observations (Livesey et al., 2006) and
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simulations by the Chemical Lagrangian Model of the Stratosphere (CLaMS). However,
the study of Ploeger et al. (2013) also revealed significant differences between the ob-
served and simulated anti-correlations that can be attributed to the finite resolution of
the satellite observations and imperfections of the transport simulated by CLaMS. En-
visaged GLORIA measurements during WISE are perfectly suited to test the capability
of models like CLaMS to capture medium und small-scale transport structures (e. g.
filaments) and associated anti-correlations between water vapour and ozone. Another
important objective is the investigation of air masses with enhanced amounts of wa-
ter vapour and pollutants in the LMS, originating from convective uplift by the Asian
Monsoon (see Ploeger et al., 2013). Such air masses have been detected by in-situ
measurements onboard HALO during TACTS and could be traced back to the Asian
Monsoon by CLaMS simulations and trajectory calculations (Vogel et al., 2014).

4.1.3 Occurence of sub-visible cirrus clouds in the LMS

Transport of water vapour also plays an important role for the formation of cirrus clouds.
Presently, the importance of various water vapour pathways into the LMS on sub-visible
cirrus formation is controversially discussed (e.g., Dessler, 2009; Pan and Munchak,
2011). Ground based cloud observations from mid-latitude lidar stations show occa-
sionally subvisible cirrus cloud events at and above the tropopause (Keckhut et al.,
2005). Many of them coincide with observations of a secondary tropopause (Noel
and Haeffelin, 2007). These events may be caused by isentropic water vapour trans-
port from the sub-tropics associated with Rossby-wave breaking (e.g., Eixmann et al.,
2010). Infrared limb observations of cirrus clouds during the CRISTA-2 mission in 1997
also suggest frequent cirrus events around the mid-latitude tropopause (Spang et al.,
2002).

An important issue for the detection of sub-visible cirrus clouds is the sensor sensi-
tivity. Passive nadir sounders substantially underestimate the occurrence of sub-visible
cirrus clouds (SVCs) in comparison to IR limb sounders (e.g., Spang et al., 2012).
Even active lidars are less sensitive and may underestimate the occurence frequency
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of SVCs. For example, the ice water content (IWC) threshold for CALIOP lidar nadir-
observations is in the range of 0.1 to 4 x 1073 gm’s, while IWCs of about 10'6gm‘3
are detectable by infrared limb-viewing for a cirrus cloud layer with a horizontal extent
of about 30 km (or larger) (Spang et al., 2012). The high sensitivity of IR limb sounding
with respect to vertically very thin cloud layers was already demonstrated by Spang
et al. (2008) based on CRISTA-NF observations. GLORIA provides both high sensitiv-
ity and a unique view on the three-dimensional structure of sub-visible cirrus including
their position with respect to the thermal tropopause. Measurements during WISE will
cover the north Atlantic to Scandinavia region, which is a preferential region for sub-
visible cirrus clouds in the LMS (Spang et al., 2014). The high occurence rate in this
region is a result of enhanced Rossby-wave activity (see above) and the occurrence
of warm conveyor belts, which appear to trigger cirrus cloud formation in the upper
troposphere (Spichtinger et al., 2005).

4.1.4 Influence of the Asian Summer Monsoon on UTLS composition

The Asian Monsoon circulation provides an important pathway for air masses from the
troposphere into the upper tropical troposphere and tropical tropopause layer (TTL).
This transport influences the composition of the ascending branch of the Brewer—
Dobson (BD) circulation in the lower stratosphere (Randel et al., 2010) as well as isen-
tropic (quasi-horizontal) transport of water vapour and tropospheric pollutants from the
tropics into the extra-tropical LMS (Ploeger et al., 2013).

An important part of the Asian Monsoon circulation is an anticyclone in the UT ex-
tending from Asia to the Middle East (Park et al., 2007). This anticyclone confines
a region of persistent enhanced pollution caused by rapid vertical transport of polluted
air from e.g. South China, India, and Indonesia by deep convection. Along the eastern
flank of the monsoon anticyclone, air masses are transported equatorwards, affecting
trace gas budgets in the TTL (e.g. heads of tape recorders), which are subsequently
further lifted up by the BD circulation (Konopka et al., 2009, 2010; Ploeger et al.,
2012). Along the western flank of the Asian Monsoon anticyclone, air is transported
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into the extra-tropical LMS (Ploeger et al., 2013). An illustration of associated trans-
port structures is given in Fig. 10 based on ozone concentrations simulated by CLaMS.
Quantitative analyses of the associated transport and mixing processes require two-
and three-dimensional observations of multiple trace gases with the highest achievable
resolution, complemented by detailed (1-D) in-situ observations. GLORIA will provide
such observations onboard M55-Geophysica during the Stratospheric and upper tropo-
spheric processes for better Climate predictions (StratoClim) tropical aircraft campaign
(FP7) in summer 2015.

4.2 Evolution of the polar stratosphere in a changing climate

The polar stratosphere is important for the evolution of the global ozone layer and the
climate system. While the amounts of ozone depleting substances in the stratosphere
are expected to decrease in the next decades due to the restrictions following the Mon-
treal protocol, colder Arctic temperatures may result in a more frequent appearance
of polar stratospheric clouds (PSCs), extended ozone depletion and a delay in global
ozone recovery (e.g., Sinnhuber et al., 2011). Furthermore, chemically processed air
from the polar vortex can enter the mid-latitude LMS via fast transport processes and
can affect the local chemical composition and radiation budget (e.g., Werner et al.,
2010). A detailed understanding of these processes is necessary to allow reliable es-
timations for the evolution of the ozone layer and the role of the polar stratosphere in
the future climate.

Previous studies utilizing the balloon-borne MIPAS-instrument have shown that ac-
curate observations of the budgets of NO, and chlorine species (e.g., Wiegele et al.,
2009; Wetzel et al., 2010) as well as important photochemical processes (Wetzel et al.,
2012) are possible using infrared limb observations. Measurements by MIPAS-STR
and CRISTA-NF have shown that vortex filaments and extra vortex air can be inden-
tified using this technique (e.g., Ungermann et al., 2012; Woiwode et al., 2012) and
allow for detailed studies of stratospheric dynamics in combination with high-resolution
chemistry transport modelling (Kalicinsky et al., 2013). During the HALO campaign
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POLSTRACC in the Arctic winter/spring 2015/16, GLORIA will provide spatially highly
resolved observations allowing detailed investigations of key processes such as NO,
redistribution following denitrification, PSC occurrence and composition, and chlorine
activation and de-activaton. Furthermore, the measurements will allow to study trans-
port processes between vortex and extra vortex air as well as between the LMS and
the UT. Chemical and dynamical processes under the present load of halogens and
the state of climate variables in the middle of the 2010s will be studied in contrast to
what was present 10 to 20 yr ago.

4.3 Gravity wave observations

The atmosphere impacts on surface climate via radiative and dynamical processes.
In particular, there is growing evidence that dynamical couplings in the stratosphere-
troposphere system have a significant impact on regional weather patterns and cli-
mate, mainly through changes of the Northern and Southern Hemisphere Annular
Modes (NAM and SAM, respectively). Predicted changes of the strength of the strato-
spheric BD circulation may also modify tropospheric weather patterns. Small-scale
gravity waves (GWSs) play an important role in these atmospheric couplings but also
represent a major source of uncertainty (Sigmond and Scinocca, 2010). Parameter-
ized gravity wave drag may also account for much of the potential future trend of the
Brewer—Dobson circulation in atmospheric models (e.g., McLandress and Shepherd,
2009; Butchart et al., 2010). However, these effects are far from being well understood.
The largest uncertainties in atmospheric wave dynamics are associated with gravity
waves, their sources, their propagation, and the representation of their characteristics
in global models (Alexander et al., 2010).

The great potential of infrared limb-sounding to provide valuable information on grav-
ity waves has been demonstrated in several studies (e.g. Fetzer and Gille, 1994;
Eckermann and Preusse, 1999; Ern et al., 2006, 2011; Preusse et al., 2009; Geller
et al., 2013). High-resolution 3-D temperature observations (300m x 30km x 30km)
by GLORIA will allow for simultaneous determination of gravity-wave temperature
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amplitudes and associated horizontal and vertical wavelength (wave-vector) down to
the mesoscale. From these quantities direction-resolved momentum-flux can be de-
rived and gravity-waves can be traced back to their sources. This appoach will provide
important constraints for gravity wave models and parametrisations. Corresponding ob-
servations are planned for the HALO campaign Gravity Wave Life Cycle (GW-LCycle),
which is combined with POLSTRACC and will take place in winter/spring 2015/16.

5 Conclusions

In the past, infrared limb-sounding provided a wealth of data for investigations of the
composition and dynamic structure of the middle atmosphere, in particular on the large
scale. A new focus is the region of the upper troposphere/lower stratosphere (UTLS),
which plays a crucial role in the climate system. Currently, there is an observational gap
between synoptic-scale composition structures resolved by satellites and small-scale
variability resolved by airborne in-situ instruments. Filling this gap is essential, because
small- and meso-scale physical and chemical processes (trace gas exchange, clouds,
gravity waves) play a crucial role for the composition and dynamic structure of the
UTLS.

The Gimballed Limb Observer for Radiance Imaging (GLORIA) instrument ad-
dresses the observational gap in the UTLS by providing two- and three-dimensional
observations of temperature structures, trace gases, and subvisible cirrus clouds with
unprecedented spatial resolution. The vertical resolution of the observations is up to
300 m for both dynamics and chemistry mode. Novel tomographic observations provide
a horizontal resolution down to 20km x 20km for temperature structures and most of
the observable trace species. GLORIA therefore provides adequate spatial resolution
for improved process studies in the UTLS.

Important scientific questions for GLORIA concern the interaction of the extra-
tropical transition layer (ExTL) with the Tropopause Inversion Layer (TIL) as well as
isentropic (quasi-horizontal) exchange of air masses between the tropical UT and the
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extra-tropical LMS. The influence of isentropic water vapour transport from the tropics
on the occurence of subvisible cirrus clouds in the LMS can be investigated on the ba- AMTD
sis of GLORIA’s high sensitivity to optically thin subvisible cirrus clouds. Furthermore,

the GLORIA measurements will allow to study ozone and climate-relevant processes 7,1535-1572, 2014

in the Arctic UTLS as well as exchange processes between vortex and extra vortex air
and between the LMS and UT in detail. Besides composition measurements, GLORIA GLORIA scientific
will also enhance our knowledge on gravity-wave processes by providing direction- objectives
resolved momentum flux, and thus, deliver important constraints for gravity wave rep-

resentations in global models. i Az el
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Fig. 1. Processes that determine UTLS composition. The middle shaded blue is the lower-

most stratosphere (LMS), where isentropic surfaces cross the tropopause and facilitate quasi-
horizontal transport (white wave-like arrow).
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Fig. 2. Influence of uncertainties in the atmospheric mixing strength on simulated UTLS ozone
(left) and water vapour (right). Shown are percentage differences for zonally averaged values
(2003) obtained for two simulations with the Chemical Lagrangian Model of the Stratosphere
(CLaMS), spanning the current uncertainty range of atmospheric mixing strength. For details
see Riese et al. (2012).
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Fig. 3. Limb-viewing geometry for a limb sounder. The instrument measures the radiance emit-
ted by the atmosphere along the line of sight (LOS). The LOS altitude that is closest to the Earth
surface is the tangent altitude, the corresponding point is the tangent point. The limb-viewing
geometry yields relatively good vertical resolution as a result of the spherical geometry and the
exponential decrease of atmospheric density with altitude. GLORIA records radiance from all
LOS simultaneously.
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Fig. 4. Flight patterns of GLORIA onboard HALO or M55-Geophysica. The panning range
of the instrument is illustrated by dashed lines. Line-of-sight (LOS) panning allows already for
tomographic measurements during linear flights (left), since a fraction of the air volume covered
is observed from different directions. The tomographic capabilities can be further enhanced by
chosing a closed flight pattern like a circle (right).
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Fig. 5. Visualisation of a hexagonal flight pattern and corresponding tangent points. Each color
corresponds to limb-observations obtained for one flight segment. For example, red points cor-
respond to measurements made during the first flight segment and blue points correpond to
measurements made during the last flight segment. The tangent point density is highest in
a 2-3 km thick layer below the flight level. For details see (Ungermann et al., 2010).
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Fig. 7. Meteorological situation during the ESMVal flight on 12 September 2012. Coloured
areas indicate potential vorticity (PV) values at 12 km altitude. The flight path is shown by the
coloured line. Operation phases in the dynamics mode and chemistry mode are shown in yellow
and green, respectively. The tomographic measurement, indicated by the hexagon, was made
in an area of strong wave activity as reflected in the PV field.
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Fig. 8. First tomographic observation of a three-dimensional small-scale structure during
a HALO flight on 12 September 2012. The HALO flight track at about 14 km is indicated by
dark grey bars. The tomographic measurement volume extends down to about 12 km. Indi-
vidual tangent points are presented by small white spheres. The most prominent feature is
a filament of stratospheric air (enhanced HNO; values) that is surrounded by tropospheric air.
The filament is illustrated by the 2.7 ppbv contour of enhanced HNO; values. In addition, some
cross sections of HNO; values through the tomographic volume are displayed.

1570

AMTD

7,15635-1572, 2014

GLORIA scientific
objectives

M. Riese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/1535/2014/amtd-7-1535-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/1535/2014/amtd-7-1535-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

£
=
()]
©
=
=
=
< 10—
e
51~ JJA
L L L | 1 ! PR | y L y | ! ! AR |
0 20 40 60 80

Latitude

Fig. 9. lllustration of dynamical and chemical structure of the UTLS for Northern Hemisphere
summer (JJA) conditions (adapted from Fig. 2b of Gettelman et al., 2011). The thick black line
represents the thermal tropopause for the period 2002 to 2008. Dotted lines are isentropes.
Black solid contours indicate the location of the subtropical jet (STJ). Areas of enhanced static
stability (tropopause inversion layer) are indicated by red color shading. The Extratropical Tran-
sition Layer (EXTL) is represented in dark blue and the lowermost stratosphere (LMS) above
the EXTL in light blue.
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Fig. 10. Ozone distribution in the upper part of the Asian monsoon anti-cyclone (about 18 km)
for 9 August 2003 as simulated by the CLaMS model with a horizontal resolution of around
25 km. The Asian monsoon has a strong influence on the composition of the tropical tropopause
region (TTL). “Young” tropospheric air (low ozone) results from fast convective upward-transport
in the centre of the Asian monsoon. Quasi-horizontal mixing of older extra-tropical stratospheric
air (high ozone values) into the TTL occurs at the edge of the highly variable anticyclone.
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