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Abstract. PREMIER is one of three candidates for ESAs 1 Introduction

7th Earth Explorer mission that are currently undergoing fea-

sibility studies. The main mission objective of PREMIER is Numerous previous satellite missions have used the infrared
to quantify processes controlling atmospheric composition inlimb-emission sounding technique for atmospheric remote
the mid/upper troposphere and lower stratosphere, a regiosensing. Global observation of atmospheric infrared limb-
of particular importance for climate change. To achieve thisemissions represents a reliable technique to obtain vertically
objective, PREMIER will employ the first satellite Fourier resolved profile data of temperature, a variety of trace gases,
transform infrared limb-imager with a 2-D detector array aerosols, and clouds simultaneously, at daytime and at night-
combined with a millimetre-wave limb-sounder. The in- time. First global infrared limb-emission observations of an
frared limb-imager can be operated in a high spatial reso-extensive number of atmospheric trace species were made by
lution mode (“dynamics mode”) for observations of small- LIMS (Limb Infrared Monitor of the Stratospher&ille and
scale structures in atmospheric temperatures and trace g&tussel 1l 1984 and SAMS (Stratospheric and Mesospheric
fields with unprecedented 3-D sampling (0.5 km in the ver- SounderPrummond et a.1980 aboard the Nimbus 7 satel-
tical direction, 50 km along track, 25km across track). In lite. Trace gas fields obtained from these sensors and follow-
this paper, a fast tomographic retrieval scheme is presentedn instruments such as the CRISTA instrumdRiege et al.
which is designed to fully exploit the high-resolution radi- 1999 greatly contributed to our understanding of the three-
ance observations of the dynamics mode. Based on a dedimensional composition, structure and large-scale dynam-
tailed analysis of the “observational filter”, we show that the ics of the middle atmosphere. Early 2002 ESA launched
dynamics mode provides unique information on global distri- Envisat, a polar-orbiting Earth observation satellite, which
butions of gravity waves (GW). The achievable vertical res-included the Michelson Interferometer for Passive Atmo-
olution for GW observations has values between the verti-spheric Sounding (MIPAS) instrumeriischer et al.2008

cal sampling (0.5 km) of the dynamics mode and the verticalfor infrared limb-emission observations with high spectral
field of view (about 0.75km). The horizontal across track resolution. MIPAS significantly expanded the number of
resolution corresponds to the horizontal across track samdetectable species and the corresponding height range com-
pling of 25 km. Since the achievable along track horizontal pared to previous space missions.

resolution is about 70 km, the dynamics mode will provide  All previous instruments have used telescopes with scan-
GW limb-observations with a horizontal resolution compa- ning mirrors or one-dimensional detector arrays to obtain
rable to nadir sounders. Compared to previous observationgrofile information of atmospheric trace species. While these
PREMIER will therefore considerably extend the range of previous instruments were rather restricted in terms of spatial
detectable GWs in terms of horizontal and vertical wave-resolution (and in particular horizontal sampling), the PRE-
length. MIER mission (Process Exploration through Measurements
of Infrared and millimetre-wave Emitted RadiatiorfSA,
2008 employs an InfraRed Limb-Sounder (hereafter IRLS)
that builds on recent developments in infrared detector array
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necessary to sense the upper troposphere/lower stratosphdemperature measurements and good altitude coverage of-
(UTLS) region Riese et al.2005 Friedl-Vallon et al, 2006 fered by PREMIER will allow for simultaneous determina-
During the PREMIER mission the IRLS can be operatedtion of GW temperature amplitudes and associated horizontal
in two different modes. The one discussed in this paper, theand vertical wavelength (wave-vectoBreusse et a{2009
“dynamics mode”, is designed for unprecedented 3-D spashowed that global 3-D observations by limb-imagers such
tial sampling and is thereby optimised to resolve small andas PREMIER provide the best perspective to obtain global
mesoscale atmospheric temperature and trace gas structur@$ormation of GW momentum flux.
(e.g. Adams et al. 2009. The sampling is 0.5km in the For the interpretation of the results, it is crucial to
vertical direction, 25km across track (in a 320 km swath), determine accurately the observational filteXlekander
and 50km in the along track direction. The across track199§ of the limb-imaging technique employed by the PRE-
sampling corresponds to the achievable across track resdvlIER IRLS. The observational filter describes the reproduc-
lution. To fully exploit the benefits of the dense sampling tion of GW amplitudes by the retrieval scheme as function
in the vertical and along track direction in terms of resolu- of vertical and horizontal wavelength. A precise character-
tion, we present a new tomographic retrieval scheme. Tomoisation of the observational filter is also essential for com-
graphic retrievals for limb sounding measurements were firsparisons with other measurement techniqu&®sse et al.
explored by a variety of authors for different purposes and in-200Q Hertzog et al.2008 as well as for comparisons with
struments (e.gSolomon et a].1984 Gurevich 1995. Prac-  GW resolving models or results obtained from GW parame-
tical implementations for the large-scale retrieval of atmo-terisation scheme&(n et al, 2004 2005.
spheric constituents from satellite measurements were first In Sect.2, we briefly introduce the dynamics mode of the
produced byCarlotti et al.(2001) for MIPAS andLivesey and  PREMIER IRLS. We present our simulation setup in S&ct.
Read(2000 for MLS (Microwave Limb Sounder). By us- followed by the forward model in Sect.and finally the to-
ing a very fast and efficient forward modélg¢ffmann et al. mographic retrieval approach in Sebt. The results regard-
2008 Hoffmann and AlexandeR009 we are able to explore ing achievable resolution and GW observational filter are
the approach at smallest spatial scales that were not accesspresented in Seck.
by previous studies (e.@arlotti et al, 2006 Steck et al.
2005. In particular, our analysis demonstrates the capability
of the PREMIER IRLS to provide unique global information
on mesoscale gravity waves (GWSs).
Global observations of GWs are a major objective of the
PREMIER mission ESA, 2008. GWSs represent an impor-
tant coupling mechanism for the middle atmosphénetts

2 The PREMIER Infrared Limb Sounder

The PREMIER IRLS essentially combines a Fourier trans-
form infrared spectrometer with two two-dimensional (2-D)
detector arrays measuring in the spectral regions from 770 to
. 980cnT?! (band A) and from 1070 to 1650 cth (band B)

o ,

and Alexander2003. 'They contribute about 50% to the respectively. Each 2-D detector array will consist of about

driving of t.he qu§3|-b|ennlal pscﬂlaﬂorD(Jnkerton 1999, 100x 100 pixels, providing about 10 000 simultaneous limb-
are the major forcing mechanism of the summer branch of the

Brewer-Dobson circulation’lexander and Rosenlp2003, views W'th'.n the altitude range from3 to 55 km_and with
) . i a swath width of 320 km simultaneously. To increase the
and contribute 30 to 50% to the predicted increase of the. . ST : .
; . ) signal-to-noise ratio, individual array pixels will be co-added
Brewer-Dobson circulation due to climate chandécllan-

dress and Shepherg009. GWs are also the main driver of 2e?]?t;|gdzzmplmg patterns of specific scientific measure-

mesospheric winds and cause the cold summer mesopause; . . . i . .
(McLandress1998. Currently, uncertainties in the global Limb sounding exploits th.e radlat.|on thermally em|t.ted n
i ’ the atmosphere along the line-of-sight (LOS) of the instru-

;gpi:gm??nna% fr I(iz‘r\r?i/tz\ti)nndfé??geef:zgtiiti(\)/r; ::k;e ;t')riﬁgleasg;]ment, which is directed towards the limb of the Earth’s atmo-
P J P P sphere. The point of the LOS closest to the surface is called

chemistry climate models. : : . ”
The great potential of GW observations from space hasthe tangent point. Under optically-thin conditions, the tan-

been demonstrated in several studies (Egkermann and gent point of the LOS generally determines the point in the
Preusse1999 Preusse et al2002. However, the spatial atmosphere that contributes most to the measured radiation.
£ . a ) ; e spatial - pe radiance of a single measurement typically originates
resolution of previous global observations was msuf‘huentmainI from an air volume with about 500 km extent alon
for the determination of direction-resolved momentum flux y . . L ) 9
(Ern et al, 2004 and so far only absolute values of momen- the LOS (half width of horizontal weighting function). The

tum flux have been deduced from CRISTE( et al, 2004 vertical extent is mainly determined by the special viewing

. geometry of the limb observation and the vertical field-of-
2009 and HIR.DLS (Alexgnder et al.2008 Wright et al, view (FOV), which has about 750 m full-width at half-max
2010. In addition, there is a case study of momentum flux

. . : at the tangent point. See Sedt2 for a more detailed dis-
from an exceptional long-vertical wavelength mountain WaVE cussion of the two-dimensional radiative transfer weightin
event over South Georgia Island using AIRS datéexan- ghting

der et al, 2009. The combination of high-resolution 3-D functions.
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£ HN83 o intervals of 500 m, the orbs representing it are merged into a vertical
% 0.002 8 ] line. For the outermost measurement tracks, the tangent-points lie
s enerally not within the idealized 2-D measurement track, but are
8 y
8 o001l , h 1 displaced from it by up to 2.2 km in the across-track direction.
- : / o
| | T
ATTRTI b o ".‘-‘l’\/”
SO 5 %‘Ww AT

1100 1200 1300 1400 1500 1600

wavenumber [cm™] The vertical coverage of the IRLS dynamics mode obser-
vations is 48 km with a lower boundary that increases from
3km at the poles to 7 km at the equator to account for the

Fig. 1. Simulated radiance spectra for the PREMIER IRLS band AI itudinal o . .
and B. Calculations are based on mid-latitude atmospheric condi-atItUdIna variation of the tropopause height. Vertical sam-

tions (Remedios et al2007 and 30 km tangent altitude. The black Pling is S00m. Limb images will be measured rearward to
curve indicates total radiance. The other curves indicate radiancéhe flight direction of the satellite. Dense sampling along
for single emitter atmospheres (see legend). The noise level of théack is achieved by high measurement speed, i.e. about 7.5s
observations will be about T@ W/(m? srcn1). The black arrow  per image in the dynamics mode, corresponding-f® km
indicates the C@Q-branch analysed in the retrievals. along track distance. The 2-D detector array will allow for
13 parallel measurement tracks. The across track sampling is
The main advantage of the proposed instrument concep25 km and the swath width is 320 km. The three-dimensional
is its great flexibility, i.e. the trade-off between spatial and measurement grid of the PREMIER IRLS dynamics mode is
spectral resolution can be adapted to the scientific needsllustrated in Fig.2. The green spheres represent the tan-
While currently only two modes are specified, the hardwaregent points of all measurements of a single image. Each blue
poses few restrictions should a certain scientific question reerb represents a single measurement profile of preceding and
quire a different trade-off between spatial and spectral samfollowing images, providing a visual clue for the horizontal
pling. In this paper we will concentrate on the IRLS dy- measurementdensity. Please note that tangent points of a sin-
namics mode. It is designed to measure a subset of atmagle image are not placed exactly vertically above one another
spheric variables with very high spatial sampling but mod- as higher tangent points are located closer to the satellite; in
erate spectral sampling. Spectral sampling requirements ar&ct, consecutive images are spaced so closely that the top-
relaxed to 1.25 cm! from its maximum envisioned sampling most tangent points of one image are placed vertically above
of 0.2cnm !, which is employed in the other major operat- the lowermost tangent points of the previous image.
ing mode. As an example, simulated spectra for the IRLS | this study we are interested in determining the achiev-
dynamics mode for mid-latitude atmospheric conditions andapje resolution of the dynamics mode with a focus on resolv-
30km tangent altitude are shown in Fig. Even at this re-  jng Gws. As the across track resolution directly corresponds
duced spectral resolution, infrared emission features of im+g the across track sampling, it suffices to examine a single
portant atmospheric constituents (€.9.£820, O3, HNGs,  track and determine its resolution in vertical and along track

CHy, or N2O) are clearly visible. direction. Further, we examine how well monochromatic
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pencilbeams measurements overlap one.anether in the along track direc-
14{,:1,7;;?4/'{74; ; /// BNER \\\ S \\‘\\:\\\\\ TR \\\. N t|or_1. The same air volume is wewed from multiple angles,
AL ST S A S A YN A NG A which suggests a tomographic retrieval problem.
5 LT AT RO Y ; e gie
VWA A A NAE. WA S AN To accurately represent a wide spectrum of GWs with dif
— L)L LTS XK RNNK RS . . .
IS /// P /// oK \ X \\\\\ Y \\\ ferent horizontal and vertical wavelength, we define a cross-
< V7 LS // X ‘(\\\\\\g\\ section of the atmosphere 6000 km long and 82km high.
% 12657 V% 7/ SN \\\\ N This accommodates the full LOS of 91 consecutive verti-
£ //// // // \\ % \\ cal measurement profiles of the central track constituting the
S, A~ S AN \\\\ measurement grid. For the initial calculation of simulated
e \\ satellite measurements, this cross-section was finely gridded
_ with a horizontal sampling of only 5km and a vertical sam-
10k ‘ ‘ ‘ ‘ | ; X ,
$60 850 500 550 1000 1050 1100 pling of 50m. For the retrieval of the baseline setup, we

horizontal distance (km) use a coarser sampling: the vertical sampling of the atmo-
spheric retrieval grid corresponds to the measurement grid,
Fig. 3. Line-of-sight (LOS) of the central measurement track in i.e. 500 m between 10 km and 55 km height and 2 km outside
the PREMIER IRLS dynamics mode. LOS belonging to the samethis range. The horizontal sampling is set to 12.5km (four
image are assigned the same colour. Note that the plot shows onliimes finer than the measurement grid) to avoid representa-
a minor subset of the full simulated atmospheric slice of 6000 kmtjgn errors (see Sed.?).
times 80 km. For tracks other than the central one, the tangent points of

GW waves can be reproduced by PREMIER measurementgonsecutive vertical measurement profiles do not lie within

and tomographic retrieval techniques in accordance with oné Plane. We therefore examined the effect of the angle of
of the major scientific mission objectives. 2.6° between the LOS of the outermost tracks and the along

track direction using both a 3-D atmosphere and a 2-D plane-

parallel approximation and found the error of the approxima-
3 Simulation setup tion to be in the order of the instrument noise. In effect, the

results presented below for the central track are assumed to
We examine how well tomographic temperature retrievalshbe representative for all tracks of the PREMIER IRLS.
using simulated PREMIER IRLS dynamics mode measure- \\e use typical cloudless mid-latitude atmospheric profiles
ments are able to reproduce GW parameters like amplitudefrom Remedios et a(2007) as background for our input at-
horizontal and vertical wavelength, as well as phase ShiftSmosphere and as the “a priori” retrieval state. In practice,
To this end, we carry out linear and non-linear retrieval end-measurements contaminated by clouds will likely be filtered
to-end tests. We first simulate the radiance observations th@ut' affecting the local retrieval result with a reduced resolu-
PREMIER IRLS would make for a given monochromatic tion and higher a priori influence. This input atmosphere con-
GW field. Second, we use the simulated observations to Pekains temperature, pressure, aeroso|2m0ne and several
form a tomographic temperature retrieval. Finally, retrievedother trace gasses relevant for the 12.6 um channel. Onto
temperatures are compared with the original field. We do nothe temperature of this background and a priori atmosphere,
add noise or other instrument effects to the simulations SQyaves with Varying horizontal and vertical Wave|ength with
as not to obscure the principal capabilities of the approachj constant amplitude of 5K are modulated to form the input
however, we do provide error estimates for retrieval noise.atmospheres for our simulations; we refer to the latter at-

Please note that this setup is highly simplified compared tamospheres as “true” atmospheric state. Ideally, the retrieval
what an inversion scheme for actual PREMIER IRLS mea-would perfectly reproduce the true state.

surements would look like. In practice, additional values like
pressure, contaminant trace gasses, etc. would need to be re-
trieved in addition to temperature. 4 Forward modelling

The set of simulated measurements is designed according
to the PREMIER specification as described in S8ctFor 4.1 Fast forward model for the PREMIER IRLS
our analysis of the GW observational filter, we only use limb
profiles of the central track of the 2-D array (depicted as redA fast radiative transfer model is essential to solve large in-
orbs in Fig.2). In total 101 consecutive profiles along track verse problems in atmospheric remote sensing. We adapted
with 91 measured altitudes each are used per simulation. Thithe C++ based Juelich Rapid Spectral Simulation Code Ver-
tangent point altitudes of one such profile range from 10 tosion 2 (JURASSIC?2) for the PREMIER IRLS tomographic
55 km spaced at intervals ef500 m. This is a simplification  temperature retrievals presented in this paper. An older ver-
of the vertical range of the PREMIER IRLS, which covers sion of JURASSIC ldoffmann 2006 was previously used
48 km but varies in height between the equator and the polesas forward model for retrievals for several satellite- and
Figure 3 demonstrates how the line-of-sight of these denseair-borne remote sensing experiments (élgffmann et al.
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2008 2009. It was applied to dedicated GW studies for
AIRS aboard NASA's Aqua satellité&eckermann et 812009
Hoffmann and Alexander2009. JURASSIC?2 is an ad-
vancement of JURASSIC including a sophisticated instru-
ment model, various powerful inversion algorithms and sev-
eral specific code optimisations for this study, which are out-
lined in AppendixA.

JURASSIC2 computes the radiative transfer based on
the emissivity growth approximation (EGAWeinreb and
Neuendorffer 1973 Gordley and Russgl1981 Marshall
et al, 1994. Compared with conventional line-by-line cal-
culations this approach is about a factor 1000 faster, since
radiative transfer is calculated based on precalculated spec-
trally averaged values of emissivity stored in lookup tables.
The emissivity look-up-tables for JURASSIC2 are prepared ———
by means of exact line-by-line calculations utilising the Ref- 0 1 > 3 4 5
erence Forward Model (RFMPudhia et al,2002. In most
stratospheric applications the EGA typically has an accuracy
of 1 to 2% or better and no further means were taken hererig. 4. Temperature weighting functions for the PREMIER IRLS
to improve forward model accuracy for the simulation study. at 790.75 crir! for mid-latitude atmospheric conditions. Weight-
Processing real measurements at a later stage may requiig functions are superimposed by taking the maximum sensitivity
improvements, e.g. by means of regression techniques (e.gt each atmospheric grid point. The plot shows weighting functions
Francis et a.2008. for 10, 15, ..., 55 km tangent point altitude. Tangent points are sep-

JURASSIC2 provides a flexible handling of different types argted by 500 km hori;ontal .distan.ce. .Note that'the measur.ement

of observation geometries, e.g. nadir, sub-limb, limb, Orgrld of th_e instrument is ten times f_lner in the yerncal and_honzon-
. Lo . o tal domain than presented in this figure. The instrument is located
zenith viewing for different types of atmospheric input data, on the left
e.g. single vertical profiles (1-D), sets of profiles along a '
satellite track (2-D), and regular or irregular 3-D model data. . o ]
This is achieved by providing different interpolation func- 4-2 Channel selection and weighting functions
tions for atmospheric data as well as a flexible 3-D ray-
tracing routine Hase and @pfner, 1999. For the temperature retrieval studies presented in this pa-

For this project we apply a 2-D scheme with the grid de- Per we analyse radiance emissions of the,@®branch at
scribed in Sect3. To sample sufficiently the atmospheric in- 12.6 um, which was successfully used®igse et al(1997)
homogeneities along the ray paths the ray-tracing step lengtfp retrieve stratospheric and mesospheric temperature dis-
was set to a value of 0.4 km for generating the simulated meatributions from satellite observations. Retrieving tempera-
surements and 4 km for the actual retrieval. For pressure antire from radiance measurements at individual spectral grid
aerosol extinction we apply a logarithmic vertical interpola- points of the PREMIER IRLS is technically feasible due to
tion and a linear horizontal interpolation. Interpolation for the rather low noise equivalent spectral radiance of the pro-
temperature and trace gas volume mixing ratios is bi-linear. posed instrument.

Each measurement is affected by the vertical field-of-view The temperature weighting functions presented here are
of the instrument. A single radiative transfer calculation of computed by means of numerical perturbation. Figdre
JURASSIC2 however simulates an infinitesimal thin beam ofshows several weighting functions for the selected radiance
radiation, also called a “pencil beam”. To account for the ef-channel at 12.6 pm (790.75cH. To analyse the temper-
fect of the FOV, we perform pencil beam calculations with a ature weighting functions and provide a fast analytical rep-
finer vertical sampling than that of the actual measurementstesentation for other studies, we developed a semi-empirical
A single measurement is then simulated by convolving themodel. Preusse et a(2002 provides an analytical model
results of the finely spaced pencil beam calculations with aunder the assumption of an optically transparent atmosphere.
sensitivity function describing the FOV of the instrument. Our simulations indicate that in the 12.6 um &kranch
We found a sampling twice as dense as the original meatransmittance gets as low as 0.6 and cannot be neglected.
surement spacing to be sufficiently accurate, i.e. the tangentVe therefore modified the model éfreusse et al2002
points of the pencil beams are vertically spaced at intervals oby adding a term compensating for transmittance. Using the
~250 m. Including pencil beams above and below the uppersame nomenclature as Rreusse et a(2002, the sensitiv-
most and lowermost measurement, we calculate 193 pencity of the measured signal on temperature at given altitude
beams for a single vertical measurement profile of the PRE{measured from the ground) and the distance along the ray
MIER IRLS consisting of 91 measurements. paths (measured from the tangent point) is obtained from a

altitude [km]

0 500 1000 1500 2000
along-track distance [km]

temperature weighting functions [10-8 W/(m? sr cm~") / K]
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Gaussian, matrix. The Jacobian matrix consists of the weighting func-
5 5 5 tions of the measurements. Wity € R" bging the a priori
K(s z):Koexp(— (s—w)*  (z—21—s°/2Rg) ) (1) state of the atmospher8, € R"*" a covariance matrix for
’ 2¢? 2¢? xq, y € R™ the vector of measurements aide R"*" the

covariance matrix of the measurement error, effectively the
Here Ko denotes the maximum sensitivity. Note that the ab- cost function/ (x) with
solute values ofKg presented below depend on the atmo-
spheric grid sampling. The sensitivity will change when the J(x)=((x—xa)T5afl(x—xa)+(F(x)—y)TSe71(F(x)—y)) (2)
grid sampling varies because the individual perturbations re-

. ... needs to be minimised to obtain the MAP solution. The min-
fer to smaller or larger air volumes. The standard deviations

o, ande, measure the vertical and horizontal extent of the|m|sat|on is performed using the iterative Gauss-Newton al-

o . : . : gorithm. The resulting iteration formula can be written in
weighting function, respectively. The horizontal shifivas ; . :
two forms, one that requires the inverse of the covariance

introduced to deal with atmospheres which are not optically . . ) : :
. : : ' matrices and the solution to a linear equation system with
thin, as occurs in our setup. As a kind of first-order effect, . . . .
. . L : . .~ n unknowns in each iteratiom{form), or one that requires
the point of maximum sensitivity will shift towards the in- . . . )
: ) solely the covariance matrices and the solution to a linear
strument. In the exponential function, denotes the tangent . . . . .
. 5 . . equation system witle unknowns in each iteratiom(-form)
altitude. The term-s</2Rg, with Earth radiusRg, deter- . o
. ) Rodgers2000. The choice of the more efficient form for
mines the apparent curvature of the ray paths with respec A : . )
. . our problem is critical since the linear algebra determines
to the ground-base altitude coordinate systBne(sse et al. . .
2002 the memory consumption and thereby the maximal problem
' size. In our simulations is generally four times as large as

We fitted the semi-empirical model to the temperature .
o X I . - m, SO we chose the:-form to reduce memory consumption
weighting functions shown in Figl to obtain statistics of the -
and processing time.

variablesKy, u, ¢s, andg,. From 10 to 55 km altitude the As an initial guess or starting pointo € R" we se-

i it —6 —7
maxm;_um senlsltlwt)Ko dec_r cases frqm>410 t0 2x10 . lected the true atmospheric state to reduce simulation time.
(W/(m=srcnt 1))/K, the horizontal shift-, towards the in- . . . . .

As this choice may sidestep potential convergence issues,

strument decreases from 140 to 40 km, the horizontal full-. . . .
. . . it was confirmed for selected representative non-linear re-
width at half-max along the line-of-sightv2In2p, de- . ;
) . trievals that they also converge to the same solution from
creases from 575 to 475km and the vertical full-width at other starting points, e.g. a polar atmosphere. Using a
half-max 2/2In2yp;, is nearly constant at 0.95 km. The semi different starting point approximately doubles the num-

empirical model provides a reasonable description of the tru%er of required iteration steps. The covariance magix

2’02'%?3'?9 functions as the accuracy of the fits is about 2 tois assumed to be diagonal and takes into account noise
0-

(10-5W/(m?srenTl)) as well as the quasi-statistical part
of the forward model errors (which is estimated to be
0.3% of radianceHoffmann 2006, that is, it ranges from
0.3x 10~4W/(m? srcnt 1) for the lowermost tangent heights
5.1 Inversion technique and 08 x 10~ W/(m?srcnml) for the uppermost tangent

Derivi heri | ¢ heights). The a priori covariance matfy is set up accord-
eriving atmospheric temperature values from (tomo-ing to a first-order autoregressive model

graphic) infrared spectral measurements presents a non-

5 Tomographic temperature retrieval

linear, ill-posed inversion problem. To obtain a unique and izl ity

: . (Sp)i,j=0icje @ e (3)
physically reasonable solution the problem needs to be regu-
larised. with v; being the height of an atmospheric grid point dnd

To perform the inversion, the JURASSIC?2 retrieval pro- its horizontal coordinate given as along track displacement in
cessor implements a number of standard methods, of whickilometres. The correlation lengths are used as tuning param-
the maximum a posteriori estimation (MAP) was selectedeters for the regularisation. The vertical correlation length
(Rodgers1976. This method interprets measurements andis chosen to be 0.5 km and the horizontal correlation length
atmospheric states statistically and determines an optimad;, is chosen to be 200 km (see Se&8regarding the choice
weighted mean between an a priori atmospheric state and thef value for these parameters). The standard deviatigns
measurements. are taken from the reference atmospher®&emedios et al.

Let n € N be the number of atmospheric state vector ele-(2007) and vary between 10K and 14 K depending on height.
ments andn € N the number of measurements. Simulations  Only temperature values at grid points between 10 km and
of the JURASSIC?2 forward model can then be represented5 km are retrieved, the others are fixed to the a priori atmo-
mathematically as the application of a (non-linear) function sphere. Thereby an additional 10 km are retrieved compared
F :R"—-R™. F'(x) is the Jacobian matrix of the forward to the uppermost tangent point height of 55 km. As the verti-
model F at atmospheric state e R”, also known as Kernel cal grid becomes more sparse above 55 km, this corresponds
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Fig. 5. Example of a retrieval end-to-end test used for generating the observational filter. The instrument flies from right to left and measures
radiance coming from the right. A wave perturbation with 10 km vertical wavelength and 320 km horizontal wavelength tilted towards the
instrument is super-imposed onto the a priori atmosphere depictedl ihe difference between the disturbed atmosphere and the a priori

is shown in(b). The difference between the retrieval result and the a priori — that is the retrieved wave perturbation — is defuyatin

the difference between the result of the retrieval and the true state is depi¢thd iFhe tangent points of the satellite measurements are
shown as white circles. Please note that the horizontal retrieval grid is four times finer than the measurement grid. For better representation
of the investigated structure only kilometres 2000 to 3000 of the simulated 6000 kilometres are shown.

to 91 grid points with a 0.5km spacing and 5 grid points provided by one additional limb-scan, but perform a simul-

above with a 2 km spacing per profile. taneous update using all available measurement information
Starting from the initial guessg, each iteration of the in asingle step.

employed Gauss-Newton algorithm generates a new atmo- Figure5 shows exemplarily such an end-to-end test. The

spheric stater; 1 € R": unperturbed atmosphere common to all tests is depicted in
Fig.5a. An temperature perturbation of the input atmosphere
Xip1=Xa+SaF (xi)T (F/(xi)SaF’(x,-)T+S€)_l is depicted in Fig_5b. _The tangent points of measure_ment;
are shown as white circles. The outcome of the retrieval is
A(y—F (xi)+F (x;) (xi —x4))., (4)  shown in Fig.5c. One can clearly see that the wave struc-
ture is qualitatively well reproduced between 10 and 55 km
converging onto the optimal estimates R". height. In the area between 55 km and 65 km, the wave struc-

The approach outlined above is traditionally applied to re-ture degrades into the unperturbed a priori atmosphere due to
trieve single vertical profiles of atmospheric data, but it is a lack of measurement information. The amplitude of the
just as well-suited for 2-D tomographic retrieval problems, retrieved wave sometimes slightly surpas$&sK, which is
the only difference being the interpretation of the state vec-shown as white areas in the wave troughs and crests. Fig-
tor x;. ure 5d depicts the difference between the input atmosphere

Please note that we do not apply the approaclstetk  and the result; the error is overall less than 0.5 K between 20
et al. (2009, where the full 2-D state vector is updated and 50 km height.
sequentially by using in each step the radiance information
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Fig. 6. Plot of the averaging kernel of a single atmospheric stateFig- 7. Shown is the measurement contribution for a baseline re-
vector element located in the middle of the atmosphere at 40 knfrieval with no modulated wave structure (i.e. the atmosphere of
height. Each coloured box represents the influence of the atmoFid. 5a). Tangent points of measurements lie betwea0 km and
spheric grid point of the true atmosphere on a single sample of thé5 km vertically and~500 km and 5500 km horizontally.
retrieval result. Its shape is typical for averaging kernels of elements
between 15 km and 50 km height. are mainly interested in results with high measurement con-
tent and to simplify data processing, only data points with a
measurement contribution between 0.95 and 1.05 are evalu-
ated further.

The averaging kernels can also be used to estimate vertical
and horizontal resolution by mapping each row of the aver-

The averaging kernel matri& € R”*" of the final estimate aging kernel matrix associated with an atmospheric sample

5.2 Characteristics and error analysis

5.2.1 Measurement contribution and resolution

% to the two-dimensional structure it represents, as depicted in
1 Fig. 6. In this form, the full-width at half-max of the vertical
A=SF (%) (F/(f)SaF/(J?)TvLSe) F(®). (5)  and horizontal direction can be calculated (Steck et al.

2005 von Clarmann et al2009. Figure8 shows exemplar-
o f th ina k | trix of the baseli ily the estimated horizontal and vertical resolution. As can
ne row of the averaging kernel matrix ot e baseline . qoqp jn Fig6, the averaging kernels generally contain nu-

setup with no modulated wave structure is depicted inig. merous very small elements that describe the influence of at-

As. etacfrlheltimenttm theh row detshcrlbes Itth('et mﬂus nce 0; OHEOSpheric sample points that are not directly above or beside
point oTthe true atmosphere on e result, 1t can be reoraereq, . atmospheric sample point in question; as these are disre-

tWO-gl_metnsm_rIl?ngccordlﬂg to the'i k:prlzfo ntal an(:)vlertlcfal garded when calculating the resolution, this method provides
coordinates. The figure is representative for rows belongingy "o oimate measure of resolution.

to measurements with tangent points located between 15km The vertical resolution in the central area is slightly bet-

and 50km height. Aside from a strong centred peak, ONGer than the assumed vertical FOV, which has a full-width at

can see small “ripple_s” ".‘ the vici|_f1ity of the peak rgsembling half-max of 750 m; however, without the effects of the a pri-
the shape of the weighting functions (compare with Rlg. ori vertical correlation a vertical resolution of nearly 500 m,

The asymmetry is caused by the asymmetry of the We'ghtmgcorresponding to the vertical sampling of measurements, is

functl_ons. . . . achievable (see Sed.3). This shows that the achievable
Using the averaging kernels it is possible to deduce mea-

t contributi d luti  the retrieval. Tvoi Iresolution is not necessarily limited by the FOV. The hori-
surement contribution and resofution of the retrieval. Typical, o\ yagolution of about 70 km comes close to the measure-
values are plotted in Figg.and8. The contribution of mea-

i . . . . ment grid sampling (50 km) and is a significant improvement
surement information to the retrieval results is estimated by ompgred to tr?e 4g7é to 57)5 km fuII-wi?jth at half-raax along

summing the elements of each row of the averaging keme he line-of-sight of the individual weighting functions. Com-

matrix. A value of 1 indicates a high contribution of mea- bined with the across track sampling and resolution of 25 km,

sur?mbe?_t mfofrmatl(.)n.v.vryle a t\(alueTc;:‘ Ot |nd|catted _athlgfh PREMIER IRLS would achieve a horizontal resolution com-
contribution of a priori information. e tangent points o parable to nadir sounders.

measurements lie within the region of 10 to 55km height The simulations indicate that spatially over-sampled mea-

and 500 to 5500 km horizontal distance, which closely COr¢ \rements (with respect to the weighting functions) can be

responds to the region where the measurement contributiog . . . S .
Lo i . . X eparated and provide high spatial resolution in the vertical
in Fig. 7 is between 0.95 and 1.05. Outside this region re'anz horizontal dpomain gn sp

trieval results are dominated by a priori information. As we

characterises the retrieval.
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= 1.00 The retrieval noise is the most important error for gravity
60 1 < wave analysis as the effect of other, systematic errors can be
- 0.90 g,_ more readily handled by detrending (ekyn et al, 2004).
a A b S It will be analysed and compared with GW amplitudes in
< 0.80 3 Sect.6.3
o 40 0
© =5
£ 30| 0.70 =
© S 6 Gravity wave observational filter
20! 0.60 '§
j = The observational filter defines how a wave perturbation of
10 B 000 2000 3000 4000 5000 cooa P20 given.horizontal and_ vertical wavelgngth is reproduc.ed by
@ along-track distance (km) a retrieval. The retrlevgl may moQ|fy the wave amphtude,l
100.00 wavelength, and phase in a complicated way. As the ampli-
60t Z tude is the most important feature of the wave with respect
90.00 & to its energy, the assessment presented here focuses on how
€ =l % well the amplitude of a given wave is reproduced.
0~ 80.00 =
o0 g 6.1 Deduction from end-to-end simulations
-*E 20 7000 ¢
© =} To determine the observational filter, end-to-end simulations
20+ {1 Qe0-00 = must be performed for all waves of interest. To deduce the
( 3 amplitude of the wave in the retrieved atmosphere, all atmo-
10,—T000 2000 3000 4000 5000 eooo °°0-00 spheric grid points between 15 and 50 km and along track
(b) along-track distance (km) 1500 to 4500 km are fitted against the modulated wave with

amplitude as the only free parameter using a least-square fit.
Please note that this does not compensate for eventual shifts
in phase as is generally present in 1-D retrievése(isse

‘et al, 2009; any phase shift present would reduce the sensi-
tivity (even to zero for a phase shift of 180 However, tests
including the phase shift in the fit indicated that no phase
shift was present for tomographic retrievals. According to
Shannon’s sampling theorem, it is impossible to perfectly re-
produce waves with wavelengéhusing a sampling distance
nger thans/2; for this reason we tested only waves from
vertical wavelength of 1 km upwards and from a horizon-

| wavelength of 100 km upwards. Detecting GW signatures

Fig. 8. Shown are the verticgh) and horizonta(b) resolution for

a baseline retrieval with no modulated wave structure (i.e. the at
mosphere of Figba). Tangent points of measurements lie between
~10km and 55 km vertically anet500 km and 5500 km horizon-
tally.

5.2.2 Retrieval noise

. . . I
The effect of noise on the retrieval can be estimated baseé)
on the effect of perturbations of the measurements on th(?a

retrieval result. ] ] ) . from actually measured profiles will require a more sophis-
The method of optimal estimation does not only provide icated process, as it is generally neither known if a GW is

an optimal estimate but also a corresponding covariance present in the data, nor what wave length it may have, nor
matrix of the estimate. However, as our a priori covariance

o for th heri ; ! ¢ i will it generally be monochromatic.
matrix for the atmospheric state Is not Qerlved rom a cll- Figure9a shows the filter for the baseline setup described
matology, but chosen ad-hoc, the covariance matrix of th

trieval it should not be int ted statistically. | 8n sect.3; it corresponds qualitatively with the shape of an-
retnevai resulte shou'd not be interpreted statistically. - in- alytically derived sensitivity oPreusse et a(2002), albeit

stead, we use the rgtrleval noise fpr diagnosis, i.e. thg effecltnost notably the region of good sensitivity is moved well
Of. measurement NOISE on the. retrieval result: The gain M3towards shorter horizontal wavelengths. Due to the much
.tI’IX G € R"™", which can be mterpreteq as linear pseudo.- denser atmospheric sampling and the tomographic approach,
inverse of F gnd maps measurements into the atmOSpherIQ‘nuch smaller waves become visible. The finest horizontal
state space, is defined as wavelength resolvable is about 100 km for a vertical wave-
1 length around 5 km and the wave being tilted towards the in-
G=SF (®)" (F’(ﬁ)SaF/(f)T+SE> . (6) strument. This is a significant improvement compared to the
roughly 250 km horizontal wavelength of previous sensitiv-
It can be used to estimate the retrieval noise covariance maty studies involving the CRISTA instrumer®feusse et gl.

trix: 2002. Please note that the resolvable horizontal wavelength
is much smaller than the horizontal full-width at half-max
Shoise=GS. G’ . (7 of the weighting function, which is roughly 500 km. Waves
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GW tilted towards instrument coarse retrieval grid
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:E: 1.08 é' Fig. 10. This shows the observational filter derived with a sampling
P 0.96 @ grid of 50 km horizontal distance instead of the usually employed
=, 0.84 ~ 12.5km. Please note the different colour scale compared t®Fig.
5 072 ¢
% 3 060 < wave peaks and sampling grid. Changing the orientation of
z | 0.48 < the waves from being tilted towards the instrument to being
T 0.36 2 tilted away from it has a significant influence as is shown
£ 19 02435 in Fig. 9b. The sensitivity to waves with a horizontal wave-
> e ' R B N SR length below 150 km is lost, but this is compensated by an in-
100 150 250 300 350 200 creased sensitivity to waves with a larger vertical wavelength

(b) horizontal wave length (km) and an overall smaller transition region, in which waves be-
come distorted. As the atmosphere is not completely trans-
parent, the sensitivity of the ray to temperature changes is not

Fig. 9. Observational filter for the PREMIER IRLS. Depicted is only a function of height, but also of the horizontally trav-

the ratio _of retrlgved wave an_wplltude_ to true wave amplitude for elled distance, which can be clearly seen in FigAs the
the baseline retrieval setup with varying modulated waves. Anal-

ysed wavelength combinations are indicated with white cirgleks. sensitivity to waves largely depends on the relation between

shows the filter for the baseline setup with waves tilted towards the/@Y Path and wave trough and creBrgusse et al2009
instrument.(b) shows the filter for a negative horizontal wave num- this is to be expected and needs to be taken into account

ber (i.e. waves tilted away from the instrument). when GW parameters are deduced from retrieved tempera-
tures. The slope of the tangent point locations does slightly
of a vertical wavelength of 2km can be retrieved well, but influence the observational filter, but is not the cause for the

the sensitivity drops quickly for shorter vertical wavelengths, Observed asymmetry.

as the measurement grid is not fine enough to properly re-

solve them. Around two kilometre vertical wavelength and 6.2  Sensitivity to retrieval grid sampling

long horizontal wavelength, the retrieved amplitude becomes

slightly larger than 1; this is caused by an insufficient vertical The horizontal sampling of the retrieval grid has a significant

sampling of the atmospheric retrieval grid, similar to the hor- influence on the retrieval results as shown in B@.

izontal sampling issue discussed below in S6.but less Before settling on a horizontal sampling distance of

pronounced. For waves with large vertical wavelength, thel2.5km for the retrieval grid, several other sampling grids

sensitivity becomes smaller depending strongly on the horwere tested ranging from 6.75km to 400 km. It was found

izontal wavelength. But for waves with 300 km horizontal that the larger the sampling distance became, the more pro-

wavelength and longer, a sensitivity of at least 0.5 is givennounced the amplification of wave amplitudes for short GW

for all examined vertical wavelength longer than 2 km. Sen-lengths became. This amplification can be seen in Fy.

sitivity rises to 1 for all waves with horizontal wavelength which depicts the filter for a “natural” retrieval grid being

longer tharrs500 km (not shown). identical with the measurement grid. Apparently, at least for
Varying the phase of the modulated wave had no signifi-GW with short wavelengths, the natural sampling is not nec-

cant influence on the sensitivity filter derived by the 2-D re- essarily the best choice.

trieval and is therefore not depicted. Small differences are The amplification of retrieved waves is most likely caused

present for waves with vertical wavelength below 2 km whereby the bi-linear interpolation of the temperature between the

the resolvability strongly depends on the relation betweengrid points. The fine structure of wave perturbations with
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short wavelength cannot be sufficiently represented by linear 0.7

interpolation, which the retrieval compensates for by rais- +—+ 10-20 km
ing the wave amplitudes. Therefore, either a different atmo- +—+ 20-30 km ]
spheric representation more suited to represent wave struc- < 0.5} +—* 30-40 km|]
tures is needed or the grid sampling needs to be refined to suf- g 0.4 40-50 km
ficiently capture the variations of the atmospheric state. Here E '
we employ the second approach. If the retrieval grid sam- ¢ 0.3}
pling drops below the measurement grid sampling, the prob- -3 \'\\M
lem becomes underdetermined and needs to be regularised < 0.21 ‘ —
appropriately. Simulations have shown that resolution, mea- O | e e L
surement content and retrieval noise are not noticeably im- T
pacted by the refinement of the atmospheric grid. %80 05 1.0 15 2.0 25 3.0

For the examined waves, the artificial amplitude magnifi- (a) vertical correlation (km)
cation is greatly diminished with a horizontal grid distance ‘ ‘ ‘ ‘
of 25km and negligible at 12.5km. The sampling distance g
of 12.5km was chosen to obtain exactness of the results. < 0.701

As mentioned in Sect6.1, a similar effect occurs for 5
waves with small vertical wavelength, which increases the 5 0-65f
retrieved amplitude by a factor of up to 1.2 for waves with 3
about 2km vertical wavelength. As the effect is much less 9_—) 0.60 To20kml]
pronounced and therefore easier to correct, we decided not 3 . 20-30 km
to increase the vertical retrieval grid sampling for this study. ~ § 0.55} . 30-40 km|]

) ) ) > ~—+ 40-50 km
6.3 Tradeoff between retrieval noise and resolution 0.58'5 5% 5 G 35 5% 3.0
(b) vertical correlation (km)

The vertical and horizontal correlation length of the a priori
covariance plays the most important role in the MAP regular-
isation applied here. Different values were examined beforeFig. 11. The effect on vertical correlation length on vertical resolu-
the values of 0.5km and 200 km were chosen to provide aion and noise error. The average resolution and retrieval noise for
satisfactory trade-off between resolution and retrieval noisethe four major height ranges are depicted. One can clearly see the
In the Bayesian scheme applied in this study the strength ofradeoff between vertical resolution and retrieval noise.
the regularisation, i.e. smoothing via correlation lengths in
the a priori covariance matrix model, does not depend on the
actual measurements. As the noise error indicates, the effe@nd therefore not depicted. The main effect of the horizon-
of noise on the retrieval result is sufficiently small that the tal correlation is to stabilise the underdetermined retrievals.
forward model can be assumed to be nearly linear so that thReducing the horizontal correlation length from 200 km to
Jacobian matrix will vary only negligible. This means that 100 km improves the horizontal resolution from 75km to
the averaging kernel stays nearly identical if noise is added~70km, but the non-linear retrievals do not converge for
to the measurements and in turn the results of this sectiogome wave structures with very small vertical and horizontal
are also representative for actual measurements affected Byavelength. Reducing the horizontal correlation further, the
noise even though they were derived using unperturbed medorizontal resolution derived from the averaging kernel ma-
surements. trix goes as low as 50 km for a horizontal correlation length
Figure11shows the effect of the vertical correlation length 0f 12.5km, i.e. is close to the horizontal measurement sam-
on vertical resolution and retrieval noise. To decrease the rePling grid at the cost of ever increasing convergence issues.
trieval noise to~0.5 K for most of the vertical range, while T0 avoid any convergence problems, a correlation length of
still retaining a good vertical resolution, a correlation length 200 km was chosen. The GW observational filter behaves
of 0.5km was finally chosen. The choice of vertical cor- as expected when varying the horizontal correlation length,
relation parameter also influences the GW observational fil-as waves become increasingly dampened for larger correla-
ter. As expected, a large correlation length slightly reducedion lengths. However, this barely affects the region of the
the region where sensitivity is very close to one. We furtherGW observational filter close to one but influences mostly
found that increasing the vertical correlation length beyondthe transition region.
2 km leads to unwanted oscillations in the averaging kernels, GWs can be detected if their amplitude exceeds retrieval
which confirms our choice of a much smaller value. noise. Therefore, it is important that the retrieval noise of
The retrieval noise is not influenced significantly by the the retrieval is smaller than the amplitude of GW that shall
horizontal correlation factors we examined (12.5 to 400 km)be observed. According to the sampling theorem, with a
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vertical sampling grid of 500 m one cannot resolve waves GW tilted towards instrument -
with a vertical wavelength shorter than 1km. Practically, __ 60 ii &
a slightly larger vertical wavelength than 1km is required, £ 10 ®
meaning that we expect to consistently resolve waves from = 090
about 2 km vertical wavelength upward, which is confirmed §v 0.8 E
by the GW observational filter. The maximal amplitude of 2 075
actual GWs of that vertical wavelength can be determined $ 0-6 =
according to the temperature amplitude saturation limit (e.g. g 8'2 5
Preusse et gl2008. This limit Tmax due to static instability © 0:3 o
is proportional to the vertical wavelength: '*g 02T
_ > - - 017
foor2 e ®) 100 150 200 250 300 350 0@
2 (@) horizontal wave length (km)
_ GW tilted away from instrument -
Using N=0.02s! and a background temperatuf®@ of 60 7 12 @
250 K, this gives a saturation amplitude of greater than 3.2K € 113
for waves with vertical wavelength greater than or equal to i >0 é'g :
2km at about 40km height. Comparing this value to the 5 ,, 08>
0.5K of retrieval noise for that height range shows that such 0.7 g
GWs are easily detectable also in the presence of noise. As ¢ 30 0.6
the temperature amplitude saturation limitincreases with ver- 2 052
tical wavelength, any wave with vertical wavelength longer = 20 g'g $
than 2km is therefore also detectable with the given noise 10 023
level. 2 ’ = N 01Z
100 150 200 250 300 350 @ 00®

6.4 Deducing Fhe gravity wave observational filter from ®) horizontal wave length (km)
the averaging kernel matrix

A more efficient way to derive the GW observational filter Fig. 12. The gravity wave filter as deduced from the averaging ker-

is to analyse the averaging kernel matrix of a retrieval for anel. Each rectangle represents the mapping of a wave onto itself.

climatological atmosphere of the region of interest. (a) shows the diagonal elements for waves tilted towards the instru-
Assuming the non-linearities of the forward model to be ment (see also Figa), (b) shows the diagonal elements for waves

negligible and thereby the Jacobian matrix to be constantilted away from the instrument (see also F3g).

across the space spanned by the a priori atmosphere and all

examined wave perturbations, the averaging kernel matrix Simulations. The latter are still required, as the linear approx-

will be identical for all wave structures and the unperturbedimation cannot be used to examine, e.g. the convergence of

atmosphere. Neglecting measurement errors, it follows that the non-linear retrieval for different atmospheric states.

X—xa=Axg+x5)+(1=A)x,) —xs=Axs, 9) 6.5 Comparison of 2-D and 1-D retrievals

with x5 being the modulated wave structure. This shows thatA 2-D retrieval reproduces wave structures with better sensi-
the averaging kernel matrix directly maps the true wave per4ivity and less distortions than 1-D retrievals (which assume
turbationsxs onto the retrieved wave structure. a homogeneously stratified atmosphere).

Figurel2shows the GW observational filter derived inthis ~ For example, Figl3 shows side-by-side the retrieval re-
manner. Just as for the non-linear end-to-end simulationssults for a wave of 320 km horizontal wavelength and 30 km
only the part of thest —x, vector is used to derive the sensi- vertical wave length. Figurd3a was generated by a se-
tivity that has a good measurement contribution and lies wellries of 1-D retrievals, each using a single vertical measure-
within the region covered by tangent points of measurementsment profile of the simulated measurements as input. The
The perturbations of up to 5K are small enough so that theresulting temperature profiles were assembled to a 2-D struc-
assumption about linearity of the forward model sufficiently ture by adding each retrieved temperature profile at the mean
holds and the filter derived in this manner replicates closelyhorizontal location of the tangent points of the involved mea-
the structure of the filter derived from non-linear end-to-endsurements. Comparing the retrieved wave structure with the
tests. true wave structure (which is depicted as the black contour

This method is therefore an efficient way to quickly evalu- plot in the figure), it becomes apparent that the phase of the
ate the effect of changes in the setup before proceeding to theave structure of the 1-D retrieval is subject to a phase shift
much more computationally intensive non-linear end-to-endof nearly 180; the amplitude does not surpass 2.5K and is
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6 Fig. 14. This depicts the gravity wave observational filter derived
by a series of a 1-D retrievals.

7 Summary and conclusions

height (km)

We performed various non-linear end-to-end simulations us-
ing simulated measurements of the PREMIER IRLS with

(=]
() a1njesadwal

. different input atmospheres consisting of a cloudless cli-

~ . \ -6 matological background atmosphere with modulated wave

Yoo 2200 2400 2600 2800 3000 perturbations. In this way, we determined the gravity

(b) along-track distance (km) wave (GW) observational filter that shows the amplitude with

which a given wave perturbation is reproduced by our tomo-
graphic retrieval setup. It was shown that the new, innovative
PREMIER IRLS using the dense measurement grid of the
for a wave with 30 km vertical and 320 km horizontal wavelength. dynamics mOd? combined with tomeraphl(.: retrievals .Can
Please note the different color mapping. The climatological back_resolve.much f".‘er GW structures than previously possible.
ground profile was subtracted from the result. A contour plot for GWs with a horlz_ontal Wavelen_gth down to 100km may be
the difference between the true modulated wave structure and the ¥S0lved depending on the vertical wavelength.
priori has been included as black lines to visualize the phase shift e examined different retrieval grids and found that using
of the 1-D retrieval. a coarse retrieval grid introduces an amplification of GWs
with short wavelength. It is therefore essential to use a re-
thereby much smaller than the expected 5 K. In addition, therieval grid that is sufficiently fine for the purpose of repre-
amplitude has also a strong artificial height-dependence. Theenting examined and existing atmospheric structure. Other-
vertical wavelength is also slightly reduced. On the otherwise, retrieval results may be tainted by artifacts.
hand, the 2-D retrieval shows a more pronounced wave struc- By tweaking the correlation length of the a priori covari-
ture and fits well to the true wave (again shown as black con-ance matrix, it is possible to reduce the retrieval noise at the
tour plot) in the region between 25 km and 55 km; the 2-D re-cost of a reduced resolution. We also found that conver-
trieval deviates less than 2 K from the true atmospheric statgyence issues arise when the horizontal correlation length is
whereas the 1-Dretrieval is subject to deviations of morereduced to or below 100 km. We examined various horizon-
than 6 K (the latter is partly caused by the 1&Mhase shift).  tal and vertical correlation lengths and settled for a horizontal
As depicted in Fig9, this retrieval has an amplitude damp- correlation length of 200 km and a vertical correlation length
ening factor of 0.9. of 0.5km. With these figures, the expected retrieval noise
The GW observational filter deduced using 1-D retrievalsis well below the temperature amplitude saturation limit of
is shown in Fig.14. In contrast to Fig9, also the phase of resolvable GWs.
the wave was fitted (not depicted), otherwise the sensitivity A linear approximation of the observation filter derived
would be even worse. It is apparent that fewer wave patterngrom the averaging kernel matrix is a helpful tool when ex-
can be reliably retrieved. Especially waves with large ver-amining different setups. One may generate the averaging
tical wavelength are affected. This comparison shows thakernel matrix for a climatological atmosphere and use this
tomographic retrievals are superior for the purpose of GWto calculate inexpensively an approximation of the observa-
detection. tion filter for a wide range of GWs. The observational filter

Fig. 13. This shows the retrieval result f¢a) a series of conven-
tional 1-D retrievals on the left ar{@h) a 2-D retrieval in the middle
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derived in this manner resembles closely the observational x .

filter derived by more accurate end-to-end simulations in- @ 350f % - 232:?:" e o

cluding the distinction between GWs tilted towards or away 5§ k

from the satellite. < 3004 203
The observational filter derived by conventional 1-D re- 7 240- ta08

trievals has a severely reduced sensitivity compared to the& 5

observational filter derived by our tomographic retrieval % 1801 T390 &

technique. Comparing the results for selected wave pertur-& 1204 1208

bations, we found the result of the tomographic retrieval to =

be much closer to the true state than the result of the 1-D re-= 907 Lo

trieval. Further, the tomographic retrieval is not subject to . . . . . . . .

the massive shift in phase that affects 1-D retrievals. 1 2 3 4 5 6 7 8
The PREMIER IRLS should provide 3-D temperature number of processors
measurements with sufficient altitude coverage and resolu-

tion in the stratosphere to allow for simultaneous determi-Fig' Al Consumed wall clock time and achieved speedup factor
P for the baseline retrieval if an OpenMP parallelisation is applied.

nation of GW temperature amplitudes and the associated

horizontal and vertical wavelength. Therefore, the dynam- : . :
g y rather sparse Jacobian matrices compared to 1-D retrievals.

i f the PREMIER llite i ill I o
Ics mode of t €r sate. ite instrument will be we For the specific PREMIER setup only between one and three
suited for examining the dynamic structure of the upper tro- . : :

.~ percent of the entries of the Jacobian matrix are non-zero.
posphere and stratosphere. The presented tomographic rE— enerating a data structure that tracks which points of
trieval scheme resolves the dense 3-D measurement of thg’. J 9 P

PREMIER IRLS dynamics mode with a comparable 3-D res_t%e _atmosphere mfluence_whlch pen_C|I beams, it is possible
. . ) . to simply skip the calculation of pencil beams unaffected by
olution and is thereby well suited for the retrieval of tempera-

. ._the current perturbation. In effect, zeros within the Jacobian
ture data for the analysis of GWs. The across track resolution ~ = L

. matrix cost next to no processing time. Further, generally,
of PREMIER IRLS corresponds to the across track sampllngOnl art of the pencil beams influencing a sinale chanaed
of 25km. Further, it is possible to retrieve temperature data yp P 9 9 9

with a vertical resolution of 750 m; depending on the retrieval measurement need to be recalculated, reS“'t'T‘g in an overall
speedup o&200 for the type of problems considered here.

setup even a vertical resolution of 500 m is achievable, sur- . : :
X . . . . The second change involved reworking the linear algebra
passing the full-height-at-half-maximum of the vertical field- : : .
of the retrieval processor. For conventional 1-D retrievals,

of-view (750 m). In addition, one can nearly fully exploit the the processing time spent in the matrix multiplications and

dense measurement grid of 50 km horizontal distance wit : - . . o
an achievable horizongtal along track resolutiorrafo km r}he solving of linear equation systems is negligible compared
’ to the calculation of the Jacobian matrices. For increased

which is unprecedented for limb sounders and approaches ) ) . S
the horizontal resolution of nadir sounders problem sizes, it becomes much more important, beginning

to noticeably increase the processing time and to dominate
the memory consumption. Using more efficient algorithms
to solve the linear equation systems and the Automatically
Tuned Linear Algebra Software (ATLAS) BLAS implemen-
tation by Whaley et al.(2001), could halve the previous
memory consumption and significantly reduce the process-

Appendix A
Code optimisation and performance

Conventional 1-D retrievals often depend on the assumptio"d time.

of horizontal homogeneity to represent the atmosphere by a FOr our simulations, a cluster of 16 computer nodes is
single profile. For tomographic retrievals this assumption isUS€d: each fitted with 64 Gb RAM and two AMD Quad-

discarded, requiring a much larger number of variables toCOré Opteron 2380 CPUs. To retrieve the baseline setup
properly represent the atmosphere. Combined with an in{19493 pencil beams combined to 9191 measurements for
creased number of measurements, the retrieval process bEE(T1€vVINg 46 080 atmospheric state vector elements) with a
comes technically more demanding. To enable many such re3ingle thread, roughly seven hours are needed. A simple
trieval simulations, the JURASSIC2 forward model and the OPeNMP parallelisation of the embarrassingly parallel for-

retrieval processor were optimised both for modern imagetvard model together with the multi-threaded ATLAS back-
instruments and tomographic retrievals. end allows a faster execution on a multi-core host. Figure

The first change improved the calculation speed of the jaShows the speedup realised with the OpenMP parallelisation.

cobian matrices involved in the retrieval, which JURASSIC2 From the curve can be deduced that about 93% of the re-
calculates using a finite differences approach. For tomo-trleval code are parallelised.

graphic retrievals, a single ray path crosses only a minor frac-

tion of points of the full atmospheric grid, which results in
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