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Abstract. We present a method to precisely determine thegases and aerosol, albedo and cloud properties. Observations
viewing direction for solar occultation instruments from in limb or occultation geometry can provide height resolved
scans over the solar disk. Basic idea is the fit of the maxi-information. A critical point in the latter two is always the
mum intensity during the scan, which corresponds to the cenpointing knowledge, i.e. the precise knowledge of the view-
ter of the solar disk in the scanning direction. We apply thising direction and with that the observed tangent height.
method to the solar occultation measurements of the satel- SCIAMACHY (SCanning Imaging Absorption spectroM-
lite instrument SCIAMACHY, which scans the Sun in ele- eter for Atmospheric CHartographY) is a passive remote
vation direction. The achieved mean precision is 0.46 mdegsensing moderate-resolution imaging UV-Vis-NIR spectrom-
which corresponds to an tangent height error of about 26 neter on board the European Space Agency (ESA) En-
for individual occultation sequences. The deviation of the de-vironmental Satellite (Envisat). Envisat was launched in
rived elevation angle from the geolocation information given March 2002 from Kourou, French Guiana to a sun syn-
along with the product has a seasonal cycle with an ampli-chronous orbit with an equator crossing time in the descend-
tude of 2.26 mdeg, which is in tangent height an amplitude ofing node of 10:00a.m. LT. In April 2012, the contact to En-
about 127 m. The mean elevation angle offset4s41 mdeg visat was lost. In May 2012, ESA declared the end of En-
(249 m). SCIAMACHY’s sun follower device controls the visat's operational in-orbit phase. The instrument observed
azimuth viewing direction during the occultation measure-the Earth atmosphere in nadir, limb and solar/lunar occulta-
ments. The derived mean azimuth direction has an standartion geometries and provided column and profile information
error of 0.65mdeg, which is about 36 m in horizontal direc- of atmospheric trace gases of relevance to ozone chemistry,
tion at the tangent point. We observe also a seasonal cycleir pollution, and climate monitoring issueBdvensmann
of the azimuth mispointing with an amplitude of 2.3 mdeg, et al, 1999 Gottwald and Bovensmanf2017).
which is slightly increasing with time. The almost constant SCIAMACHY performs its solar occultation measurement
mean offset is 88 mdeg, which is about 5.0 km horizontal off- in the Northern Hemisphere, when the Sun rises due to the or-
set at the tangent point. bital motion of the platform. On the day side of the orbit, al-
ternating limb and nadir measurements are performed in such
way that the same air-masses are probed first by limb and a
few minutes later in nadir. If the Moon is with a phase larger
1 Introduction than 0.5 in the field of view, lunar occultation is performed at
moonrise in the Southern Hemisphere. During eclipse, dark
For global observations of atmospheric constituents, satelyrrent measurements are performed. Since 2008, also limb
lite measurements are a key component. Passive remote sefifasospheric states are executed during eclipse. Various addi-

ing instruments observing the atmosphere use basically thregona| monitoring measurements are performed in the daily,
types of geometries: nadir, limb and occultation. The nadiryeekly and monthly calibration.

geometry primarily provides column information of trace
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SCIAMACHY is a passive imaging spectrometer. The Table 1. Spectral characteristics of the science channels and the
scan mirror system comprises the elevation scanner and th@MDs. The name of the PMDs is used in many SCIAMACHY doc-
azimuth scanner. The spectrometer entrance slit defines agments, in this paper the number is used. The PMD wavelength
instantaneous field of view (IFOV) of 1.8 deg0.045deg.  fange is_defined such th_at it contains 80 % of the signal, the range
In case of solar occultation, a small aperture reduces th&@f the science channels is the total range.
amount of incoming light, limiting the field of view to
0.72degx 0.045deg. The spectrometer has eight detector ch.

Wavelength  Resolution PMD PMD Wavelength

modules with 1024 detector pixels each, covering the ul- rangeinm [ name no rangenml
traviolet, visible and near-infrared spectral range. Seven 1 212-334 0.24 - - -
broadband detectors, the polarization measurement devices? 300-412 0.26 A 1 310-365
(PMDs), are used to determine the polarization state of the 3 383-628 0.44 B 2 455-515
incoming light. PMD 1-6 measure the light polarized per- 4 °95-812 0.48 ¢ 3 610-690
) . ) 5 773-1063 0.54 D/45 417 800-900
pendicular to SCIAMACHY’s optical plane. PMD 7 is sen- ¢ 971-1773 1.48 E 5 1500-1635
sitive to the 45 deg component in the visible spectral range. 7 1934-2044 0.22 _ _ _
The PMDs are sampling devices, whereas the spectral detec- 8 2259-2386 0.26 F 6 2280-2400

tors are integrating devices. The spectral characteristics of all
detectors are listed in Table

The original requirements of pointing performance are notynpg. Similar results are found by other instruments on En-
very strict: the absolute knowledge error in elevation shall be,;jg 41- ASAR, GOMOS, and MIPASRargellini et al, 2005.
less thant0.075 deg, the absolute altitude shall be known p getajled investigation by ESA lead to an update of the on-
within & 4.3 km. The relative i.e. pointing error shall be less parq attitude control software by an optimization of the on-
than+ 0.028 deg, i.e. the tapgt_ant height offsets Of individual hoard orbit model in December 20@4rgellini et al, 2005,
measurements may vary withid 1.6 km. The requirements \yhich lead to a major improvement of SCIAMACHY’s
in azimuth direction have even larger values. Before launchinting performance. The remaining seasonal cycle derived
the pointing error budget of SCIAMACHY was estimated by \yith TRUE had an amplitude of about 220 m and a mean off-
Schwab(1999. The overall pointing error budget considers get of about 1 km. Investigation of monitoring measurements
the pomtl_ng performance pf the platform and of the instru- improved the knowledge about SCIAMACHY’s misalign-
ment. This budget is dominated by the spacecraft, becausg,ent Gottwald et al,2007), which considerably reduced the
large error budgets for the orbit state vector accuracy and theyean offset. The current status of the pointing knowledge is
attenuation especially around the pitch axis were assumedjescribed inGottwald et al(2010, which states the overall
The error budget for SCIAMACHY only is mainly related 4ccyracy reached so far with 2-3mdeg in elevation, corre-
to possible thermal distortions. Two numbers are given in thesponding to about 110-170 m in tangent height.
error budget: the relative pointing error is the precision of the ~ after the update of Envisat's on-board software, ESA also
pointing, the absolute painting error is the accuracy, i.e. theniroduced an additional auxiliary file for the operational cal-
precision plus a possible bias. . culation of the geolocation, representing the best knowledge

The absolute pointing knowledge error budget in el- o Enyisat's attitude also for the early orbits of the mission
evat|on/az|mu,th is 0.045deg (2.5km)/0.058deg (3.3km).(see AUX-FRASs in Sect3.2). Therefore the actual pointing
SCIAMACHY's part of the budget is 0.019 deg for both di- \nowledge is available for the whole mission in the recent
rections. The budget of the relative pointing error in ele- (reprocessed) product version 7.04 of Level 1b.
vation is 0.016 deg, with a budget of 0.008deg for SCIA- * |, this paper, we describe a method to derive precise tan-
MACHY alone. No budget for the,relanve azimuth point-  gent heights from the scans over the solar disk for the so-
ing error is given. If SCIAMACHY's sun follower device |5r occultation measurements. We will further improve the

(SFD) is used, the absolute pointing error of the platform iStangent height knowledge to an uncertainty of about 26 m in
estimated with 0.012 deg (0.020 deg) in elevation (azimuth).4itityde for the solar occultation measurements. By utilizing

SCIAMACHY's part of the budget is 0.005 deg (0.010deg). sc|AMACHY’s SFD, the uncertainty in the horizontal di-
Deriving tangent height information from limb measure- \gction will be reduced to about 36 m.

ments is possible with the Tangent height Retrieval by UV-B
Exploitation (TRUE) method, which analyzes the so-called
knee in the shape of UV-B limb radiance profildéa{ser 2 SCIAMACHY'’s solar occultation measurement
et al, 2004. For the tropical region with its homogenous
ozone distribution, the uncertainty of the knee method is esSCIAMACHY performs solar occultation measurements ev-
timated to be 300 m or lessdn Savigny et a).2005. ery orbit between 49N and 69 N depending on season

In the early phase of the mission, large tangent height(Fig. 1). From the instruments point of view, the Sun rises
anomalies were observed with this method with a seasonahbove the horizon, but the local time at the tangent point cor-
variation with an amplitude of 800 mvgn Savigny et aJ.  responds to a sunset event. The scan sequence is illustrated
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Fig. 2. Outline of the SCIAMACHY solar occultation measurement
sequence. The yellow area indicates the geometrical position of the
solar disk. The red area shows the visibility of the Sun, changed
, | from the geometrical position by refraction in the Earth’s atmo-
60N P sphere. The sinusoidal line gives the viewing direction of the in-
50N~ - strument during the sequence, which is continued up to an altitude
Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec of 290 km for the nominal scan (state 49). The shortened measure-
ment stops scanning at 110 km, followed by 2 s pointing towards the

Fig. 1. Geographical distribution of SCIAMACHY solar occultation g, adjusted by SCIAMACHYs sun follower device (state 47).
events. Top panel: all tangent points for the years 2003 to 2010 are

plotted. Red dots are the nominal solar occultation measurements
(state 49), blue dots are the shortened measurements (state 7). Bot- F———IFQV: 0.72° (40.7 km)——] JIFOV: 0.045°

state 49 state 47

70°N

latitude

tom panel: the tangent points latitude over the year. (~2.5 km)
in Fig. 2: in an initial phase, SCIAMACHY scans around ok,

17.2km above the horizon, waiting for the Sun to appear.
When the Sun’s geometrical altitude exceeds 17.2km, the
instrument follows (continuously scanning in vertical direc-
tion) the rising Sun up to an altitude of about 290 km. For
two orbits per day, scanning the Sun stops at about 110 km, g%%nof?j‘g;ia km)

followed by two seconds pointing to the brightest region of - '

the Sun, using the instrument's SFD. The remaining time isgjg. 3. SCIAMACHYs instantaneous field of view (IFOV) com-
used for solar measurements of the daily calibration. pared to the solar disk, detailed explanation is given in the text. The

A set of so-called states define SCIAMACHY’s measure- red points on the left side indicate the sampling of the PMDs during
ments along the orbit. A state comprises a functional se-one scan.
quence of measurements. Each state definition has a unique
number. The long solar occultation sequence sketched in
Fig. 2 has the state number 49, the short sequence used f& Elevation angle offset
2 of 14 orbits per day has the state number 47.

The IFOV in horizontal direction with 0.72 deg exceeds We use the scans over the solar disk above the atmosphere to
the diameter of the solar disk (0.525 to 0.542 deg, dependdetermine the elevation angle of the Sun from Envisat's point
ing on season). In vertical direction, a sweep of 0.72 deg inof view. The elevation angle determines the tangent height
two Seconds iS performed' The IFOV in Vertica' direction is f0r the VieWing direction, but our baSiC I’esu|t will be the miS'
0.045 deg corresponding to an altitude range of about 2.5 knointing in elevation direction. From the scan, the time of
at the tangent point_ W|th measurements performed everyhe maximum intensity of the solar irradiance is fitted. The
125ms (Channe| 3—6 and 8)’ 16 Spectra are taken during OngeWing direction at this pOint in time is the measured ele-

sweep of 0.72 deg over the solar disk. The disk is completelyvation direction of the Sun. Using the best knowledge of the
covered, as illustrated in Fig. attitude and position of the platform, we can calculate the

elevation direction of the Sun with an appropriate software.
This software is also used in the operational processing to
calculate the geolocation of the measurement from the same

(~29.7 - 30.6 km)

Sampling 40 Hz PMDs
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input. The difference between the measured and the calcu-
lated elevation direction of the Sun gives the mispointing of
the instrument in elevation: the elevation angle offset (EAO).
The detailed implementation of this basic idea is described
in the following paragraphs.

An EAO can be translated to a more intuitive tangent
height offset. In principle, the conversion factor is altitude
dependent, and this dependence also has a seasonal compo-
nent. Nevertheless, an estimate of the tangent height offset is
given at the right axis of most plots, using a mean conversion
factor.

3.1 The measured position of the Sun

Neglecting the vertical extension of the FOV, the measured
intensity on the solar disk is proportional to the length

of the chord defi_ned by the_ horizontal extent of SCIA- Fig. 4. Sketch for deriving the intensity function of a scan over the
MACHY'’s FOV (Fig. 4). By using the theorem of Pythago- ¢g|ar disk.

ras, we get

1(t) = 2¢+/r2 — (t — teen)? 1) 3.2 The calculated position of the Sun

with All calculations necessary for orbit propagation and pointing
teer CeNter of the solar disk, issues for Envisat are combined in tBevisat-1 mission CFI

t: vertical position of the FOV, (Customer Furbished Item) softwaf®lufioz 201J), in the

r: radius of the Sun, following named a<£Fl library. The software needs an orbit

c: scaling factor, state vector with position and velocity of the spacecraft at a
I (t): measured intensity. dedicated time, which then can be propagated along the orbit.

The vertical direction is proportional to the time, becauseEach SCIAMACHY product contains the orbit state vector at
the scan is performed with constant angular velocity of theapproximately the ascending node crossing (ANX) time. We
elevation mirror. Therefore, fcen andr can be expressed use the orbit state vector from the SCIAMACHY Level 1b

in (measurement) time coordinates. The maximum measuregroduct version 7.04. In addition to a detailed Earth model,

intensity is then given by the software includes a model of the main bodies in the solar
system and the positions of the (brighter) stars. It also in-
Imax = 2cr. (2) cludes sophisticated routines to convert positions, velocities,

and accelerations between the various coordinate systems re-
lated to the solar system, the Earth and the platform. The

the measurement points during the scan over the solar disknost _relevant F:oordinate system (CS) for our purpose _is the
tcen then gives the precise time, when the FOV is centereos"j‘te”m,a R(_alanve ACt”‘?" Reference (<3 .EAR CS)'.Th'S .'S
over the solar disk. a satellite fixed CS, using the (best available) attitude infor-

This approach has two main sources of errors. First, thé“ation for the platform and the known (fixed) mispointing

field of view indeed has a vertical extension. Second, the Sogngles. The positions of SCIAMACHY's elevation and az-

lar disk is not a homogenous source of light. The main ef.imuth mirrors are proportional to the elevation and azimuth
fect is the solar limb darkening. The brightness of the sunngles in this goord!nate system, i.e. the viewir_lg dire_ction of
is decreasing from the center to the edge of the Sun becau CIAMACHY is defined only by the mirror positions in this

of absorptions in the Sun’s atmosphere. This effect is wave- STQAIvallrelz, t19t9h7). levati d azimuth le of the Sun i
length dependent, it is decreasing from UV towards longer h OSEE:A\CI_\':' ?;g r?e eva '(;m afn ha2|mu m angie o b ek unin
wavelengths Klestroffer and Magnari998 Neckel| 20095. the , the attitude of the satellite must be known.

Both effects are increasing with the distance of the FOV fromThe attitude information is determined using Envisat's gyro-
the center of the Sun. scopes, the Earth and the Sun sensor, and the three star sen-

To increase the numerical stability of the fit, the values of sors. Using the star sensors gives the most precise attitude
information, this is Envisat's operational stellar yaw steering

the fit are prepared as follows: the time is always given as .
seconds from the begin of the state, i.e. since the begin of thQ10O|e (SYSM). As a backup operational made, the yaw steer-

occultation measurement sequence. The intensity values ar'%g mo<|j|_e '(YShf)ZWOI;[)h limited attitude information is possible
normalized to the maximum intensity of the state. (Bargellini et al, 5.

The parameters, ¢, andzcen are fitted with a non-linear least
square algorithm (Levenberg—Marquataiurakis 2009 to
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With a delay of two to three days after the measurement, Orbit 23340 PMD40 04 -0-
theFOS (Flight Operation Segment) Restituted Attitude Data 1 [ ' ' ' '
File is available, the so-called AUX-FRAs (after the identi-
fication string in the file names). They improve the attitude
knowledge by a detailed re-analysis of all available informa-
tion in the FOS and can be applied within the CFl library to
improve the propagation along the orbit.

Previous CFl libraries assumed an infinite speed of light.
With version 5.9, the possibility to correct for the traveling
time of light for some Sun related parameters was added, 0 . . . .
including the ones needed for this work. We checked this 67 675 68 €85 69 €95 70 705 T
correction with calculations performed with tfhe JPL - limesince begin of state ]

HORIZONS online solar system data and ephemeris com- oxp. Mamaam s o oed forfit
putation servicef the Solar System Dynamics (SSD) group fitted maximum signal
of NASA's Jet Propulsion Laboratory (JPL&{orgini et al,

08 |

0.6 |

04

normalized signal

0.2 |

upscan downscan

Fig. 5. One up-scan and one down-scan over the solar disk from or-

1996 Yeomans et a,l.1.9961 and found a very good agree- bitgz3340 (1;) August 2006, first scans above 100 km). In red the

ment between them with differences below 0.3 mdeg. All ré- oo req intensities are plotted, the blue crosses mark the used

sults presented here use the correction for the traveling timgyeasurements. The green lines show the fitted functions. The large

of light. purple cross marks the fitted maximum, the large gray cross the po-
If the measured elevation or azimuth angle differs from thesition, where the Sun is expected at that time.

calculated one, the attitude information of the instrument is

incorrect and theSatellite Relative Actual Reference &S

not exactly aligned with SCIAMACHY. 3.4 Anexample scan

3.3 Optimizing the fit Figure5illustrates the fit for one up-scan and one down-scan.
The red crosses show all intensities measured by PMD 4 for
As mentioned before, SCIAMACHY has two types of detec- a scan sequence at about 120 km of orbit 23340 (normalized
tors (see Tabld). The science channels are integrating de-to the maximum signal). The blue crosses denote the mea-
vices with a readout rate not larger than 16 Hz. The PMDssurements actually used for the fits (the normalized signal is
are broadband sampling devices, which are read out witharger than 0.5). The green lines are the fitted functibis.
40Hz. For operational purpose, they are regridded with aThe large purple cross marks the fitted maximum intensity,
32 Hz sampling, synchronized with the readings of the sci-i.e. I (fcen)- fcen iS the quantity we are interested in: the time
ence channels. Here, we work with the raw 40 Hz signal towhen SCIAMACHY points to the center of the solar disk.
take advantage of the high sampling rate. The large gray cross indicates the time, when the maximum
The light path to PMD 7 is essentially blocked by the intensity was expected according to the calculated position
small aperture in solar occultation. However, a small amountof the Sun. The distance between the large crosses is propor-
of stray light still reaches this detector, but the signal is tootional to the observed elevation mispointing.
noisy to be used. PMD 6 also has quite noisy data. We per-
formed fits for all 7 PMDs and compared the resulting fit 3.5 Sequence of elevation angle offsets
errors of the fitted parameters. Using PMD 4 shows the low- ) o
est errors in most cases. For this wavelength window, the efAAt lower tangent heights, the apparent solar position is dif-
fect of the vertical extension of the FOV and the (wavelengthérent from the geometrical solar position due to refraction
dependent) limb darkening compensate such that the shagB Earth's atmosphere (Fig). Using the CFl library, we in-
assumed by Eqlj is best matched. In the following parts, vest'lgated the gffgct of the refraction on the apparent solar
we will only refer to the fits using raw 40 Hz data of PMD 4. position for radiation with a Wavelength_ of 650 nm (the cen-
As discussed in Sec.1, the validity of the assumptions (€r wavelength of PMD 4). At 40km altitude, the solar disk
behind Eq. {) decreases with the distance of the measure-S Still shifted by~200m, at 60km a shift of about 15m re-
ment from the center of the solar disk. Therefore, only theMains. At 75km, the difference drops below 1.7 m, which we
points near the center should be used for the fit. On theconsider to be negligible fO_r Our_calculanons_ .
other hand, more points means more information is available 36 scans over the solar d_ISk with the _geom_etrlcal solar cen-
within the fit. We optimised the number of used points by ter above 75 km tangent height are avallable_ in state_49, so for
looking at the errors of the fit. The amount of points is de- 8&ch scan an EAO can be determined. In Bjghe retrieved
fined by the lowest relative intensity, which should be usedEAOS for three occultation states are plotted. As can be seen,
for the fit. The smallest errors are reached with a lower limit the individual offsets are time dependent. Assuming a linear
of the intensities of 0.5 of the maximum intensity. dependency, we can fit the equation
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Toooq —e 1100 resulting in a zigzag pattern in the sequence of EAOs. A fea-
1 ggég? e ture of the PMDs is the so-called “analogue delay”. That is
of % 17 o) {0 the time, the read-out electronics consume during transfer-
1 . ot err — ring the measurement information into binary units. With the
) * v’\\ e 1 100 default analogue offset for PMD 4 of 13.3ms, the elevation
g = *M E angle offset versus time (as in F&).shows a small, but clear
E 3 % " "V"“\w 1 200 % zigzag pattern from the alternating up- and down-scans. Such
S 4t e ! ea R ! a zigzag pattern increases also the error of the linear fit. We
5 A A . -\.' * 200 repeated the calculations for the whole dataset with adding
o ° .« e 0.00 to—1.00 ms in 0.25 ms steps to the analogue offset and
) e maar o e found a minimum of the mean fit error fer0.75ms. There-
T Ly e 1 400 fore, we use 13.225ms as analogue offset throughout this
-8
40 60 80 100 120 paper.

t[s]

Fig. 6. Fitted EAOsdA versus measurement timefor the oc- 4 Excluded measurements
cultation states of the orbits 22294 (5 June 2006), 23108 (1 Au-
gust 2006), and 24091 (9 October 2006). Added are the linear fitgurther on in the paper, we will analyze time series of the
(f (1)) through these values. The blue square marks the extrapolatedbserved EAOs. A few measurements have to be excluded
EAO at 17.2 km with the fit error. The violet error bar indicate the before.
total error of the EAO at this altitude (see S&6).

4.1 Solar eclipses

Over the years, SCIAMACHY observed five partial (at least
di(t) = a + bt, (3)  from SCIAMACHY’s point of view) solar eclipses dur-

. i i ing the solar occultation measurements: 14 October 2004,
wheredA(t) is the EAO at time, anda andb are the fitted 29 March 2006, 1 August 2008, 4 January 2011, and
intercept and slope. The slopewill be further discussed in 1 jyne 2011. The first one even affected two subsequent oc-
Sect.5..4. For most scientific applications, the E,_’-\Os at alti- - ,jtation measurements. Figutshows the effect on the ob-
tudes in the lower atmosphere are relevant. A linear extrapseyed intensity and the coverage of the solar disk. The rel-
olation to 32s using Eq3] is performed. At this time, the  4tjve positions and diameters are calculated with the CFI li-
(expected) tangent altitude of the geometric Sun (i.e. neglectbrary (Sect3.2).
ing refraction effects of Earth’s atmosphere) is 17.2km. This  1ne observed shapes of the intensity functions are not in-
is the case for all solar occultation measurement, because thg,e with the assumptions in Se@.1 and the solar eclipse

measurement sequences are planned around this point. Thiseasurements are excluded from our calculations.
extrapolated EAO is used as the relevant EAO of an occulta-

tion state in Secb (if not stated otherwise). 4.2 Outliers

The remaining error on this EAO (and therefore also on
the elevation angle around 17.2km) has two sources. Firsti-or about 480 orbits (out of more than 39 000 with state 49),
we have the error from the linear extrapolation. The linearthe sequence of EAOs in a state shows outliers in the fitted
regression gives the standard errors for the parametainsl EAOs from the individual scans over the solar disk. Figire
b in Eq. ). These errors are propagated to the error of theshows two examples with 10 mdeg and 8 mdeg different off-
EAO at 17.2km. Second, we consider the uncertainty of thesets for one scan to the other scans of the same occultation
individual scans. As seen in Fif, the EAO for the individ-  sequence. However, the fit errors for the outliers in fitting
ual scans scatter around the fitted line. This uncertainty forEq. (1) are not larger than that for the other scans. This means
the individual scan will also disturb a retrieval of an atmo- that not a single readout failed, but the whole scan over the
spheric parameter at the lower altitude. It can be calculatedlisk is misplaced by the observed additional angle. We also
as standard deviation of the individual EAOs from the fitted checked the intensities to verify this conclusion.
line. This error represents the limited precision of the scan- We have no explanation for this behavior, it seems to be
ner unit. We use here the mean standard deviation over than occasional problem of the scanner unit. The misplaced
whole time series as error. The total error on the EAO is thescan randomly appears in the scan sequence, as well as
root of the squared sum of both errors. In Fégthe fit error ~ such sequences randomly appear over SCIAMACHYs life-
is marked with blue, the total error with violet error bars. time. In a few cases, even more than one scan over the

Assigning the correct time to the measurement is essensolar disk is displaced. The maximum additional EAO is
tial. If a timing offset occurs, the assigned elevation angleabout 10 mdeg. Please note that this is still well within
would change in different directions for up- and down-scan,the pointing requirements and is only slightly larger than
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oA ! il Vi 1 time as in Fig$6, but for the occultation states for the orbits 13592
02T | I " upscan Xj dowr]sca. 1

_upscan \Jf downscan (5 October 2004) and 37735 (19 May 2009) Both show an outlier
in the individual scans. The lower panel shows the erratzemfor

04-JAN-2011 10:10:31 01-JUN-2011 22:55:24

Orbit 46258 Orbit 48392 the individual fits (converted to an error on the EAO using the scan
velocity).

R 1t : i )
2 o8l | 1 ] 5 Time series
E 0.6 | XX Bl I ]
g o4} L | ! I In this section, we analyze time series of the derived EAO and
o + e . . . .
AT downsean & ||/ upscan u downsean b ] relz_ated quantities. F|gur9 compnses_all time series plots,

0 e75 68 665 69 695 70 705 675 68 655 68 695 70 705 which will be discussed in the following sections. For three

time since beain of state [s] time since beain of state [s] Of the p|otS, atwo month period iS ShOWn in detall in r_lg

Fig. 7. Observation of solar eclipses during SCIAMACHY’s so-
lar occultation measurements. Plotted is the normalized signal o

PMD 4 of the first up- and down-scan above 100 km of the affected

orbit. The first two plots are subsequent orbits, observing begin and:Igure 9a shows the full time series of the retrieved EAOs.

end of the solar eclipse of 14 October 2004. The coverage of thel "€ Maximum observed EAO are fros0.08 to +0.12 deg

Sun by the Moon is pictured by the yellow and gray circle. The di- (Corresponding to about +4.5 te6.7 km offset in tangent
ameters of Sun and Moon and the relative elevation and azimuttheight). Most EAOs are from-10 to +2mdeg (+560 to
angles are consistently scaled. —120 m), which will be analyzed in detail in Sebt2
In Fig. 9a, all known platform events with possible im-
pact on the pointing knowledge are marked in blue. Orbit
SCIAMACHY’s error budget of the relative pointing error control manoeuvres (OCMs) are the (more or less) regular
in elevation (8 mdeg). activities to maintain Envisat’s orbit. Most of them have no
The affected orbits were identified by looking at the errorsimpact on the finally calculated solar elevation angles. For a
of the (linear extrapolated) EAO at 32, which is enlargedfew events, the subsequent orbits show larger solar elevation
by an outlier in the fitted data (compare the errors in Fégs. angle deviations: 21 July 2009, 29 September 2009, 8 De-
and8). With the chosen limit (0.6 mdeg) on the fit error, ad- cember 2009, 16 February 2010, 27 April 2010, 6 July 2010,
ditional elevation angle offsets larger than 2.5 mdeg are clasand 1 March 2012. The Envisat attitude anomalies always
sified as outlier. The orbits with outliers are also excluded|ead to larger deviations in the elevation angles; the dates
from the time series discussed further on. are 21 June 2004, 15 February 2009, 11 January 2010, and
In the occultation measurement in orbit 47991 26 May 2010. Collision avoidance manoeuvres are neces-
(5 May 2011), the scans cover only parts of the solarsary, if space debris crosses the planned Envisat orbit. During
disk, caused by an in-plane manoeuvre just at the time of théhese manoeuvres, no measurements are performed. The two
measurement. The incomplete scans are not suitable for ouhajor events of this type (1 September 2004 and 4 Novem-
method, therefore this orbit is also excluded. ber 2009) did not lead to an enlarged mispointing in the sub-
sequent orbits.
In the early phase of the mission, a large seasonal
cycle with an amplitude of about 15mdeg (850m) and

rf>.1 Elevation angle offset history

www.atmos-meas-tech.net/5/2867/2012/ Atmos. Meas. Tech., 5, 2&8BBQ 2012



K. Bramstedt et al.: Pointing knowledge for SCIAMACHY solar occultation measurements

2874
01/01/03 01/01/04 01/01/05 01/01/06 01/01/07 01/01/08 01/01/09 01/01/10 01/01/11  01/01/12
100 - g : > § > E > > g dk i -6000
E g 55 I T g 2000 T
= 0 e - Gummrmaeiiient g 0 s
3 = S35532% =3 S 55 = =35 = SS5>53=> =32 =55 % ER )
50 9] OEQOQOE® ©0O o 00 O ©0. 0O ooooo%o O 00 =0 L £ | ©1 2000
O ORO O E @ 00 oGO0 eaue} 00 000G OO0 G0 O Z0
¥ FE g ff ot F o rox o+ R i e e + | 1 4000
a - : frend (1) '
S ;
@
kel
E
=<
o
>
)
°
E
=<
o
1 1 1 1 . 400
3 Ld \ monthly mean (de-seasonalized) ——+— yearly mean (de-seasonalized) —e— | 150
§ 4 A g P S50, NI ST SO Sy Ao - 200 E
= . -t g
M T WS VA o st A A VIV TSR TN 250 2
= SRV Y Y ! {300 5
© 6 4 350
-7 i 1 1 1 1 4 400
B £
E =
< o°
S 1
g E
E =
< o°
o 1
[ ) £
S 0 =
£ =
g 3 %
S 4
=4 5
— 0 0 —
() 1 1S
3 4 200 =
E =
< 8E 400 ©
S g 1 )
- 600
-12 ] H I I i 4
10000 20000 30000 40000 50000
#orbit

Fig. 9. Time series of fitted EAO, extrapolated to the relevant altitttde? .2 km. Zooms of the gray bars (e), (f), (h) are shown in Fig10.

(a) Full range of observed EAO. The blue crosses and text mark known instrument anomalies with possible impact on (byidtiogn

of (a) to the main range of observed EAQ. Added are the fitted funcfieinaccording Eq.4) and the linear term of (¢) (labeled trendx)).

(c) The remaining day to day variation, jf(¢) is subtracted from the EAQd) Monthly and yearly means of the EAO with the sinusoidal
term of Eq. @) subtracted(e) Total error of the EAO(f) The EAO with and without (gray dots) using the AUX-FRAg) The slopeb of
the EAO with and without (gray dots) using the AUX-FRAL) EAO derived from state 47, compared to the usual ones from state 49.
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Fig. 10.Zoom of Fig.9 (f-h) for the time range June to August 2006.

discontinuities in the pitch control where observed. In De- Table 2. Fitted parameters and its errors according to Bjof the
cember 2003, Envisat's on-board software responsible fotrend analysis for the elevation angle offset (EAO) and the azimuth
the attitude control along an orbit, was updatBargellini  angle offset (AAO, see Sed).

etal, 2005. For this update, the platform was in yaw steering

mode with limited pointing accuracy for three days (marked EAOC AAO
asAttitude testsn Fig. 9, 9-12 December 2003). A1 [mdeg 1701+ 0.008  2.260:0.015

At the end of 2010, the Envisat orbit was lowered by By [yr] 0.9064+ 0.001 0.645-0.001
17 km. During the main manoeuvres, Envisat was in YSM Ao [mded —0.8274+0.008 0.205:0.015
(27 October—2 November 2010), marked @ubit change By [yr] 1.647+0.001 1.507-0.006
Four additional attitude anomalies are known, all of them had C [mded —4.943+0.013  88.998:0.023
impact for a few orbits. D [mdeg yFl] 0.098+0.002 —0.241+0.004

A few larger mispointing events without known reason
are visible in the plot, for example in March 2003 and
March 2008.
of the seasonal variation is 2.19mdeg, corresponding to
5.2 Trend analysis ~ 124 m in tangent height. The mean EAO of the observed
i L period is—4.41 mdeg £t 249 m), the overall linear trend is
For t_he trend analysis, we excluded the mispointing anomag gg mdegyr! (~ —5.5myrY). Subtraction off (r) from
lies, i.e. all EAO pglow—lZ mdeg and above 2mdeg are not the data shows the short-term variation of the EAOs (#y.
us_ed. The remaining pattern shows a stab_le seasonal Cycle wco are in the order af 3mdeg within ten days. Please
(Fig. 9b). To investigate long-term trends in the observed o that these short time variations are not random, subse-
EAO, we fitted the function quent orbits differ in the order of only 0.2 mdeg. The short
time variations are visible in Fid.0f.
Subtracting only the sinusoidal terms in E4) {rom the
to the time series of the EAO. The time coordinatés EAOs, we de-seasonalize the data to investigate long-term
used in the unit years with=0.0yr corresponding to or- trends in more detail. Figurgd shows monthly and yearly
bit 0. The sinusoidal terms correspond to an annual and #August—July) means. The amplitude of the remaining pat-
semi-annual cycleA;» are the amplitudesBy» are the  tern in the monthly means is a factor of 4 smaller than the
phases of the cycles. Additionally, a constant off€eand main variation, indicating that most of seasonal variation is
an overall linear trend with slop® is fitted. The fitted pa- captured by the annual and semi-annual cycle. The yearly
rameters of Eq.4) are summarized in Tabl2. The com-  means give a more precise picture of the trend: the mean el-
bined amplitude of the sinusoidal terms, i.e. the amplitudeevation angle offset is reduced frorb.1 mdeg in the first

f) = A1sin(2r (t + By)) + Azsin(4x (t + B2)) + C + Dt (4)
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year to—4.2mdeg in 2006, further on the mean elevation 2 Sooos & -100
mispointing remains stable. This corresponds to a mean tan- gmg :
gent height offset of about 241 m since 2006. 0 0
1.7

5.3 Errors of the elevation angle offset 2 . . ! ;ﬁf 1100

> i €
The total error on the EAQ is plotted in Fige. The mean to- § 4 A . ;j 1200 ;
tal error is 0.46 mdeg (26 m), most errors are below 0.6 mdeg.< ° . “ 2
The mean uncertainty of the individual scans is 0.32 mdeg 6 e * ° ﬁq 1%
(24 m). As a reminder, 0.6 mdeg has been chosen as the fit ﬁ% 1 400
error limit for the detection of sequences with one or more 8 :
outliers in the individual EAO (Sec#.2), corresponding to 1{ 500
0.63 mdeg total error. 10

52 54 5 58 60 62 64 66

5.4 Slope of the elevation angle offset tis]
. : : . . Fig. 11.Examples for the EAOSs retrieved for state 47 (orbits 22025,
Here we investigate the sl f the linear fit rding t . .
ere we investigate the s 0_pb$) € linear fit acco d gto 23113, and 24100). The points at 60 and 62 s are the fits from the
Eq. @). The time series ab is plotted in Fig.9g. b is in the | L
1 Wi ast up- and down-scan. The crosses are the EAOs of the individual
range 0f—0.06 to +0.02mdegs, without a clear seasonal readouts, when the SFD directs the mirrors. The oscillations of the

cycle. . _ control loop are clearly visible. The point at 65 s is the mean of the
In Sect. 3.2, we introduced the AUX-FRAs. Figuref individual SED values.

shows the EAO with and without (red/gray dots) apply-
ing the AUX-FRAs for the calculated solar elevation an-
gle. The AUX-FRAs improve the knowledge about the atti- available. The first 12 readouts are skipped, because this time
tude of satellite and therefore about the solar elevation anglés needed to move from the predicted position of the Sun
Until the on-board software update in December 2003, theto the actual one. For the remaining 68 readouts, the EAOs
in-flight attitude control leads to larger mispointings up to are determined and the arithmetic mean of these values is
20 mdeg. The AUX-FRAs are therefore very important until calculated.
that date for reliable attitude information. The slope remains Figure 11 shows three examples for the EAOs from
unchanged by the application of the AUX-FRAs (the gray state 47. Shown are the offsets from the last six scans and
dots are just behind the blue ones). the mean offset from the pointing phase. All seven points

The zoom into June—August 2006 in Fif and g shows  give consistent results, especially the SFD point is inline with
a clear anti-correlation of the short-term variation of EAO the general approach in this paper. The determination of the
and the slop#&, when the AUX-FRAs are used. The correla- slope of the EAO (according to E8) is not possible, as the
tion coefficient between these two quantities-8.73, if the ~ Six scans above 75 km are not enough for a reliable fit.
fitted function £ (r) according to Eq.4) is subtracted from Also shown are the EAOSs of the individual readouts of the
the EAQ. It seems that the information content of the AUX- pointing phase. The oscillations around the mean elevation
FRAs is somehow connected with the observed slope. Thigffset directly shows the control loop between the scanner
observation might help to further improve the AUX-FRAs. unit and the SFD. The amplitude of the oscillations is about

1 mdeg.
In Fig. 9h, the EAOs from state 47 are compared to the
6 The shortened occultation measurement results from state 49. The overall agreement is very good
_ _ for the complete time series. Figutéh shows a very good

Up to now, we discussed only the solar occultation measurezgreement also on an orbital basis, from the fit over the
ments of state 49 with 36 scans over the solar disk aboveq|ar disk as well as from using the SFD. Especially the
75km. For state 47, the last up- and down scan sequenCgynsistency with the SFD results indicates the validity of
crosses the center of the solar disk at about 96 and 104 krg,,r approach. Please note: the state 49 EAO is extrapolated
tangent height, respectively. Afterwards, the elevation mirrory, 17 2 km, whereas the state 47 EAO is valid for around

is moved to the pre-calculated center of the solar disk, and, g km tangent altitude. For negative valueshothe state
the Sun follower device (SFD) takes over the control alsosg EaQ is slightly higher, vice versa for positive

for the elevation mirror. Two seconds of pointing to the Sun
completes the state.
The last six scans over the solar disk are used as before tp  Tangent heights for retrievals
fit the measured solar center. The mirror angles controlled by
the SFD are directly compared to the solar elevation angles-or scientific retrievals, the elevation angle itself is not rel-
according to the CFls. The 80 readouts in 2 s of pointing areevant. Instead, the tangent heights of the line of sights are
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necessary, which define the altitudes of the measured spectra 98

and therefore the altitude grid of a retrieved profile. There- 3338? EQZ%% — ~17,2If((r2 .
fore, the tangent heights have to be recalculated using the % | s fot-ert 4 5400
improved elevation angles. We derive the parameteaad 04 ‘ ol | 5300
b of Eq. (3) and have to correct the given elevatipr(de- h M M ’ w ; £
termined by the position of the elevation mirror) to get the 3 oo | 3 Ll ik le ! A/ N Lat M 5200 B
improved elevation angle': e i WW, \W HJW“ ﬂ w ‘\ "i
, g 9 lW I'\w"' ‘MJ‘V“W‘"\W ( ‘\,MN } M- -5100 E
F TRVR (M i A P
1" is then used as elevation angle to re-calculate the geoloca- ! M‘ \‘J \J J | 1 U | \“ I UN “ -4900
tion of the measurement including the tangent heights. 86 ¥ w N - u‘ '
For correct tangent heights in the solar occultation, the 1 4800
readout characteristics of SCIAMACHY'’s science channels 40 60 80 100 120
have to be taken into account. For the channels 1-5, standard tls]

photod!odgs with a Sequgntlal readout are _used_ The tlm%ig. 12. Fitted AAOs versus measurement time for the occulta-
stamp is given for the begin of the readout (in the Level 1btion state for two of the orbits already used in F&g). 22022

product used for this study). The read(_)ut of all 1024 pi_xel (17 May 2006), and 24091 (9 October 2006). The thin lines in-
takes 28.771 ms. If the relevant information comes from pixelgicates the individual readouts, the points are the mean over one

numbern of the channel, than the geolocation has to be cal-scan. Added are the linear fitg ¢)) through these values. The blue
culated fort =1 1p + (2/1024)- 28.771 ms. The channels 6, 7 square marks the extrapolated EAO at 17.2 km with the fit error. The
and 8 use InGaAs detectors, which are readout in parallelviolet error bar indicates the total error of the EAO at this altitude
For solar occultation, channels 6 and 7 have integration time$see Sect3.5).

of 31.25 ms, which is half of the minimum readout cycle time

of 62.5ms. This means, the first 31.25ms of the measure-

ment are thrown away and not used. The mid of the integrag  Azimuth angle

tion time (which should be used for the mean pointing) is

therefore shifted by half of this time=1_1 + 15.625 ms. A high precision azimuth angle is less important for scientific
Recognizing the derived function for the EAO and the rgyieyals, because no horizontal gradients on small scales are
readout characteristics leads to a very precise tangent he'glég(pected in the upper atmosphere. In azimuth direction, the
information for the solar occultation measurements. Within gep takes over control, when the geometric Sun reaches an
the retrievals, the vertical gradient of the atmosphere in theysitude of 17.2 km. Therefore, we can directly compare the
FOV and the elevation change during the integration of the,zimyth angles of the mirrors to the azimuth calculated by the
signal have to be taken into account. CFls to estimate the azimuth angle offset (AAO), as we did
SCIAMACHY’s limb measurement have the same re- ¢ the elevation during the pointing phase of state 47. Here,
quirements for the pointing knowledge. However, the EAO q caiculated the mean AAO for one scan over the solar disk
derived from solar occultation cannot be used directly. Theg4 100k this as the AAO for this scan. Figdr2shows two
viewing direction in limb is in the flight direction of En-  gyample orbits. The individual readouts indicate the control
visat, whereas the occultation viewing direction is in azimuth loop of the SFD. The amplitude is about 2.5 mdeg, which is
about 30 deg left of the ground track. Because we cannot deggre than twice of the amplitude in elevation (as observed
termine, which axes of the platform are involved in the mis-, gate 47). The SFD is less accurate in azimuth direction

pointing, the limb elevation offset might be different. The so- (Schwab 1999, and for part of the scan in elevation, the Sun
lar occultation measurement are all in northern mid to highis ot in the IFOV i.e. the SED has no signal to adjust. As
latitudes (see Figl), whereas the limb measurements are o, the elevation angle offsets, we determined the AAO for
globally distributed. If we have an orbital pattern in the EAO, o5ch orbit (with state 49 measurements) as extrapolation to
we cannot detect this from the solar occultation measurement, 17 2 km altitude and analyzed the time series. Again, we
alone. , excluded the mispointing events from the time series: AAOs
The most recent results of the TRUE method for limb mea-,q 1o 78 mdeg and above 97 mdeg are not used. Fib@re
surements inGottwald et al.(2010Q show also a seasonal gpqs the trend analysis for the AAO. As done for the EAO,
variation. However, the phase is shifted and the amplitudene fynction described by EcYis fitted to the AAO dataset.
|s.smaller compared to th_e results shown here. Therefore, W&he fitted parameters are listed in TaBleThe amplitude of
think that the tangent height offset indeed has an (currentlyy,q seasonal cycle is 2.26 mdeg (corresponding1@7 m in
unknown) orbital component. horizontal direction at the tangent point), dominated by the
yearly sinusoid. In Figl3pb it is also visible that the overall
seasonal cycle is not matched in 2002 and slightly different
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Fig. 13. Time series of the AAQl¢p, derived from the adjustment of the azimuth mirror by the Sun follower device (SFD). The plots
corresponds to Fid (b—e)and(g) for the elevation angle. Zooms of the gray bargkipand(g) are shown in Figl4.

in 2003. Towards the later years, the amplitude slightly in-used in Fig.10. The AAO data are noisier than the elevation
creases with time. data, the variation from orbit to orbit is in the order of 4 mdeg.

Remarkable is the mean AAO of 87.7 mdeg, correspond-There are still short-term variations visible, and they are cor-
ing to a mean horizontal offset of almost 5km for the oc- related with the slopé of the linear fit through the sequence
cultation measurements. The observed overall linear tren@f solar scans. The correlation coefficient between these two
is D =—0.241+ 0.004 mdeg yr!. The overall small trend is  values is—0.61, if again the fitted function is subtracted from
confirmed by the monthly and yearly mean in Figd, which ~ the AAO.
are again calculated with the sinusoidal term subtracted from
the data. The errors of the AAO are shown in Fife. The
mean total error is about 0.65 mdeg (36 m), most errors arg conclusions
below 0.9 mdeg.

The mean scanner unit error (standard deviation of the inThe sequence of scans over the solar disk during SCIA-
dividual AAOs from the fitted line) is 0.59 mdeg (33 m). The \jaAcHY's solar occultation measurements have been used
errors for the azimuth are in general by a factor of 1.4 highery, getermine the pointing direction in elevation with a mean
than for the elevation. The errors are shghtly_ higher at thegiandard error @) of 0.46 mdeg £ 26 m in altitude). This is
begin and towards the later phase of the mission. one order of magnitude better than the original pointing error

_Figure13g shows the slope of the AAO, corresponding t0 py,qget for SCIAMACHY. The mispointing of the instrument
Fig. 9g for the EAO. Both are in the same order of magnitude. gho\ys 5 clear seasonal cycle with an amplitude of 2.19 mdeg

Figure 14 shows the short-term variation of the AAO and (124 m in tangent altitude), the overall mean mispoint-
the change of the AAO with time for the same period alreadying is —4.41 mdeg € 249 m). The values are summarized in
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Table 3. Summary of the statistical quantities of the observed elevation and azimuth angle offsets for SCIAMACHY’s solar occultation
measurements. The corresponding vertical and horizontal offsets at the tangent point are also listed.

Elevation angle Tangent height  Azimuth angle Horizontal tangent
offset (EAO) offset offset (AAO) offset

mean offset —4.41 mdeg 249m 87.70 mdeg —4955m

amplitude seasonal cycle 2.19mdeg 124m 2.26 mdeg 127m

linear trend 0.098mdegyt -55myrl  —0.241mdegyr! 13.6myr?

mean precision (@) 0.455 mdeg 26m 0.645 mdeg 36m
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Fig. 14.Zoom of Fig.13 (b) and(g) with the time range June to August 2006.

Table 3. There is an on-going discussions about a possiblestrategy in their solar occultation measureme@snnold
trend in SCIAMACHY'’s (limb) tangent height offsets, which and McCormick20032.

would (partly) explain observed trends in trace gas profiles

(Gottwald et al. 2010. From this work, we cannot support

mean tangent height offset in the first four years of the mis-the ESA Envisat project, funded by Germany, The Netherlands, and
sion of 50 m in total and a stable pattern since then. Belgium. SCIAMACHY data have been provided by ESA. This

The pointing control by SCIAMACHY’s sun follower work has been funded by DLR Space Agency (Germany) within

. . . . ) . grant 50EE1105, and by the University of Bremen.

device allows to determine the azimuth pointing direction
with. a standard error of 0.65 mdeg G6m ?n horizontal di-  ggited by: J.-P. Pommereau
rection). A seasonal cycle with an amplitude of 2.26 mdeg
(~ 127 m) and a mean offset of 87.7 mdegq.0 km) is ob-
served for the azimuth angle offset of the instrument. References

A detailed analysis of the observed pattern is necessary. o o o _
Especially the astonishingly strong correlation between thé“'vé‘rez‘ L. E”}"S"ﬁ‘l M'Ssé"S”AC'g NSI\(;ﬁé"ir € m's(:'%” gg”:’g”é'gzs
time dependence of the angle offsets and the offset itself, and ocument, Tech. rep., " » 5 A, Vadnd, PO-S-ESA-

) s . GS-0561, available athttp://eop-cfi.esa.int/CFl/cBoftware.

the small offset changes from orbit to orbit might in the future

html (last access: March 2012), 1997.
help to understand the reasons for these pattern and f”rth%rargellini P., Matatoros, M. G., Ventimiglia, L., and Suen, D.: EN-

improve the attitude knowledge for Envisat. VISAT Attitude and Orbit Control In-Orbit Performance: An Op-

For the occultation measurements, we are now in the po- erational View, in: Proceedings of 6th International ESA Con-
sition to derive profiles of atmospheric parameters with fur-  ference on Guidance, Navigation and Control Systems, ESA-
ther improved altitude knowledge compared to previous in- SP 606, ESA Publications Division, Loutraki, Greece, 2005.
vestigations Keyer et al, 2005 Bramstedt et a).2007% Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J.ENo
Nogl et al, 201Q 2011). The presented method can also S., Rozanov, V. V., Chance, K. V., and Goede, A. P. H.: SCIA-
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