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1. INTRODUCTION 

This document defines the interface between the Solar Orbiter SOC and those Solar Orbiter 
instrument teams who will provide low latency data in FITS format (nominally the remote 
sensing instrument teams: EUI, METIS, PHI, SoloHI, SPICE, STIX; henceforth referred to 
as the remote sensing teams). It outlines the responsibilities both of the SOC and the 
remote sensing teams with regard to the generation of low latency data files at the SOC. 
This document specifies the format and some aspects of the content and metadata of the 
low latency FITS files. A similar ICD is available for the low latency data in CDF format 
[LLCDFICD].  

1.1 Applicable Documents 
[LLTN]  SOL-SGS-TN-0003, Solar Orbiter Low Latency Data Products 
[FITS DOC]  Definition of the Flexible Image Transport System,  

http://fits.gsfc.nasa.gov/standard30/fits_standard30aa.pdf 
[TEMPLATE] SOL-SGS-OTH-0003, Dataset Description Document Template for 

Low Latency FITS Files 

1.2 Reference Documents 
[ALIGN] SOL.S.ASTR.PL.00056, Solar Orbiter Alignment Plan, v2, Sept 2014 
[EID-A] SOL-EST-RCD-0050, Solar Orbiter Experiment Interface Document – 

Part A, Iss.4.0 
[LLCDFICD]  SOL-SGS-ICD-0004, Solar Orbiter ICD for LL Data CDF Files 
[SEGU]  SOL-SGS-TN-0006, SOC Engineering Guidelines for External Users 
[METADATA] SOL-SGS-TN-0009, Metadata Definition for Solar Orbiter Science 

Data  
[WCSFITS]  FITS World Coordinate System (WCS),  

http://fits.gsfc.nasa.gov/fits_wcs.html  

1.3 Acronyms and Abbreviations 
FITS  Flexible Image Transport System 
FOV  Field of View 
FOF  Flight Optical Frame 
ILS  Instrument Line of Sight (reference frame) 
LOS  Line of Sight 
OBT  On-Board time 
SOF  Spacecraft Optical Frame 
SRF  Spacecraft Reference Frame 
STR  Star Tracker Frame 
UOF  Unit Optical Frame 
WCS  World Coordinate System 
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1.4 Low Latency Data Concept 
The low latency data concept and content of the different instruments’ low latency data is 
described in full in [LLTN]. However, the concept is briefly summarised here.  
 
Low latency data represent a limited subset the payload’s science data that are downlinked 
with the highest priority after platform and payload housekeeping. The maximum allowed 
size of low latency data (nominally 1MB per instrument per day) is chosen such that 1 day’s 
low latency data can be downlinked in a single communications pass even during periods 
of poor communications performance. The low latency concept and data content have been 
designed to fulfil an operational need for prompt visibility of payload activities, namely: 

1. To perform crude checks of instrument performance and science data quality. 
2. To allow instruments implementing selective data downlink to choose the telemetry 

to retrieve. 
3. To allow the improvement of pointing profile and/or retargeting when tracking solar 

features. 
Low Latency data are not intended to be of publication quality. 

2. LOW LATENCY DATA PROCESSING 

Low latency data will be processed at the SOC, first using instrument team provided 
software. This will take the form of a single processing pipeline per instrument delivered as 
a virtual machine. The output of each pipeline will then be augmented by SOC-provided 
software (“post processing”), which will perform operations that are common to more than 
one instrument, thus ensuring consistency across the payload. The SOC will provide web-
based visualisations of the low latency data and will make available the entire payload’s low 
latency data to each instrument team, with the possible exception of certain technical 
parameters that will be made available only to the generating instrument team. There will 
be the facility to make a subset of the low latency data, and the visualisations thereof, 
publically available. Note that instrument teams are free to process their own low latency 
data as they see fit, in addition to providing input to the SOC-produced low latency data. 

2.1 Instrument Team Responsibilities 
Each remote sensing team will provide to the SOC a software pipeline in the form of a 
virtual machine, to be resident in the SOC, that will take as input raw telemetry packets 
containing their instrument’s low latency data and output that data in FITS format. 
Technical details regarding the implementation of the virtual machines and pipelines are 
given in [SEGU]. Details regarding the required file format, content and metadata are 
outlined in section 3 of this document and in [METADATA]. Each remote sensing team will 
also provide a low latency dataset description document according to [TEMPLATE] that 
will allow SOC to post process and visualise the output of the instrument team provided 
pipelines. 
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2.2 SOC Responsibilities 
SOC will host the instrument pipelines and retrieve the low latency data from MOC after 
downlink, passing it as input to the instrument pipelines. SOC will also post process the 
output of the pipelines, applying operations that will include, but not necessarily be limited 
to, time conversion from onboard time (OBT) to UTC and transformation of FOV  
parameters from instrument coordinates to an appropriate scientific coordinate system. 
SOC will not apply calibrations to the output of the instrument pipelines. SOC will also 
provide a simple web-based visualisation tool for the low latency data that will include 
some form of access control, so visibility of low latency data can be restricted to the Solar 
Orbiter teams should this be required by instrument teams, although public access will also 
be possible. SOC will also distribute the low latency data files via the Solar Orbiter Science 
Archive, hosted at ESAC. 
 
Please that LL processing and post-processing to LL02 at SOC is done once, promptly for 
operational use, and should in principle never need reprocessing. 

3. FILE FORMAT, CONTENT AND METADATA 

This section describes the format, content and metadata of both the output from the 
instrument pipelines and SOC. 

3.1 File Format and Naming for Low Latency Data Files 
Low Latency pipelines provided by the remote sensing teams should output data in FITS 
format, following the standard version 3.0 (see [FITS DOC] and http://fits.gsfc.nasa.gov). 
The output files from the instrument pipelines will be classified as Level LL01 data, 
according to the specification in [METADATA]. The FITS files will be named according to 
the file naming convention described in [METADATA], with the exception that the 
filename shall contain the coarse OBT of the observation in the file, padded to 10 digits, 
rather than any UTC timetag. In case the FITS file contains multiple observations or a time 
series, the coarse OBT of the first and last record shall be specified. For example, a PHI 
magnetogram may be named:  
 

solo_LL01_phi-fdt_mag_0000086399_V01.fits 
 
One day of  STIX light curves may be named: 
 

solo_LL01_stix_lc_0000086399-0000172797_V01.fits 
 
The output of SOC post processing will be FITS files named according to the Solar Orbiter 
filename convention and will be classified as Level LL02, as defined in [METADATA]. Any 
further data files containing parameters derived from one or multiple instruments’ LL02 
data will be classified as Level LL03 files according to [METADATA] and will also be 
provided in FITS format. 
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3.2 File Content for Low Latency FITS Files 
Pipelines may split their output into files containing different types of data based on their 
envisioned use, e.g. scientific parameters and technical/engineering parameters. See 
[SEGU] for details. In this case each different type of file should have a unique data 
product name as explained in the Solar Orbiter filename convention in [METADATA]. In 
the examples given above, the data product identifiers are chosen to be “mag” for a PHI 
magnetogram and “lc” for STIX light curves. 

3.2.1 File Duration 
On any given day, the output of a remote sensing instrument pipeline will contain LL01 
files with all of the relevant low latency data that was downlinked during a given 
communications pass and provided to the pipeline as input. For imagery this means that all 
observations taken between the start of the last and the start of the present SC contact are 
available; FITS files containing time series will have pass-t0-pass duration. This will 
usually be close to 1 day of data during the nominal and extended mission phases, with the 
exception of conjunction periods and those 24 hour periods that contain multiple complete 
communications passes. 
 
LL02 and LL03 FITS files will be distributed though the Solar Orbiter Archive. Imagery 
can be searched through a metadata search, previewed via a quicklook snapshot and 
retrieved in FITS format. For time series, there will be two ways to access the information 
contained in the files: by retrieving the files themselves (in this case LL02 and LL03 FITS 
files), or by looking inside all the parameters contained in those files that will be ingested 
directly into the database and will be made searchable. 
In the former case, the LL02 files produced by SOC will have the same duration to the LL01 
file used as input, i.e. there will be 1:1 mapping between LL01 and LL02 files before 
ingestion into the archive. Duration of LL03 files will depend on the post-processing 
applied. In the latter case, a user of the archive can chose the data duration. 

3.2.2 Gap Handling and Fill Values 
For remote-sensing imagery, fill values will be expressed through the FITS keyword 
BLANK (see Table 3-3). Gaps in retrieved TM or processing problems will naturally lead to 
missing images.  
For time series, gaps shall be handled in the same way as for CDF files [LLCDFICD] . 
Individual LL01 files from instrument pipelines should not contain discontinuities in their 
time series. Instead, the time tags should be constructed by the LL01 pipeline and the data 
variables populated with the fill given in the FITS keyword BLANK (TBC). 

3.2.3 Notes on FITS Metadata Content and Structure 
All FITS shall be composed of the following FITS structures, in the order listed:  

• Primary header and data unit (primary HDU), 
• Conforming Extensions, in the form of additional HDUs (optional) 
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LL data files might be structured either as a Single Image FITS file, composed of only the 
primary HDU, or a Multi-Extension FITS file containing one or more extensions following 
the primary HDU (see [FITS DOC]).  
 
LL01 files will contain OBT rather than any derived time variable. OBT should be 
formatted as a decimal representation of the ticks, with a decimal point separating the 4 
byte coarse time and 2 byte fine time. UTC will be added to LL02 files payload-wide in SOC 
post processing. The time pairs and the algorithm used for this conversion will also be 
made available to the instrument teams. 
 
Scientific parameters in LL01 files will be in digital numbers or physical values, as 
appropriate. SOC post processing will not alter the units of any scientific data for inclusion 
in LL02 files. 
 
All FOV or pointing metadata in LL01 files should be expressed in Cartesian instrument 
coordinates and not be corrected for spacecraft motion. Transformation to a scientific 
coordinate system (Helioprojective Cartesian for images and RTN for time series, see 
Appendix A) will be done during SOC post processing and included in LL02 files following 
the WCS standard for FITS [WCSFITS]. It is not envisioned that LL data will be corrected 
for spacecraft motion. 
 
The content and structure of each LL01 file for a particular instrument will be described in 
that instrument’s Low Latency Dataset Description Document, for which [TEMPLATE] is a 
template. This will include the names and valid data ranges of all FITS keywords so the 
SOC can read the LL01 files and hence use them to produce LL02 (and potentially LL03) 
files. The SOC will produce an equivalent document for each instrument describing their 
LL02 files and a further document describing any LL03 FITS files, if applicable. 

3.3 Metadata for Low Latency Remote Sensing Data 
In common with all other Solar Orbiter science data, the low latency data will follow the 
Solar Orbiter metadata standard, fully defined in [METADATA]. The Solar Orbiter FITS 
standard is derived from the FITS [FITS DOC] and WCS standards [WCSFITS] and good 
practices used in recent solar physics missions’ metadata, taking into account Solar 
Orbiter’s specific needs and applicability to the various types of remote sensing 
instruments. The FITS keyword list is composed of FITS Mandatory (M), Solar Orbiter 
Mandatory (P) and Optional (O) metadata. Those M and P metadata relevant to low latency 
data must be included and are described below, divided according to whether the metadata 
are expected to be included in the LL01 output from instrument pipelines or will be added 
to the LL02 files produced during SOC post processing. Instrument teams can include any 
combination of the optional (O) metadata, and those M and P metadata not mandated for 
low latency files, which are described in [METADATA], as they deem appropriate. 
However, any additional metadata must be included in the instrument’s Low Latency 
dataset description document, see [TEMPLATE]. 
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Any FITS keywords included by the instrument team in the LL01 files will be included 
unchanged in the LL02 files unless superseded or no longer relevant. For example, 
OBS_MODE will be copied to the LL02 file unchanged, while CREATOR will be changed 
from the name of the instrument pipeline to that of the SOC post-processing pipeline. 
Heritage will be maintained through use of the keywords PARENT1 and HISTORY of the 
LL02 files, which will include the name of the equivalent LL01 file and, in the case of 
HISTORY, any ephemeris or auxiliary files used in computing coordinate transformations, 
time conversion etc. 

3.3.1 Basic and general descriptive FITS keywords 
The expected minimum set of basic and general descriptive FITS keywords that must be 
included in LL01 files are listed in Table 3-1. Updated and additional general keywords that 
will be included in LL02 files are listed in Table 3-2. Note that the value for the keyword is 
specified only in case it is mandated for LL FITS files. For the valid data range and more 
detailed description of each of the keywords we refer to [METADATA].  
 
One aspect that deserves extra attention is the description of information regarding data 
acquisition times. LL01 data shall be expressed in on-board time (OBT) only. The 
conversion to UTC time will be applied consistently for all payload by the SOC, based on 
the OBT-to-UTC timepairs provided by the MOC and shall appear, in addition to the OBT 
keywords, for the first time in LL02 data. 

                                                             
 
 
1 This is still to be confirmed. The keyword PARENT is currently  not part of [METADATA] Iss1.0 but it is proposed to be 
included in the next issue. The list of actions performed on each FITS file will be added to the HISTORY keyword but as 
these free text fields are not easily searchable, we propose the use PARENT in combination with FILE_RAW to maintain 
heritage in a proper keyword. 
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Table 3-1 Mandatory basic and general descriptive FITS keywords for LL01 files.  

Name Value Description Comment 
SIMPLE T file conforms to basic FITS standard Mandatory in FITS standard, value ‘T’ mandatory for Solar Orbiter data. 
BITPIX  number of bits per data pixel, rounded up Mandatory in FITS standard. 
NAXIS  number of axes in data cube Mandatory in FITS standard. 
NAXISi  length of data axis i Mandatory in FITS standard, there should be a NAXISi keyword for each of 

the dimensions specified in NAXIS. 
EXTEND  ‘F’/’T’ for without/with extensions  Specifies whether LL01 FITS file contains extensions or not. 
FILENAME  FITS filename Name of FITS file.  FILENAME should follow the conventions laid out in 

[METADATA] and Section 3.1, with the date/time consistent with the 
information in OBT-BEG below.  

DATE  FITS file creation date in UTC. Date and time of FITS file creation, in UTC, in ISO-8601 format 'yyyy-mm-
ddThh:mm:ss.sss' 

OBT-BEG  Start of acquisition time in OBT Start time of data acquisition in onboard time units (positive float).  
OBT-END  End of acquisition time in OBT [Optional] End time of data acquisition in onboard time units (positive float). 

This keyword is mandatory for multiple image data and for time series. For 
single image FITS files, it should only be used in case the end acquisition time 
was contained in the TM packets. 

TIMESYS ‘OBT’  System used for time keywords For LL01 data, this shall be set to ‘OBT’. 
LEVEL ‘LL01’ Processing level of the data. Should be labeled accordingly to the standard in [METADATA], i.e. ‘LL01’ for 

LowLatency 0.1 data. 
CREATOR  FITS creation software Name of the instrument pipeline running at SOC. 
ORIGIN ‘Solar 

Orbiter SOC, 
ESAC’ 

Location where FITS file has been 
generated. 

Name of institution where FITS file has been generated. For LL01 files this 
should be set to ‘Solar Orbiter SOC, ESAC’. 

<Version>  Keyword(s) describing the version used 
for SW, calibration files, etc. 

Keyword(s) still to be specified in [METADATA]. Once done, they will be 
mandatory in the LL01, except for the calibration version that might only be 
applicable to some LL01 files. 

HISTORY   Lists all processes that touched the file, see [METADATA]. 
END n/a  Mandatory in FITS standard. 
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Table 3-2 Additional basic and general descriptive FITS keywords for LL02 files. Rows shaded blue represent updated 
metadata that replace equivalents in LL01 files. 

Name Value Description Comment 
FILENAME  FITS filename Name of FITS file, consistent with convention in [METADATA].  The date/time 

field in the LL01 filename will be updated with the information in DATE-BEG 
below. The rest of the filename fields shall stay identical to LL01 file. 

DATE  FITS file creation date in UTC. Updated date and time of FITS file creation, in UTC, in ISO-8601 format 'yyyy-
mm-ddThh:mm:ss.sss' 

DATE-BEG  Start time of observation in UTC. This variable will specify in LL02 files the start time of the observation, in UTC 
and ISO-8601 format. The UTC time shall be generated from OBT-BEG in the 
LL01 files, using the time conversion function generated by MOC. LL02 files 
will keep the OBT_xxx keywords in addition to the added DATE-xxx keywords. 

DATE-END  End time of observation in UTC. Analogue to DATE-BEG but for the end time of the observation. In case OBT-
END was not specified in the TM packets and the LL01 data, DATE-END will 
be constructed using DATE-BEG and exposure time in XPOSURE (see Table 
3-3). Only in case keyword TELAPSE is present in the LL01 header (typically 
for summed images or rasters), that associated time will be used.  

DATE-AVG  Average time of observation in UTC. The average time of observation will be calculated as the midpoint between the 
start and end times in UTC, DATE-BEG and DATE-END resp. The average 
time is mandatory for Solar Orbiter FITS files (except for LL01 and L0) as all 
attitude and WCS metadata are based on this time. 

DATE-OBS  Same as DATE-BEG This keyword will get the same value as DATE-BEG. The keyword has been 
historically used on most solar physics mission, but is depreciated and replaced 
by DATE-BEG and DATE-END to avoid ambiguity. DATE-OBS will still be kept 
in Solar Orbiter data to support both older and newer software. 

TIMESYS ‘UTC’ System used for time keywords For LL02 data, this shall be updated to ‘UTC’. 
LEVEL ‘LL02’ Processing level of the data. Labelled according to the standard in [METADATA], i.e. ‘LL02’ for LowLatency 

post-processed data. 
CREATOR  FITS creation software Name of the SOC post-processing software. 
HISTORY   SOC processing added  to previous HISTORY information. 
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3.3.2 Keywords describing instrument and observation  
The keywords listed in Table 3-3 should be included in the LL01 files output by the 
instrument pipelines. These keywords will not be modified during SOC post-processing but 
just copied over to the generated LL02 files. Additional keywords can of course be included 
as appropriate, but these must be fully described in the relevant dataset description 
document, see [TEMPLATE]. 
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Table 3-3 Mandatory keywords describing instrument and observation for LL01 Files. Values are only specified in case they 
are mandated for LL01 files. 

Name Value Description Comment 
OBSRVTRY ‘Solar Orbiter’ Satellite name All Solar Orbiter FITS files should have this keyword with value ‘Solar 

Orbiter’. 
TELESCOP "SOLO/" + 

$INSTRUME/ 
[+$DETECTOR] 

Telescope/Sensor name The full description of the telescope or sensor that took the measurement, 
constructed from the string ‘SOLO/’ and the values of keywords INSTRUME 
and optionally DETECTOR, e.g. ‘SOLO/EUI/FSI’ or ‘SOLO/STIX’. 

INSTRUME  Instrument name This keyword should reflect the 'official' instrument acronym, i.e. how you 
would want it to appear in a publication, incl. capitalisation. Instrument 
names in INSTRUME should be used consistently. 

DETECTOR  Instrument subunit or sensor Only mandatory in case the data are taken by one particular subunit or sensor 
of the instrument. In that case, this subunit should also be specified in 
TELESCOP. 

OBS_MODE  Observation mode Description of the observation mode or 'study' that has been used to acquire 
this LL data (series). This is mainly applicable to instruments that have a 
varying LL concept and might use different settings for LL images depending 
on the science goal. 

WAVELNTH/
WAVEMIN/ 
WAVEMAX/ 
WAVEBAND 

 Specification of the wavelength or 
bandpass description 

One or more of these keywords can be added to specify the wavelength (range) 
of the data. For LL data it is only mandatory to use those in case the telescope 
filter is not specified in any other keyword, and an extra keyword is needed to 
uniquely describe the data product. 

XPOSURE  Total effective exposure time, in 
seconds. 

Total effective exposure time of the observation, in seconds.  For observations 
made of multiple exposures summed together, this would be the total sum of 
the individual effective exposure times. This value will be used for the 
calculation of DATE_END, except in case TELAPSE is present 

TELAPSE  Elapsed time between beginning and 
end of observation, in seconds. 

[Optional] Only mandatory for LL01 FITS files that contain observations 
consisting of summed images or rasters. The elapsed time, if present, will be 
used for the calculation of DATE_END. 

BUNIT  Units of physical value See Greisen and Calabretta in [FITS+WCS] for a complete description of how 
to form unit strings. 
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DATAMIN  Minimum value in data (except fill 
value BLANK) 

These keywords are proposed to be mandatory in LL01 as it helps scaling 
images/data, however in combined datasets it is probably more appropriate in 
the table headers than in the primary header. 

DATAMAX  Maximum value in data (except fill 
value BLANK) 

See DATAMIN 

BLANK  Value marking undefined pixels [Optional] BLANK shall only be used in arrays with integer data, i.e. with 
positive values of BITPIX. Blank pixels in floating point data are to be marked 
with the IEEE Not-a-Number (NaN) mechanism. See [FITS DOC] sect. 
4.4.2.5.  

PXBEGn 
PXENDn 

 First read-out pixel in dimension n For each data dimension n, PXBEGn and PXENDn describe subfields (in 2D 
images) and partial readouts in higher dimensional data cubes, before any 
binning has taken place. The first pixel that has been read out in dimension n 
is specified in PXBEGn, the last pixel in that dimension in PXENDn.  

NBINn  Binning factor in dimension n NBINn specifies the binning factor in the n'th dimension that has been applied 
onboard, i.e. the actual number of pixels binned in that direction. Default 
value (no binning) is 1. 

COMPRESS  Data compression used onboard [Optional] As LL data will typically be downlinked highly compressed, it may 
be good practice to describe the type of compression that was applied onboard. 
This is mainly interesting for scientists working with both LL and science-
quality data. It is up to the instrument team to decide whether that applies to 
their LL01 data. 

COMPQUAL  Compressed/uncompressed quality 
ratio in %. 

[Optional ] Similar to COMPRESS but numerical value. 
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3.3.3 FITS attitude keywords 
The group of keywords listed in Table 3-4 and Table 3-5 below describe the relationship 
between the detector and target. These require some more context and explanation given in 
the subsections below. More context information can also be found in Appendix C where 
the alignment approach, both on-ground and in-flight, is explained and illustrated. 
 

3.3.3.1 FITS attitude keywords in LL01 data 
The LL01 metadata will contain a very specific set of attitude keywords that are based on 
instrument-internal information only, and do not describe the data wrt the Sun. All 
instrument-external attitude (and timing) information will be applied by the SOC into 
LL02 data to assure consistency throughout the payload.  
The main reason for this choice is that the Low Latency data will be used by SOC for 
operational use cases, i.e. as input to the pointing generation tool and the LL data display 
tool, see also Appendix C. Especially the ingestion of a subset of LL data in the pointing 
generation tool requires a clean and stable generation of metadata without application of 
any SOC-external knowledge regarding instrument (mis)alignments, and a consistent time 
correlation. With the SOC handling all instrument-vs-SC alignment information, both for 
TC generation (PTRs) as TM processing (LL visualization), we hope to get an as reliable as 
possible knowledge of any alignment issues. In addition, applying both time correlation 
and attitude handling centrally will simplify and limit the input needed by the LL pipelines, 
and ensure efficiency and stability of LL data processing. 
 
For these reasons, the LL01 data output by the instrument-provided LL pipelines shall 
describe the data field of view with respect to the instrument reference frame, i.e.  

1. the angular size of the field of view, describing any subfielding2 and rebinning3, and  
2. its theoretical relationship to the idealised boresight of the telescope,  

as illustrated in steps 1 and 2 of Figure 1. 
It shall not include or correct for any misalignments between optical paths and 
SC boresight, and S/C orbit or attitude information. These conversions will be 
applied by SOC in a next step (see Sect. 3.3.3.2). 
 
The instrument reference frame that shall be used for the attitude metadata is based on the 
Instrument Line-of-Sight Reference Frame, as introduced in EIDA R-025 [EID-A] and 
described in more detail in each instrument’s EID-B or MICD. The origin is defined as the 
instrument Vertex, i.e. the theoretical centre of the Instrument Focal Plane, and the +XILS 
shall be pointing from the Vertex towards the target, i.e. to the Sun. As the orientation of 

                                                             
 
 
2 In the specific case of SoloHI that has 4 detectors which most likely will produce 4 different LL FITS files, 
we expect each of them to describe the image FOV as a subfield to the full FOV of the SoloHI telescope. 
3  As specified in [METADATA], we expect rebinned images to be formatted in FITS data cubes with a 
decreased number of low resolution pixels. Low-latency images shall only be binned back in the case of non-
square data cubes, as may happen in the case of METIS that applies different binning to different subfields. 
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the +YILS and +ZILS could be freely selected by the instrument, the orientation of both axes 
should be described briefly in the FITS header and more extensively in the metadata 
description document [TEMPLATE]. It is assumed though that both axes correspond to the 
detector axes of the instrument. Any other related instrument frames may be acceptable if 
discussed with SOC and documented in [TEMPLATE]. 
 
The example given in Table 3-4 describes an ILS reference frame with +XILS along the 
telescope-to-Sun centre axis, +YILS roughly parallel with the SC Z-axis and pointing towards 
the bottom panel of the SC (towards solar South in nominal attitude), +ZILS roughly 
parallel with the SC Y-axis and pointing to the +Y panel of the SC (from solar West to East 
in nominal attitude)4, as illustrated in Appendix B. Each instrument can use its own ILS 
reference frame as long as the axes are described in the FITS header comment fields and 
the data product description documents [TEMPLATE].  
The pixel order along each data axis is imposed by the direction of the ILS axes, i.e. any 
mirroring of images that happened along the instrument’s optical path should be corrected 
for. Note that all instrument teams will be asked to provide to SOC the coordinate 
transformation from instrument to S/C coordinates (based on on-ground measurements) 
but this (theoretical) transformation matrix does not need inclusion in the LL01 FITS. 
 
The applicable and mandatory keywords for LL01 metadata are listed in Table 3-4. Note 
that although the instrument LOS reference frame specified in LL01 is strictly not a WCS 
reference frame, the same keywords will be used to describe attitude metadata.  
 

3.3.3.2 FITS attitude and ephemeris keywords in LL02 data 
The conversion of LL01 data to the World Coordinate System (WCS), along steps 3 and 4 
illustrated in Figure 1, shall be applied consistently for all instruments by the SOC, and 
described in WCS attitude parameters added to the LL02 metadata (see Table 3-5). The 
steps included in this conversion are the following:  

3. First the metadata will be corrected for the mounting direction in the S/C and for 
any known and static misalignment between telescope ILS and S/C boresight. 

4. Then all images will be aligned with respect to the Sun by applying both the orbital 
auxiliary data as the SC attitude data, 

As illustrated in steps 3 and 4 of Figure 1, and explained in more detail in Appendix C. 
 
The WCS coordinate system used to describe position and attitude of LL02 image data is 
Helioprojective-Cartesian. It is an angular, spherical coordinate system that uses the sun to 
define its pole and origin. Solar latitude is measured from disk centre towards solar North 
in angle theta_y, and longitude towards the solar West limb in theta_x (see Appendix A). 

                                                             
 
 
4 This appears to be the most-widely chosen ILS frame, adopted by at least 3 instruments: PHI, SoloHI, and 
METIS (METIS LOS=M0-IEO direction) according to these instrument’s EID-Bs. 
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Though calibrated science images (Level-2) shall be corrected for distortion and rotation 
effects, this correction is not applied to LL02 data. They will be rotated wrt solar North 
though.  
As LL data are operational data in general not to be used for detailed scientific analysis, 
extensive ephemeris data will not be added to LL02 data. However, adding the exact 
spacecraft position will make LL02 data much more powerful, as it allows comparison to 
other mission’s data. The proposed limited set of ephemeris metadata to add is described 
in Table 3-6. The choice of heliocentric coordinate system to express the LL02 ephemeris 
metadata is still TBD.  
 
 

 

 
 
Figure 1 Illustration of the 4 steps in the attitude conversion from detector output to an 
image in Helio-projective coordinates. 
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Table 3-4 Attitude parameters wrt instrument reference frame for LL01 Files. 

Name Value Description Comment  
WCSNAME ‘InstrumentLOS’ Instrument line-of-sight reference 

frame, with origin at Vertex, i.e. 
<TBW>. 

We shall use the name ‘InstrumentLOS’ to describe a coordinate system fixed 
to the instrument, with the origin located at the Vertex and +X aligned with 
the instrument boresight towards the Sun. 

CTYPE1(*) ‘Y_ILOS’ Description of first spatial axis. Description of spatial axis 1 in the instrument LOS reference frame (Y_ILOS). 
E.g. “First spatial axis, roughly parallel to SC’s vertical axis and pointing 
towards bottom panel.” 

CTYPE2(*) ‘Z_ILOS’ Description of second spatial axis. Description of spatial axis 2 in the instrument LOS reference frame (Z_ILOS). 
E.g. “Second spatial axis, roughly parallel to SC’s horizontal axis and pointing 
to +Y_SC.” 

CTYPE3(*) ‘WAVE’ Wavelength [Optional] For spectral data only: Coordinate name and projection along the 
spectral axis. 

CUNIT1(*) ‘arcsec’ Units along axis 1. Units along axis 1.  See Greisen and Calabretta in [FITS+WCS] for a complete 
description of how to form unit strings. 

CUNIT2(*) ‘arcsec’ Units along axis 2. Units along axis 2.  
CUNIT3(*) ‘Angstrom’ Units along spectral dimension. [Optional] For spectral data only. 
PCi_j  Coordinate transformation matrix to 

ILS 
[Optional] i*j keywords to describe the coordinate transformation matrix 
from the data cube to the Instrument LOS reference frame, with i=1 to naxis1 
and j=1 to naxis2.  The use of the PC matrix allows for skew and fully general 
rotations (useful for e.g. spectral data).  In the absence of these keywords, 
SOC will assume the identical matrix. 

CDELTi  Pixel scale along axis i in arcsec. For each data axis i, the pixel scale along that axis. 
CRVALi  Value of ref pixel along axis i in arcsec For each data axis i, the coordinate value of the reference pixel, in arcsecs. 
CRPIXi  Reference pixel location along axis i. For each data axis i, the reference pixel location along axis i.  Must be 

consistent with the CRVALi values.  For a 1024x1024 image, setting the 
reference pixel to CRPIX1=512.5, CRPIX2=512.5 selects the center of the 
image, and the CRVALi values must be calculated accordingly. 
CRPIX1 = (NAXIS1+1)/2 minus X-offset in pixels 

(*) Note that it is up to the instrument team to choose the order of the axes, e.g. the spectral axis could be the first one, depending on the data cube  
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Table 3-5 Additional attitude parameters in WCS coordinates for LL02 files. Blue shaded rows are updated metadata that 
replace their equivalents in the LL01 files. 

Name Value Description Comment  
WCSNAME 'Helioprojective-

cartesian’ 
Name of coordinate system 'Helioprojective-cartesian' will be used as image coordinate system with 

origin in Sun centre and solar north along the +Y axis. 
CTYPE1(*) ’HPLN-TAN’ Helioprojective longitude (Solar X) Coordinate name and projection along spatial axis X.  CTYPE1[2] describe the 

nature of the images - the projection of the solar disk. ’HPLN’ is the 
Helioprojective westward angle, and ’HPLT’ is the Helioprojective northward 
angle. The units are given in CUNIT1[2] .  The projection is normally '-TAN', 
though other values are possible for very large FOVs (SoloHI for example). 

CTYPE2(*) ’HPLT-TAN’ Helioprojective latitude (Solar Y) Coordinate name and projection along spatial axis Y. 
CTYPE3(*) ‘WAVE’ Wavelength [Optional] For spectral data only: Coordinate name and projection along the 

spectral axis.  
CUNIT1(*) ‘arcsec’ Units along helioprojective longitude 

(Solar X). 
SOC only adds description of axis 1.  

CUNIT2(*) ‘arcsec’ Units along helioprojective latitude 
(Solar Y). 

SOC only adds description of axis 2.  

CUNIT3(*) ‘Angstrom’ Units along spectral dimension. [Optional] For spectral data only. 
PCi_j  WCS coordinate transformation matrix i*j keywords to describe the coordinate transformation matrix from the initial 

coordinate system to the World Coordinate System provided in WCSNAME, 
with i=1 to naxis1 and j=1 to naxis2.  This matrix shall be used to describe the 
effect of the spacecraft roll angle and S/C attitude wrt Sun, based on the 
orbital file, attitude HK.  The data themselves are not altered. See 
[METADATA]. 

CDELTi  Pixel scale along axis i in arcsec. For each data axis i, the pixel scale along that axis. 
CRVALi  Value of reference pixel along axis i in 

arcsec 
For each data axis i, the value of the reference pixel, i.e. the X/Y-coordinate of 
the Sun centre. 

CRPIXi  Pixel location of Sun centre along axis 
i. 

For each data axis i, the reference pixel location along axis i.  Must be 
consistent with the CRVALi values.   

SPECSYS ‘HELIOCEN’ Reference frame for spectral axes Shall be included only for spectral data: Reference frame used for calculating 
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the effect of the spacecraft velocity on spectral coordinates.  Used in 
conjunction with VELOSYS keyword. 

VELOSYS  Radial velocity of spacecraft relative to 
Sun in m/s. 

Shall be included only for spectral data: Radial velocity of the spacecraft 
relative to the Sun, in meters per second.  Positive velocity is outward from 
the Sun.  Used in conjunction with SPECSYS keyword. 

 
(*) Note that the order of the axes chosen by the instrument team will be preserved in LL02 data. Optional keywords CTYPE3 and CUNIT3 will be 
kept as in LL01, and are only mentioned here for completeness. 
 
 

Table 3-6 Ephemeris metadata that will be added to LL02 files.  

Name Value Description Comment  
DSUN_OBS  [m] S/C distance from Sun   
RSUN_ARC  [arcsec] Apparent photospheric solar 

radius 
 

HGLT_OBS  [deg] s/c heliographic latitude (B0 
angle) 

Stonyhurst heliographic latitude of the spacecraft, in degrees. 

HGLN_OBS  [deg] s/c heliographic longitude Stonyhurst heliographic longitude of the spacecraft, in degrees. 
HEEX_OBS   [m] s/c Heliocen. Earth Ecliptic X 3D x, y, z coordinates in Heliocentric Earth Ecliptic coordinate system. Note 

that the final coordinate system to be used for LL02 data is still TBD. 
HEEY_OBS   [m] s/c Heliocen. Earth Ecliptic Y  
HEEZ_OBS   [m] s/c Heliocen. Earth Ecliptic Z  
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4. THE DATASET DESCRIPTION DOCUMENT 

Each remote sensing team will provide a dataset description document (see [TEMPLATE]) 
containing the details of each of the LL01 files output from their low latency pipeline. This 
document should contain a breakdown of the FITS keywords contained within each type of 
file. It should also contain their expected values or valid data range where appropriate. All 
keywords, including the mandatory keywords listed here should be included in the dataset 
description document so that it is a self-contained reference for the LL01 files of a given 
instrument. 
 
This document is needed for the SOC to prepare their post-processing pipeline that will be 
used to produce the LL02 files. And can also be used to define a FITS skeleton file should 
the instrument teams decide to use these in their own pipeline. The SOC will produce an 
equivalent document for the LL02 files of the entire payload, and for any LL03 FITS files 
that are generated at the SOC. 
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APPENDIX A.  COORDINATE SYSTEMS  
A.1 Helioprojective-Cartesian coordinate system 
Helioprojective coordinates are celestial spherical coordinates that use the sun to 
define their pole and origin, see [WCSpaper]. As this is a spherical coordinate system a 
map projection is used: the TAN projection, the most common one in solar physics, is used 
when a solar image is focused onto a flat focal plane. However other projections are 
possible for telescopes with very large fields of view, like SoloHI. 
 
Helioprojective-Cartesian is an angular coordinate system that measures latitude from 
disk centre towards solar North in theta_y, and longitude towards the solar West limb in 
theta_x. 
 
A.2 RTN coordinate system 
The RTN coordinate system is used by Solar Orbiter time series, see [LLCDFICD]. It is 
centred on the spacecraft and has the following Cartesian components: 
 

• The R component points radially from the sun to the spacecraft. 
• The T component is in the direction Ω × R, where Ω is the Sun’s spin axis. 
• The N component completes a right-handed set. 

  



 

 
Page 24/29 
LLFITSICD 
Date March 2015  Issue 0  Rev 3 

ESA UNCLASSIFIED – For Official Use 

APPENDIX B. S/C AND INSTRUMENT REFERENCE FRAMES 
 

 
Figure B-1 Illustration of S/C reference frame and the Instrument LOS reference frame used 
as example in Table 3-4.  
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APPENDIX C. ALIGNMENT ASPECTS FOR RS INSTRUMENTS 
The alignment aspects described below are considered important by SOC to be explained to 
illustrate the SOC approach to instrument alignment. These apply to all instruments 
onboard Solar Orbiter but are specifically important for high-resolution telescopes. 
The alignment plans discussed in this section are based on the Alignment Plan of the 
prime, at the time of the system CDR [ALIGN]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SRF Spacecraft Reference Frame 
SOF Spacecraft Optical Frame 

Optical cube-based frame of the spacecraft 
UOF Unit Optical Frame. 

Optical cube-based frame of the instrument 
Assumed here to be equivalent to UARF in EID-A 

ILS Instrument Line of Sight. 
Detector-based frame 

STR Local frame of the star tracker 
 
Figure C-1 Illustration of S/C reference frame and the Instrument LOS reference frame used 
as example in Table 3-4.  

 
Various instrument alignment campaigns will occur on ground. One output of these 
combined campaigns is a knowledge of the transformation between detector-level of the 
instrument (ILS) and the Spacecraft Reference Frame (SRF). 
Deterministic flight effects (like gravity release) may be determined analytically and may 
be added to the ground measurement, to give the expected in-flight alignment. Other 
classes of flight effects (like launch vibration) cannot be corrected in this way. 
The SOC assumption is that the Instrument Teams, with input from the prime, will provide 
a static estimate of the expected in-flight SRF-ILS transformation (rotational matrix) for 
each “optical path”. This will be used for pointing commanding (within RSWs when the 

ILS 
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STR SOF 
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instrument is the Prime for pointing) and for low-latency post-processing. This 
transformation matrix is represented by R in the diagram. 
An equivalent on-ground alignment campaign determines the star tracker alignment wrt 
the SRF. This measurement ends up as parameters within the AOCS software, such that the 
AOCS autonomously converts the star-tracker attitude to the attitude of the SRF for the 
purposes of pointing knowledge and control. 
 

C.1 Commanding                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C-2 Representation of pointing commanding 
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Figure C-2 represents the processing for in-flight uplink commanding. In reality the 
ground steps are distributed between SOC and MOC-Flight Dynamics. The diagram now 
represents the presence of multiple instruments and multiple optical paths through ILSs 1-
3. 
 
Note that only the heavily-bolded on-board frames STR and ILSs produce measurable data 
in-flight. Thus the actual in-flight relationship of the intermediate frames is essentially 
unknowable. Therefore it is unlikely that the relationship between STR and SRF is ever 
changed since there is no known way to measure in-flight that any shift in alignment is 
located here, and not elsewhere (for example between the SRF and the optical bench 
hosting most RS-instrument).  
Note that since the SRF is the frame in which the spacecraft safety constraints are applied, 
practically-speaking the SRF in this context concerns the precise position of the heatshield 
wrt the main spacecraft body. 
 
Instruments may occasionally update their estimate of R in-flight and submit it to the SOC. 
For full-disk imagers re-estimating R may be a relatively easy exercise, but for other RS-
imagers this is more complex and may require dedicated alignment campaigns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C-2, Expansion of previous figure, to show full SOC record of alignments 

 
Figure C-3 shows a more complete representation of the transformations proposed to be 
held at SOC, and which potentially allow more operational flexibility. An intermediate 
frame is inserted called “Flight Optical Frame” (FOF). This is a theoretical construct, and it 
allows for global misalignments to be inserted if it is determined in-flight that the 
instrument frames are tending to move together. This is not strictly necessary since re-
estimating each R in turn is equivalent, but would be a useful operational option to allow a 
centralised update of instrument alignments based on perhaps a single ILS-SRF 
calibration. 
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The transformation from the SRF to the FOF is represented by the symbol I. This is chosen 
because this starts as the identity matrix, and only changes if a clear case for its use 
emerges. 
 
Instrument teams would control the Rs, SOC would control I. The transformations in use 
at any time would be recorded in the Science Archive. 
 
The star tracker alignment within the SRF, denoted by S, is also foreseen to be recorded for 
completeness, although as noted it is unlikely to be updated in-flight. 
 
C.2 Low latency post-processing 
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C.3 Special considerations for METIS 
 
 
 
 
 
 
 
 
 
 
 
METIS will need to provide two R transformations. 

• For pointing control, the relevant once is the M0-IEO alignment within the SRF. 
This allows the spacecraft to point (when METIS is prime) to a position that makes 
good use of the occultor and keeps the instrument safe. 

• For the transformation of low-latency data into world coordinates, the ILS 
transformation remains valid. 

 
Strictly speaking the M0-IEO only needs to represent a direction within the SRF rather 
than a full transformation. However there seems no harm maintaining this as a full 
transformation which  

• creates a null-space degree of freedom  
• but maintains the interface consistent with the other alignment measures. 
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