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ABSTRACT
The JCMT Science Archive is a collaboration between the James Clerk Maxwell Telescope and the Canadian Astronomy
Data Centre to provide access to raw and reduced data from SCUBA-2 and the telescope’s heterodyne instruments. It was
designed to include a range of advanced data products, created either by external groups, such as the JCMT Legacy Survey
teams, or by the JCMT staff at the Joint Astronomy Centre.

We are currently developing the archive to include a set of advanced data products which combine all of the publicly
available data. We have developed a sky tiling scheme based on HEALPix tiles to allow us to construct co-added maps and
data cubes on a well-defined grid. There will also be source catalogs both of regions of extended emission and the compact
sources detected within these regions.
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1. INTRODUCTION
The James Clerk Maxwell Telescope (JCMT) Science Archive1–3 (JSA) was approved in 2005 to provide a means for
researchers quickly to obtain reduced data products from their observations, whilst also integrating the data holdings into
the Virtual Observatory as they become public. Early plans for the archive4, 5 introduced a distinction between basic data
products from the data-reduction pipeline and advanced data products generated by applying further processing. These
roughly correspond to Calibration Levels 2 and 3 of the IVOA core observation data model.6

The archive currently includes basic data products comprising pipeline-reduced maps and data cubes for each observa-
tion and for each night, along with corresponding preview images. The next phase of development is the implementation
of advanced data products, using the ORAC-DR pipeline7–9 and the infrastructure of the Canadian Astronomy Data Centre
(CADC). In addition to the products discussed here, we expect that further, more specialized, products will be created by
external groups, such as the JCMT Legacy Survey (JLS) teams.10–16

The primary advanced data projects are co-added “legacy” tiles, containing all available publicly released data, and
catalogs generated from them. The catalogs will include both regions of extended emission and also the compact sources
detected within these regions. One challenge in producing these tiles and catalogs is the need to use sufficiently generic
methods that they are appropriate for observations with very different noise limits and observing strategies taken towards
a wide variety of types of target — from dusty circumstellar disks to non-uniform star formation regions to high-redshift
point-like cosmological sources. The catalogs can be supplemented by domain-specific catalogs created by the different
JLS teams and PI projects, which could classify and derive physical properties for the types of objects that are the focus of
each survey.

One way in which the importance of the archive is illustrated is by its impact on the telescope’s publication statistics.
In Figure 1 we show the proportion of publications which made use of the archive in comparison to those using only new
data from the various instruments. The archive is already being used in a large number of publications, and we expect
that making advanced data products available will further improve its uptake, especially outside the core user community.
This may be aided by the fact that the CADC recently (May, 2014) transitioned to a new unified search interface based on
its next-generation data model, CAOM-2.17, 18 This allows astronomers to search for data in all of CADC’s collections,
including the JCMT Science Archive, simultaneously.
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Figure 1. Chart illustrating the proportion of refereed papers using JCMT data published between 2010 and 2013 which made use of the
archive. The remaining segments of the chart indicate the proportion using data from each of the current JCMT instruments but not the
archive, and those using other, older, instruments.

2. TILES
The advanced data products in the JCMT Science Archive (JSA) will be tiled using the Hierarchical Equal Area isoLatitude
Pixelization19 (HEALPix) scheme. In the base resolution of HEALPix, the sky is divided into twelve diamond-shaped
facets arranged in three rings — one around the equator and another around each pole. Each facet is divided into a 2× 2
grid of similar smaller diamonds to form the next resolution level, and this process is repeated recursively until the desired
cell size is reached. HEALPix therefore offers a well-defined grid over the sky which we will use to specify the boundaries
of the tiled data products.

The individual tiles will also use HEALPix as the pixel grid, via the HPX projection algorithm code20 which rotates the
HEALPix facets anticlockwise by 45◦ so that they become squares aligned with the coordinate axes. Using this grid ensures
that the pixelization is continuous between adjacent tiles, and the tiles can be joined by abutting them. In this respect, HPX
offers a distinct advantage over previous tiling schemes using a tangent-plane projection which would introduce distortions
towards the edges of large tiles, making it more difficult to combine them. The tiling parameters which we plan to use are
given in Table 1. The tile sizes were chosen after investigating how frequently observations would be broken up by tile
boundaries. Figure 2 shows the result of this investigation for the selected tile sizes. For HARP we see that the majority of
observations will fit into one or two tiles. For SCUBA-2 the graph shows a number of features corresponding to the various
sized mapping modes which the instrument employs, the largest of which are labeled. The smallest “daisy” observations
will typically occupy three or fewer tiles. We consider this to be an acceptable number of tiles for a user of the archive to
download, but of course if they are only interested in a part of the observation then one tile may be sufficient.

Table 1. HEALPix tiling parameters selected for the JCMT Science Archive. The HEALPix resolution, which defines the tile size,
is indicated by the Nside parameter which gives the number of divisions along the side of each base-resolution facet. It is sometimes
expressed as a resolution level, k, where k = log2 Nside. The linear HEALPix pixel sizes are approximate, because while pixels at a given
resolution level are of the same area, they are not necessarily the same shape.

Instrument Nside Tile Size Number of Tiles Pixels per Tile Pixel Size
SCUBA-2 850 µm 64 ∼ 1◦ 49,152 1024×1024 3.22′′

SCUBA-2 450 µm 64 ∼ 1◦ 49,152 2048×2048 1.61′′

HARP 256 ∼ 14′ 786,432 128×128 6.44′′
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Figure 2. Graph showing the frequency at which observations are expected to be split into different numbers of tiles, using the selected
tile sizes. This is based on a conversion of the bounding boxes of SCUBA-2 and HARP observations as stored our database to HEALPix
cells. The number of tiles per observation will be slightly over estimated by this technique because the bounding box is not a perfect
representation of the area observed — especially in the case of SCUBA-2 whose scan patterns produce roughly circular observations.
The empty corners of bounding boxes can cause adjacent tiles to be counted unnecessarily, so this plot represents an upper limit to the
number of tiles per observation.

There are two standard numbering systems for HEALPix: the “ring” scheme, where pixels are enumerated along
isolatitude rings downwards from the north pole; and the “nested” scheme, which makes use of the hierarchical structure
by adding two additional bits at each resolution level to represent the position within the subdivided pixel. We have chosen
to use the “nested” scheme as it groups neighboring tiles together and because of its convenience with the grid employed by
the HPX projection — the bits representing the position along the coordinate axes can be interleaved to determine the index
within a base-resolution facet. The “nested” scheme is also being used in Virtual Observatory systems such as Multi-Order
Coverage21 (MOC) maps.

The tiled maps and cubes will be created in two stages. First individual observations will be reduced onto a grid using
the HPX projection, and stored in the archive as a new type of basic data product. Apart from the different projection, these
will differ from the existing reduced observations by the use of a consistent recipe and configuration, rather than settings
chosen by each PI for their project. In the second stage, these tiled observation products will be retrieved from the archive
and combined to generate the co-added tiles which, with further processing depending on the instrument, will form the new
tiled advanced data products. Splitting the process in this way is necessary because many tiles would contain too much data
to co-reduce in one processing job. It will also allow us to easily re-reduce or exclude from the co-add single observations
in the event of problems, without needing to re-reduce the whole set of data falling within the tile.

2.1 Continuum Maps — SCUBA-2
SCUBA-222, 23 has two focal-plane arrays, operating at 850 µm and 450 µm, which view the sky simultaneously via a
dichroic beam-splitter. During normal SCUBA-2 observations the telescope scans continuously, following either a “daisy”
or “pong” pattern.24 The “daisy” pattern is a circle which offset from the source and orbits around it, and is designed
for the observation of compact sources (< 3′). In the “pong” pattern, the telescope position bounces around a square
which rotates during the observation, with standard map sizes of 15′, 30′, 1◦ and 2◦. The data reduction software25, 26 is
highly configurable and includes example configurations for various types of maps. In addition most of the JLS teams
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Figure 3. Example SCUBA-2 850 µm observations reduced onto HEALPix tiles. The upper panel (a) shows a single observation taken
with a large “pong” scan pattern, and the lower panel (b) shows a separate observation where the “daisy” scan pattern was used. Emission
from around the position of the Galactic Center can be seen in tile 28830 and the “Jellyfish” region can be seen in tile 28829.
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have developed dedicated configuration sets of parameter values for their respective surveys. However, for the legacy tiled
data products in the JSA, it is desirable to use a single, consistent map-making configuration for all observations. We have
therefore developed a new generic configuration which is intended to be conservative, in the sense that it should avoid the
generation of spurious sources at the expense of not being optimal in all circumstances. This is particularly important in
light of the plan to use these data reductions for the automated generation of source catalogs as described in Section 3.
The generic configuration is designed to be usable with both “daisy” and “pong” observations, allowing us to co-add tiles
containing observations of both types. An example of each type of scan pattern reduced in this way, taken from a survey of
the Galactic Center, is shown in Figure 3. These observations include a region G 0.55−0.8527 which resembles a jellyfish
in the SCUBA-2 images and is believed to be a star-forming complex at a distance of 2 kpc.28 Figure 4 illustrates the
successful co-addition of these observations with others of the same tile.

Different pixel sizes have been chosen for the two wavelengths, owing to the different beam widths which are approxi-
mately 8′′ and 13′′ at 450 µm and 850 µm respectively. The pixel sizes, which are shown in Table 1, have been kept small to
avoid distortion by the shape of the HEALPix pixels and because it has been found that the map-maker tends to work best
with smaller pixels. The pixel sizes give 3 samples per beam29 to avoid loss of information from the image. We confirmed
that the HPX projection was usable with our data reduction system by performing a series of photometry tests, comparing a
reduction onto this projection with our standard reduction of the same observation using a tangent plane projection.

SCUBA-2 data are calibrated using a flux conversion factor (FCF) to turn the measured power in picowatts to a flux
in jansky per square arcsecond. The FCF should be a constant value30 but it is recommended that the FCF be determined
from calibration observations reduced using the same configuration as the data to be calibrated. Therefore we have decided
to defer the application of the FCF to the tile co-adding stage, because there is no need to apply an individual FCF to each
observation. The individual observation tiles will therefore be calibrated in picowatts, with the final co-added data products
having the full calibration to flux units.

One peculiarity of SCUBA-2 observing is that, to increase efficiency, flux calibrators can be observed without a suitable
previous pointing observation. There can thus be pointing errors in these observations, which the pipeline normally corrects
by shifting the coordinate system without re-sampling the image, using the calibrator itself as a pointing source. In the
case of tiles defined by the HEALPix grid, the coordinate system is effectively fixed and cannot be shifted as this would
result in the pixels not being correctly aligned with the tile. Therefore it is necessary to reduce each observation of a
calibration source twice — once to derive pointing offsets and a second time to create the properly aligned HEALPix
tile. This technique could in general be extended to apply to observations of any sources with known locations, including
pointing sources, but must be applied at the observation map-making stage due to the fixed tile grid.
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Figure 4. An example co-added SCUBA-2 850 µm HEALPix tile. This map contains data from ten individually-reduced observations
which overlap with the area of tile 28829, including the daisy and pong observations shown in Figure 3.
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2.2 Heterodyne Cubes — HARP/ACSIS
HARP31 is a heterodyne array receiver with 16 receptors operating between 325 GHz and 375 GHz in conjunction with the
Auto-Correlation Spectral Imaging System (ACSIS) as the back-end. As with SCUBA-2, the goal for the JSA advanced
data products is to be able to co-add data from as wide a range of observation types as possible. We therefore aim to
associate data from all science observing modes, excluding frequency-switching, with the same tuned frequency (to 1 MHz
precision) and the same basic bandwidth mode. HARP always operates in single side-band mode, and the side-band
separation is sufficiently good (measured at commissioning to be better than 19 dB on average31) to allow the co-addition
of data taken in different side-bands. The observations will be reduced onto HEALPix tiles using a recipe based on our
existing narrow-line recipe. Although this may not deal well with broad-line extra-galactic sources, it should be appropriate
for nearly all of our large HARP data sets.

ACSIS has two correlators for each HARP receptor, each of which can be used in either a 250 MHz or 1 GHz mode.
They can be used separately, “chained” together to increase spectral resolution in the same bandwidth, or overlapped
slightly to form a broader “hybrid” band. Table 2 summarizes the bandwidth modes available for use with HARP. We
plan to store reductions of individual observations on HEALPix tiles at their full native frequency resolution, but to down-
sample them to a common frequency resolution at the co-adding stage. This will allow us to combine all the data taken
with each of the basic bandwidth modes, and has the advantage of increasing the signal-to-noise ratio in the legacy tiles.
Meanwhile the individual observation tiles will be available for anyone requiring the full spectral resolution.

The observing strategies used with HARP all target specific pixel sizes. There are “jiggle” mapping modes where the
telescope’s secondary mirror shifts the beam around a small grid of points on the sky to improve sampling within the array
footprint giving pixel sizes of 6′′ or 7′′ and a “boustrophedon” (bi-directional raster) scan mode with an effective pixel size
of 7.28′′. Since the desire is to be able to combine data from all mapping modes, it was necessary to select a single pixel
size for all observations taken with HARP. From the set of available HEALPix sizes, 6.44′′ was chosen as it is the most
similar to typical target pixel sizes. The size of tiles was selected as a trade-off between the size of potential data files
(∼ 1GB for the individual observation tiles at the highest spectral resolution) and the desire to avoid having large numbers
of excessively small tiles. The tile size is comfortably larger than HARP’s field of view (2′) so small observations should
not be broken into tiles unnecessarily.

3. SOURCE CATALOGS
We intend to produce catalogs of detected emission for every co-added “legacy” tile. The primary aim of these source
catalogs is to make it straightforward for an astronomer to answer the question: Did the JCMT detect any significant
emission towards this position? We also wish to provide some information about the properties of detected emission,
without attempting to characterize the physical nature of the underlying sources. Towards this goal, we have chosen to
produce two emission catalogs for each of our tiles. First, we identify all the regions of sky where we believe we have
detected emission, using a signal-to-noise cutoff. Each spatially connected region above this threshold is identified as an
island of emission. Second, within each of these islands we identify and characterize the local maxima as peaks, based on
a representative noise level for the entire island.

Table 2. Table showing the bandwidth configurations of the ACSIS spectrometer which are used with HARP. We will combine data from
each of the two basic modes by re-sampling the spectra to a common resolution at the co-adding stage. This resolution is expressed here
both as a frequency and an approximately equivalent radial velocity for low-redshift sources.

Basic Mode Instrument Configurations Re-sampled Resolution
250 MHz Single: 250MHz×4096 channels 100 kHz

“Chained”: 250MHz×8192 channels ∼0.1 km/s

“Hybrid”: Two 250MHz×4096 bands

1000 MHz Single: 1000MHz×1024 channels 1000 kHz

“Chained”: 1000MHz×2048 channels ∼1 km/s

“Hybrid”: Two 1000MHz×1024 bands
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In the context of the JSA, we are constrained to use only reliable techniques which can be applied without supervision
and do not require extensive manual checking of each product. Both the peak catalog and the island catalog use the
FellWalker algorithm32 from the Starlink Clump Identification and Analysis Package33, 34 (CUPID) to identify sources.
Like the well-known Clumpfind algorithm,35 it segments a data array into clumps without reference to a predefined clump
model. FellWalker is found to be more robust,36 aided by the fact that it makes use of the full range of data values rather
than imposing a fixed set of contour levels.

For SCUBA-2 continuum data, we will create emission catalogs from the final co-added tiles at 450 µm and 850 µm.
Figure 5 shows an example of islands and peaks identified within a section of the 850 µm tile featuring the “Jellyfish”
source. In the case of heterodyne observations taken with HARP/ACSIS, we will first collapse the tiled position-position-
velocity cubes to create two-dimensional integrated intensity maps, which will then be used to search for emission.

3.1 Island Catalogs
Clump detection algorithms such as FellWalker make use of the noise level of the data in order to determine which
signal levels constitute a valid detection, and which should be ignored. However, any given JSA tile can be formed
from overlapping observations of different sizes, scan patterns and integration times, potentially taken in a variety of
atmospheric opacity conditions. As a result, the noise across the image can vary significantly. If we attempted to select a
constant representative noise value for the whole map, we would either miss clearly detected but lower-flux emission from
low-noise areas, or produce spurious detections of emission in higher-noise areas. To avoid these difficulties, we identify
detected emission on the basis of a signal-to-noise ratio (S/N) map for each tile.
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Figure 5. Island and peak catalogs overlaid on a section of the SCUBA-2 850 µm map shown in Figure 4 (tile 28829). The identified
islands of emission are outlined in blue and the positions of the local peaks are indicated by red crosses.
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The main limitation of an S/N based approach is that it does not allow us easily to give an upper flux limit for regions
that are observed, but in which we do not detect emission. Users who require this information will be able to extract it
from the co-added tiles as these will include variance information on a pixel-by-pixel basis. In the case of SCUBA-2,
the variance of a pixel is estimated from the scatter of input data to that pixel. Therefore before calculating the S/N for
SCUBA-2 tiles, we block-average the variance array at the beam size using a median filter. This is not done for heterodyne
tiles, where there is a much more accurate measurement of the variance of each pixel.

To be identified as an island, we have decided that a region must have a peak S/N greater than five and the edges of
the island will be followed down to an S/N cutoff of three. The island must also be larger than the telescope beam at the
appropriate wavelength. We will use the FellWalker algorithm to identify the islands using these criteria, as implemented
within CUPID. After clump identification, the CUPID software runs two iterations of a cellular automaton designed to
produce smoother clump edges.

Each entry in the island catalog will include the following information.

1. Island identifier.

2. Position of the peak pixel within the island (right ascension and declination).

3. Area of the island.

4. Flux at the peak.

5. Total flux contained within the island.

6. Average noise across the island.

7. Cross references if the island continues into an adjoining tile.

8. Polygon approximation to the island outline in Space-Time Coordinate37, 38 string (STC-S) format.

9. SCUBA-2 only: Cross references with islands detected at the other wavelength.

3.2 Peak Catalogs
For each island, a representative (median) noise value is found using the variance associated with the pixels within the
island. This representative noise value is used to control the identification of local maxima as peaks, again using the
FellWalker algorithm as implemented in CUPID. To be identified as a new peak, the peak flux is required to be greater
than five times the representative noise for the island, and the minimum required valley between the peak and any neigh-
boring higher peak is also five times the noise. Since we only search for peaks within islands of detected emission, our
catalogs will not be contaminated by fake sources, even if the local noise level varies across the island.

We would like to provide some characterization of the local structure of the emission at each peak. Although we
do not believe we can provide an accurate automated description of the underlying physical source, due to the diversity
of astronomical targets observed by the JCMT, some estimate of the size and shape of the local emission could prove
very useful to users of the archive. We are currently investigating different mechanisms for characterizing this structure.
Although the first version of the catalog will not directly make use of the velocity information in heterodyne data cubes to
detect peaks, we will give the velocity of the brightest spectral channel at the position of each identified peak.

The peak catalog will contain the following information for each entry.

1. Peak identifier.

2. Position of the peak (right ascension and declination).

3. Flux at the peak position.

4. Noise at the peak position.

5. Identifier of the island in which the peak is found.

6. Heterodyne only: Radial velocity of the brightest emission at the peak position.
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3.3 User Interaction with Catalogs
When users search for data in the JCMT Science Archive through the interface provided by the CADC, they will be able
to find the catalogs alongside the individual tiles from which they were created. The catalogs can be downloaded together
with or separately from the tiled maps and cubes. As well as the catalog files themselves, we will provide a more detailed
description of the shape of the islands — we intend to make this information available both as masks in FITS image format
and as a MOC representation.

We also hope to enable users to interact with the catalogs as a whole, without having to initially consider which
HEALPix tiles they are interested in. Once the catalog files have been created, we, with the CADC, are planning to provide
a catalog search service. This will allow people to query the catalog by position and identify which positions fall within
an identified island of emission or with a specified radius of an identified peak of emission. The catalog service should
support the Table Access Protocol39 (TAP) so that the catalog can be smoothly accessed from within applications such as
the Starlink GAIA40, 41 image viewer. Once GAIA gains the ability to read STC-S shapes from TAP query results (it can
already display them38, 42), this would allow astronomers who are, for example, looking at data sets from other wavelengths
to easily overlay the JCMT-detected islands and peaks on their images, without needing to explicitly seek out and download
the catalog files.

4. QUALITY ASSURANCE
Data published in the archive undergo a series of quality assurance controls throughout their life cycle. This begins at the
telescope, during or shortly after the observation itself, when the telescope operator and visiting observer can assess the
data quality. This process is aided by optimized versions of the pipeline recipes, which process the data in real-time.

Observations are typically marked “junk” if they are corrupted such that it is not possible or sensible to attempt to
process them. The raw data files are still stored in the archive, in case it subsequently becomes possible to correct the
problem, but are not made visible to users. Observations marked “bad” are made available in the archive, both in raw and
processed form. However, they are excluded from nightly co-adds and the advanced data products.

4.1 Automatic Controls
The software includes automatic controls of data quality. For SCUBA-2 this is built into the data reduction software.25 Each
observation starts with a flat-field sequence to measure the responsivity of the bolometers to a triangle-wave modulation
of the internal heater power. Only bolometers that respond appropriately to this signal are included in the data reduction.
Further filtering is applied by the map-maker, such as removing data taken with the telescope scanning too slowly.

For heterodyne data the ORAC-DR pipeline uses a number of quality assurance parameters to control which data to
include. Some parameters apply to all of the data from a receptor, for example when the system temperature is too high
in absolute terms or in comparison to the other receptors. Others apply to individual spectra, such as a check of the
consistency between the noise in the spectra and that expected from the system temperature. Final tests such as a check of
the percentage of bad pixels are applied to complete data cubes.

4.2 Human Oversight
The JCMT Science Archive operates in a very dynamic manner2 where data is constantly flowing into the archive, pro-
cessed or re-processed as required, and released immediately (to project members only during each observation’s pro-
prietary period, and publicly thereafter). The data reduction system is also updated frequently to incorporate the latest
improvements to the software and associated configuration parameters. The archive therefore provides the ultimate test
for the robustness of the data reduction system as it is thoroughly tested by the large volume of data passing through the
archive each day.

Changes in data-reduction techniques, instrument settings, observing modes and conditions create a real need for a
visual inspection of the data products. The data processing infrastructure makes available to JCMT and CADC staff an
active report page for each processing job. These pages provide information including the status of the job, preview
images and log files. We find that jobs which have completed successfully, without software errors and having passed the
automatic quality assurance controls, may sometimes not have produced optimal scientific products. A human element can
aid in catching rare or consistent problems which may otherwise go undetected.
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An example where human monitoring has provided benefits to projects is the case where a better choice of reduction
recipe can be suggested to the principle investigator. Ideally a poor choice of recipe would be picked up prior to observing,
but it can also be identified by inspecting the nightly reduced data products. Sometimes issues caused by hardware faults —
such as microphonic noise on the SCUBA-2 bolometer arrays — can be identified in the preview images and compensated
for in a re-reduction.

Human oversight of the archive also provides a final check of the quality flagging of the data products. If not flagged
at the telescope when taken, poor data can be retrospectively marked as “bad” allowing exclusion from the nightly co-
adds and the legacy advanced data products. In severe cases data can be retrospectively marked “junk” to remove them
altogether from the visible part of the archive.

5. CONCLUSIONS
The JCMT Science Archive has been successfully serving raw and reduced data to users of the telescope, and the wider
community once the data become public, for a number of years. Publicly available archives are an increasingly important
resource for astronomy, and one which we believe is vital in maximizing the scientific rewards to be gained from telescope
operations.

To this end, we plan to augment the archive with advanced data products comprising “legacy” maps and spectral cubes
of all publicly available data gridded onto a standardized set of tiles, which are defined by the HEALPix scheme and also
use the HPX projection internally. These tiles will be used to create extended source catalogs which will indicate where
significant emission was or was not detected, and catalogs of the peaks of emission.

At the time of writing, the tile-based reduction and co-adding software is complete for the SCUBA-2 bolometer camera
and being developed for the HARP heterodyne array. We are testing the generic SCUBA-2 map-making configuration on
a wide variety of observed regions and have run a set of test reductions at the CADC to confirm that the infrastructure
is in place to manage the tiled data processing. The catalog processing software has been prototyped and is now being
integrated into our data processing pipeline.
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