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Abstract

This paper documents the 16th data release (DR16) from the Sloan Digital Sky Surveys (SDSS), the fourth and
penultimate from the fourth phase (SDSS-IV). This is the first release of data from the Southern Hemisphere survey
of the Apache Point Observatory Galactic Evolution Experiment 2 (APOGEE-2); new data from APOGEE-2 North
are also included. DR16 is also notable as the final data release for the main cosmological program of the Extended
Baryon Oscillation Spectroscopic Survey (eBOSS), and all raw and reduced spectra from that project are released
here. DR16 also includes all the data from the Time Domain Spectroscopic Survey and new data from the
SPectroscopic IDentification of ERosita Survey programs, both of which were co-observed on eBOSS plates.
DR16 has no new data from the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey (or the
MaNGA Stellar Library “MaStar”). We also preview future SDSS-V operations (due to start in 2020), and
summarize plans for the final SDSS-IV data release (DR17).

Uni ed Astronomy Thesaurus concepts: Astronomy databases (83); Optical telescopes (1174); Infrared astronomy
(786); Redshift surveys (1378); Galactic abundances (2002); Stellar spectral lines (1630); Stellar properties (1624)

Ahumada et al.

1. Introduction

The Sloan Digital Sky Surveys (SDSS) have been observing
the skies from Apache Point Observatory (APO) since 1998
(using the 2.5m Sloan Foundation Telescope; Gunn et al.
2006) and from Las Campanas Observatory (LCO) since 2017
(using the du Pont 2.5 m Telescope).

Representing the fourth phase of the SDSS, SDSS-IV
(Blanton et al. 2017) consists of three main surveys: the
Extended Baryon Oscillation Spectroscopic Survey (eBOSS;
Dawson et al. 2016), Mapping Nearby Galaxies at APO
(MaNGA; Bundy et al. 2015), and the APO Galactic Evolution
Experiment 2 (APOGEE-2; Majewski et al. 2017). Within
eBOSS, SDSS-IV has also conducted two smaller programs:
the SPectroscopic IDentification of ERosita Sources (SPI-
DERS; Clerc et al. 2016; Dwelly et al. 2017) and the Time
Domain Spectroscopic Survey (TDSS; Morganson et al. 2015).
These programs have investigated a broad range of cosmolo-
gical scales, including cosmology with large-scale structure
(LSS) in eBOSS, the population of variable quasars and stars
with TDSS and X-ray detected active galactic nuclei (AGNs)
and stars with SPIDERS, nearby galaxies in MaNGA, and the
Milky Way and its stars in APOGEE-2.

This paper documents the 16th data release from the SDSS
(DR16), the latest in a series that began in 2001 (Stoughton
et al. 2002). It is the fourth data release from SDSS-IV
(following DR13: Albareti et al. 2017; DR14: Abolfathi et al.
2018; DR15: Aguado et al. 2019). A complete overview of the
scope of DR16 is provided in Section 2, and information on
how to access the data can be found in Section 3. DR16
contains three important milestones.

1. The first data from APOGEE-2 South (APOGEE-2S),
which is mapping the Milky Way in the Southern
Hemisphere from the du Pont Telescope at LCO. With
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the SDSS now operating APOGEE instruments in two
hemispheres, all major components of the Milky Way are
accessible (see Section 4).

2. The first and final release of eBOSS spectra from the
emission line galaxy (ELG) cosmology program. The
entirety of this LSS survey was conducted in the interval
between DR14 and DR16. Covering the redshift range
0.6 <z < 1.1, the eBOSS ELG program represents the
highest-redshift galaxy survey ever conducted within
the SDSS.

3. The full and final release of spectra from the main
observing program of eBOSS, completing that cosmolo-
gical redshift survey. DR16 therefore marks the end of a
20 year stretch during which the SDSS performed a
redshift survey of the LSS in the universe. Over this span,
the SDSS produced a catalog of spectroscopic galaxy
redshifts that is a factor of more than five larger than any
other program. DR16 provides spectra along with usable
redshifts for around 2.6 million unique galaxies. The
catalogs that contain the information to accurately
measure the clustering statistics of ELGs, luminous red
galaxies (LRGs), quasars, and Ly absorption will be
released later (see Section 5).

DR16 also represents the full release of the TDSS
subprogram, which in total releases spectra for 131,552
variable sources (see Section 5.4). The SPIDERS subprogram
will have a small number of observations in the future to cover
eROSITA targets, but DR16 releases a number of Value Added
Catalogs (VACs) characterizing both X-ray cluster and X-ray
point sources that have already been observed (as well as the
optical spectra; see Section 5.3). There are no new data from
MaNGA or MaStar (Yan et al. 2019) in DR16; however, a
number of new or updated VACs based on DR15 MaNGA data
are released (see Section 6).

2. Scope of DR16

Following the tradition of previous SDSS data releases,
DR16 is a cumulative data release. This means that all previous
data releases are included in DR16, and data products and
catalogs of these previous releases will remain accessible on
our data servers. Table 1 shows the number of spectra
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Table 1
SDSS-IV Spectroscopic Data in DR13-DR16

Survey Target Category DR13 DR14 DRI15 DR16
eBOSS
LRG samples 32,968 138,777 138,777 298,762
ELG samples 14,459 35,094 35,094 269,889
Main QSO sample 33,928 188,277 188,277 434,820
Variability Selected QSOs 22,756 87,270 87,270 18,5816
Other QSO samples 24,840 43,502 43,502 70,785
TDSS targets 17,927 57,675 57,675 131,552
SPIDERS targets 3133 16,394 16,394 36,300
Reverberation mapping 8497 8497 849" 8497
Standard stars/white dwarfs 53,584 63,880 63,880 84,605
APOGEE-2
Main red star sample 109,376 184,148 184,148 281,575
AllStar entries 164,562 277,371 271,371 473,307°
APOGEE-2S main red star sample L L L 56,480
APOGEE-2S AllStar entries L L L 102,200
APOGEE-2S contributed AllStar entries L L L 37,409
NMSU I-meter AllStar entries 894 1018 1018 1071
Telluric AllStar entries 17,293 27,127 27,127 34,016
APOGEE-N commissioning stars 11,917 12,194 12,194 12,194
MaNGA
MaNGA Cubes 1390 2812 4824 4824
MaNGA main galaxy sample:
PRIMARY_v1_2 600 1278 2126 2126
SECONDARY_v1_2 473 947 1665 1665
COLOR-ENHANCED_v1_2 216 447 710 710
MaStar (MaNGA Stellar Library) L L 3326 3326
Other MaNGA ancillary targets® 31 121 324 324
Notes.

% The number of reverberation mapping targets remains the same, but the number of visits increases.
b This number includes multiple entries for some stars; there are 437,485 unique stars.
¢ Many MaNGA ancillary targets were also observed as part of the main galaxy sample, and are counted twice in this table; some ancillary targets are not galaxies.

contained in DR16 along with those from previous releases and
demonstrates the incremental gains with each release. We
strongly advise to always use the most recent SDSS data
release, as data will have been reprocessed using updated data
reduction pipelines (DRPs), and catalogs may have been
updated with new entries and/or improved analysis methods.
These changes between DR16 and previous data releases are
documented in this paper and on the DR16 website: https://
www.sdss.org/dr16.

The content of DR16 is given by the following sets of data
products.

1. eBOSS is releasing 860,935 new optical spectra of
galaxies and quasars with respect to its previous SDSS
data release. These targets were observed between MJD
57,520 (2016 May 11) and 58,543 (2019 March 1), and
bring the total number of spectra observed by eBOSS to
1.4 million. This number includes spectra observed as
part of the TDSS and SPIDERS sub-surveys, as well as
the spectra taken as part of the eBOSS reverberation
mapping (RM) ancillary program. All spectra, whether
released previously or for the first time in this data
release, have been processed using the latest version of
the eBOSS DRP v5_13_0. In addition to the spectra,
eBOSS is also releasing catalogs of redshifts, as well as
various VACs (see Table 2). DR16 is the last SDSS data
release that will contain new eBOSS spectra from the

main program, as this survey has now finished. Addi-
tional observations of X-ray sources under the SPIDERS
program and continued monitoring of quasars under the
RM program are planned before the end of SDSS-IV,
which will lead to another increment of single-fiber
spectra from the Baryon Oscillation Spectroscopic Survey
(BOSS) spectrograph in DR17.

2. APOGEE-2 is including 751,864 new infrared spectra;139
The new spectra comprise both observations of 195,936
new stars and additional epochs on targets included in
previous DRs. The majority of the stars are in the Milky
Way (including Omega Centauri), but DR16 also contains
stars from the Large and Small Magellanic Clouds and
dwarf spheroidal satellites. A total of 262,997 spectra, for
102,200 unique stars, were obtained in the Southern
Hemisphere from the APOGEE-S spectrograph at LCO.
These new spectra were obtained from MJD 57,643 to
MID 58,301 (2016 September 12 to 2018 July 2) for
APOGEE-2N from APO and from MJD 57,829 to MJD
58,358 (2017 March 17 to 2018 August 28) for APOGEE-
2S from LCO. DR16 also includes all previously released
APOGEE and APOGEE-2 spectra, which have been re-
reduced with the latest version of the APOGEE data
reduction and analysis pipeline. In addition to the reduced

139 The number of entries in the All Visit file, which is larger than the number

of combined spectra having entries in the AllStar file as listed in Table 1.
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Table 2
New or Updated VACs
Description Section Reference(s)
APOGEE-2 red clumps Section 4.5.1 Bovy et al. (2014)
APOGEE-2 astroNN Section 4.5.2 Leung & Bovy (2019a)
APOGEE-2 Joker Section 4.5.3 Price-Whelan et al. (2017, 2018, 2020)
APOGEE-2 OCCAM Section 4.5.4 Donor et al. (2018, 2020)
APOGEE-2 StarHorse Section 4.5.5 Queiroz et al. (2018); Anders et al. (2019);
Queiroz et al. (2020)
eBOSS ELG classification Section 5.1.3 Zhang et al. (2019)
SDSS galaxy single fiber FIREFLY Section 5.1.3 Comparat et al. (2017)
SPIDERS X-ray clusters Section 5.3.4 Clerc et al. (2016); C. Kirkpatrick et al. (2020, in preparation)
SPIDERS Rosat and XMM®-slew sources Section 5.3.5 Comparat et al. (2020)
SPIDERS multiwavelength properties of RASS and XMMSL AGNs Section 5.3.6 Comparat et al. (2020)
SPIDERS black hole masses Section 5.3.7 Coffey et al. (2019)
MaNGA stellar masses from principal component analysis Section 6.1 Pace et al. (2019a, 2019b)
MaNGA Pawl ikMorph Section 6.2 Pawlik et al. (2016)

Note.
# X-ray Multi-Mirror Mission

spectra, element abundances and stellar parameters are
included in this data release. APOGEE-2 is also releasing a
number of VACs (Table 2)

3. MaNGA and MaStar are not releasing any new spectra in
this data release; the spectra and data products included in
DR16 are therefore identical to those that were released in
DR15. However, MaNGA is contributing a number of of
new or updated VACs in DR16, which are based on the
DR15 sample and data products (see Table 2).

4. Since SDSS data releases are cumulative, DR16 also
includes data from all previous SDSS data releases. All
BOSS and eBOSS, APOGEE, and APOGEE-2 spectra
that were previously released have all been reprocessed
with the latest reduction and analysis pipelines. The
MaNGA and MaStar data in DR16 are identical to those
in DR15 (Aguado et al. 2019); SDSS-III MARVELS
spectra have not changed since DR12 (Alam et al. 2015).
SDSS Legacy Spectra in DR16 are the same as those
released in their final form in DRS8 (Aihara et al. 2011),
and the SEGUE-1 and SEGUE-2 survey data in DR16 are
identical to the final reductions released with DR9 (Ahn
et al. 2012). The SDSS imaging had its most recent
change in DR13 (Albareti et al. 2017), when it was
recalibrated for eBOSS imaging purposes and DR16
contains this version of the imaging.

An overview of the total spectroscopic content of DR16,
with number of spectra included, is given in Table 1. An
overview of the VACs that are new or updated in DR16 can be
found in Table 2; adding these to the VACs previously released
in the SDSS gives a total of 46 VACs in DR16.'*

3. Data Access

The SDSS data products included in DR16 are publicly
available through several different channels. The best way to
access the data products depends on the particular product,
and the goal of the user. The different access options are
described on the SDSS website: https://www.sdss.org/dr16/
data_access/, and we also describe them below. We provide a

140 That is 40 previous released VACs, seven of which are updated in DR16,

and six VACs new to DR16.

variety of tutorials and examples for accessing data products
online at https://www.sdss.org/dr16/tutorials/.

All software that was used by SDSS to reduce and process
data, as well as to construct derived data products, is publicly
available in either SVN or Github repositories; an overview of
available software and where to retrieve it is given on https://
www.sdss.org/dr16/software/.

3.1. Science Archive Server

The main path to access the raw and reduced imaging and
spectroscopic data directly, as well as obtain intermediate data
products and VACs, is through the SDSS Science Archive
Server (SAS, https://data.sdss.org/sas/). Note that all pre-
vious data releases are also available on this server, but we
recommend that users always adopt the latest data release, as
these are reduced with the latest versions of the data reduction
software. The SAS is a file-based system, which allows data
downloads by browsing or through tools such as rsync, wget
and Globus Online (see https://www.sdss.org/dr16/data_
access/bulk for more details). The content of each data product
on the SAS is outlined in its data model, which can be accessed
through https://data.sdss.org/datamodel /.

3.2. Science Archive Webapp

Most of the reduced images and spectra on the SAS are also
accessible through the Science Archive Webapp (SAW), which
provides the user with options to display spectra and overlay
model fits. The SAW includes search options to access specific
subsamples of spectra, e.g., based on coordinates, redshift, and/or
observing programs. Searches can also be saved as “permalinks” to
allow sharing with collaborators and future use. Links are provided
to download the spectra directly from the SAS, and to open
SkyServer Explore pages for the objects displayed (see below for a
description of the SkyServer). The SAW contains imaging, optical
single-fiber spectra (SDSS-1/II, SEGUE, BOSS, eBOSS), infrared
spectra (APOGEE-1/2), and stellar spectra of the MaStar stellar
library. All of these webapps are linked from https://drl16.sdss.
org/. Just like the SAS, the SAW provides access to previous data
releases (back to DRS).
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3.3. Marvin for MaNGA

Integral-field spectroscopic data (MaNGA) are not available in
the SAW because they follow a different data format from the
single-object spectra. Instead, the MaNGA data can be accessed
through Marvin (https://dr16.sdss.org/marvin/; Cherinka et al.
2019). Marvin can be used to both visualize and analyze MaNGA
data products and perform queries on MaNGA metadata remotely.
Marvin also contains a suite of Python tools, available through pip-
install, that simplify interacting with the MaNGA data products
and metadata. More information, including installation instructions
for Marvin, can be found here: https://sdss-marvin.readthedocs.
io/en/stable/. In DR16, although no new MaNGA data products
are included, Marvin has been upgraded by providing access to a
number of MaNGA VACs based on DR15 data.

3.4. Catalog Archive Server

The SDSS catalogs can be found and queried on the Catalog
Archive Server (CAS; Thakar et al. 2008). These catalogs
contain photometric and spectroscopic properties, as well as
derived data products. Several value-added catalogs are also
available on the CAS. For quick inspection of objects or small
queries, the SkyServer webapp (https://skyserver.sdss.org) is
the recommended route to access the catalogs: it contains
among other facilities the Quick Look and Explore tools, as
well as the option for SQL queries in synchronous mode
directly in the browser. The SkyServer also contains tutorials
and examples of SQL syntax (http://skyserver.sdss.org/
public/en/help/docs/docshome.aspx). For larger queries,
CASJobs (https://skyserver.sdss.org/casjobs) should be used,
as it allows for asynchronous queries in batch mode. Users of
CASJobs will need to create a (cost-free) personal account,
which comes with storage space for query results (Li &
Thakar 2008). A third way to access the SDSS catalogs is
through the SciServer (https://www.sciserver.org), which is
integrated with the CAS. SciServer allows users to run Jupyter
notebooks in Docker containers, among other services.

3.5. Data Access for Education

We are providing access to a growing set of Jupyter
notebooks that have been developed for introductory'*" and
upper-level142 university astronomy laboratory courses. These
Python-based activities are designed to be run on the SciServer
platform,'*® which enables the analysis and visualization of the
vast SDSS data set from a web browser, without requiring any
additional software or data downloads.

Additionally, Voyages (http://voyages.sdss.org/) provides
activities and resources to help younger audiences explore the
SDSS data. Voyages has been specifically developed to be used
in secondary schools, and contains pointers to K-12 US science
standards. A Spanish language version of these resources is
now available at http://voyages.sdss.org/es.

4. APOGEE-2: First Release of Southern Hemisphere Data,
and More from the North

APOGEE is performing a chemodynamical investigation
across the entire Milky Way with two similarly designed near-
infrared, high-resolution multiplexed spectrographs. DR16

! hitps: / /github.com /ritatojeiro/SDSSEPO

2 hitps: / /github.com /brittlundgren /SDSS-EPO
43 .
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constitutes the fifth release of data from APOGEE, which has
run in two phases (APOGEE-1 and APOGEE-2) spanning both
SDSS-IIT and SDSS-IV. For approximately three years (2011
August-2014 July), APOGEE-1 survey observations were
conducted at the 2.5 m Sloan Foundation Telescope at APO as
part of SDSS-III. In 2014 August, at the start of SDSS-IV,
APOGEE-2 continued data acquisition at the APO Northern
Hemisphere site (APOGEE-2N). With the construction of a
second spectrograph (Wilson et al. 2019), APOGEE-2
commenced Southern Hemisphere operations at the 2.5m
Iréné du Pont Telescope at LCO (APOGEE-2S) in 2017 April.
Majewski et al. (2017) provides an overview of the APOGEE-1
Survey (with a forthcoming planned overview of the APOGEE-
2 Survey; S. Majewski et al. 2020, in preparation).

In detail, the APOGEE data in DR16 encompass all SDSS-
IIT APOGEE-1 data and SDSS-IV APOGEE-2 data acquired
with both instruments through 2018 August. The current
release includes two additional years of APOGEE-2N data and
almost doubles the number of stars with available spectra as
compared to the previous public release (in DR14: Abolfathi
et al. 2018). DR16 presents the first 16 months of data from
APOGEE-2S. Thus, DR16 is the first release from APOGEE
that includes data from across the entire night sky.

DR16 contains APOGEE data and information for 437,485
unique stars, including reduced and visit-combined spectra,
radial velocity (RV) information, atmospheric parameters, and
individual element abundances; nearly 1.8 million individual
visit spectra are included. Figure 1 displays the APOGEE
DR16 coverage in Galactic coordinates where each point
represents a single “field” and is color-coded by the overall
survey component (e.g., APOGEE, APOGEE-2N, and APO-
GEE-2S). Fields newly released in DR16 are encircled with
black. As shown in this figure, the dual hemisphere view of
APOGEE allows for targeting of all Milky Way components:
the inner and outer halo, the four disk quadrants, and the full
expanse of the bulge. The first APOGEE-2S observations of
various Southern Hemisphere objects, such as Omega Centauri
(I, b = 309°, 15°) and our current targeting of the Large and
Small Magellanic Clouds (I, b = 280°, 33° and 303°, 44°
respectively), are visible in Figure 1 as high-density areas of
observation. Moreover, DR16 features substantially increased
coverage at high Galactic latitude