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ABSTRACT

The International Comprehensive Ocean–Atmosphere Data Set (ICOADS), release 2.1 (1784–2002), is the largest
available set of in situ marine observations. Observations from ships include instrument measurements and visual
estimates, and data from moored and drifting buoys are exclusively instrumental. The ICOADS collection is constructed
from many diverse data sources, and made inhomogeneous by the changes in observing systems and recording practices
used throughout the period of record, which is over two centuries. Nevertheless, it is a key reference data set that documents
the long-term environmental state, provides input to a variety of critical climate and other research applications, and serves
as a basis for many associated products and analyses.

The observational database is augmented with higher level ICOADS data products. The observed data are synthesized
to products by computing statistical summaries, on a monthly basis, for samples within 2° latitude × 2° longitude and 1°

× 1° boxes beginning in 1800 and 1960 respectively. For each resolution the summaries are computed using two different
data mixtures and quality control criteria. This partially controls and contrasts the effects of changing observing systems
and accounts for periods with greater climate variability. The ICOADS observations and products are freely distributed
worldwide.

The standard ICOADS release is supplemented in several ways; additional summaries are produced using experimental
quality control, additional observations are made available in advance of their formal blending into a release, and metadata
that define recent ships’ physical characteristics and instruments are available. Copyright  2005 Royal Meteorological
Society.
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1. INTRODUCTION

The project to construct the original US Comprehensive Ocean–Atmosphere Data Set (COADS) was
planned in 1981, and continues as a three-way cooperation between the National Oceanic and Atmospheric
Administration (NOAA) — its Climate Diagnostics Center (CDC) and National Climatic Data Center
(NCDC) — and the National Science Foundation (NSF) National Center for Atmospheric Research (NCAR).
These three partners continue to develop and distribute the data and products, which have steadily been
expanded and improved. In recognition of significant growing international interest and contributions, a new
name, the International COADS (ICOADS), was adopted in 2002 (Diaz et al., 2002; Parker et al., 2004).

ICOADS data are in situ marine meteorological observations, mainly from ships and buoys, and from many
different national and international data sources. A wide variety of measured and visually estimated variables
are included, including all those necessary to estimate ocean surface fluxes (e.g. Josey et al., 1999; Grist and
Josey, 2003). This long-term global ocean record has supported research in many other scientific domains;
recent examples include assessments of climate change (Folland et al., 2001a), global atmospheric reanalyses
(Kistler et al., 2001; Uppala, 2002), satellite and in situ blended analyses (Reynolds et al., 2002; Rayner
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et al., 2003), long-term historical climate analyses (Kaplan et al., 1998, 2000; Smith and Reynolds, 2003,
2004a,b), ground truth for remotely sensed or pre-instrumental proxy data (Dunbar et al., 1994), changes in
coastal geological features (Restrepo et al., 2002), and assessment of global anthropogenic emissions from
ships (Corbett et al., 1999; Corbett and Koehler, 2003).

ICOADS is currently at release 2.1 with observations for 1784 to 2002, and with monthly summaries for
2° latitude × 2° longitude boxes covering 1800–2002, and for 1° × 1° boxes covering 1960–2002. Section 2
presents a release history for ICOADS, and Section 3 describes the composition of the currently available data.
Section 4 discusses data usage considerations. Section 5 defines the ICOADS observations and products, and
discusses associated products and analyses. Section 6 covers ICOADS data access, and Section 7 highlights
our major future objectives.

2. RELEASE HISTORY

COADS release 1 was completed in 1985 (Slutz et al., 1985; Woodruff et al., 1987). This made available
global observations and monthly statistical summaries for 2° latitude × 2° longitude areas (boxes) for
1854–1979. Many data-handling strategies and processing procedures that were developed for release 1
are still in use today. Table I summarizes the ICOADS releases, data temporal coverage, issuance dates, and
other information.

The observational data for release 1 came from a variety of US and international sources, including
ship logbook records keyed back to 1854, obtained through bilateral agreements starting in the 1940s,
and more recent keyed ship reports, which have been routinely exchanged internationally since World
Meteorological Organization (WMO) Resolution 35 in 1963. Marine reports circulated over the WMO Global
Telecommunication System (GTS; or its precursors) supplemented the logbook data starting in 1966. In
addition to ship data, the historical record was augmented by near-surface sea temperatures extracted from
oceanographic profiles back to the late 19th century, and by data for recent decades from environmental
(moored and drifting) buoys and other contemporary automated observing systems.

After 1985, release 1 was extended initially by a set of ‘interim’ products, and later extended and fully
replaced by major updates for three segments covering the full period of record: release 1a (Woodruff et al.,
1993) initially included 1980–92, and was finally extended to cover 1980–97, through updates made in 1995,

Table I. ICOADS release history. For each release, the total temporal coverage, any updates and extensions, and the
composition (for release 2.0 forward, only), in terms of the delayed-mode (DM) and real-time (RT; GTS-only) archives,

are listed

Release name Temporal coverage
(issuance date)

Updates and extensions
(issuance date)

DM archive RT archive

Release 1 1854–1979 (1985) 1980–91 (1987–92)a

Release 1a 1980–92 (1993) 1992–93 (1995)
1990–95 (1997)
1980–97 (1999)

Release 1b 1950–79 (1996) 1970b (1999)

Release 1c 1784–1949 (2001)

Release 2.0c 1784–1997 (2002) 1784–1997

Release 2.1 1784–2002 (2003) 1784–1997 1998–2002d

a Following release 1, ‘interim’ products, constructed using simplified procedures and preliminary input data, were first issued in 1987
(covering 1980–86) and then extended, on an approximately annual basis, to cover 1980–91 finally.
b Minor corrections for October–November 1970.
c New release nomenclature adopted for the combination of releases 1c, 1b, and 1a (no new data or products).
d March–December 1997 observational data were also processed.
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1997, and 1999. Release 1b (Woodruff et al., 1998) covering 1950–79 and release 1c covering 1784–1949
were completed in 1996 and 2001 respectively. In conjunction with the latter two releases the products were
supplemented with new 1° monthly summaries for 1960 and forward, and the 2° summaries were extended
back to 1800.

Because releases 1c, 1b, and 1a collectively covered 1784–1997 and had fully replaced release 1, we
transitioned to new terminology and adopted ‘release 2.0’ to refer to ICOADS in 2002. Like release 1, release
2.0 was created from many different data sources, including GTS data, and had been subjected to the full
‘quality control’ (QC) and other automated data processing steps (see Section 5). To identify this level of
data inclusion and processing we defined these observations as the ‘delayed-mode’ archive (ICOADS.DM,
henceforth DM).

In 2003, we extended ICOADS through to 2002 using only GTS data from NOAA’s National Centers for
Environmental Prediction (NCEP). By limiting the data sources we were able to keep ICOADS more current.
However, since the processing is slightly different and does not include all available sources, we defined
these observations as the ‘real-time’ (ICOADS.RT, henceforth RT) archive. At the same time we adopted a
new numbering policy to refer to the total collection of observations and products made available to the user
community at any one time as a single release number. Thus, release 2.1 identifies the currently available
observations for 1784–2002, and monthly summary products for 1800–2002. We will extend and improve
both observational archives as often as practicable, aiming toward annual RT extensions and less frequent DM
updates. Observational and summary products offered to users at any given time will draw on both archives,
including the full period of record from DM supplemented with RT.

3. DATA COMPOSITION

ICOADS release 2.1 has data for over two centuries, 1784–2002, and has been built incrementally from
previous releases. The 185 million observations come from many data sources. In the raw input data,
there are overlaps (duplication) between some sources, new data-set versions that only partially replace
older versions, and cases where some parts of sources are known to be of inferior quality compared
with others. This leads to a complicated blending and duplicate elimination process that will not be
discussed in detail here. Further information about multiple aspects of the data processing is available
at the ICOADS Website (www.cdc.noaa.gov/coads/) and more specifically in its documentation section
(www.cdc.noaa.gov/coads/doc.html).

An important key to successful blending and analysis of ICOADS is the ability to track records back
to the original sources. Two data fields available on each individual record were designed for tracking:
‘deck’ (originally referring to punched card decks) and ‘source identification’ (SID). Table II documents the
complete release 2.1 composition in terms of the decks included. Qualitatively, the impact of each deck can
be assessed by its period of record and number of records included in ICOADS. Similarly, Table III provides
a breakdown of the release 2.1 data mixture by SID, which either provides cross-cutting information within
decks, or identifies broader collections of decks. These fields are critical for data mixture assessment and
problem analysis by the ICOADS project staff; and they can be useful for data users, in addition to more
general categorizations, such as provided by the platform type field (e.g. ship, buoy).

3.1. Delayed-mode archive

The segments of the DM archive are now considered chronologically (see Table I for the release dates),
and the highlights of the data additions and modifications, relative to release 1.

3.1.1. 1784–1949 observations. The update for this period (Woodruff et al., in press) blended data from the
UK Marine Data Bank (MDB) for 1854–1949 (including 0.5 million newly keyed 1935–39 UK merchant ship
reports), Russian Marine Meteorological (MARMET) data back to 1888, and about one million recently keyed
reports from Japan’s Kobe Collection (concentrated in the Pacific) to enrich the data-sparse period around
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Table II. ICOADS release 2.1 deck composition. For each deck number, the description, starting and ending years, and
number of reports (in thousands) after final blending are listed. Note that some decks exist for longer periods, and have
not yet been fully blended into ICOADS (e.g. the UK MDB, decks 201–255, has not been blended for 1950–79). Decks
present since release 1 (Slutz et al., 1985) are numbered in normal type, decks added to form ICOADS.DM are in italic,
and decks added to form ICOADS.RT are in bold. Further details about individual decks are available on the ICOADS

Website

Deck Description Start End Reports (thousands)

110 US Navy Marine 1945 1951 634
116 US Merchant Marine 1945 1963 6878
117 US Navy Hourlies 1952 1964 11
118 Japanese Ships No. 1 (Kobe Collection data keyed in 1961) 1930 1953 1727
119 Japanese Ships No. 2 (Kobe Collection data keyed in 1961) 1951 1961 905
128 International Marine (US- or foreign-keyed ship data) 1950 1978 15 375
143 Pacific Marine Environmental Laboratory (PMEL) buoys 1976 1977 13
144 PMEL TOGA/TAO buoysa 1985 1997 3
145 PMEL (daily) equatorial moorings and island stationsa 1979 1991 17
150 Pacific (US Responsibility) HSST Netherlands receipts 1939 1961 97
151 Pacific (US Responsibility) HSST German receipts 1862 1960 590
152 Pacific (US Responsibility) HSST UK receipts 1855 1961 52
155 Indian (Netherlands Responsibility) HSST 1861 1960 1115
156 Atlantic (German Responsibility) HSST 1852 1961 6011
184 Great Britain Marine (194 extension) 1953 1961 593
185 USSR Marine IGY 1957 1958 111
186 USSR ice stations 1950 1970 20
187 Japanese whaling fleet 1946 1956 10
188 Norwegian Antarctic whaling factory ships 1932 1939 2
189 Netherlands Marine 1939 1959 232
192 Deutsche Seewarte Marine 1855 1939 5998
193 Netherlands Marine 1800 1938 6276
194 Great Britain Marine 1856 1955 785
195 US Navy ships logs 1941 1946 598
196 Deutsche Seewarte Marine (192 extension) 1949 1954 143
197 Danish (and other) Marine (polar) 1871 1956 23
201–255 UK Marine Data Bank (MDB)b 1854 1994 6346
281 US Navy Monthly Aerological Record (MAR) 1926 1945 187
555 US Navy FNMOC Monterey Telecom. 1966 1973 2468
666 Tuna boats 1970 1975 17
667 Inter-American Tropical Tuna Commission (IATTC) 1971 1997 1173
701 US Maury Collection 1784 1863 1346
702 Norwegian Logbook Collection 1867 1889 201
705–707 US Merchant Marine Collection (1912–46) 1910 1946 3503
714 Canadian Marine Environmental Data Service (MEDS) buoys 1978 1997 10 309
731 Russian S.O. Makarov Collection 1804 1891 3
732 Russian Marine Met. Data Set (MARMET) (received at NCAR) 1888 1995 8839
733 Russian AARI North Pole (NP) stations 1937 1991 98
734 Arctic drift stations 1893 1924 12
749 First GARP Global Experiment (FGGE) Level IIb 1978 1979 12
762 Japanese Kobe Collection data (keyed after decks 118–119) 1890 1932 1045
780 Levitus World Ocean Atlas/Database (WOA/WOD) 1874 1996 4479
792 NCEP BUFR GTS: ship data 1998 2002 5139
793 NCEP BUFR GTS: buoy data (FM 13 ‘SHIP’ code) 1998 2002 5532
794 NCEP BUFR GTS: buoy data (FM 18 ‘BUOY’ code) 1998 2002 16 787
795 NCEP BUFR GTS: C-MAN data 1998 2002 2548
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Table II. (Continued )

Deck Description Start End Reports (thousands)

849 First GARP Global Experiment (FGGE) 1978 1979 253
850 German FGGE 1978 1979 154
874 Shipboard Environmental (Data) Acquisition System (SEAS) 1995 1997 68
876–882 US National Data Buoy Center (NDBC) data 1972 1979 315
883 NDBC data 1980 1997 12 782
888 US Air Force Global Weather Central (GWC) 1973 1997 6385
889 Autodin (US Dept. of Defense Automated Digital Network) 1972 1995 1039
891 US National Oceanographic Data Center (NODC) surface data 1950 1977 297
892 NCEP ship data 1980 1997 9681
893 NCEP moored buoy data 1986 1997 2230
896 NCEP miscellaneous (OSV, plat, and rig) data 1980 1997 588
897 Eltanin 1962 1963 597
898 Japanese 1954 1974 123
899 South African whaling 1900 1955 65
900 Australian 1931 1979 392
901 FOSDIC reconstructions (card images from 16 mm film) 1868 1963 7
902 Great Britain Marine (184 extension) 1957 1961 129
926 International Maritime Meteorological (IMM) data 1954 1997 18 934
927 International Marine (US- or foreign-keyed ship data)c 1970 1997 10 881
928 Same as 927 including Ocean Station Vessels (OSV) 1970 1974 4
999 US Air Force Environ. Technical Applications Center (ETAC) 1967 1969 37

a Deck 145 contains daily averaged data, and up to the early 1990s TAO deck 144 contains average estimates for 2–8 h depending on
the buoy instrument package and power requirements.
b Deck 215, within this range is believed to be derived from the same original German punched cards as deck 192.
c A mixture of US- and foreign-keyed data exists in deck 927 prior to 1980; starting about 1980, deck 927 is believed to contain only
US-keyed ships.

World War I (Manabe, 1999). Also included were data from several recently digitized collections (Diaz
and Woodruff, 1999): the US Maury Collection (covering 1784–1863, but concentrated around 1830–60;
1.3 million reports), the Norwegian Logbook Collection (1867–89; 201 thousand reports), the US Merchant
Marine 1912–46 Collection (3.5 million reports), Arctic Drift Stations (1893–1938; 16 thousand reports)
and the Russian S.O. Makarov Collection (1804–91; 3400 reports). Sea-surface temperature (SST) estimates
derived from oceanographic profiles, and some surface meteorological fields, were also added back to 1874
from the World Ocean Database 1998 (Levitus et al., 1998) (WOD98). Many more details are provided in
Woodruff et al. (in press).

3.1.2. 1950–79 observations. The update for this period (Woodruff et al., 1998) pre-dated the MDB
blending work. The MDB will be included in this period at a future time. Data additions included Russian
MARMET, North Pole manned drifting ice-station data, and oceanographic profile SST estimates from the
World Ocean Atlas 1994 (Levitus and Boyer, 1994), an earlier version of the WOD98. Significant data
improvements were made during this processing, including the correction of widespread temperature biases
in GTS records (Woodruff et al., 1998) and a minor correction for mislocated GTS data in October–November
1970.

3.1.3. 1980–97 observations. Data for this period were originally issued for 1980–92 (Woodruff et al.,
1993), and then extended to 1995 (Woodruff et al., 1998). The latest update (Woodruff et al., 2003) involved
reprocessing data for 1980–95 and adding data through 1997. One major addition was 17.9 million MDB
reports for 1980–94. In the blend, 7% of these data were retained as unique or judged to be of preferable
quality compared with other data already in ICOADS. For example, British Navy decks were retained at
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Table III. Release 2.1 source ID (SID) composition. For each SID number, the description, starting and ending years,
and number of reports (in thousands) after final blending are listed. SIDs present since release 1 (Slutz et al., 1985) are
numbered in normal type, SIDs added to form ICOADS.DM are in italic, and SIDs added to form ICOADS.RT are in
bold. Generally, data within a SID are confined to a single input format, whereas some decks have been received by

ICOADS in different formats. Further details about individual SIDs are available on the ICOADS Website

SID Description Start End Reports (thousands)

1 Atlas 1800 1969 33 986
2 HSST Pacific 1855 1961 715
3 HSST Indian 1861 1960 1115
4 HSST Atlantic 1852 1961 6011
5 Old TDF-11 supplement B 1854 1975 3008
6 Old TDF-11 supplement C 1855 1978 2690
7 Monterey Telecommunications 1966 1969 757
8 Ocean Station Vessels (OSV) 1945 1973 823
9 OSV supplement 1947 1973 59

10 MSQ 486 and 105 omissions 1854 1968 176
11 National Oceanographic Data Center (NODC) surface 1950 1975 221
12 NODC surface supplement 1950 1977 51
13 Eltanin 1962 1963 1
14 Japanese 1954 1974 122
15 South African whaling 1900 1955 65
16 Australian 1931 1970 196
17 International Maritime Meteorological (IMM) data 1956 1979 1660
18 ′70s decade 1970 1979 12 897
19 IMM ′70s 1978 1979 <1
20 OSV Z (′70s) 1970 1974 3
21 Australian (′70s) 1971 1979 196
22 NCDC: 1980–84 annual receipts 1982 1987 135
23 ′70s mislocated data 1973 1979 2
24 Buoy data 1972 1979 192
25–28 NCDC: 1980–85 annual receipts 1962 1985 1561
29 NCDC: NCEP reconversion 1980 1992 8410
30 NCDC: 1980–84 period of record 1965 1984 4200
32–33 NCDC: annual receipts (and duplicates; starting in 1986) 1974 1997 4531
34–45 NCDC: 1986–97 receipts (delayed) 1965 1996 18 394
46–47 International Maritime Met. (IMM) tape archive 1969 1995 7134
48–49 Levitus 1994 World Ocean Atlas (WOA) 1950 1979 2255
50 US National Data Buoy Center (NDBC) data 1980 1997 12 782
51–52 Russian AARI North Pole (NP) stations 1937 1991 98
53 First GARP Global Exp. (FGGE) Level IIb: surface marine data 1978 1979 12
56 Russian S.O. Makarov Collection 1804 1891 3
57 Russian Marine Meteorological Data Set (MARMET) 1888 1993 8839
59 UK IMM corrections 1982 1989 1552
60 French International Maritime Met. (IMM) corrected 1954 1988 160
61 Canadian Marine Environmental Data Service (MEDS) buoys 1978 1997 9583
62 MEDS World Ocean Circulation Experiment (WOCE) buoys 1992 1997 726
66 Pacific Marine Environmental Lab. (PMEL) TOGA/TAO buoys 1985 1992 236
67 PMEL (daily) equatorial moorings and island stations 1979 1991 17
68 Arctic drift stations 1893 1924 12
69 US Maury Collection 1784 1863 1346
70 Inter-American Tropical Tuna Comm. (IATTC) porpoise obs. logs 1979 1997 736
71 IATTC fishing logs 1971 1997 437
72 IMM tape arch. from WMO Global Collecting Centre (GCC) 1982 1997 3870
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Table III. (Continued )

SID Description Start End Reports (thousands)

77 NCDC: NCEP reconversion 1994 1997 2801
78 NCDC: US-keyed logbook data reconversion (TD-9972) 1987 1997 307
79 US Air Force Global Weather Central (GWC): DATSAV2 format 1980 1997 1595
84 US Merchant Marine Collection (1912–46): full QC 1910 1944 1929
85 US Merchant Marine Collection (1912–46): partial QC 1910 1946 1246
86 PMEL TOGA/TAO buoys: RAM data 1990 1997 2464
87 PMEL TOGA/TAO buoys: SPOT data 1990 1997 64
88–89a Levitus 1998 World Ocean Database (WOD98) 1874 1996 1924
90–93a UK Marine Data Bank (MDB) 1854 1994 6346
96 Norwegian Logbook Collection 1867 1889 201
97 Japanese Kobe Collection data (IMMT format; 1998 edition) 1890 1932 1045
98 US Merchant Marine Collection (1912–46): full QC (CLICOM) 1914 1944 328
100 NCEP BUFR GTS: operational tanks: converted from message 1998 1999 8930
103 NCEP BUFR GTS: dumped data: converted from BUFR 1999 2002 21 076

a Due to the release processing sequence, data from these SIDs have not been included in the 1950–79 period.

relatively high rates compared with other MDB sources. Moored and drifting buoy data were enhanced in
this update. GTS receipts after 1990 from Tropical Atmosphere–Ocean (TAO) moorings were replaced by
‘standard archive’ data obtained directly from NOAA’s Pacific Marine Environmental Laboratory (PMEL),
which improved diurnal coverage and quality controls; the Pilot Research Moored Array in the Tropical
Atlantic (PIRATA) data are also now part of this archive. Similarly, all the updates for this period involved
replacing GTS receipts from US coastal moorings and the Coastal-Marine Automated Network (C-MAN)
by quality controlled and more complete data from NOAA’s National Data Buoy Center (NDBC). Canada’s
Marine Environmental Data Service (MEDS) corrected 1980–85 drifting buoy data for a day assignment
error that had impacted some buoys reporting in the last quarter of the day. Also, for 1993–97, processing
changes at Service Argos necessitated some modifications in the handling of MEDS QC information to obtain
increases in the available drifting buoy data. Other new or improved data sources were included in this update.
Also similar to the earlier periods, Russian MARMET data and reports from North Pole manned drifting-ice
stations were added, and similar to the earliest period, WOD98 SST estimates and meteorological data were
added through 1996.

3.2. Real-time archive

Information about the RT portion of release 2.1 has not previously been published, so here the data
composition and processing are described in some detail. During the development of the RT archive (March
1997–2002), GTS data from NCEP and NCDC were compared to ensure good overall quality. The 10 month
overlap period, March–December 1997, was used for comparison with DM, but only RT data for 1998–2002
were used for release 2.1.

The GTS data received at NCEP were translated from GTS message strings (i.e. FM 13 SHIP or FM 18
BUOY codes) into the binary universal form for the representation of meteorological data (BUFR; WMO,
1995). NCEP also included one or more of the original input GTS message strings in the BUFR record.
Including the strings was extremely beneficial, because it provided access to the original data and allowed
accuracy verification for the translated data.

Several representations of the GTS data were used to assess and create the input for release 2.1 RT. First,
all relevant fields from the NCEP BUFR and the NCEP attached GTS strings were converted to separate
data sets using the new International Maritime Meteorological Archive (IMMA) format (Woodruff, 2004). At
NCDC the GTS data stream was converted to IMMA format and the GTS string was attached. We received
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these data and also converted the NCDC attached string to IMMA format. The various sources were then
compared and it was found that:

• The first 31 months (March 1997-September 1999) of the NCEP BUFR translation had some problems and
the retranslation of the NCEP GTS string provided better quality and more complete data in this period.

• Checks between NCEP and NCDC GTS strings continue to be helpful to improve the quality of the
independent translations at NCEP to BUFR and at NCDC to IMMA. The NCDC GTS data were not used
in release 2.1.

• The comparison of overlapping DM and RT data for March–December 1997 (Figure 1) shows that the
DM archive has more ship, moored buoy, and C-MAN data than the RT archive. For these platform
categories the major differences are due to delayed (keyed) ship receipts, and inclusion of more complete
post-processed moored buoy and C-MAN data from PMEL and NDBC.

• In contrast, there are approximately 40% more drifting buoy reports in RT compared with DM. The real-
time data stream has near-duplicate buoy reports that MEDS consolidates before they are received by
ICOADS and used to create DM.

For the final RT archive we used exclusively data from NCEP. For January 1998 through to September
1999 the retranslation of the attached GTS strings was used, and for October 1999 through to December 2002
the BUFR translation was used. The transition point in 1999 is also coincident with a switch to input data
that had been QC processed at NCEP. More details about the processing, remaining problems, and archive
analyses are available at the ICOADS Website.

4. DATA USAGE CONSIDERATIONS

Scientific data analyses are affected by the many sources of data used to derive ICOADS. Release 2.1 has
most observations in the modern era (Figure 2) and sparse observations notably during the World Wars
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Figure 2. Annual number of reports stratified by platform type in ICOADS release 2.1 for the modern (1950–2002) period. Ships
are stratified in three categories: ‘ship’ reports generally are regular voluntary observing ship observations from merchant and navy
vessels, ‘OSV’ (ocean station vessels) are weather ships usually at stationary observing locations, and ‘oceanographic’ ships are from
the research fleet. Buoys are stratified in two categories, either drifting or moored, ‘C-MAN’ automated reports are from the US
land–ocean boundary zone, a small number of ‘other’ platforms are grouped together, and reports with unknown platform type are

denoted as ‘missing’

and in the 19th century (Figure 3). Where possible, each report in ICOADS has been assigned a platform
type, and over time that mixture has changed; the earliest periods have observations exclusively from ship
platforms, but buoy data later (1979–88) add to increasing ship observations. Starting in about 1989, ship
reports decline and buoy data more than compensate, in a numerical sense, for the loss to give a net
overall growth (Figures 2 and 3). In the most basic sense this is evidence of the changing observational
systems on the global ocean, from earlier periods with shipping routes determining coverage and providing
many meteorological observed variables at synoptic periods, to recent periods with buoys (either moored or
drifting) and other automated platforms providing fewer observed variables, but often at higher frequency.
These changes are convoluted, with instrument and sampling procedure changes, changes in coding of
measurements and visual estimates, and variations of instrument package placement on the ocean platforms,
which all can impact products and analyses based on the observations. Many researchers have studied these
changes, particularly for SSTs and air temperatures, and wind (the following are examples: Barnett, 1984;
Wright, 1986, 1988a; Ramage, 1987; Cardone et al., 1990; Kent et al., 1993; Folland and Parker, 1995;
Hahn et al., 1995; Kent and Taylor, 1997; Smith and Reynolds, 2002; Rayner et al., 2003; Berry et al.,
2004).

The global ocean has not been uniformly sampled over time. We use SST, a well-sampled variable, to
illustrate the changes. The number of SST samples and percentage of ocean (and coastal) area covered,
based on 2° boxes, varies dramatically (Figure 4). If we choose at least five samples per month in
a 2° area as a reference, SST sampling increases fairly steadily from nearly zero in the 1840s to a
peak over 20% around 1916, falling below 10% during the two World Wars, and approaching 30%
between them. Growth resumes after World War II, with coverage reaching a general maximum in
about 1980 of around 45 to 50%. Referencing Figure 2, the 1980s was when the ship data were at
a maximum plateau and buoy data were just beginning. At sampling frequencies of one to ten per
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Figure 3. Annual number of reports stratified by platform type in ICOADS release 2.1 for the early (1800–1949) period. Fewer
stratification categories (with the same definition as in Figure 2) appear during this period. Reports with ‘missing’ platform type

indicator are likely to be from ships. Note, a different vertical scale range is used compared with that in Figure 2
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Figure 4. Percentage global ocean and coastal area sampled based on area-weighted 2° boxes (smoothed) for SST, with the number of
observations per month (at minimum) in the boxes shown by the numbered curves. Determined from the ‘enhanced trimming’ (4.5σ )

product that includes ship and buoy records. This is an update of Woodruff et al. (1987: figure 4)

Copyright  2005 Royal Meteorological Society Int. J. Climatol. 25: 823–842 (2005)



ICOADS MARINE CLIMATE DATA AND PRODUCTS 833

60%

50%

40%

30%

20%

10%

0%
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

%
 O

ce
an

 A
re

a 
S

am
pl

ed
 (

ba
se

d 
on

 2
 d

eg
re

e 
bo

xe
s)

S P A W C R G

Figure 5. As for Figure 4, except comparing the SST (S) coverage, at five observations per month, with that for sea-level pressure (P),
air temperature (A), wind speed (W), total cloudiness (C), and relative humidity (R). Determined from the ‘enhanced trimming’ (4.5σ )
product that includes ship and buoy records. Also plotted is the evaporation parameter (G; see Table IV), which is computed from S,

P, A, W, and R, and thus illustrates the extent to which surface fluxes can be computed from the individual observations

month there are general coverage decreases from 1990 onward, in contrast to increases in sampling
at 50 and 100 (or more) observations per month. This is probably due to factors such as decreased
reports from ships, changing ship routes, and densely spaced observations from moored, or slowly drifting,
buoys.

The sampling densities for other selected variables follow similar overall patterns, but differences also
exist (Figure 5). Relative humidity data are virtually non-existent prior to about 1910, sea-level pressure is
less reported than SST, air temperature, wind speed, and total cloudiness until the 1930s, and SST is the
best-sampled variable in the last 10 years (probably due to the impact from drifting buoys). The degree to
which ICOADS can support surface fluxes estimates is illustrated with a derived evaporation variable, which
requires the availability of several variables at the same observation time (see Figure 5). The coverage of this
evaporation parameter closely tracks that of relative humidity, the least prevalent of its constituent variables,
but is generally at a lower level, particularly in more recent years.

The distribution of samples within the day has also varied notably over time and illustrates another type
of observing-system change. In Figure 6, the UTC hour time for each observation is used to bin the data
and compute the percentage of reports in each hour interval over the global. Prior to 1854 (not shown),
many of the data were reported (or digitized) only once a day at local noon (Woodruff et al., in press).
Between 1854 and roughly 1930, many of the available data were reported six times daily according to
local time (Parker et al., 1995), which yields a fairly uniform distribution globally in UTC. An exception
is the pattern for 12 UTC, which is due to the US 1912–46 Merchant Marine Collection (Table II, decks
705–707) in which observations were taken largely or exclusively at Greenwich Mean Noon (GMN) into
the 1930s. Around 1933–41 there is a noticeable shift, by 3 h, of some reports from the UTC synoptic
hours (0, 6, 12, 18 UTC). This is primarily due to Japanese ships in the Kobe Collection (Table II,
deck 118) coupled with the otherwise relatively sparse data during that period. After World War II, in
contrast, most reporting was on a UTC synoptic schedule. This results in dominance, at nearly 25%, of the
observations at the 0, 6, 12, 18 UTC hours. The decrease in six-hourly synoptic data starting about 1980
and corresponding increase in three-hourly or hourly data is the effect of increasing numbers of buoy data
reports.
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Figure 6. Global percentage of reports per UTC hour, for 1854–2002. Amplitude between horizontal reference lines is equivalent to
25%. The bottom panel is the total number of reports. This is an update of Woodruff et al. (1998: figure 4)

5. OBSERVATIONS AND PRODUCTS

5.1. ICOADS release 2.1

The ICOADS observational data formats contain many data and fields, including those for standard
meteorological instrument readings (e.g. SST, air temperature, dew-point or wet-bulb temperature, and
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sea-level pressure), winds (measured or visually estimated), weather, cloudiness, and sea state (wind wave
and swell) observations. Methods and accuracy of sampling are preserved in the records where they
have been provided or are known. Additional details about all the fields are available at the ICOADS
Website.

The observations are condensed into monthly summary products in 2° and 1° latitude by longitude areas
(boxes). The products are unanalysed (i.e. data-void areas are not filled) with the 2° and 1° resolution products
beginning in 1800 and 1960 respectively. Prior to 1960 (1800) the data were not sufficiently dense to support
a global 1° (2°) product. Eight observed and 14 derived variables (Table IV) are summarized using 10 statistics
(Table V), forming global year–month time series at each spatial resolution.

Not all observations are used to create the products: the observations are compared with climatological
values and outliers are rejected (trimmed) from the computation following the QC procedures designed for
release 1 (Slutz et al., 1985) and modified to handle newly added data and time periods outside 1854–1979
better (Woodruff et al., 1993, 2003). Briefly, the automated QC processing performs some consistency checks,
compares commonly used variables against large-scale climatologies, checks for position errors that place
observations on land, and adds QC flags to the records. Data editing and platform (ship or buoy) track
checks are not performed during ICOADS processing (but are applied by some data providers). Nor are data
adjustments made for biases due to sampling methods or instrumentation.

Table IV. Variables in the ICOADS monthly summary products.
Eight variables are referred to as ‘observed’ (related more closely
to the original observations), and the remaining 14 are derived

quantities

Abbreviation Variable

‘Observed’
S SST
A Air temperature
W Scalar wind
U Vector wind eastward component
V Vector wind northward component
P Sea-level pressure
C Total cloudiness
Q Specific humidity
Deriveda

R Relative humidity
D S − A = sea–air temperature difference
E (S − A)W

F QS − Q = (sat. Q at S) − Q

G FW = (QS − Q)W (evaporation parameter)
X WU (wind stress)
Y WV (wind stress parameter)
I UA (sensible-heat — transport parameter)
J VA (sensible heat — transport parameter)
K UQ (latent-heat — transport parameter)
L VQ (latent heat — parameter)
M FU
N FV
B1 B = W 3 (high resolution)
B2 B = W 3 (low resolution)

a Note that transfer coefficients have not been applied to the pseudo-fluxes
and other derived variables, e.g. UQ is simply the product of individual
observations of U and Q.
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Table V. Statistics, computed for each variable, in the
ICOADS monthly summary products

Abbreviation Statistic

s1 1/6 sextile (estimate of m − 1s)
s3 3/6 sextile (the median)
s5 5/6 sextile (estimate of m + 1s)
m Mean
n Number of observations
s Standard deviationa

d Mean day-of-month of observations
ht Fraction of observations in daylight
x Mean longitude of observations
y Mean latitude of observations

a A separate estimate e of the standard deviation can be computed
as e = (s5 − s1)/2.

There are two statistical product lines derived by applying different trimming limits and accepting different
platform type mixtures. Secondary QC flags, set during other ICOADS processing or by data providers, are
also applied. The standard trimming option is designed to select observations taken from ships and rejects
data that exceed 3.5 estimated standard deviations around the smoothed median value for each box and
climatological period (1854–1909, 1910–49, and 1950–79; and using the earliest or latest climatological
period for trimming data before 1854 or after 1979). The enhanced trimming option is designed to select
almost all available observations (e.g. ships and buoys) and rejects data that exceed 4.5 estimated standard
deviations around the smoothed median value. The standard product is preferred when a consistent platform
type (i.e. ships) is desired, whereas the enhanced product is best when maximum spatial coverage is critical.
The degree of trimming can affect the products. For example, the more restricted standard trimming has
been shown to remove excessive data in extreme SST events, e.g. 1877–78 and 1982–83 El Niño–southern
oscillation occurrences (Wolter, 1997; Smith and Reynolds, 2003).

5.2. Associated products and analyses

ICOADS has served as a foundation for many associated products and analyses developed by the scientific
community, with efforts frequently focused on additional QC, the reduction of data biases, and large-area
analyses (with error estimation). These products are often specific to a single variable (e.g. SST or wind)
or important derived quantities (e.g. heat budgets), and, bearing in mind the limitations and uncertainties of
these advanced methods (e.g. Hurrell and Trenberth, 1999; Folland et al., 2001b), can be beneficial for many
users.

SST, for example, is a critical climate variable that has received extensive analysis development, in
comparison with the ICOADS monthly summaries. ICOADS observations are a primary data source in
analyses extending back into the 19th century, such as Kaplan et al. (1998), Rayner et al. (2003), and Smith
and Reynolds (2003, 2004a), as well as in analyses requiring satellite data (from around 1981 forward), e.g.
Reynolds et al. (2002). Uncertainties should decrease closer to near-current dates (e.g. from denser and more
accurate sampling) — but note that these products also employ different QC and analysis methods, rely to
varying degrees on satellite data, on sea-ice data to constrain polar SST, and on bias adjustments for historical
changes in measurement methods.

Similar improvements have been made in derived quantities like ocean–atmosphere fluxes. A number
of flux and other climatologies were developed in the 1980s, which advanced and analysed the ICOADS
monthly summary statistics (e.g. Oberhuber, 1988; Wright, 1988b). Subsequently, analysed products, such as
monthly tropical wind pseudo-stresses (Smith et al., 2004), have been created using ICOADS observations.
Or bias-adjusted observations have been used in products such as monthly flux analyses for 1945–93 (da
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Silva et al., 1994), and climatologies constrained with estimated ocean advective fluxes (Josey et al., 1999;
Grist and Josey, 2003) or utilizing other improvements, including time-dependent adjustments of the Beaufort
wind scale (Lindau, 2001).

Some meteorological variables in ICOADS are subjected to limited QC and are not reduced to monthly
summary statistics. Two such variables are clouds (with the exception of total cloudiness) and ocean waves.
These data must be independently evaluated to produce good quality products. For example, North Atlantic
and global wave climatologies (Gulev and Hasse, 1998; Gulev et al., 2003), and global distributions of total
cloud cover and cloud-type amounts over the ocean have been derived (Warren et al., 1988) from ICOADS.

There are many more associated data products that are not mentioned here. The complementary development
of associated products is possible because the ICOADS project has always offered the individual observations
and simple forms of monthly summary statistics. Increased computing capability has enabled many research
projects to begin with the observations and develop the specific analyses they require. We expect and support
the continued development of products associated with ICOADS. By this process, more is learned about the
characteristics of the data, higher quality products are made available, and the scientific content of ICOADS
is available to a broader research community.

6. DATA ACCESS

The ICOADS observations and monthly statistics have unrestricted distribution worldwide and are readily
available. Only the data access options provided by the US ICOADS partners are described here. These
sources are generally the most up to date and provide supporting sources for documentation, software, and
consultation. A single point for data access originates from the project Website. Table VI outlines more
specifically the roles of these contributing partners, and the products, available data formats, subsetting and
filtering options, and online locations. In general, NCAR provides binary and ASCII formatted data files for
observations and monthly summary statistics. The ASCII file data processing enables subsetting by time,
space, variable, and a choice of filtering options (standard, enhanced, or self-determined) in the case of
observations. CDC provides data in netCDF file format, and through a user interface (Live Access Server)
offers subsetting, graphical, and multiple file format outputs for the monthly summary statistics.

In addition, ICOADS is supplemented with observations and monthly summary products (see Table VI),
which fall outside release 2.1. When possible, and prior to full ICOADS data processing, new observations
are made available and denoted as supplementary (or ‘add on’) collections. These supplementary observations
are largely unique and not yet blended into a formal release, but are provided in standard ICOADS formats.
Through this approach we are able to provide access to new data collections. Current offerings include
data from the Climatological Database for the World’s Oceans (Garcı́a-Herrera et al., in press), which was
focused on rescuing early (1750–1854) European ship data (mainly text-based wind estimates), and the latest
(2003) edition of the Kobe Collection. Similarly, to provide data to more current dates, a preliminary set
of observations and 2° monthly summary statistics are available from a GTS-based NCEP real-time (NRT)
dataset. The data processing is simplified and the observational format is a brief ASCII record.

The long-term scientific usage and the inherently complex composition of ICOADS have resulted in a
substantial collection of documentation, higher level derived data products, database analyses, and ancillary
data. The project Website provides access to these data, metadata, and other resources:

• Format descriptions and software.
• Project publications (most in digital form), and a selected research bibliography.
• Analyses of data processing metrics generated when creating new releases.
• Definition of some outstanding problems.
• Experimental data sets, e.g. global monthly SST (1800–2002) was summarized in 2° boxes using an

adaptive QC method where the reference climatology used to trim outlier data varied slowly in space and
time according to the large-scale climate signal. This is in contrast to the fixed reference climatologies used
to generate the standard and enhanced data products.
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Table VI. ICOADS data, metadata, and documentation access

Product Formata Partner Subsetb Online site

Links to all data www.cdc.noaa.gov/coads/products.html

Observations:
Release 2.1 b,a NCAR t,s,v dss.ucar.edu/datasets/ds540.0/
Release 2.1 a NCDC t,s [www.ncdc.noaa.gov]c

Supplementaryd b,a NCAR none dss.ucar.edu/datasets/ds530.0/
NRTe a CDC none www.cdc.noaa.gov/coads/nrt.html

Monthly Statistics:
Release 2.1 b,a NCAR t,s,v dss.ucar.edu/datasets/ds540.1/
Release 2.1 n,a,o CDCf t,s,vg www.cdc.noaa.gov/coads/products.html
NRT n,a,o CDCf t,s,vg www.cdc.noaa.gov/coads/products.html

Metadata www.cdc.noaa.gov/coads/metadata/

Documentation www.cdc.noaa.gov/coads/doc.html

Publications www.cdc.noaa.gov/coads/publications.html

Workshop recommendations www.cdc.noaa.gov/coads/climar2/recs.html

a Data formats: binary (b), ASCII (a), netCDF (n), others (o) (spreadsheet, etc.).
b Subsetting and filtering options: time (t), space (s), and variable (v).
c NCDC plans to offer Web-based access to the observations beginning in late 2005.
d Supplementary (or ‘add-on’) data sets are separate collections with a high percentage of unique data that were not included in
release 2.1.
e NCEP real-time (NRT) data, and 2° statistics, are based on GTS data and updated each month (about 5 days after the end of the
data month). The observational records contain only a few primary variables and have received only limited QC, and the 2° monthly
summaries (the mean and number of observations for each of 13 variables) are not fully consistent with ICOADS processing. These
products provide a preliminary extension of release 2.1 data to near-current dates, i.e. beyond 2002.
f CDC stores both the release 2.1 and NRT statistics in standardized netCDF format. These products can be accessed either through CDC
Web interfaces, or unified access is provided through a Live Access Server (LAS). The LAS is an interactive interface for selecting
data for graphical display or file download.
g Each statistic and variable is stored and provided in a separate file, e.g. the mean and standard deviation of SST are two separate
netCDF files.

• Links to analysed data sets based on ICOADS and published by other projects, e.g. extended reconstructed
SST (Smith and Reynolds, 2003, 2004a) and sea-level pressure beginning in 1854 (Smith and Reynolds,
2004b), and 1° climatologies for many variables from the Joint Institute for the Study of the Atmosphere
and Ocean (JISAO).

• Metadata for ocean platforms, e.g. ship metadata (1955–98) from WMO (1955) Publication No. 47.
• Links to related projects and initiatives that complement ICOADS, e.g. the CLIWOC project (www.ucm.es/

info/cliwoc/) and the Voluntary Observing Ship Climate (VOSClim) project (http://www.ncdc.noaa.gov/oa/
climate/vosclim/vosclim.html).

• Consolidated recommendations from recent ICOADS-related workshops (Diaz et al., 2002; Parker et al.,
2004).

7. FUTURE OBJECTIVES

The major thrusts for ICOADS are adoption of the IMMA format for all observational data, a real-time access
system at NCDC, implementation of a regular update cycle to include new data sources, focusing initially on
annual RT updates, and improved metadata.

The IMMA format (Woodruff, 2004) is likely to be recommended soon as a standard format to the Joint
WMO/Intergovernmental Oceanographic Commission (IOC) Technical Commission for Oceanography and
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Marine Meteorology (JCOMM). This ASCII-based format is ideal for marine surface observations spanning
many centuries and has been a coordinated development between ICOADS and JCOMM. It has an expanded
fixed-length ‘core’ part that contains more data fields than in the previously available ICOADS formats. By
itself, the core will be sufficient for many data users, because it includes most of the regularly used data.
The full IMMA format consists of the core plus an arbitrary number of data attachments. The attachments
can be general (e.g. ship metadata) or they can be specific to data sources or time periods (e.g. historical
or contemporary data). These attachments make the records longer and of variable length, but they serve a
critical role for a permanent archive by providing flexibility and retention of original data forms. The GTS data
received at NCDC, for example, are translated to the IMMA format and the original GTS message is attached.
This means that reprocessing of the original data is always possible, in the event of an incorrect or incomplete
translation into the IMMA regular fields. The CLIWOC project translated their database into IMMA format,
and ICOADS would benefit from having other data contributors begin using IMMA so that data are translated
most accurately (i.e. by technicians most familiar with the data) and they can be incorporated more directly
into ICOADS.

NCDC is preparing to serve the ICOADS observations through its Climate Data Online system
(cdo.ncdc.noaa.gov) beginning in late 2005. The more recent data will be online initially, followed grad-
ually by the full period of record for release 2.1. The system will allow spatial and temporal subset selections
of ICOADS observations and other in situ data sets, and a geographical information system (GIS) map service
interface will make these data easily available to the GIS user community. Later, in cooperation with the US
Navy, Web-accessible data summaries will be offered, e.g. for a specified time, space, and ICOADS variable,
frequency distributions and other statistics will be computed on demand.

ICOADS has developed and received data from many national and international data contributors in recent
years. Integration of these into ICOADS is planned (Figure 7). However, each new input, and especially the
oldest collections, requires careful study, analysis, and assessment before blending into ICOADS. Historical
documentation about sampling practices, instrumentation and calibrations, and coding schemes are all critically

Chinese/GODAR Ships: 1968-93; 424K

Polish Baltic: 1961-90; 360K

Ukrainian Hydrometeorological: 1958-85

Arctic Drift Stations: 1952-76

US Navy Hourlies: 1952-64; 3M (deck 117)

UK Marine Data Bank: 1950-79

Japanese Whaling Data: 1946-84; 30K

Russian R/V Marine: 1936-2000; 2M

US Lightship Data: 1891-recent

Japanese Kobe (2003 Ed.): 1889-1940; 3.1M

German Data: 1887-90; 30K

US Marine Met. Journals: 1878-94;1.8M

Arctic Norwegian Logbook Data: 1867-1912; 125K

German Maury Collection: 1845-67; 500-750K

CLIWOC: 1750-1854; 300K

8

7

6

5

4

3

2

1

0
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

M
ill

io
ns

 p
er

 y
ea

r

Figure 7. The time periods of candidate datasets to be blended into ICOADS are spanned by horizontal coloured lines: green candidates
are fully digitized and may need format translation and QC work, yellow are partially digitized, and red are in the planning stages for
digitization. Each data-set name is appended with the date range and approximate number of observations if known. The solid curve is

the number of observations in release 2.1
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important. This data detective work does not always yield a definitive answer, so occasionally the informed
best guess is the action taken. Each new data integration processing is compared with earlier releases, and
significant anomalies (e.g. changes in monthly mean values) are investigated in more detail. Sometimes the
data anomalies are reasonable and at other times they indicate the need for further detective work, correction,
and data reprocessing. The ICOADS project detects and fixes many errors, but it also benefits from data
user feedback. Close inspection of the data during scientific investigation can reveal some very subtle and
important errors. The creation of new ICOADS releases is robust. All the data are drawn from a set of original
files and are not based on the set of records in the most current release. For release 2.1 approximately 100%
more data were processed than were passed to the final output. This is largely due to a high percentage of
duplicate or near-duplicate records in the various GTS data streams, and the inclusion of other large national
archives (e.g. the UK MDB and Russian MARMET) that contain many of the same data.

Increased metadata are important for more accurate future long-term scientific investigations that are
based on ICOADS. Some metadata are included in ICOADS observational records. These basic ‘indicators’
(e.g. SST measurement method) are included whenever they are available, but they often are absent,
and occasionally questions exist about the coding, reporting, or past processing of these indicators. More
research on these metadata, with associated studies of coding and reporting practices, could improve the
metadata quality. Platform descriptions and instrumental metadata are also critically important. The major
source for ship metadata is WMO (1955), which was published only in paper form prior to 1973. Digital
forms of these metadata for 1973–98 are available in separate annual files and in several different formats
(www.cdc.noaa.gov/coads/metadata/), including a consistent reformatting of the 1973–92 metadata by Kent
and Oakley (1995) (more recent metadata, through to early 2004, are available from the WMO). Digital
images from the 1955–72 editions of the publication are also available, from a recent project under the
Climate Data Modernization Program (managed by NCDC). Ideally, all these ship metadata, and an extension
to 2002, should be unified into a standard digital format and attached to appropriate IMMA data records as
a supplement. A similar effort for buoy metadata should also be undertaken. The data and metadata would
then be tightly coupled and would make it easier for bias adjustment studies and development of higher level
homogeneous data sets (e.g. ocean surface winds adjusted to 10 m height).

Working with metadata to correct biases and create more homogeneous observations can be as challenging
as working with the data itself. Some advancements have been made using historical ship metadata and mod-
elling ship structure characteristics. More homogeneous SST estimates have been created by understanding
the sampling methods and biases introduced by changing instrumentation (Folland and Parker, 1995). Air
temperatures and wind estimates have been improved by using metadata that define instrument placement and
through studies of air flow and diurnal heating on ships (Kent et al., 1993; Yelland et al., 1998; Berry et al.,
2004; Thomas et al., 2005). Further refinement and understanding of ship data and metadata is one purpose
of the VOSClim project. Through this effort, and through correlations with the historical metadata, it may be
possible to prepare further homogeneous data products from ICOADS.

8. CONCLUSION

ICOADS began as a US-led effort and has been successively improved over the past two decades. Sustained
and increasing international contributions have significantly benefited the project and the worldwide user
community. However, there is much work still to be done. ICOADS needs to be enhanced with the newly
available and rescued data, throughout the two-century period of record, and kept up to date with modern
data. It is a critical data resource for studying climate and climate change, but improvements in the data,
metadata, and quality control are necessary to enable an even greater benefit to the scientific community.
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