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ABSTRACT: This paper describes the new International Comprehensive Ocean—-Atmosphere Data Set (ICOADS) near-
real-time (NRT) release (R3.0.2), with greatly enhanced completeness over the previous version (R3.0.1). R3.0.1 had been
operationally produced monthly from January 2015 onward, with input data from the World Meteorological Organization
(WMO) Global Telecommunication Systems (GTS) transmissions in the Traditional Alphanumeric Codes (TAC) format.
Since the release of R3.0.1, however, many observing platforms have changed, or are in the process of transitioning, to the
Binary Universal Form for Representation of Meteorological Data (BUFR) format. R3.0.2 combines input data from both
BUFR and TAC formats. In this paper, we describe input data sources; the BUFR decoding process for observations from
drifting buoys, moored buoys, and ships; and the data quality control of the TAC and BUFR data streams. We also de-
scribe how the TAC and BUFR streams were merged to upgrade R3.0.1 into R3.0.2 with duplicates removed. Finally, we
compare the number of reports and spatial coverage of essential climate variables (ECVs) between R3.0.1 and R3.0.2.
ICOADS NRT R3.0.2 shows both quantitative and qualitative gains from the inclusion of BUFR reports. The number of
observations in R3.0.2 increased by nearly 1 million reports per month, and the coverage of buoy and ship sea surface tem-
peratures (SSTs) on monthly 2° X 2° grids increased by 20%. The number of reported ECVs also increased in R3.0.2. For
example, observations of SST and sea level pressure (SLP) increased by around 30% and 20%, respectively, as compared
to R3.0.1, and salinity is a new addition to the ICOADS NRT product in R3.0.2.

SIGNIFICANCE STATEMENT: The International Comprehensive Ocean—-Atmosphere Data Set (ICOADS) is the
largest collection of surface marine observations spanning from 1662 to the present. A new version, ICOADS near-
real-time 3.0.2, includes data transmitted in the Binary Universal Form for Representation of Meteorological Data
(BUFR) format, in combination with Traditional Alphanumeric Codes (TAC) data. Many of the organizations that
report observations in near-real time have moved to BUFR, so this update brings ICOADS into alignment with collec-
tions and archives of these international data distributions. By including the BUFR reports, the number of observations
in the upgraded version of ICOADS increased by nearly one million reports per month and spatial coverage of buoy
and ship SSTs increased by 20% over the previous version.

KEYWORDS: Ocean; Buoy observations; Ship observations; Data processing/distribution

1. Introduction et al. 1987, 1993). The most recent release, R3.0.0, spans from
1662 to 2014 (Freeman et al. 2017) with near-real-time (NRT)
monthly updates from 2015 to the present, provided as ICOADS
R3.0.1. The ICOADS is an integrated source of environmental
observations such as sea surface temperature (SST), air tempera-
ture (AT), sea level pressure (SLP), and wind speed and direc-
tion. These observations are gathered from a variety of observing

) Denotes content that is immediately available upon publica- platforms including ships, moored and drifting buoys, and fixed
tion as open access.

The International Comprehensive Ocean—Atmosphere Data
Set (ICOADS) (originally COADS) was first released in 1985
(Slutz et al. 1985) and covered the period 1854-1979 (Woodruff

platforms like oil rigs and coastal offshore structures. ICOADS
provides access to a range of observation types, globally, and
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DOI: 10.1175/JTECH-D-21-0182.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Unauthenticated | Downloaded 12/13/22 11:35 AM UTC


mailto:chunying.liu@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1944

As a foundational dataset, ICOADS has been widely used
in various climate-related data and assessment products, such
as the U.S. National Oceanic and Atmospheric Administration’s
(NOAA’s) NOAAGlIobalTemp (Zhang et al. 2019; Vose et al.
2012); the NOAA Extended Reconstructed Sea Surface
Temperature (ERSST) (Huang et al. 2015, 2017); the NOAA
Optimum Interpolation Sea Surface Temperature (OISST)
(Reynolds et al. 2007; Banzon et al. 2016; Huang et al. 2021);
the Met Office (UKMO) Hadley Centre Sea Ice/Sea Surface
Temperature/global surface temperature datasets HadISST
(Rayner et al. 2003), HadSST4 (Kennedy et al. 2019), and Had-
CRUTS (Morice et al. 2021); Nighttime Marine Air Tem-
perature datasets HadNMAT2 (Kent et al. 2013),
CLASSnmat (Cornes et al. 2020), and UAHNMATv1 (Ju-
nod and Christy 2019); the Intergovernmental Panel on Cli-
mate Change Climate Assessment Report (IPCC 2021); the
Japan Meteorological Agency centennial-scale SST analy-
sis (Hirahara et al. 2014); the NOAA-CIRES-DOE Twenti-
eth Century Reanalysis (Slivinski et al. 2019); and the European
Centre for Medium-Range Weather Forecasts (ECMWF) re-
analysis ERA 5 (Hersbach et. al. 2020).

In 2003, the World Meteorological Organization (WMO)
approved a policy that all observational data exchanged inter-
nationally on the WMO Global Telecommunication System
(GTS) be migrated from the Traditional Alphanumeric Codes
(TAC) to the table-driven code forms (TDCF), such as the
Binary Universal Form for Representation of Meteorological
Data (BUFR) format (WMO 2019). To align with the WMO
policy, many countries and programs have moved, or are cur-
rently in the process of moving, to the BUFR format in trans-
mitting NRT marine observational data.

BUFR is designed for efficient exchange and storage of me-
teorological and oceanographic data. BUFR’s table-driven
structure provides greater flexibility compared to the TAC
format; BUFR can easily be extended and is self-describing.
These table-driven and self-descriptive features in BUFR al-
low for greater reporting precision and more metadata (e.g.,
Pelletier 2008). In TAC, limited by the coding method, the
observational values have limited precision; in BUFR, value
precisions are prescribed in separate WMO tables thus the
data can have their native precisions. For example, SST pre-
cision is 0.1°C in TAC but 0.01 K in BUFR; wind direction
is in tens of degrees in TAC versus one degree in BUFR.
Similarly, the platform metadata, instrument information,
and data meanings can be fully documented in BUFR, while
TAC only provides observation datetime, location, and
maybe limited instrument information. Furthermore, the
TDCEF allows the modification of tables, providing a route
for changes and additions in precision, metadata, and data
type.

The marine in situ reports distributed over the GTS in the
older TAC format, such as the FM-13 SHIP code (WMO
2019), have been available for decades and have been a major
input source for ICOADS monthly operational updates. With
more GTS marine data transmissions being made in BUFR
starting in 2016, there were fewer observations in TAC avail-
able for inclusion in R3.0.1. This was particularly true for the
observations from drifting buoys, as they were among the first
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marine observation systems fully transitioned from TAC to
BUFR. Even in those cases, however, the TAC streams still
serve as backup sources in cases of BUFR transmission fail-
ures or other unexpected BUFR data distribution issues, so
combining different data streams from various GTS data col-
lection centers further enhances the reliability of the merged
data.

To ensure that the ICOADS NRT dataset meets the needs
of users, including product developers (Freeman et al. 2019;
Kent et al. 2019; Huang et al. 2020), the NOAA National
Centers for Environmental Information (NCEI), in collabora-
tion with ICOADS partners, began the process of recovering
and decoding the NRT BUFR reports from ships, moored
buoys, and drifting buoys. Realizing the impacts of the inter-
national format transitions to the operational R3.0.1 product,
NCEI began working with the NOAA National Data Buoy
Center (NDBC), the Canadian Department of Fisheries and
Oceans (DFO) Global Data Assembly Center for Drifting
Buoys (GDAC-CA), and the NOAA National Weather
Service Telecommunications Gateway (NWSTG). The ob-
jectives of the collaboration are to collect previously trans-
mitted BUFR reports but no longer available on the GTS,
to establish operational ingest of real-time BUFR trans-
missions from the NWSTG, and to ensure that the BUFR
data are preserved in the NCEI archives. Meanwhile, a
BUFR tool (see section 3a) was installed to decode the
BUFR reports, then convert them to the ICOADS Interna-
tional Maritime Meteorological Archive format (IMMAT1)
(Smith et al. 2016). The decoded drifting buoy data were
immediately made publicly available as an auxiliary dataset
starting in January 2016 until February 2019. Concurrently
further development to decode other platform types transi-
tioning to BUFR transmissions, such as moored buoys and
ships, as well as needed adjustment to the quality control
processes was undertaken to produce the new R3.0.2 with a
goal to blend the NRT TAC and BUFR for a more com-
plete marine in situ dataset.

In this paper, we describe the ICOADS input data sources
in section 2. In section 3, we describe the methodologies of
BUFR decoding; data processing for the data collected by
drifting buoys, moored buoys, and ships; and the data merging
and duplicate record elimination to produce ICOADS R3.0.2
“Total” and “Final” files (Freeman et al. 2017). Section 4 com-
pares the number of reports and coverage for essential
climate variables (ECVs) between R3.0.1 and the newly merged
TAC + BUFR dataset, R3.0.2. Section 5 describes both quanti-
tative and qualitative gains from this much-needed improve-
ment for the ICOADS NRT stream. Section 6 provides insight
into the future of ICOADS.

2. Input data sources

The ICOADS R3.0.2 covers the period from 1 January 2015
to the present, and is updated every month. Input data are col-
lected in TAC and BUFR formats from the various sources of
the WMO GTS data and archived at NCEIL The BUFR input
data (Fig. 1) include messages provided by NWSTG, NDBC,
and GDAC-CA. The BUFR data from NWSTG were less
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FIG. 1. TAC and BUFR input data sources and time periods.

complete from January 2015 to September 2017; thus, in order
to make a more complete dataset, data from NDBC and
GDAC-CA BUFR streams were collected and combined to
help fill in missing data. Duplicated records were subsequently
identified in the Total dataset and removed from the Final da-
taset (see section 3c). Starting from September 2017, opera-
tional collection of the NWSTG stream was set up and this
was used as the operational source for R3.0.2.

Historically, the TAC data were acquired from both NCEI
and NOAA'’s National Centers for Environmental Prediction
(NCEP). There was a period in which R3.0.1 and R3.0.2 over-
lapped (January 2015 to December 2021). For this period, the
R3.0.1 blend of NCEI and NCEP TAC streams serve as the

TAC input source for R3.0.2, and were merged with BUFR
data records. Starting in January 2022 and onward, R3.0.2 be-
came operational and R3.0.1 production as a stand-alone ver-
sion ceased.

3. Methodologies
a. BUFR decoding method

Figure 2 shows the process flow of the BUFR decoding and
TAC + BUFR merging. The ECMWF ecCodes software
(https://confluence.ecmwf.int/display/ECC/ecCodes+Home)
was used for decoding the BUFR data. The first step was to
identify which observed variables were transmitted in the

Monthly ICOADS R3.0.2 process

Monthly BUFR data

NCEI NCEP TAC

Drifting buoy Moored buoy
decoding decoding

ﬁ

Fix same ID different
platform issue

Define ice buoy from

Ship decoding

Drifting buoy
reports subset

Ice buoy
reports subset

Moored buoy
reports subsetting

Plat/rig
reports subsetting

Ship reports drifting and moored buoys

subsetting Convert 5 digit buoy ID to

7 digit buoy 1D

QCed TAC
TAC data ready to be merged

LightShip reports
subsetting

i}

v

Cat all platform
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ICOADS QC

QCed BUFR
BUFR data ready to
be merged

QCed TAC

Merge Assign UIDs

Subset noDup

Dup Reports

0Ced BUFR iked
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FIG. 2. Schematic diagram describing the BUFR + TAC merging procedure. Acronyms are as
follows: QCed—quality controlled; dup—duplication; UID—unique identifier; C98—an ICOADS
attachment which provides the UIDs; PT—platform type.
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TABLE 1. Duplicate status (DUPS) assignments as noted in
Table D8 from Smith et al. (2016). For more information, see the
ICOADS R3.0 Duplicate Elimination and Related Processing
documentation at https://icoads.noaa.gov/e-doc/R3.0-dupelim.pdf.
Italic items are dup status not found in this TAC + BUFR merge
practice.

DUPS Description

0 Unique

1 Most unique

2 OK unique with substitution

3 Worse duplicate: Uncertain weather element match with

hour cross

4 Worse duplicate: Uncertain weather element match
with no cross

5 Worse duplicate: Uncertain weather element match with
day cross2

6 Worse duplicate: Time/space match with ID mismatch
(unused until 1950)

7 Worse duplicate: Certain weather element match with
hour cross

8 Worse duplicate: Certain weather element match with
no Cross

Combined DUPS 4 and 6
Combined DUPS 6 and 8
Time/space/ID match

9 Worse duplicate:
10 Worse duplicate:
11 Worse duplicate:
12 Worse duplicate: Combined DUPS 4 and 11
13 Worse duplicate: Combined DUPS 8 and 11
14 Automatic data rejection

BUFR messages. Next, the corresponding key for each
ICOADS variable was located in the BUFR tables and
mapped to the associated IMMAL1 format field. The appro-
priate WMO tables provide the correct unit and scale factor
for each variable. Appendix A shows the ICOADS IMMA1
variables and their designated BUFR keys, where direct
mappings were available. More BUFR keys can be found in
the WMO Manual on Codes (WMO 2019).

b. Converting decoded BUFR data to the ICOADS
common format

Following the mapping of the BUFR data to the ICOADS
IMMA1 data and metadata fields, the BUFR values were
converted to IMMAL1 format. Due to the different category
schemes between BUFR and IMMAL1, new mapping tables
were required (appendix A).

Additional checks were conducted to quality control the
BUFR platform type assignments. For example, through
detailed examination and testing of the buoy ID rules from
the WMO (https://community.wmo.int/rules-allocating-wmo-
numbers) and visual inspection of reports, we were able to
determine that some buoys (e.g., 4802008 and 4802009), dis-
tributed as moored buoys based on the WMO-assigned 1D
structure in the BUFR messages, were not stationary. Quality
control allowed these buoys to be reassigned the correct plat-
form type of drifting buoy (see https://rda.ucar.edu/datasets/
ds539.5/docs/drift_buoy_bufr2immal_v5.pdf for more infor-
mation). There were reports which missed platform types;
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FIG. 3. Monthly number of in situ reports (X10°) in ICOADS
R3.0.2 from TAC + BUFR (green) and ICOADS R3.0.1 from
TAC (red) for the period January 2015-December 2020. Plots
show the number of unique reports from (a) ship, (b) surface drift-
ing buoy, and (c) moored buoy observations, respectively.

these platform types were inferred and assigned from their
station IDs.

c. UID assignments

The ICOADS unique identifier (UID) is a unique six-digit,
base-36 value assigned to each individual ICOADS report. The
UID provides a record tracking mechanism since the UID as-
signments are permanently assigned to the report (Freeman
et al. 2017). This makes locating specific records possible, as
well as being able to associate error adjustments or other infor-
mation (i.e., reanalysis feedback, or observational metadata)
back to a specific ICOADS report. Additional background in-
formation on UIDs can be found in Smith et al. (2016). UIDs
are assigned to all reports prior to duplicate removal and were
first assigned in release 2.5.1, and UIDs are also assigned in the
R3.0.0 and R3.0.1 Total files. From January 2015 to December
2021, UIDs from ICOADS R3.0.1 are carried forward into
ICOADS R3.0.2 in order to preserve existing UIDs. New UIDs
were assigned to the reports from the BUFR stream. From
January 2022, after cessation of R3.0.1, each source will be
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FIG. 4. Number of in situ reports (X 10°) from the raw BUFR (green) and the Total R3.0.1 (red) streams [(a)—(c) as
input to ICOADS R3.0.2] and ICOADS processed data [(d)-(f) output from the R3.0.2 Final files with duplicates re-
moved], for the period January 2015-December 2020. Rows show (a),(d) ship observations, (b),(e) surface drifting
buoy observations, and (c),(f) moored buoy observations. Note the different y axis scales used for ship and moored-
buoy plots to fully utilize the plot space to clearly show the time series patterns.

processed separately and a new UID assigned to every report,
i.e., the NCEI TAC and NCEI BUFR streams.

d. Data QC

ICOADS data originate from many different types of ob-
serving platforms, such as ships, drifting buoys, moored buoys,
coastal stations, and fixed ocean platforms. Random errors and
systematic biases may be introduced during the observation
and transmission processes (Kennedy et al. 2011). This has
been more common in ship observations e.g., due to poor data
management of historical data and poor siting of instrumenta-
tion (Kent et al. 2017). Quality controls (QCs) have been used
starting from COADS release 1 (Slutz et al. 1985) onward.
Updated trimming limits were used for R3.0 as described at
https://icoads.noaa.gov/e-doc/R3.0-stat_trim.pdf. Data that ex-
ceed climatological thresholds are also flagged during the QC
process (Wolter 1997; Smith et al. 2021).

Using the ICOADS QC and trimming software, we assigned
QC flags as shown in appendix B. QC flags were assigned to
14 selected weather and ocean variables, and the sum of the
weighted flags (see quality code in appendix C) determined
which report to retain among the duplicates. The QC proce-
dures were slightly different for the TAC and BUFR streams,
as described below.

Quality control of the BUFR data used the standard
ICOADS QC software, with an additional step which com-
pared the platform types between the TAC and BUFR
streams to ensure that the platform types assigned to observa-
tion with the same ID were consistent between the TAC and
BUFR streams.

To make the older TAC data compatible with the modern
BUFR reports, the following checks and modifications were
made to the TAC data: (i) dates were validated, and if an
erroneous date was detected, they were kept in the Total files
but removed from the Final files; (ii) platform types were
evaluated and corrected for observations in which TAC and
BUEFR reported the same platform ID but different platform
types; approximately 300 IDs were found with this issue;
(iii) missing platform types were filled in wherever possible;
(iv) five-digit buoy IDs in the TAC format were converted to
seven-digit buoy IDs; (v) attachment C98 was added, which
provides the UID attachment for each R3.0.2 IMMAI1 report;
(vi) ice platform type reports from TAC drifting and moored
buoy reports were identified and marked with the correct
platform type (the ice buoy platform type was previously un-
used in R3.0.1 and was defined simply as drifting or moored
buoys, but defined as ice buoys in BUFR); (vii) fixing incor-
rect IDs, e.g., converting ID 9077070 to ID C60OM7 due to the
International Maritime Organization IMO number (9077070)
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FIG. 5. Number of essential climate variables (ECVs) reports (X10°) in ICOADS R3.0.2 (green) and ICOADS
R3.0.1 (red) for the period January 2015-December 2019. Plots show the number of reports for (a) wind direction,
(b) sea level pressure, (c) air temperature, (d) sea surface temperature, (e) relative humidity, and (f) sea surface salin-
ity (SSS). Note the y axis for SSS is different from those for other variables.

erroneously being encoded as the ID rather than the true call
sign (C60M7); and (viii) fixing incorrect ID indicators (II)
(e.g., “II” should be “11” if it is a seven-digit buoy ID; “II”
was assigned to zero in ICOADS R3.0.1 when it was a seven-
digit buoy ID).

e. Duplicate elimination

An important step in the production of R3.0.2 is the identi-
fication of duplicate observational records for flagging and

removal from the Final files (duplicates are retained in the
Total files). The QC is important in the duplicate elimination
process as QC flags (see appendix C) are assigned to weather
variables (see appendix B) automatically by the ICOADS QC
software suite. The sum of the weighted flags helps determine
which report to retain as unique or as the “best” duplicate in
cases where multiple exact or near-duplicate matches occur.
Ideally, duplicate reports can be identified by exact compari-
son (exact match) of location, time, and observed elements
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FIG. 6. Distribution of ECVs in May 2019. (a),(b) The SST distribution of R3.0.1 and R3.0.2, respectively. (c),(d) The
SLP distribution of R3.0.1 and R3.0.2, respectively. (e),(f) The AT distribution of R3.0.1 and R3.0.2, respectively.

within the reports. Due to the different input data sources
and transmission formats, however, slight differences in TAC
and BUFR precisions (retained digits) and encoding/decoding
techniques have made duplicates more challenging to identify.
Reports that previously were exact duplicates now have preci-
sion-related differences in one or more of their fields. For
example, the latitude and longitude values from some reports
in the TAC stream have a precision of 0.1°, but the same

reports from the BUFR stream have a precision of 0.01°. This
apparent discrepancy would distinguish and identify them as
separate and unique reports in the R3.0.1 algorithm. To account
for potential near-duplicates due to these changes in precision,
we explicitly allow a 0.05° tolerance level of latitude or longi-
tude to define a duplicate in the R3.0.2 algorithm. By relaxing
the location comparison criteria in the BUFR data, most of the
near-duplicate matches can now be detected.
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FIG. 7. Differences of observation coverage (%) between R3.0.2 and R3.0.1 in 2021 for ECVs of (a) sea surface
temperature, (b) sea level pressure, (c) air temperature, and (d) wind speed. The observation coverage is calculated as
the ratio of months with observations over the total 12 months in a year in a 2° grid box.

Similar checks are applied to other variables during the du-
plicate flagging process: First, potential duplicates (dups) are
defined within the same 1° X 1° box and within =1 h (“hour
cross”) or 1 day (“day cross”). A check is then performed for
seven observed elements (wind speed, visibility, present
weather, past weather, SLP, AT, and SST) to identify dupli-
cates. The checks involving present and past weather fields
uses “allowances,” which consider weather elements that match
under some environmental circumstances even though they
were not identical as discussed above [see the ICOADS duplicate
elimination (dupelim) documentation at https://icoads.noaa.gov/e-
doc/R3.0-dupelim.pdf].

Next, we determine which duplicate report should be re-
tained in the Final dataset. The quality code (release 1, supp. K;
Slutz et al. 1985), as computed by the NCDC-QC, is the basis
for the selection of one duplicate report over another. If
quality codes are identical, a priority list by deck is used to
select one of the duplicates. If priorities are identical, the re-
port with the highest deck number (DCK) is preferred. The
deck number for BUFR data is 798. SID for BUFR is 172.
The priority for BUFR is 1. If the decks are identical, the re-
port with the highest source ID (SID) is preferred. If the

SIDs are identical, the second report in sort order is selected.
The duplicate status is assigned from 0 to 14, from unique to
worst duplicate (Table 1), respectively. No reports, however,
are deleted at this stage and all duplicates are retained in a
“Total” file in case further examination is needed at a later
time. BUFR data were given higher priority over TAC, as
BUFR retains higher precisions, contains more metadata,
and provides additional variables sometimes not available in
the TAC stream.

Finally, reports that are not flagged as landlocked and have a
duplicate status of =<2, where 0 is unique, 1 is most unique, and
2 is best duplicate with substitute (DUPS = 2 not assigned in
R3.0.2), are retained for the Final file without duplicates.

4. Comparisons between ICOADS R3.0.2 and R3.0.1
a. Number of reports in R3.0.2 versus R3.0.1

Figure 3 shows the monthly number of reports identified
as unique from ship, surface drifting buoy and moored buoy
observations in the ICOADS R3.02 (TAC + BUFR) and
ICOADS R3.0.1 (TAC-only). An important feature of ICOADS
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FIG. 8. Monthly percentage of the ECV coverage from January 2015 to December 2020 for 2° ocean boxes. (a) Sea
surface temperature, (b) sea level pressure, (c) air temperature, and (d) wind speed. R3.0.1 is the red line, and R3.0.2

is the green line.

NRT R3.0.2 is that it has much higher numbers of drifting
buoy observations (Fig. 3b) because the transition from TAC
to BUFR formats started earlier for surface drifters. The num-
ber of surface drifting buoy observations in the R3.0.1 Final
file decreased from about 1.1 million (M) in 2015 to less than
0.1 M by the end of 2020 (Fig. 3b) as TAC transmission was
phased out quickly for these data (Fig. 4). In contrast, the ob-
servation numbers of surface drifting buoys in the R3.0.2 Final
file were steadily above about 1.2 M from 2015 onward. The
number of ship observations was slightly higher in the R3.0.2
Final file than in R3.0.1 after January 2016 (Fig. 3a), with a
slow but steady increase, in particular in 2020.

The TAC ship reports showed an obvious drop at the end
of 2019. The moored buoy report numbers showed relative
consistency between R3.0.2 and R3.0.1, largely due to the
transition from TAC to BUFR formats started later for sur-
face moored buoys than drifters. Many moored buoys are still
transmitting in TAC format. We also noticed that the number
of moored buoy observations was slightly lower in R3.0.2
than in R3.0.1 between January 2015 and September 2017.
Three factors explain the slightly reduced report numbers of
moored buoy in the R3.0.2 Final file: First, some reports with
invalid dates were included in R3.0.1 but were removed in
R3.0.2 Final files. Second, duplicate identification criteria in
R3.0.2 were slightly different from R3.0.1 (section 3). Third,
note that there was no specific ice buoy category in R3.0.1 and
ice buoys were classified as moored or drifting buoys, while in
R3.0.2 ice buoys are their own classification, causing the num-
ber of moored and drifting buoys to be lower in R3.0.2.

b. Detailed contribution to R3.0.2: BUFR versus TAC

Figures 4a—c show the report numbers for the raw BUFR
and R3.0.1 Total files as input to the ICOADS NRT R3.0.2.
Figure 4a shows that there were little BUFR reports for ship
observations before January 2016. After January 2016, the
number of BUFR reports began to appear (2 X 10°) and in-
creased gradually to approximately 3 X 10° by the end of
2020 except for a sudden drop in the mid-2016. In contrast,
the raw TAC ship reports maintained a steady level until near
the end of 2019, decreased rapidly into early 2020, and then
remained steady again.

Figure 4d shows the relative contributions from the
TAC and BUFR reports for ship observations after dupli-
cate elimination for the merged and processed ICOADS
NRT R3.0.2. Recall that when there are duplicated reports
between TAC and BUFR, BUFR reports were given a
higher priority selection for R3.0.2 (section 3). This proce-
dure is shown in Fig. 4d: When BUFR report numbers
were low (most of 2015 and a dip in mid-2016), contributions
from TAC reports were high, and vice versa. Combined with
duplicate elimination, the TAC-BUFR merged reports re-
mained quite steady with an overall slow increase during
2015-20.

Similar results were noted for the surface drifting buoys
and moored buoys. For the surface drifting buoys, the TAC
remained the primary distribution format through most of
2015, followed by a steady decrease (Fig. 4b). The raw BUFR
surface drifting buoy reports showed a rapid increase in mid-
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FIG. 9. Spatial distribution of in situ observations for May 2019
in (top) ICOADS R3.0.1 and (bottom) ICOADS R3.0.2. Locations
for ship, surface drifting buoy, and moored buoy observations are
shown in blue, green, and red, respectively.

2015; by mid-2016, the BUFR reports exceeded the TAC re-
ports. Once BUFR was the predominant distribution format
for drifting buoys, BUFR reports were then given a higher
priority in R3.0.2. Figure 4e shows that the BUFR report con-
tribution surpassed the TAC report contribution by mid-2015
and since late 2016 the TAC report contribution for the
R3.0.2 Final file has been small.

The moored buoy reports (Figs. 4c,f) showed a persistent
and dominant contribution from TAC reports until late 2019
when the number of BUFR reports exceeded TAC reports
and remained higher thereafter. The TAC report contribution
has a clear seasonal cycle; this was due to the seasonal sum-
mer mooring deployments in the U.S. Great Lakes and coastal
(including lake) moored buoys being primarily serviced in
the summer months. In contrast, the number of moored
buoy observations from BUFR had been slowly increasing
from 2015 to near the end of 2019, at which time there was
a noticeable shift from TAC observations to a majority of
BUFR observations.

c. ECV reports in R3.0.2 versus R3.0.1

The numbers of ECV observations are generally higher in
the ICOADS NRT R3.0.2 Final file than in R3.0.1, as quanti-
fied below. The numbers of wind speed and direction (Fig. 5a),
AT (Fig. 5c) and relative humidity (RH; Fig. 5e) observations
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F1G. 10. Differences of observation coverage (%) between
R3.0.2 and R3.0.1 in 2021 for (a) drifting buoy, (b) moored buoy,
and (c) ship platforms. The observation coverage is calculated as
the ratio of months with observations over the total 12 months in a
year in a 2° grid box.

were slightly higher in R3.0.2 than in R3.0.1. The number of
SLP observations (Fig. Sb) was about 2.8 M in R3.0.1, but in-
creased in R3.0.2 to 3.7 M by 2019 and has remained relatively
steady since then. The number of SST observations (Fig. 5d) de-
creased in R3.0.1 from about 2.7 M in 2015 to 2.2 M in 2019,
but increased in R3.0.2 from about 2.7 M in 2015 to 3.5 M
since mid-2019. In addition, there were no salinity observa-
tions (Fig. 5f) in R3.0.1, but 0.05 M are now available in
R3.0.2 from the BUFR stream.

d. Spatial coverage: R3.0.2 versus R3.0.1

Figure 6 shows the spatial coverage of the ECVs in May
2019, which exhibited an increase in SST and SLP coverage
and a smaller increase for AT.

Figure 7 presents the difference between the number of
months with observations (SST, AT, SLP, and wind) in
R3.0.2 and R3.0.1 in 2021. The metric is expressed as the dif-
ference of the number of months with data relative to the
12 months (in %). For example, 50% means that R3.0.2
has six additional months with observations compared to
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TABLE 3. Statistics in MSG. Units refer to Table 2 if the units
depend on a variable. For more information, see the ICOADS R2.5
General Information about Statistics documentation at https://icoads.
noaa.gov/e-doc/R2.5-stat_doc.pdf.

Observed variables Statistic Abbreviation Units
Precision First sextile (estimate of m —1s) sl Table 2
Variable Abbreviation and units Third sextile (median) s3 Table 2
Sea surface temperature S 0.01°C l;/i[fth sextile (estimate of m + 1s) s5 ?agie ;
. ean m able
Airltemperature A 0.0ic’C 4 Number of observations n —
E/c;:fér‘/\v/:/?r?d eastward Z/ 881 2 271 Standard deviation s Table 2
component MeoabnS iztci)é IIrslonth of d 2 days
Ve;:é(r);pvglritn orthward v 001 ms™  Eraction of observations in h, 0.1
daylight
Sea level pressure (SLP) P 0.01 hPa Mearzl lfngitude [from lower-left X 0.2° (2° box size)
Tota! Cloudlge§s ¢ 0.1 okta 1 (southwest) corner of box] of 0.1° (1° box size)
Specific humidity o 0.01 g kg observations
. . Mean latitude [from lower-left y 0.2° (2° box size)
Derived variables (southwest) corner of box] of 0.1° (1° box size)
Variable Abbreviation Units observations
Relative humidity R 0.1%
Sea—air temperature D 0.01°C
difference (=5-4) . . Figure 8 shows the percentage of ocean 2° boxes covered
senilble heat parameter E 0.1°Cm s by ECVs. SST coverage increased about 20% (Fig. 8a), SLP
(Si;gti:mAéVl;]t §) minus - 001 g kg! coverage i_ncreased about 15% (Fig. 8b), and AT and _Wiqd
0 [=(0, — 0)] coverage increased about 3% (Fig. 8c,d). The small dip in
Latent heat parameter G 01gke 'mst R3.0.2in 2018 is likely due to the relaxed duplicate removal
[= (0, — O)W] criteria, but more investigation is required.
U-wind stress (=UW) X 0.1 m? s In addition to the ECV coverage, Fig. 9 shows the overall
V-wind stress (=VW) Y 0.1 m?s? increase in the number of observations in the R3.0.2 Final file
Sensible heat transport, 1 01°Cms! (Fig. 9b) over R3.0.1 (Fig. 9a) for May 2019. The increase in
eastward (=UA) . - spatial coverage is mostly attributed to the increase in surface
seﬁil:’tfvil;zt (tia;j:’)() I, I 0.°Cms drifting buoys as discussed previously. Studies indicate that
Latent heat transport, K 01gke 'ms ! spatial data coverage is critical to downstream higher-level
castward (=UQ) SST analysis and other data products, such as in the widely
Latent heat transport, L 0.1 gke 'ms™t used Optimum Interpolation Sea Surface Temperature (OISST)
northward (=VQ) product from combined satellite and in situ observations as
Zonal latent heat parameter M 0.1 gkg 'ms™' theincreased coverage of in situ observations in R3.0.2 is criti-
[=UQs - 0)] cal to correct satellite biases (e.g., Huang et al. 2019, 2021).
Meridional latent heat 0.1gkg 'ms ™' The increased observation numbers and spatial coverages also
parameter [(=V(Q, - Q_) ] 3 3 increase the quality of uncertainty qualifications in surface ma-
Scalar lwu,ld cubed (W), high Bl 0.5 m™s rine observations and many products with ICOADS as an in-
Sc;e;ra VL;:;(); cubed (W?), low B2 5 s put dataset, such as SST (Kent et al. 2019), air-sea fluxes
resolution (Berry and Kent 2011), the World Ocean Database (Boyer

R3.0.1. Both the SST and SLP show significant increases
(>20%) in most of the areas, particularly in the South Pacific
Ocean, Indian Ocean, the North Atlantic Ocean, and the
Arctic Ocean. AT and wind speed have the same pattern
but smaller changes with much less spatial coverage. This is
because the observation number increase mainly comes
from drifting buoys in the BUFR stream. Drifting buoys
usually report SST and SLP but not AT and wind speed.
Since AT and wind are mostly from the ship reports, their
spatial patterns are similar to the ship report availability
(shown in Fig. 10).

et al. 2018), nighttime marine air temperature (e.g., Kent et al.
2013; Hirahara et al. 2014; Kennedy et al. 2019; Huang et al
2017), and climate change assessments (e.g., Hausfather et al.
2017; IPCC 2021). The increase in sea level pressure is also
critical to the quality of weather and climate forecast and rean-
alysis (e.g., Slivinski et al. 2019).

Figure 10 shows the relative difference between the number
of months with observations (drifting buoys, moored buoys, and
ships) in R3.0.2 and R3.0.1 in 2021. For drifting buoys, there is
an obvious increase of 20% in nearly all the oceans, particularly
in most of the midlatitude oceans and almost all the North
Atlantic Ocean, the increase is over 50%. Spatial coverage of
moored buoy is patchy but the data availability has increased.
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TABLE Al. ICOADS IMMAL variables and their keys in the BUFR reports. Note: For more detailed information on these
parameters, see the IMMAT1 format documentation at https://icoads.noaa.gov/e-doc/imma/R3.0-immal.pdf.

Element
abbreviation Element description Key in BUFR

YR Year (UTC) year

MO Month (UTC) month

DY Day (UTC) day

HR Hour (UTC) time

LAT Latitude latitude

LON Longitude longitude

DS Ship course directionOfMovingObservingPlatform

VS Ship speed movingObservingPlatformSpeed

ID Identification/call sign marineObservingPlatformIdentifier

D Wind direction (true) windDirection

WI Wind speed indicator instrumentationForWindMeasurement

w Wind speed windSpeed

\'A% Visibility horizontal Visibility

WwWw Present weather presentWeather

w1 Past weather pastWeather

SLP Sea level pressure pressureReducedToMeanSeaLevel

A Characteristic of PPP characteristicOfPressureTendency

PPP Atmospheric pressure tendency 3HourPressureChange

AT Air temperature airTemperature

WBTI  WBT index methodOfWetBulbTemperatureMeasurement

WBT  Wet-bulb temperature wetBulbTemperature

DPT Dewpoint temperature dewPointTemperature

SI SST measurement method methodOfWaterTemperature AndOrOrSalinityMeasurement

SST Sea surface temperature oceanographicWaterTemperature(drifters and ships)seaSurfaceTemperature
(moorings and float)

N Total cloud amount cloudCoverTotal

NH Lower cloud amount cloudAmount

CL Low cloud type cloudType

H Cloud height heightOfBaseOfCloud

CM Middle cloud type cloudType

CH High cloud type cloudType

WD Wave direction wavesDirection

WP Wave period periodOfWaves

WH Wave height heightOfWaves

SD Swell direction swellWavesDirection

SP Swell period periodOfSwellWaves

SH Swell height heightOfSwellWaves

PT Platform type dataBuoyType

Platform types for BUFR Key = dataBuoyType and their mapping to IMMA1
Platform Types. Blank means no direct mapping.

VOLUME 39

Code IMMA1 PT
figure Code description mapping
0 Unspecified drifting buoy PT =7
1 Standard Lagrangian drifter (Global Drifter PT =7
Programme)
2 Standard FGGE-type drifting buoy (non- PT =7
Lagrangian meteorological drifting buoy)
3 Wind measuring FGGE-type drifting buoy PT =7
(non-Lagrangian meteorological drifting
buoy)
4 Ice drifter PT =8
5 SVPG Standard Lagrangian drifter with GPS PT =7
6 SVP-HR drifter with high-resolution PT =7
temperature or thermistor string
7 Reserved
8 Unspecified subsurface float PT =18
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Element
abbreviation Element description Key in BUFR
Platform types for BUFR Key = dataBuoyType and their mapping to IMMA1
Platform Types. Blank means no direct mapping.
Code IMMA1 PT
figure Code description mapping
9 SOFAR PT =18
10 ALACE PT =18
11 MARVOR PT =18
12 RAFOS PT =18
13 PROVOR PT =18
14 SOLO PT =18
15 APEX PT =18
16 Unspecified moored buoy PT =6
17 Nomad PT =6
18 3-m discus PT =6
19 10-12-m discus PT =6
20 ODAS 30 series PT =6
21 ATLAS (e.g., TAO area) PT =6
22 TRITON buoy PT =6
23 FLEX mooring (e.g., TIP area) PT =6
2 Omnidirectional waverider PT =6
25 Directional waverider PT =6
26 Subsurface ARGO float PT =18
27 PALACE PT =18
28 NEMO PT =18
29 NINJA PT =18
30 Ice buoy/float (POPS or ITP) PT =8
31-33 Reserved
34 Mooring oceanographic PT =6
35 Mooring meteorological PT =6
36 Mooring multidisciplinary (OceanSITES) PT =6
37 Mooring tide gauge or tsunami buoy PT =6
38 Ice beacon PT =8
39 Ice mass balance buoy PT =38
40-62 Reserved
63 Missing value
DOS Depth of SST measurement depthBelowWaterSurface
HOP Height of visual observation  heightOfStationGroundAboveMeanSeaLevel
platform
HOT Height of AT sensor heightOfSensorAboveWaterSurface
HOB Height of barometer heightOfBarometerAboveMeanSeal evel
HOA  Height of anemometer heightOfSensorAboveLocalGroundOrDeckOfMarinePlatform
oTvV Temperature value oceanographicWaterTemperature
OoTZ Temperature depth depthBelowWaterSurface
Oosv Salinity value seaSurfaceSalinity
(ONY4 Salinity depth depthBelowWaterSurface
w2 Second past weather pastWeather2
SD2 Direction of secondary swell  swellWavesDirection
SP2 Period of secondary swell periodOfSwellWaves
SH2 Height of secondary swell heightOfSwellWaves
1S Ice accretion on ship causeOflce Accretion
ES Thickness of IS iceDepositThickness
RS Rate of IS rateOflce AccretionEstimated
1C1 Concentration of sea ice sealceConcentration
1C2 Stage of development iceDevelopment
I1C3 Ice of land origin amountAndTypeOflce
1C4 True bearing ice edge iceEdgeBearing
1C5 Ice situation/trend iceSituation
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TABLE Al. (Continued)

Element
abbreviation Element description Key in BUFR

RRR Amount of precipitation totalPrecipitationOrTotalWaterEquivalent

TR Duration of preciptitation in  timePeriod
RRR

RH Relative humidity relativeHumidity

DOS Depth of SST measurement depthBelowWaterSurface

HOP Height of visual observation  heightOfStationGroundAboveMeanSeaLevel
platform

HOT Height of AT sensor heightOfSensorAboveWaterSurface

HOB Height of barometer heightOfBarometerAboveMeanSeaLevel

HOA  Height of anemometer heightOfSensorAboveLocalGroundOrDeckOfMarinePlatform

oTVvV Temperature value oceanographicWaterTemperature

OoTZ Temperature depth depthBelowWaterSurface

osv Salinity value seaSurfaceSalinity

OSZ Salinity depth depthBelowWaterSurface

It is worth mentioning that in a small region of the North
Sea, there seems a 100% decrease in moored buoy coverage.
This is a spurious signal due to incorrect platform type assign-
ment in some TAC data and corrected in R3.0.2. For example,
ID 6200114 was incorrectly assigned as moored buoy in TAC
but in R3.0.2 it was correctly assigned as a fixed ocean
platform.

The coverage increase of ship data is overall less than 20%
but over 20% along some tracks (e.g., in the Atlantic Ocean
between Europe and North America, in the South Pacific be-
tween Australia and New Zealand, and Antarctica).

5. Data access
ICOADS NRT R3.0.2 data include the following:

¢ R3.0.2 Total files: Raw TAC + BUFR blended, duplicate
status marked.

¢ R3.0.2 Final files: Processed TAC + BUFR merged data
with duplicate reports removed. Land mask checked.
R3.0.2 Final files are also available in netCDF format.

e Monthly Summary Groups (MSG) statistic files, as de-
scribed below.

Both the standard and enhanced trimming level data are
available on demand from the National Center for Atmospheric
Research (NCAR) ICOADS RDA dataset ds548.0 (ICOADS
2017). Users can request data subsets and customize their own
data QC trimming and filtering on ICOADS records.

The enhanced and standard trimming level data are used in
turn to calculate the statistics for the monthly summaries on
2° X 2°and 1° X 1° grids. Ten statistical measures (such as the
mean and standard deviation) are calculated for 22 observed
and derived variables (Slutz et al. 1985). These variables and
their statistics computed using the available data are shown in
Tables 2 and 3. These noninterpolated summary data provide

TABLE Bl1. Selected variables and their possible flag values. Modified from ICOADS release 1, supplement J. See appendix C for
definitions of the QC flag values. For more information, see the ICOADS release 3.0 Quality Control and Related Processing

document at https://icoads.noaa.gov/e-doc/R3.0-stat_trim.pdf.

Possible flag values (X)

R A B J K L M N o N
Ship position X X
Wind X X X X X
Visibility X X X
Present weather X X X X X X
Past weather X X X X
Pressure X X X X X
Air temperature X X X X X X X
Wet-bulb temperature X X X X X X X
Dewpoint temperature X X X X X X X
Sea surface temperature X X X X X
Cloud X X X X X
Wave X X X X X X X X
Swell X X X X X X X
Pressure tendency X X X X
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TABLE C1. QC flag meaning, value, and weight. Modified from ICOADS release 1, supplement J. For more information, see the
ICOADS release 3.0 Quality Control and Related Processing document at https://icoads.noaa.gov/e-doc/R3.0-stat_trim.pdf.

Value Coded Weight Meaning Reason
R 1 0 Correct
A 2 1 Correctable Legality
B 3 1 Correctable Internal consistency
J 4 2 Suspect Internal consistency
K 5 2 Suspect Time
L 6 2 Suspect Extreme (outside X *+ 4.80)
M 7 3 Erroneous Legality
N 8 3 Erroneous Internal consistency
(0] 9 3 Erroneous Extreme (outside X = 5.8¢0)
S 10 3 Missing

a quick look of the key environmental variables and their sta-
tistical values.

ICOADS NRT R3.0.2 data access options have been up-
dated on the ICOADS Data and Products page at https:/
icoads.noaa.gov/products.html, where several file format and
data access options are available.

6. Summary and future work

By combining new BUFR data with existing TAC data, an
improved ICOADS NRT product has been developed and re-
leased as ICOADS NRT R3.0.2. The number of reports in
ICOADS NRT R3.0.2 increased by about 30% as compared
to R3.0.1. The spatial ocean coverage for essential climate
variables (ECVs) increased by about 20% on monthly 2° X 2°
grids, and added a new variable for salinity. The new release
will improve downstream products significantly, as demon-
strated in OISST v2.1 (Huang et al. 2021). With enhanced in-
gest monitoring, monthly generated plots to assess the health of
the observing system to identify any abnormal platform type dis-
tributions, and daily use/monitoring by products such as OISST,
NCEI is better equipped to handle future NRT format changes.
NCEI will also be able to more speedily include new platform
types from the BUFR format as they become available.

In the future, NRT GTS data streams from other GTS data
collection centers [such as the Navy FNMOC and European
Centre for Medium-Range Weather Forecasts (ECMWF)]
will be utilized as well. Although all are collected from the
same WMO GTS transmission system, collections from dif-
ferent centers are slightly different; merging them will in-
crease the dataset completeness, and it is a good practice to
monitor the input data streams for dropped or missing data and
respond appropriately to the data providers about such issues.

We will include other observing platforms such as Argo
floats, and the NDBC’s Coastal Marine Automated Network
(C-MAN) stations in NRT dataset at a future date. Inclusion of
Argo floats will increase ocean coverage in the open oceans,
outside of main shipping lanes. CMAN stations will enhance
coastal data availability for both ocean and land data users.

The QC process can also be improved, by using new clima-
tology data for the trimming, and including additional checks
such as internal consistency check (e.g., track checks and

spike checks), and mutual consistency check or buddy check
(e.g., Lorenc and Hammon 1988). The merging and duplicate
identification processes need to be modernized. In the cur-
rent TAC and BUFR merge process, whole reports were ei-
ther excluded or kept in the R3.0.2 Final files, resulting in the
possible loss of any additional parameters contained in the
excluded report. We will examine the possibility of blending
near-duplicate reports in order to composite reports for im-
proved quality and completeness of the data.
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APPENDIX A
ICOADS IMMAL1 Variables and Their Keys in the
BUFR Reports

Table A1l presents ICOADS IMMAL variables and their keys
in the BUFR Reports, where direct mappings were available.
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APPENDIX B

Selected Variables and Their Possible Flag Values

Table B1 shows the QC flags of the 14 selected weather
and ocean variables.

APPENDIX C

QC Flag Meaning, Value, and Weight

Table C1 presents QC flag meaning, value, and weight.
The sum of the weighted flags is quality code, which deter-
mines which report to retain among the duplicates.
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