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Abstract 6 

In situ SSTs are used for calibration and validation of satellite retrievals.  This study 7 

analyzes three in situ data sets from the NCEP GTS, the ICOADS release 2.4, and the US 8 

GODAE/FNMOC.  Comparisons show that most reports in the ICOADS and FNMOC 9 

are of the same origin as NCEP GTS.  Quality control (QC) information is either 10 

unavailable (NCEP), not well documented (FNMOC), or non-uniform (ICOADS, 11 

FNMOC).  Preliminary QC was implemented in this study and uniformly applied to all 12 

data sets.  All analyses are stratified by major types of in situ platforms including ships, 13 

drifters, and moored buoys, the latter being further subdivided into tropical and coastal.  14 

Ships overwhelmingly prevailed before 1990 but then declined, whereas the number of 15 

drifters significantly increased, as did their reporting density.  Although both platforms 16 

sample the full SST range well, drifters cover the global ocean much more uniformly 17 

than ships.  Statistical analyses are performed on the in situ SST anomalies with respect 18 

to daily Reynolds and daily Pathfinder.  Different global mean biases are observed for 19 

different platform types (e.g., ~+0.03K for drifters and tropical moorings and ~+0.15K 20 

for ships, with respect to Reynolds SST) suggesting existence of cross-platform biases 21 

that need to be reconciled.  RMS errors of the four types of in situ data have been 22 
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estimated via three-way analyses proposed in O’Carroll et al. [2007].  The geographical 23 

distributions of RMS errors in Pathfinder, Reynolds, and in situ SSTs show distinct 24 

spatial patterns which require further understanding and remediation. 25 

Keywords – sea surface temperature, in situ observation, buoys and ships, quality control 26 

 27 

1 Introduction 28 

Since the early 1980s, the National Environmental Satellite, Data, and Information 29 

Service (NESDIS) has routinely generated global sea surface temperature (SST) products 30 

from the Advanced Very High Resolution Radiometer (AVHRR) sensors onboard NOAA 31 

and MetOp satellites.  Multi-Channel SST and Non-Linear SST techniques are employed 32 

in retrievals [e.g., McClain et al., 1985; Walton et al., 1998].  The “ground truth” in situ 33 

SSTs are used to initially calibrate the satellite SST algorithms (i.e., derive coefficients of 34 

the regression equations) and then to continuously validate retrievals (i.e., monitor global 35 

statistics of “satellite minus in situ” SST differences).  This process is referred in the 36 

satellite SST community as “Cal/Val.”  37 

The NESDIS heritage Cal/Val uses in situ SSTs available from the National Centers 38 

for Environmental Prediction (NCEP) Global Telecommunication System (GTS) data.  In 39 

situ observations include measurements from ships and drifting and moored buoys.  40 

Based on some earlier analyses [Strong and McClain, 1984], only data from drifters and 41 

tropical moored buoys have been utilized in satellite Cal/Val, whereas ships and coastal 42 

moorings have been excluded.  This Cal/Val practices are currently being revisited and 43 

redesigned at NESDIS, to meet the new SST product requirements.   44 
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A new AVHRR SST product became operational at NESDIS in May 2008, generated 45 

by the Advanced Clear-Sky Processor for Oceans (ACSPO) system jointly developed by 46 

the NESDIS Center for Satellite Applications and Research (STAR) and Office of 47 

Satellite Data Processing and Distribution (OSDPD).  It is envisioned that in the future, 48 

ACSPO will be employed to consistently reprocess AVHRR/2 and /3 data back to 49 

NOAA-7, which was launched in 1981.  The STAR/OSDPD SST Team is also actively 50 

involved in the development and Cal/Val of the two next-generation global SST products,  51 

one from the Visible/Infrared Imager Radiometer Suite (VIIRS) to be flown onboard the 52 

National Polar-orbiting Operational Environmental Satellite System (NPOESS) and the 53 

other from the Advanced Baseline Imager (ABI) onboard the Geostationary Operational 54 

Environmental Satellite R-Series (GOES-R).  Careful inventory and in-depth 55 

understanding of the available in situ SSTs is key to the improved Cal/Val of the 56 

historical data records as well as the new generation SST products from AVHRR, VIIRS, 57 

and ABI. 58 

The Group for High-Resolution SST (GHRSST, www.ghrsst.org) has identified that 59 

in situ SSTs play a critical role in product validation, bias correction, and derivation of 60 

the Single-Sensor Error Statistics [Donlon et al., 2007].  In situ data are an essential 61 

element of the GHRSST monitoring, diagnostic, and verification systems, including the 62 

High Resolution Diagnostic Data Set (www.hrdds.net) and the GHRSST Match-up 63 

Database (www.medspiration.org/tools/mdb).  Careful assessment and evaluation of in 64 

situ SSTs undertaken in this study thus directly contributes to the GHRSST project. 65 

This paper pursues four major objectives towards this goal.  First, it explores two 66 

other in situ SST data sets in addition to NCEP GTS data currently employed at NESDIS: 67 
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the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) release 2.4 68 

(since 1980) and the US Global Ocean Data Assimilation Experiment (GODAE) Fleet 69 

Numerical Meteorology and Oceanography Center (FNMOC) (since 1998).  The three 70 

data sets are cross-evaluated with the objective to determine their relative value for SST 71 

Cal/Val tasks.  Second, the quality control (QC) information available on the ICOADS 72 

and FNMOC data is evaluated.  The NCEP data arrive from the GTS stream without 73 

quality control, undergoing in-house QC at NESDIS before their use in Cal/Val.  Third, it 74 

systematically compares in situ SSTs from ships, drifters, and tropical and coastal 75 

moorings.  Exploring various in situ SSTs is critically important to fully utilize their 76 

potential for Cal/Val and extend satellite SST records back in time to early 1980s, when 77 

ships were the major source of in situ data.  Finally, the four types of in situ 78 

measurements are analyzed in terms of their coverage and systematic and random errors. 79 

Note that for comparison purposes in this study, the QC information available in the 80 

ICOADS and FNMOC data sets was not used.  Instead, basic QCs developed at NESDIS 81 

(including checks for geolocation, duplicate records, tracks, and outliers) were 82 

implemented and consistently applied to all SSTs, which removes 10 to 15% of data. 83 

The major in situ data sets and platform types analyzed in this study are described in 84 

section 2.  QC information available in ICOADS and FNMOC data sets is analyzed in 85 

section 3, followed by a description of the current NESDIS QC procedure adopted in this 86 

study.  Comparisons between the NCEP, ICOADS, and FNMOC data sets, as well as 87 

between the different types of in situ sensors, are presented in section 4.  Coverage and 88 

error characterization analyses of in situ SSTs are given in section 5.  Section 6 concludes 89 

the paper and discusses future work. 90 
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2 Data 91 

Major sources of in situ SSTs are ships and buoys.  Ship reports are mainly from the 92 

merchant ships participating in the World Meteorological Organization (WMO) 93 

Voluntary Observing Ship (VOS) program, and to a lesser extent from the research 94 

vessels.  There are two major classes of buoys, drifters and moored, which are deployed 95 

and operated by different countries and organizations under various national and 96 

international programs and projects, including the Global Drifter Program 97 

(www.aoml.noaa.gov/phod/dac/gdp.html), the Triangle Trans-Ocean Buoy Network 98 

(www.jamstec.go.jp/jamstec/TRITON/real_time/php/top.php), the Tropical Atmosphere 99 

Ocean (www.pmel.noaa.gov/tao/index.shtml) [McPhaden et al., 1998], the Prediction and 100 

Research Moored Array in the Tropical Atlantic (www.pmel.noaa.gov/pirata/) [Servain et 101 

al., 1998; Bourles et al., 2008], the Research Moored Array for African-Asian-Australian 102 

Monsoon Analysis and Prediction [McPhaden et al., 2009], and the National Data Buoy 103 

Center moored buoys (www.ndbc.noaa.gov), to name the major ones.   104 

In addition, there are also some SST reports from NOAA Coastal-Marine Automated 105 

Network stations (www.ndbc.noaa.gov/cman.php).  However, the number of stations and 106 

their corresponding observations is very small, and they cover only a very limited 107 

geographical domain.  Furthermore, they are located in coastal areas, which are usually 108 

too shallow and dynamic to obtain stable SST measurements for the use in satellite 109 

Cal/Val.  Therefore, only reports from ships and buoys are analyzed in this study. The 110 

ships, drifters, and tropical and coastal moored buoys are analyzed separately to 111 

systematically cross-evaluate the four categories in historical perspective. 112 



2/3/2010 

R1  Page 6 of 48 

2.1 Collection of in situ data via ARGOS and distribution via GTS 113 

In situ measurements over oceans are taken by a wide variety of sensors (for instance, 114 

drifting buoys are produced by four or five major manufacturers [Emery, 2009]).  Many 115 

in situ platforms (particularly drifters and moorings) follow a standard protocol of data 116 

collection and transmission called Argos (www.argos-system.org).  Data are first 117 

collected and stored onboard in situ platforms and then transmitted, via Argos-certified 118 

transmitters, to the NOAA (and more recently, MetOp) polar satellites at the time of their 119 

overpass.  The data are then retransmitted to the ground each time the satellite passes 120 

over receiving stations.  To minimize the delays, the data are also continuously broadcast 121 

to the ground and captured by the nearly 50 regional reception stations, when in the 122 

satellite field of view.  All down-linked data are subsequently retransmitted by the 123 

receiving stations to the two world processing centers with redundant operations.  The 124 

data are processed in real time and further distributed to users via GTS, which is 125 

implemented and operated by the national meteorological services of WMO member 126 

countries and several international organizations.  The GTS is a coordinated global 127 

system of telecommunication facilities and arrangements for the rapid collection, 128 

exchange, and distribution of observations and processed information within the 129 

framework of the World Weather Watch [WMO, 2007]. 130 

Note that reports from some platforms are not collected via ARGOS.  For example, 131 

VOS ship observations are collected via radio telephony or INMARSAT transmission 132 

(www.bom.gov.au/jcomm/vos/vos.html). For some other platforms (e.g., moored buoys) 133 

GTS may report reduced density data.  Such missing data are later added to the ICOADS 134 

and FNMOC as they become available. 135 



2/3/2010 

R1  Page 7 of 48 

2.2 QC and accuracy of in situ SSTs 136 

Reportedly, root mean squared errors (RMSE) of QCed in situ SSTs range from 0.3 to 137 

0.5 K for buoys (which is comparable with accuracy of AVHRR SST) to 1.0 to 1.3 K for 138 

ships, due to large differences in sensors and data collection practices as discussed, for 139 

example, in Strong and McClain [1984], Kent et al, [1999], Emery et al. [2001], Kent and 140 

Challenor [2006], Reynolds et al. [2007], and O’Carroll et al. [2008].  The accuracies are 141 

much worse if no QC is applied, mainly due to a small fraction of large outliers.  Recall 142 

that in situ SSTs are “data of opportunity” not specifically intended for use in satellite 143 

Cal/Val [Emery et al., 2001].   144 

Different platforms employ a large variety of sensors, which operate in a wide range 145 

of often hostile environments and use different measurement protocols.  Furthermore, 146 

buoys are left unattended for extended periods of time, and ships involve a certain degree 147 

of human-related impacts in data collection and transmission [e.g., Strong and McClain, 148 

1984; Kent et al., 1999; Emery et al., 2001; Kilpatrick et al., 2001; Reynolds et al., 2002, 149 

2007].  As a result, the quality of in situ data is non-uniform in space and time.  In 150 

contrast to sensor-to-sensor noise in in situ data, the satellite infrared data are measured 151 

by only a few well-calibrated sensors, but subject to large-scale artifacts, due to a non-152 

uniform sampling in space and time and clear-sky biases, variations in satellite 153 

observation geometry and atmospheric water vapor, and residual and ambient cloud 154 

effects.  Currently, in situ observations are processed and archived by NCEP, ICOADS, 155 

and FNMOC using different protocols and provided to users in different formats and with 156 

various latencies.  The QC procedures employed are not fully unified and not always well 157 
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documented, resulting in a limited and suboptimal use of the available quality flags and 158 

indicators for satellite Cal/Val [Donlon et al, 2007].   159 

2.3 In situ SST data sets used in this study 160 

Three in situ SST data sets are studied here: the NCEP GTS real-time, FNMOC 161 

surface observation, and ICOADS release 2.4.  Table 1 summarizes the information about 162 

these data sets. 163 

[TABLE 1] 164 

Archived NCEP data are available dating back to January 1991. They originate 165 

exclusively from GTS and are processed by NCEP in near-real time.  No QC or 166 

prescreening is routinely applied.  Data have been grouped into monthly files and the file 167 

for the most recent month in the archive is updated daily with a two-day lag.  Records 168 

include SST and some other weather data, as well as location, time, and platform ID.  169 

Platform type is “ship,” “drifter,” “moored buoy,” or “Coastal-Marine Automated 170 

Network (C-MAN) station.”   171 

FNMOC data are being processed and updated in near-real time but require two to 172 

eight days to acquire a complete record.  The bulk of data is from GTS, plus a few extra 173 

unspecified sources of data.  The data are available from September 1998 onward.  A 174 

continuous quality indicator (QI) is provided. 175 

ICOADS release 2.4 archives ocean observations from 1784 to July 2007.  Only data 176 

during the satellite era from 1 September 1981 onward are analyzed in this study.  177 

ICOADS is stratified into two archives: the delayed-mode (DM) before December 2004 178 
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(for ships, before December 1997) and the real-time (RT) from January 2005 (for ships, 179 

from January 1998) onward [Worley et al., 2005; Woodruff et al., 2008].  The RT archive 180 

is exclusively from the NCEP GTS data, but in a more complete form (based on the 181 

BUFR format) [Woodruff, 2009].  The DM archive additionally includes non-GTS 182 

reports from a variety of sources provided by different countries and organizations.  A set 183 

of quality flags (QF) are provided [Worley et al., 2005; Woodruff et al., 1998; Slutz et al., 184 

1985].  Information retained from the original reports is also available, which may be 185 

used to trace the processing history back to the origin.  As of this writing, a new ICOADS 186 

release 2.5 became available which, among other enhancements, extended the DM 187 

processing to present time and applied a more consistent QC to all data in the satellite era 188 

[Woodruff, 2009; Worley et al., 2009]. 189 

2.4 Number of platforms, observations, and coverage 190 

This section summarizes some basic statistics of the three data sets stratified by 191 

platform types.  All analyses have been carried out on a monthly basis in order to provide 192 

fine resolution for the time series while preserving a sufficient sample size for statistics.  193 

For analyses of basic statistics in this section, all numbers in the data sets were counted 194 

“as is.”  In particular, no attempt was made to exclude possibly erroneous records in 195 

NCEP (while ICOADS and FNMOC may have screened out some reports by duplicate 196 

removal and track checks, as discussed below in section 3). 197 

Note that the ICOADS and FNMOC data were downloaded via a Web interface with 198 

an SST subsetting function and, therefore, all downloaded reports include SSTs, whereas 199 

the NCEP files contain all GTS reports, including those without SST.  Fig. 1 shows time 200 
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series of the fraction of NCEP reports with missing SST.  On average, 10% to 30% of in 201 

situ data do not report SST.  In what follows, only platforms and reports with valid SST 202 

will be shown and discussed when using NCEP GTS data. 203 

[FIG.  1] 204 

Fig. 2 shows time series of the number of platforms, based on the platform identity, or 205 

ID, provided in each data set.  Only platforms with two or more reports per month are 206 

shown in the left panel and those with one single report per month are additionally shown 207 

in the right panel.  The “single-reporters” are mostly ships, which numbered anywhere 208 

from 1,000 to 2,000 before 2002, likely due to unreliable ship IDs.  The number of 209 

single-reporters is similar between NCEP and ICOADS.  The drop-off in mid-2002 210 

suggests that the treatment of the single-reporters has improved in the GTS data.  In 211 

FNMOC, the treatment of single-reporters did not improve until early 2006.  Including 212 

rarely reporting platforms in the count may artificially inflate the number of reporting 213 

platforms.  On the other hand, the numbers shown in the left panel of Fig. 2 may be 214 

underestimated because generic IDs were used to represent a group of ships or 215 

anonymous platforms, such as “SHIP” and “BUOY.” 216 

[FIG.  2] 217 

Concentrating now on the left panel of Fig. 2, there were ~5,000 SST-reporting ships 218 

per month before the 1990s, while buoys were only present in single digits.  Following 219 

the onset of the Tropical Ocean Global Atmosphere program in 1985, buoys have been 220 

deployed increasingly [McPhaden et al., 1998], while fewer and fewer ships contribute to 221 

the observations [cf. Kent et al., 2006].  Most recently, the number of ships and drifters 222 
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reporting SST has been N~1,500 and ~1,300 per month, respectively, while the 223 

corresponding number of moored buoys is ~300, of which ~100 are in the tropics and 224 

~200 in coastal areas.  Note that since December 2007, the number of ships in the NCEP 225 

data set is unknown because ship ID is no longer available due to the security concerns 226 

by ship owners [Stokes, 2008].  The apparent drop-off in the ICOADS ship coverage 227 

record at the end of 1997 is due to a change in the source of ship data in ICOADS from 228 

the DM to RT archive (see http://icoads.noaa.gov/news_fig1.html; Reynolds et al., 2002).   229 

Corresponding numbers of SST reports are plotted in the left panel of Fig. 3.  Ship 230 

reports have steadily declined and, as of this writing, amount to ~100,000 to ~200,000 231 

per month.  At the same time, buoy reports have increased at a faster pace than the 232 

number of buoys and currently amount to ~1,000,000 reports per month.  The most 233 

dramatic increase occurred in January 2005, thanks to a successful renegotiation of the 234 

joint tariff agreement between NOAA and the French operators of ARGOS service in 235 

2004 [Lumpkin, 2009].  As a result, the satellite tracking system is now using five or six 236 

polar satellites, up from two [Elipot and Lumpkin, 2008]. 237 

[FIG.  3] 238 

Coverage by in situ data (defined as a median number of daily 1°×1° boxes covered, 239 

Reynolds et al., 2002) is shown in the right panel of Fig. 3.  The coverage by ships was 240 

~10% in the 1980s but has now declined to ~4%, while coverage by drifters has increased 241 

from a fraction of a percent to more than 4%.  The low-volume reporting ships provide a 242 

comparable coverage with high-volume reporting drifters because ships travel faster than 243 

drifters.  Coverage by moored buoys (both tropical and coastal) is an order of magnitude 244 
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smaller compared to ships and drifters, even in recent years, due to their small number 245 

and fixed locations.  Despite low volume of data, moored buoys are critically important 246 

for climate and weather research because of their unique geolocation and fixed positions. 247 

2.5 Reference SST, Tref 248 

In this study, a first-guess SST field, Tref, is employed for two applications.  First, it 249 

allows one to cross-evaluate the in situ SSTs from different platforms and data sets using 250 

consistent metrics of anomalies with respect to a reference SST, Tin situ – Tref.  Also, the 251 

SST anomalies are used to identify and remove outliers in in situ SSTs as a part of the 252 

NESDIS QC described in section 3.3.   253 

Here, Reynolds optimal interpolation global 0.25° daily analysis SST (“AVHRR 254 

only”) available from 1982 onward was selected as Tref [Reynolds et al., 2007].  Being a 255 

blended product of AVHRR satellite retrievals and QCed ICOADS in situ SSTs, 256 

Reynolds SST is thus not fully independent from in situ data.  As a result, the mean bias 257 

and standard deviation (SD) of Tin situ – Tref are not representative of accuracy and 258 

precision of in situ data and are only used in this study for a relative evaluation of 259 

different data sets and platforms.  Gridded 0.25° resolution Reynolds SST was bilinearly 260 

interpolated in space to each in situ observation.  No interpolation in time was attempted 261 

as it would require a diurnal-cycle resolved Tref, which is currently unavailable.  262 

Another long-term reference SST is available from the 1.0° daily Pathfinder v5.0 data 263 

set from 1981 to 2008 (cloud screened, day/night average, quality level ≥ 7, accessible at 264 

ftp://data.nodc.noaa.gov/pub/data.nodc/pathfinder/).  For brevity, all analyses below 265 
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were done with respect to Reynolds SST except for section 5 in which Pathfinder SST 266 

was additionally used for cross-check. 267 

3 Quality Control 268 

This section describes the Quality Flags (QF) available in ICOADS and Quality 269 

Indicators (QI) available in FNMOC data sets, as well as the QC procedure currently 270 

employed at NESDIS with NCEP GTS data. 271 

3.1 QF in ICOADS data 272 

ICOADS release 2.4 data were downloaded in the International Maritime 273 

Meteorological Archive (IMMA) format without using any filters to exclude data.  A 274 

comprehensive duplicate check was done in the DM archive prior to January 1998, 275 

mainly aimed at detecting ship reports that have been recorded in ICOADS twice 276 

(initially from GTS and later from digitized logbooks, http://icoads.noaa.gov/e-277 

doc/other/dupelim_1980; Slutz et al., 1985).  A scaled-down, duplicate elimination 278 

process was implemented in ICOADS from January 1998 to December 2004, when all 279 

ship reports came from GTS (see http://icoads.noaa.gov/e-doc/other/dupelim_1998).  280 

From January 2005 onward, only “exact-match” duplicate elimination has been done 281 

[Woodruff, 2009].  A slot for a track check (using maximum moving speed) was reserved 282 

in the ICOADS data but this flag is not set, partly because some data sources used in the 283 

DM archive have already applied track check beforehand [Woodruff, 2009]. 284 

Information from two major QF groups is available in the IMMA data: the trimming 285 

flags and the National Climatic Data Center (NCDC) QFs [Slutz et al., 1985, Supp. J; 286 
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Worley et al., 2005; http://icoads.noaa.gov/e-doc/stat_trim].  Several other flags inherited 287 

from the original sources are also available, including the Canadian Marine 288 

Environmental Data Service QF (http://icoads.noaa.gov/e-doc/imma/imma_short.pdf). 289 

A trimming flag is calculated as an indicator of the normalized deviation of in situ 290 

SST from the background mean.  The background mean is calculated as a running 291 

median within monthly 2°×2° boxes, and the deviation is normalized against the running 292 

lower and upper median deviations (“sigmas”).  The flag can indicate up to 16 different 293 

combinations of quality conditions, including whether the SST measurement is falling 294 

within the ±2.8, ±3.5 and ±4.5 sigma limits, or whether the trimming is inapplicable due 295 

to such reasons as “limits missing” or “landlocked box” (http://icoads.noaa.gov/e-296 

doc/stat_trim).  As an example, Table 2a shows standard deviations of (Tin situ – TReynolds) 297 

in year 2000 for the reports stratified into five different categories using the trimming 298 

flags provided in the ICOADS data.  Apparently, the degradation of SST accuracy is well 299 

captured by the trimming flags.  However, the fidelity of this approach critically depends 300 

on the number of observations available within a monthly 2°×2° box used to calculate the 301 

trimming limits.  Moreover, some SST variations may be smoothed in space and time, 302 

thus suppressing the climate signal [Wolter, 1997; Smith and Reynolds, 2003].  A new set 303 

of adaptive QFs is currently being tested and might be available in the future releases of 304 

ICOADS data (http://icoads.noaa.gov/aqc.html).  It will be digitized to 0.5 sigma steps 305 

and will be mainly aimed at avoiding filtering out large climate signals such as El Niño. 306 

[TABLE 2a] 307 
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The NCDC composite QF is an indicator of SST values outside long-term 308 

climatological limits [Slutz et al., 1985, Supp. J].  It classifies reports into three 309 

categories: “correct” (within 4.8 sigma of the mean), “suspect” (4.8 to 5.8 sigma), and 310 

“erroneous” (>5.8 sigma), where mean and sigma are calculated as 2°×2° long-term 311 

monthly values.  Although the definitions of the mean and sigma in the NCDC QF are 312 

different from those used in the trimming flag, both flags are indicative of outliers in the 313 

data.  Table 2b shows that the NCDC “suspect” and “erroneous” flags together identify 314 

less than 1% of data and the corresponding SSTs are indeed anomalous.  Note that the 315 

NCDC QF was considered in the duplicate elimination of ICOADS [Slutz et al., 1985, 316 

Supp. J]. 317 

[TABLE 2b] 318 

3.2 QI in FNMOC data 319 

FNMOC provides a continuous QI ranging from 0 (best quality) to 1 (worst quality).  320 

As of this writing, no publicly accessible documentation on the QC procedure and 321 

definitions adopted in FNMOC data set was immediately available to the authors. 322 

[FIG.  4] 323 

Fig. 4 shows two examples (for years 2000 and 2007) of FNMOC data 324 

characterization as a function of QI.  Apparently, the QC strategy has changed between 325 

these two years.  According to US GODAE (usgodae.fnmoc.navy.mil), there was a 326 

version upgrade in April 2004.  However, additional analyses (not shown) indicate that 327 

there was another change (likely in 2006) before the new statistical patterns shown in the 328 
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right panels of Fig. 4 had finally established.  In this third phase, the QI apparently has 329 

become more effective in discriminating measurements with high quality (small QI), 330 

whose fraction has significantly increased. At the same time, the bias and SD in the “T in 331 

situ – TReynolds” are now more closely associated with QI, and the tropical moored buoys 332 

and drifters are apt to agree with Reynolds SST and with each other, followed by the 333 

coastal moored buoys and ships. 334 

3.3 NESDIS QC of NCEP GTS data 335 

The current NESDIS QC employed with NCEP GTS data builds upon the existing 336 

QC procedures developed for different applications, including the ocean/atmosphere data 337 

assimilation [e.g., Lorenc and Hammon, 1988; Ingleby and Huddleston, 2007], SST 338 

optimal interpolation and averaging [Smith and Reynolds, 2003; Rayner et al., 2006; 339 

Stark et al., 2007], or data archival [Slutz et al., 1985; Baker, 1994; Woodruff et al., 340 

1998; Worley et al., 2005].  Satellite Cal/Val is very demanding in terms of the quality of 341 

in situ data and requires a flexible and scalable QC depending upon the specific task.   342 

QC checks are preceded by a geolocation check, which removes those reports whose 343 

latitude and longitude suggest that they are located over land or in the coastal areas 344 

(defined as < 10km from the coastline).  Near-coast in situ data are removed because they 345 

cannot be accurately matched with the gridded reference SST due to the edge effects in 346 

the interpolation.  Also, the corresponding in situ SSTs are highly variable in space and 347 

time, due to shallow waters and high dynamics, and should be avoided in satellite 348 

Cal/Val.  The geolocation check eliminates ~8% of ship, ~8% of coastal-moored, ~1% of 349 

drifter, and ~0% of tropical-moored observations. 350 
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[FIG.  5] 351 

Basic QCs follow, which include duplicate removal, track check, and outlier 352 

detection.  Details are provided in the appendix.  Fig. 5 (left panel) shows the percentage 353 

of removed reports by each QC step.  The duplicate check removes 2% to 4% of drifter 354 

and tropical moored buoy reports.  The track check works more effectively on moving 355 

(ships and drifters) rather than anchored (moorings) platforms and typically removes 356 

<0.1% of data.  Outliers account for ~3% to 4% of data, except for tropical moored buoys 357 

where the rate is ~1%.  The total percentage of removed reports remains at an 358 

approximately constant level for ships and coastal moorings, while it varies significantly 359 

in time for drifters and tropical moorings due to a highly variable fraction of duplicates.  360 

Note that bursts in time series are artifacts due to a very small overall number of reports 361 

in some months. 362 

The SDs of “Tin situ – TReynolds” in the QCed reports are shown in Fig. 5 (right panel).  363 

For reference, the SDs derived from all reports before QC are also superimposed.  364 

Typically, non-QCed reports show abnormally high SDs, emphasizing the critical 365 

importance of QC.  The effect is particularly large for drifters and tropical moorings, 366 

which are the major source of in situ data used in satellite Cal/Val. 367 
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4 Comparisons between different data sets and types 368 

4.1 Applying NESDIS QC to all data sets 369 

For consistent analyses in the remainder of this paper, NESDIS QC described in 370 

section 3.3 was applied to all three data sets.  For ICOADS and FNMOC, their own QC 371 

information was ignored and raw data were used as input to the NESDIS QC. 372 

[FIG.  6] 373 

Fig. 6 shows time series of the percentage of eliminated reports in the ICOADS and 374 

FNMOC data, broken up by individual QC tests.  The percentage of removed reports is 375 

fairly consistent across the three data sets for ships and moored buoys, but it significantly 376 

differs for drifters.  Recall that duplicate records have been removed from the DM 377 

ICOADS data, which are largely duplicate-free before December 2004.   After ICOADS 378 

switched from DM to RT in January 2005, the fraction of duplicates becomes consistent 379 

with that in NCEP data.  Apparently, the FNMOC processing does not remove duplicate 380 

records.  Interestingly, beginning in ~2002, tropical moorings reported in FNMOC 381 

contain many more duplicates than the corresponding NCEP and ICOADS data.  382 

Data after the NESDIS QC are further analyzed in the remainder of this paper.   383 

4.2 Statistics of “Tin situ – TReynolds” 384 

Time series of monthly mean biases and SDs with respect to Reynolds SST are 385 

plotted in Fig. 7. Ship SSTs are biased warm by +0.1-+0.2 K, likely due to the use of 386 

engine intake and thermometers on the VOS merchant ships.  According to Kent et al. 387 
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[1993] and Kent and Taylor [2006], warm biases are expected and may reach ~+0.35 K.  388 

The corresponding SDs from 1.0 to 1.4 K likely result from different types of sensors 389 

employed on the ships and taking observations at a variety of depths ranging from the 390 

surface to around 25 m [Kent et al., 1993; Kent et al., 2007].  Also, the human recorders 391 

and data entry technicians tend to digitize SST to half-to-unit degrees and may introduce 392 

other large errors in the SST and ship position data during manual processing. 393 

 [FIG.  7] 394 

Before approximately 1987, drifters were very few and their biases and SDs were 395 

unstable.  Beginning in 1988, drifter bias has stabilized and now ranges from 0K to +0.05 396 

K with corresponding SD ~0.3 to 0.4 K.  Tropical moored buoys have SD close to that of 397 

drifters and a mean bias from -0.05 K to +0.10K.  Coastal moored buoys have a 398 

comparable mean bias from -0.10 K to +0.05 K but show strong seasonal variations in 399 

SD between 0.4 and 0.7 K.  During the boreal winter, the statistics for coastal moored 400 

buoys are close to those for drifters and tropical moorings, but they deteriorate 401 

significantly during the boreal summer.  This seasonality will be discussed later in section 402 

4.3d and section 5.2. 403 

All time series were noisy in early years due to scarcer statistics and have gradually 404 

improved.  Ship SDs decreased in time since the early 1990s, likely due to the 405 

improvements in engine-intake sensors [Kent and Taylor, 2006].  Similar trends are also 406 

captured by the long-term statistics with respect to Pathfinder SST (not shown).  Mean 407 

biases and SDs of drifters and tropical moored buoys indicate improved consistency with 408 
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Reynolds SST after 2005, when more in situ data started being archived and began 409 

increasingly affecting the Reynolds SST. 410 

4.3 Differences between the NCEP, ICOADS, and FNMOC data sets 411 

To investigate differences between the three data sets, direct report-to-report 412 

comparisons have been performed.  For any two of the three data sets, the comparison 413 

approach is to first match the identical reports included in both data sets, and then to 414 

explore characteristics of the common and different portions.  The matching conditions 415 

are the same as those used in the duplicate removal.   416 

Reports in different data sets could originate from the same platform, but they may 417 

have been received and/or processed differently.  Differences in location (latitude and 418 

longitude) and time are expected to be within the digitizing precision, as no processing is 419 

intended to modify the original space-time information.  In our matching process, ~0.1% 420 

of the reports were found to mismatch in SST by 0.1 to 0.3 K, although those records 421 

exactly match in space, time, and platform ID. 422 

For brevity, only results of NCEP vs. ICOADS and FNMOC vs. ICOADS are shown 423 

in Fig. 8, from which differences between the NCEP and FNMOC can be indirectly 424 

inferred.  Also, mean biases and SDs of the “intersection” and “complement” portions 425 

have been calculated for every pair of data sets (not shown).  The major observations are 426 

summarized below. 427 

[FIG.  8] 428 
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a. Ships 429 

Most reports in different data sets originate from the same sources.  Before January 430 

1998, ICOADS DM archives included significantly more ship reports than NCEP 431 

archives.  These additional reports are mostly found in the Western Tropical Pacific and 432 

belong to ships with IDs from 1339 to 7859.  These ships employed hard-copy reporting 433 

and did not report electronically via Argos and GTS [Reynolds et al., 2002].  These extra 434 

reports do not show different quality in terms of mean bias and SD with respect to 435 

Reynolds SST. 436 

FNMOC consistently contains anywhere from 10,000 to 20,000 more ship reports per 437 

month than NCEP or ICOADS RT archives.  These extra reports come from additional 438 

ships with five-numeric-digit call signs and show a stronger seasonal cycle in the mean 439 

bias but smaller SD.  (Note that many extra FNMOC ships are found near coasts and a 440 

considerable fraction of these extra reports was removed by geolocation check.) 441 

From October 1999 to April 2000, NCEP and FNMOC contain some 10,000 more 442 

ship reports than ICOADS.  Geographical locations of these additional reports, along 443 

with low SD of ~0.6 K and cold bias of ~ -0.1 K, are typical of moored buoys.  They are 444 

frequently reported from some fixed positions in the coastal areas near the North America 445 

and in the Pacific.  These reports are believed to be coastal mooring reports, whose IDs 446 

were incorrectly set to “SHIP” and which therefore survived the ICOADS duplicate 447 

elimination [cf. Section 2.1 of http://icoads.noaa.gov/e-doc/other/dupelim_1998]. 448 



2/3/2010 

R1  Page 22 of 48 

b. Drifters 449 

Drifters appear very consistent across different data sets (in particular, FNMOC and 450 

NCEP data are identical for the full time series).  ICOADS shows a somewhat smaller 451 

sample before January 2005 (due to stringent QC in RT processing) but the three data 452 

sets become identical beginning in 2005, when ICOADS switched to RT processing. 453 

c. Tropical moored buoys 454 

The major observation is that before December 2004, the frequency of reporting is 455 

much higher in ICOADS DM than in NCEP and FNMOC.  This is because the ICOADS 456 

captures hourly reports while NCEP reports are sampled every 8 hours or so. 457 

d. Coastal moored buoys 458 

Before 1995, ICOADS had twice as many records as NCEP due to much more 459 

frequent reporting.  Since January 1995, however, reporting density in NCEP has 460 

matched that of ICOADS. 461 

From June 1992 to February 1997, the common portion between NCEP and ICOADS 462 

decreased because a considerable number of reports did not match in time.  Our 463 

additional analyses have shown that the time differences were very small and close to the 464 

threshold used here (0.1 hour), and the “false mismatches” resulted from trivial 465 

differences in the ICOADS and NCEP data processing.  The same problem also occurs in 466 

merging FNMOC and ICOADS between 2003 and 2006. 467 
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Unlike the other three platforms, seasonal variations of the number of reports for the 468 

coastal moored buoys are significant.  The major reason is that some moorings are 469 

removed from the water in September-October for the freeze-up and redeployed in the 470 

spring (Crout, 2009).  A large part of these removed moorings are from the Great Lakes 471 

region and some other internal North American waters (with buoy IDs 45***).  The 472 

seasonal operating period varies for different locations and years.  This also explains the 473 

seasonal oscillations of the statistics of coastal moorings in Fig. 7, i.e., measurements in 474 

inland waters usually have worse accuracies. 475 

5 Characterization of in situ SSTs for satellite Cal/Val 476 

Representative coverage by in situ measurements in space and time, as well as small 477 

and uniform systematic and random errors, are critically important for satellite Cal/Val 478 

[Emery et al., 2001].  Three sub-sections below analyze coverage, biases, and RMSEs in 479 

in situ SST observations, using five years of ICOADS data from January 2000 to 480 

December 2004.  For these analyses, all data have been uniformly QCed using NESDIS 481 

QC described in section 3.3 and the appendix.  482 

Analyses are performed with respect to two different Tref, Reynolds and Pathfinder 483 

V5 1° product.  Only best-quality Pathfinder day-night average data (with quality flag 7) 484 

were used (cf. Reynolds et al., 2007).  The two Tref values are used here to more 485 

thoroughly evaluate in situ SSTs.  In addition, these results provide an independent 486 

validation of Pathfinder SST against in situ data, which is the major motivation of this 487 

study.  Recall that Reynolds product blends Pathfinder and in situ data by anchoring 488 

satellite SST to in situ SST, using a region- and season-specific bias correction.  On the 489 



2/3/2010 

R1  Page 24 of 48 

other hand, in Pathfinder, in situ SSTs are only used to calibrate the “global” satellite 490 

regression algorithms.  This procedure centers satellite SST on in situ SST globally, but it 491 

fully preserves spatial contrasts in satellite retrievals [Kilpatrick et al., 2001].  A moving-492 

window bias correction is employed in Reynolds processing because satellite retrievals 493 

have variable biases.  For instance, satellite infrared retrievals are made only under clear-494 

sky conditions.  As a result, Pathfinder SST is only available in a clear-sky domain and 495 

biased towards clear skies.  At the same time, it may be subject to residual/ambient cloud 496 

contamination, uncorrected/under-corrected effects of aerosols, water vapor, and skin 497 

(satellite) minus bulk (in situ) differences [Casey and Cornillon, 1999].  498 

5.1 Coverage by in situ data 499 

Fig. 9 shows global densities of match-ups with Reynolds and Pathfinder SSTs from 500 

the five years of ICOADS data aggregated in 2°×2° boxes.   501 

[FIG.  9] 502 

The number of match-ups with regular-gridded Reynolds data is representative of the 503 

true density of in situ data, whereas match-ups with irregularly-spaced (due to cloud 504 

screening) Pathfinder data are fewer than with Reynolds and only cover ~35% of in situ 505 

data.   506 

Of all platforms, drifters provide the densest and most complete global coverage.  507 

And yet, their sampling is sparse and non-uniform in many areas.  Ships better sample the 508 

Northern Hemisphere (with increased data density around major ship routes) but are very 509 

sparse in the tropics and especially in the Southern Hemisphere.   510 
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Moored buoys are only available in some limited areas in the tropics and along 511 

coasts.  Note that some points in the moored panels of Fig. 9, e.g., in the Central Pacific 512 

and the Southern Atlantic, apparently belong to moving platforms.  Additional analyses 513 

show that those are actually drifters that have been accidentally mislabeled as moored 514 

buoys.  Their density of observations is an order of magnitude smaller than those from 515 

the moored platforms.  Misclassifications likely exist for the drifters and ships, too, but 516 

they are more difficult to observe in Fig. 9 due to higher density of data. 517 

[FIG.  10] 518 

To additionally analyze the global representativeness of in situ data, Fig. 10 plots 519 

their zonal and SST densities.  If in situ data cover the global ocean fully and uniformly, 520 

then their zonal and SST densities should closely match the corresponding all-ocean 521 

histogram (also shown in Fig. 10 in grey).  Drifters cover the full SST domain most 522 

uniformly except for the high latitudes (outside ~±65° with SST<5°C) that are not 523 

covered at all, whereas the extra-tropical areas (outside ~ ±10° latitude, corresponding to 524 

SSTs from ~10 to 20°C) are slightly over-represented.  Some deficit of drifter data in the 525 

tropics is offset by the tropical moorings there, which by themselves do not represent 526 

global distribution of SST but can be combined with drifters and ships to improve the 527 

global representation of the match-up data sets.  Ship data sample the SST dynamic range 528 

quite well, but their zonal coverage is very non-uniform.  In particular, the Southern 529 

Hemisphere is strongly underrepresented (there are no data below 40°S), whereas the 530 

Northern Hemisphere is heavily overrepresented.  Also, the ship data extend farther to the 531 

north than the drifter data.  Results in Fig. 10 suggest that the customary Cal/Val against 532 

in situ data may be biased towards well-populated geographical areas and corresponding 533 
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SST domains, but may be suboptimal in underrepresented data domains.  Sampling 534 

strategies (based, for example, on histogram equalization of in situ observations and all 535 

ocean pixels) should improve the global representation of the Cal/Val results.  Fig. 10 536 

also shows that there are no in situ data in the high latitudes and, therefore, no Cal/Val of 537 

satellite SST is possible in these areas.  Additional analyses (not shown here) suggest that 538 

in situ data relatively uniformly cover the full diurnal and seasonal cycles, except for 539 

high-latitude coastal moorings, which are mostly employed in summer months due to 540 

water freezing. 541 

5.2 Distribution of mean biases in space and time 542 

Fig. 11 shows mean biases in “Tin situ – TReynolds” and “Tin situ – TPathfinder” 543 

corresponding to Fig. 9.   544 

[FIG.  11] 545 

Due to bias correction employed in Reynolds product, the biases in “Tin situ – TReynolds” 546 

are small and uniform in space (especially for drifting and moored buoys, which are used 547 

in Reynolds product with largest weight, Reynolds et al., 2007).  The ship SSTs are 548 

biased warm as expected [cf. Kent et al., 1993; Kent and Taylor, 2006]. 549 

Pathfinder Tref patterns are generally similar to those of Reynolds.  However, there are 550 

some important differences.  Pronounced warm biases in “Tin situ – TPathfinder” up to +0.5 K 551 

are observed over some large areas, in particular in the tropics and high latitudes.  Those 552 

are due to cold biases in Pathfinder SST in the areas of high and persistent cloud and 553 

aerosol load [Casey and Cornillon, 1999; Reynolds et al., 2007].  Also, mean biases in 554 



2/3/2010 

R1  Page 27 of 48 

“Tin situ – TPathfinder” are noisier than “Tin situ – TReynolds” because Reynolds SST was 555 

smoothed in space using the optimal interpolation technique, whereas no spatial 556 

interpolation or smoothing was applied to Pathfinder data.   557 

[FIG.  12] 558 

Fig. 12 plots mean biases as a function of local time.  In situ SSTs are subject to 559 

diurnal warming and cooling, whereas Reynolds and Pathfinder SSTs do not resolve the 560 

diurnal cycle.  The amplitude of the diurnal cycle with respect to Reynolds SST is only 561 

ΔT~0.2±0.03K for ships and drifters but ΔT~0.27 K for moorings.  The diurnal cycle is 562 

larger in the tropics, likely due to the higher insolation and lower winds, and in the 563 

coastal areas due to shallow waters.  The diurnal amplitudes are larger with respect to 564 

Pathfinder, due to sampling clear-sky areas in satellite SST associated with higher solar 565 

insolation and lower wind conditions. 566 

[FIG.  13]  567 

Fig. 13 shows the same mean biases but as a function of month-of-year.  When 568 

plotted with respect to Reynolds, the biases are close to zero for all platforms except 569 

ships, which are biased warm by ~+0.1 to +0.2 K [cf. Kent et al., 1993; Kent and Taylor, 570 

2006].  The amplitude of seasonal changes in the bias is quite small for all in situ data.  571 

The largest signal, ~0.13 K, is observed for coastal moorings, possibly due to different 572 

uncertainties in the Reynolds SST itself in the coastal areas and over internal waters in 573 

different seasons. 574 

[FIG.  14] 575 
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Non-zero biases and larger seasonal variations are observed with respect to Pathfinder 576 

SST.  Warm biases in ship, drifter, and tropical mooring SSTs are due to cold biases in 577 

Pathfinder SST itself.  Fig. 14 (left panel) additionally illustrates cold biases in Pathfinder 578 

with respect to Reynolds SST.  Large negative biases in Pathfinder SST are seen, for 579 

example, in the tropical Atlantic and Pacific (in the areas associated with the Inter-580 

Tropical Convergence Zone and Saharan dust outbreak) and in the Northern Pacific (in 581 

the areas associated with low stratus clouds, which are extremely difficult to detect in 582 

AVHRR imagery).  Coastal moorings, on the other hand, show a negative bias in “Tin situ 583 

– TPathfinder”, apparently due to a warm bias in Pathfinder SST (or cold biases in Reynolds 584 

SST) in the coastal areas and inland waters, which are apparently larger during the boreal 585 

summer.   The cause of these biases is currently unknown. 586 

5.3 Estimating RMSEs using three-way error analysis 587 

For use in satellite Cal/Val, root-mean squared errors (RMSE) in in situ data should 588 

be small and uniform in space and time, or at least known and well characterized.   589 

[FIG.  15]  590 

Fig. 15 shows SDs of “Tin situ – TReynolds” (σiR) and “Tin situ – TPathfinder” (σiP), and the 591 

right panel of Fig. 14 additionally shows the SDs in “TPathfinder – TReynolds” (σPR).  592 

Assuming that random errors in Reynolds (RMSE=σR), Pathfinder (σP), and in situ (σi; i 593 

= drifter, ship, tropical, or coastal mooring) SSTs are uncorrelated, one can write three 594 

equations with three unknowns   595 
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222222222 ;; RPPRPiiPRiiR    (1) 

and solve them for σR, σP, and σi.  O’Carroll et al. [2008] proposed this “three-way error 596 

analysis” method and applied it to data from two satellite sensors (Advanced Along-597 

Track Scanning radiometer, AATSR, and Advanced Microwave Scanning Radiometer, 598 

AMSR-E) and drifting buoys.  They came up with the following estimates of global 599 

RMSEs in the three data sets: σAATSR=0.16 K, σAMSR-E=0.42 K, and σi=0.23 K.   600 

Likewise, the three-way error analysis was applied here to estimate σR, σP, and σi.  601 

Note that the assumption that errors are uncorrelated is more valid for Pathfinder and in 602 

situ SSTs then for Reynolds SST, which is their blended product.  As a result, the RMSEs 603 

estimated here may not be fully accurate, but some additional consistency checks suggest 604 

that they are realistic.  605 

[FIG.  16] 606 

Figs. 14 and 15 show that σiR, σiP and σPR vary in space.  Therefore, equations have 607 

been solved in each 2°×2° box and the result is shown in Fig. 16 in a form of three maps 608 

of σi, σP, and σR.  In several boxes, either σR
2, σP

2, or σi
2 came out slightly negative, likely 609 

due to errors in the data or violation of the non-correlation assumption; the respective 610 

boxes in Fig. 16 are rendered as blank.  All three σ’s have a complex spatial structure, 611 

especially σP.   612 

[FIG.  17] 613 
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Fig. 17 (a) additionally plots histograms of σR, σP, and σi from Fig. 16.  The value of 614 

σi varies from 0 to 0.6 K with a median of ~0.26 K.  These estimates are in good 615 

agreement: the estimates of 0.23 K by O’Carroll et al. [2008] and 0.40 K by Emery et al. 616 

[2001].  For Pathfinder, median σP is ~0.33 K but the histogram has a long tail extending 617 

out to 0.8 K and even beyond.  Fig. 16 confirms that there are large areas where 618 

Pathfinder SST has large RMSEs, and those are typically associated with persistent 619 

clouds and aerosols.  For the blended Reynolds SST, the median σR~0.22 K is smaller 620 

than both σP and σi. This is expected because a blended product should improve upon the 621 

RMSEs of the two inputs.   622 

The remaining panels of Fig. 17 show results of corresponding three-way analyses for 623 

the other in situ data types.  For tropical moored buoys, the σi’s are comparable with 624 

drifters (median σi~0.30 K) whereas for coastal moorings, the errors are larger and more 625 

variable (median σi~0.39 K).  Ship SSTs are very noisy and their characteristics are very 626 

non-uniform, with a median σi of ~1.16 K.  Note also that the median σR ranges from 0.21 627 

to 0.34 K, and median σP from 0.30 to 0.47 K in different panels of Fig. 17, likely due to 628 

the differences in the corresponding spatial samplings and violation of the non-629 

correlation assumption. 630 

Note that the numbers estimated here pertain to the 2°×2° average data.  RMSEs for 631 

individual in situ measurements and Pathfinder retrievals, as well as for 0.25° Reynolds 632 

data, are likely larger, and separate analyses are needed to estimate them. 633 
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6 Conclusion 634 

This study was devoted to the analyses of in situ SST data and metadata, including 635 

different available data sets and types, their QC, representation for satellite Cal/Val, and 636 

error characteristics.  There is a growing consensus in the SST community that such 637 

inventory is prerequisite to any geophysical data analysis and improved Cal/Val of 638 

satellite SST products from the current and future sensors, as well as to reprocess 639 

historical data and generate improved climate data records. 640 

Cross-evaluation of NCEP GTS, FNMOC, and ICOADS data shows that most 641 

records in different data sets match most of the time.  Compared to NCEP GTS, the 642 

FNMOC consistently includes more reports from some additional ships, and the ICOADS 643 

DM archive contains more complete records for ships and moored buoys.  For the 644 

FNMOC data set to be used for satellite Cal/Val applications, periodic reprocessing data 645 

using the latest and consistent QC procedure and extending data record back in time to 646 

the beginning of satellite era (ca. 1981) is needed, along with documenting its quality 647 

indicators.  Being a long-term, most complete, and well-organized and documented data 648 

set, the ICOADS is well suited for satellite reprocessing efforts such as Pathfinder 649 

[Kilpatrick et al., 2001].  The current efforts by the ICOADS team towards a more 650 

uniform and up-to-date DM archive throughout the satellite era will greatly facilitate the 651 

use of ICOADS data in satellite Cal/Val.  For NRT SST Cal/Val work at NESDIS in the 652 

foreseeable future, NCEP GTS data will continue to be used, which requires an accurate 653 

and flexible QC.  654 
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The quality of in situ SSTs is highly non-uniform, and QC is critically important 655 

before they can be used in satellite Cal/Val.  QC information is available in ICOADS and 656 

FNMOC data sets.  However, it is not always uniform and consistent in time (ICOADS, 657 

FNMOC) or not fully documented (FNMOC).  Improvements to the QC system for in 658 

situ SSTs are underway at NESDIS.  One of the priorities is achieving consistency 659 

between the QC procedures adopted in the remote sensing community and those 660 

employed in the meteorology and oceanography communities, e.g. in ICOADS [Slutz et 661 

al., 1985; Woodruff, 2008] and the U.K. Met Office [Lorenc and Hammon, 1988; Ingleby 662 

and Huddleston, 2007]. 663 

Our analyses confirm the previous observations by Strong and McClain [1984] and 664 

Emery et al. [2001] that drifting buoys offer the best global coverage and quality.  Their 665 

biases measured with respect to Reynolds SST do not exceed several hundredths of a 666 

kelvin, globally, and their RMSEs range from 0 to 0.6 K, with modal value σim~0.26 K.  667 

Tropical moored buoys cover a narrow domain within ±20° latitude and have only 668 

slightly larger biases and RMSEs, with σim~0.30 K.  They are not representative of global 669 

SST, but can be used in concert with drifters for satellite Cal/Val.  Coastal moored buoys 670 

show a strong seasonality in number of observations, biases, and noise.  Their use for 671 

satellite Cal/Val may only be recommended on a case-by-case basis.  Ships cover the 672 

SST dynamic range well, but their geographical coverage is very non-uniform.  673 

Furthermore, they are biased ~+0.14 K warm with respect to Reynolds SST and show 674 

large RMSEs, with σim~1.16 K.  Although ship data are less accurate than drifters, they 675 

are the major source of in situ data in the pre-1990 period.  Analyses are therefore needed 676 
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to cross-evaluate the SST Cal/Val using ships and buoys when both data are available in 677 

sufficient quantities and harmonize their use for historical reprocessing. 678 

Neither in situ data source is fully representative of the global distribution of SST and 679 

the coverage changes in time.  Therefore, sub-sampling strategies should be employed to 680 

form representative match-up data sets for the use in satellite Cal/Val.  Also, neither in 681 

situ data type is fully accurate.  Analyses towards estimating error budget in satellite and 682 

in situ SSTs from the data itself, similar to those proposed by Emery et al. [2001] and 683 

O’Carroll et al. [2008], should continue.  An example of such self- and cross-consistency 684 

analyses was given in this study to estimate error budget in Pathfinder, Reynolds, and in 685 

situ data.  It suggests that RMSEs in Pathfinder SST have a distinct spatial structure, with 686 

error ranging from ~0.1 to 1.0 K, and modal values from 0.30 to 0.47 K for 2°×2° 687 

averaged product.  Our analyses also confirm the earlier observations by Casey and 688 

Cornillon [1999] and Reynolds et al. [2007] that Pathfinder SST has large areas of cold 689 

biases associated with residual cloud and aerosol contamination, particularly in the 690 

tropics.  Warm biases in “Pathfinder minus Reynolds” are also observed in the coastal 691 

areas and inland waters, mostly during summer time.  These biases and non-uniformities 692 

in RMSEs should be reconciled in the future SST climate data records (e.g., Pathfinder) 693 

and SST analyses (e.g., Reynolds).  694 
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 708 

Appendix: NESDIS QC of in situ SSTs 709 

The first step is duplicate removal.  Reports that are close enough in space and time 710 

are considered duplicates.  The conditions are latitude and longitude difference of <0.01° 711 

and time difference of <0.1 hour.  This step may also serve for data thinning [Ingleby and 712 

Huddleston, 2007].  For a group of “duplicates,” the one with the best quality is kept.  If 713 

the quality information is not available and if all the duplicates have SSTs within 0.1°C 714 

tolerance, then the first in the sequence is kept and the rest are eliminated; otherwise, all 715 

of them are eliminated.  716 

Track checking is next.  It checks reports from the same platform for space-time 717 

consistency assuming a maximum moving speed.  The whole track of reports from the 718 

same platform (ID) within one month is checked together.  A least-required speed is 719 

calculated, assuming that the platform had traveled between the locations of any two 720 

reports through a direct linked path, compared to a maximum possible speed for this type 721 

of platform, and anomalous reports are identified and excluded.  722 
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Additional analyses have shown that track check is not very sensitive to the selection 723 

of maximum speed.  Even a small error in a position will result in an extremely large 724 

speed.  Therefore, maximum speed is liberally chosen as 120 km/h for ships or 80 km/h 725 

for drifters.  A generous margin is allowed to minimize erroneous removal of good 726 

reports, which may result from insufficient accuracy of longitude, latitude, or time stamp.  727 

The moored buoys are supposed to be located in the same position at all times.  However, 728 

reports with erroneous locations are still found.  In this case, reports located far away 729 

from the majority of reports will be identified as erroneous.  Note that reports with a 730 

group ID (several platforms which share the same ID) are not subject to track check.  731 

In the initial implementation of QC adopted in this study, outlier detection is done by 732 

comparing in situ SSTs to reference SSTs.  Given Reynolds SST as the reference, 733 

measurements falling outside the “median ± 4 sigma” range are considered outliers.  734 

Sigma is calculated as a scaled Median Absolute Deviation (MAD), where the scale 735 

factor is selected as 1.4826 so that sigma will match SD for a perfect Gaussian 736 

distribution.  The global median and sigma are calculated monthly from the (Tin situ – 737 

TReynolds) anomaly separately for ships, drifters, and tropical and coastal moored buoys.  738 

The outlier test is anticipated to exclude the remaining erroneous reports with wrong 739 

SST, time, latitude and/or longitude values due to operation, transmission and processing 740 

errors, and also abnormal reports from dysfunctional or extremely noisy sensors.  741 

Note that this simple procedure, which is widely employed for QC in a post-742 

processing mode (see, for example, Kent et al., 1993), has its own limitations. In 743 

particular, reference SST may not always be available in real-time application.  Also, 744 

real-time QC of in situ data is supposed to be more robust and independent, so that no 745 
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vicious circle is caused by mutual referencing or mutual utilization of in situ and 746 

reference SSTs.  Most importantly, using one global monthly number for median and 747 

MAD for screening may result in over-screening in the dynamic areas (such as the Gulf 748 

Stream) or under-screening in the stable areas (such as the Tropics).  Also, using one set 749 

of screening criteria for in situ data collected during day and night and referencing them 750 

to Reynolds SST, which does not resolve diurnal cycle, likely results in suppressed 751 

diurnal cycle.  752 

More advanced and independent QC methods, such as Bayesian-based QC [Lorenc 753 

and Hammon, 1988], are being explored and will be employed in the future. 754 
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Table 1.  NCEP, FNMOC, and ICOADS data sets used in this study. 840 

 NCEP FNMOC ICOADS 

Availability Jan 1991 - present Sep 1998 - present Sep 1981 - Jul 2007 

Web Access 
ftp://ftp.cdc.noaa.gov/ 

Public/icoads/ncep_obs/  
http://usgodae.fnmoc.navy.mil/pub
/outgoing/fnmoc/data/ocn/sfcobs/  

http://dss.ucar.edu/datasets/ 
ds540.0/data/imma0_form.php  

Accessibility 
Near-Real Time, 2-day 

delay 
Near-Real Time, 2-8 days to 

accumulate a complete record 

Static archive (renewable at 
the time of new ICOADS 

releases) 

Data Sources GTS 
GTS + other unspecified ship 

and buoy data 

Before Dec. 2004 (ships: 
before Dec. 1997): Delayed 

Mode (from various sources) 

Jan 2005 (ships: Jan 1999) and 
onward: NRT (GTS only) 

Exceptions 
Ship ID masked since 

December 2007 
Documentation not available in 

public domain 
- 

Version/Release 
Information 

N/A N/A Release 2.4 

Quality Control N/A 
Continuous quality indicator 
[0,1]. QC upgraded to v. 2 in 

April 2004. 

Trimming flags + NCDC 
composite QC flags 

Precision 0.1 K 0.1 K 0.1 K 

 841 
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 842 

Table 2a.  Standard deviations of “Tin situ - TReynolds” labeled by ICOADS trimming flags for the year 843 
2000.  The percentage of the corresponding reports is shown in brackets. Statistics are stratified by 844 
ships, drifters, tropical moored buoys, and coastal moored buoys. 845 

SD/K (%) <2.8 sigma 
2.8 - 3.5 
sigma 

3.5 - 4.5 
sigma 

>4.5 sigma 
trimming 

inapplicable 

Ships 1.22 (92.48) 3.03 (3.29) 4.18 (1.99) 10.17 (1.96) 5.40 (0.28) 

Drifters 0.43 (95.39) 1.36 (1.11) 1.95 (0.66) 7.63 (0.65) 1.04 (2.19) 

Tropical Moored 0.39 (98.48) 0.44 (1.14) 0.38 (0.30) 5.10 (0.08)          (0.00) 

Coastal Moored 0.59 (98.80) 1.74 (0.60) 2.50 (0.19) 9.65 (0.18) 1.23 (0.23) 

 846 

 847 

 848 

 849 

Table 2b.  Standard deviations of “Tin situ - TReynolds” labeled for the ICOADS NCDC composite QC 850 
flags for the year 2000.  The percentage of the corresponding reports is shown in brackets. Statistics 851 
are stratified by ships, drifters, tropical moored buoys, and coastal moored buoys. 852 

SD/K (%) 
“Correct” 

(<4.8 sigma) 
“Suspect” 

(4.8 - 5.8 sigma)  
“Erroneous” 

(>5.8 sigma)  

Ships 1.56 (98.90) 7.46 (0.38) 12.89 (0.72) 

Drifters 0.54 (99.79) 3.50 (0.05) 12.06 (0.16) 

Tropical Moored 0.39 (99.93) 0.55 (0.01)   4.13 (0.05) 

Coastal Moored 0.62 (99.87) 7.34 (0.03) 10.95 (0.10) 

 853 
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 854 

 855 

Fig. 1.  Percentage of reports without SST data in monthly NCEP GTS files.  Fraction of ships not 856 
reporting SST is ~20–25%.  For drifters in recent years, the fraction is ~10% (but it was as high as 857 

20–30% prior to 2002).  Fraction of moored buoys is lower for tropical moorings and changes 858 
seasonally.  Note that missing tropical-moored reports in the NCEP GTS data from 23 February 859 

1994 to 1 March 1997 are due to misclassification of tropical buoys as drifters. 860 

 861 

 862 

 863 

 864 

 865 

Fig. 2.  Left: Monthly number of SST-reporting platforms in the three data sets (based on unique 866 
IDs).  Only number of platforms with monthly number of reports >1 are shown.  Right: Number of 867 
platforms with only one report per month. Note that NCEP stopped reporting ship IDs beginning in 868 

December 2007. Also note that the scales of Y-Axis are different between left and right.  869 

 870 

 871 



2/3/2010 

R1  Page 42 of 48 

 872 

Fig. 3.  Left: Monthly number of SST reports corresponding to Fig. 2.  Right: Coverage of the ocean 873 
(60°S-60°N) by these reports (each point represents monthly median number of daily 1°×1° boxes 874 

covered, cf. Reynolds et al., 2002). 875 

 876 

 877 

 878 

 879 

 880 

  

Fig. 4.  Characterization of FNMOC data as a function of Quality Indicator (QI).  Note that the QI 881 
ranges from 0 (best quality) to 1 (worst quality). Top: Histograms of QI; middle: mean bias in “Tin situ 882 

– TReynolds;” bottom: SD of “Tin situ – TReynolds” in years 2000 (left) and 2007 (right). 883 

 884 
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 885 

Fig. 5.  Left: Percent of reports identified by different NESDIS QC checks in the NCEP data (for 886 
explanation of data gap in tropical moorings from 1994-1997, see caption to Fig. 1).  Right: SD of “Tin 887 

situ – TReynolds” comparison: before QC vs. after QC.   888 

 889 

 890 

 891 

 892 

Fig.  6.  Percent of reports identified by different NESDIS QC checks in (left) ICOADS and (right) 893 
FNMOC.   894 
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 895 

 896 

Fig. 7.  Time series of (left) monthly mean biases and (right) SD of “Tin situ – TReynolds”. Only data that 897 
pass NESDIS QC are used. 898 

 899 

Ships  

 

Drifters 

 

Tropical-moored Coastal-moored 

Fig. 8.  Comparisons of (top) NCEP vs. ICOADS and (bottom) FNMOC vs. ICOADS for different in 900 
situ data types.  Note that the symbol  denotes “intersection.”  For example, “NCEP  ICOADS” 901 

stands for a subset included in both NCEP and ICOADS. 902 

 903 
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 904 
 905 

 
Fig. 9.  Global maps of in situ number of observation (nobs) with respect to (left) Reynolds daily and 906 
(right) Pathfinder SST for a five-year period of ICOADS data (Jan 2000 – Dec 2004) in 2°×2° boxes.  907 

(Note that the color bar is in log scale and the tropical and coastal moored buoys have been combined 908 
in one panel as they are well separated geographically.) 909 

 910 
 911 
 912 

Fig. 10.  Histograms (integral normalized to 100%) as a function of (left) latitude (4° bin) and (right) 913 
SST (1°C bin) for different types of in situ data for five years of ICOADS data (Jan 2000 – Dec 2004).  914 
Grey histograms show corresponding histogram of all ocean pixels.  For best representation, 915 
different in situ data should closely match the ocean histograms. 916 

 917 

 918 
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Fig.  11.  Same as in Fig. 9 but for mean biases of (left) “Tin situ – TReynolds” and (right) “Tin situ – 919 

TPathfinder”. 920 

 921 

  

Fig. 12.  Mean biases in (left) “Tin situ – TReynolds” and (right) “Tin situ – TPathfinder” as a function of local 922 
time (1 hour bin) with the average level T0 and the dynamic range ΔT shown too.  Data are five years 923 

of ICOADS from Jan 2000 to Dec 2004. 924 

 925 

  

Fig. 13.  Mean biases in (left) “Tin situ – TReynolds” and (right) “Tin situ – TPathfinder” as a function of month 926 
of year (half month bin) with the average level T0 and the dynamic range ΔT shown too.  Data are 927 

five years of ICOADS from Jan 2000 to Dec 2004. 928 
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 929 

 

Fig. 14.  Global maps (2°×2° resolution) of “Pathfinder minus Reynolds” SST (left) mean biases and 930 
(right) standard deviations for a five-year period from Jan 2000 to Dec 2004.  931 

 932 
 933 
 934 

  
Fig.  15.  Same as in Fig. 9 but for standard deviations of (left) “Tin situ – TReynolds” and (right) “Tin situ – 935 

TPathfinder”. 936 

 937 
 938 

 939 

 940 
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Fig. 16.  Global maps of root-mean squared errors for (left) drifter, (center) Pathfinder, and (right) 941 
Reynolds SSTs derived using three-way error analysis [O’Carroll et al, 2008]. 942 

 943 
 944 
 945 

 946 

Fig. 17.  Histograms of RMSEs in Reynolds, Pathfinder, and different in situ data estimated using 947 
three-way error analysis [O’Carroll et al., 2008]. (For details, see section 5.3). 948 

 949 
 950 
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