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Abstract The National Oceanic and Atmospheric Administration (NOAA) maintains an operational
analysis for monitoring trends in global surface temperature. Because of limited polar coverage, the
analysis does not fully capture the rapid warming in the Arctic over recent decades. Given the impact of
coverage biases on trend assessments, we introduce a new analysis that is spatially complete for 1850-
2018. The new analysis uses air temperature data in the Arctic Ocean and applies climate reanalysis fields
in spatial interpolation. Both the operational analysis and the new analysis show statistically significant
warming across the globe and the Arctic for all periods examined. The analyses have comparable global
trends, but the new analysis exhibits significantly more warming in the Arctic since 1980 (0.598°C dec™
vs. 0.478°C dec™"), and its trend falls outside the 95% confidence interval of its operational counterpart.
Trend differences primarily result from coverage gaps in the operational analysis.

Plain Language Summary NOAA provides a suite of climate services to government,
business, academia, and the public to support informed decision-making. Among these services is

the State of the Climate report, which is a collection of monthly summaries recapping climate-related
occurrences across the globe. This report relies heavily upon NOAA's global surface temperature data set
to depict recent monthly conditions and long-term changes. Our research introduces a new edition of this
flagship data set that is based upon additional temperature data and improved scientific methods. The
new data set extends back to 1850 and has complete coverage of all land and ocean areas for the first time.
These improvements are particularly important in the Arctic, which has warmed more rapidly than the
rest of the planet in recent decades, and the new data set likewise has larger trends than its predecessor
in that part of the world. The introduction of this new data set is consistent with the NOAA practice of
periodically developing improved versions of its foundational datasets, the goal being to ensure the best
possible representation of historical conditions across the globe. The results of this study suggest that the
new data set can substantially contribute to future NOAA monitoring and assessment activities.

1. Introduction

Global surface temperature (GST) is a key indicator of observed climate change. Several groups maintain
GST analyses derived primarily from historical data; examples include Berkeley Earth (Rohde et al., 2013),
Cowtan and Way (2014), NASA (Lenssen et al., 2019), NOAA (Zhang et al., 2019), and the Met Office Had-
ley Centre/Climatic Research Unit (Morice et al., 2012). These groups regularly track the status of GST as
part of their climate monitoring operations, and their products support assessment activities such as those
by the Intergovernmental Panel on Climate Change (IPCC), which document long-term GST changes to
inform international policy discussions. Extending back to the 19th century, GST analyses traditionally
employ air temperature data from weather stations over land and sea surface temperature (SST) data from
ships and buoys over the ocean. Because data availability varies in space and degrades back in time, GST
analyses often use statistical methods to improve spatial coverage and thereby minimize bias in global aver-
ages. There are a variety of statistical methods for addressing coverage biases, including distance-weighted
averaging (Hansen et al., 2010); reduced-space methods (Vose, Arndt, et al., 2012); and hybrid kriging tech-
niques that blend in situ and satellite data (Cowtan & Way, 2014).

Of the major GST products available, the NOAA analysis (NOAAGlobalTemp) is unique in that its statisti-
cal approach generates quasi-complete coverage of most tropical and midlatitude regions but very limited
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coverage of polar latitudes. Because the Arctic has warmed faster than the rest of the planet, limited po-
lar coverage implies NOAAGlobalTemp contains a cool bias, particularly in recent decades (Cowtan &
Way, 2014; Karl et al., 2015). In a climate assessment context, it is important that GST reconstruction meth-
ods limit as much as possible the effects of coverage changes. Consequently, this paper introduces a new
edition of NOAAGIlobalTemp that is spatially complete since 1850. The approach for achieving a spatially
complete product is threefold: the use of air temperature data in the Arctic Ocean, the application of climate
reanalysis fields in spatial interpolation, and the elimination of geographic masking criteria from recon-
structed temperatures. To quantify the impact of full spatial coverage, we compare trends in the new version
(hereafter termed Interim) with trends in its operational counterpart (version 5) over several representative
periods.

2. Arctic Air Temperatures

NOAAGIobalTemp consists of monthly temperature anomalies on a 5° X 5° latitude-longitude grid. Land
data are from the Global Historical Climatology Network-Monthly (GHCNv4) data set (Menne et al., 2018);
NOAAGIlobalTemp uses approximately 750 GHCNv4 stations in 1900, 5,000 in 1950, and 10,000 in 2000.
Ocean data are from the Extended Reconstructed Sea Surface Temperature (ERSSTv5) data set (Huang
et al., 2017), a statistical reconstruction based on ship and buoy observations from the International Com-
prehensive Ocean-Atmosphere Data Set-Release 3 (ICOADS R3; Freeman et al., 2017) and Argo observa-
tions from the Global Data Assembly Centre (Argo, 2000). GHCNv4 and ERSSTV5 contain homogeneity
adjustments that address historical changes in temperature instrumentation, observing practice, and other
factors (Huang et al., 2017; Menne & Williams, 2009). The purpose of these adjustments is to provide a con-
sistent record that is free of the changes humans have introduced in the process of observing temperatures
worldwide.

NOAAGIobalTemp version 5 and Interim employ different data over the Arctic Ocean, which is largely
covered by sea ice in winter. In particular, version 5 uses SSTs over the Arctic, and when ice concentrations
exceed 60%, SSTs are gradually damped toward the freezing point of seawater (-1.8°C). In contrast, Inter-
im uses air temperatures in the Arctic, and regardless of ice concentration, there is no lower temperature
bound, which improves consistency between temperatures over the terrestrial surface and sea ice. The In-
terim approach presumes that sea ice and snow cover insulate the air from the underlying marine envi-
ronment, an assumption generally supported by observations and reanalyses (e.g., Comiso & Hall, 2014;
Simmons et al., 2014). Notably, several other GST analyses (e.g., Cowtan & Way, 2014; Lenssen et al., 2019)
already extrapolate air temperatures over sea ice. In Interim, air temperatures are used over all water and
ice surfaces poleward of 65°N, which is a simple approximation of maximum southward sea ice extent in
boreal winter.

ICOADS R3 is the primary source of air temperature data for the Arctic Ocean in Interim. The data set
contains historical records from a variety of platforms, including ships, buoys, and ice stations. Ship data
are sporadic until the mid-20th century and largely restricted to ice-free areas throughout the record. From
1954 to 1991, high-quality data are available for 1-3 ice stations per year in the High Arctic—i.e., manned
“North Pole” stations operated by the Soviet Arctic and Antarctic Research Institute (Romanov et al., 1997).
More recently, buoy data appear in earnest in the 1980s. All of the ship, buoy, and ice station data received
quality assurance reviews as a part of ICOADS R3 processing, including the filtering of outliers more than
4.5 standard deviations from the smoothed median (Freeman et al., 2017). Reporting frequencies varied by
platform type (usually every 3-6 h for ships and every hour for buoys); to account for this, we computed
daily temperatures from the original subdaily data for each ship, buoy, and ice station.

The International Arctic Buoy Program (IABP) is a secondary source of air temperature data for the Arctic
Ocean in Interim. This data set contains historical records for ice buoys deployed to support real-time oper-
ations as well as research applications. Very generally, air temperatures are available for at least 15 buoys per
year from 1979 to 2000 and for at least 40 buoys per year thereafter. We applied a suite of quality assurance
reviews to address potential data issues in the ice buoy data (see Martin & Munoz, 1997; Rigor et al., 2000).
Modeled after the GHCN approach (Durre et al., 2008; Lawrimore et al., 2011), these reviews focused on
random errors, such as data spikes resulting from electrical malfunctions, as well as systematic errors, such
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as periods with extremely low variance resulting from snow-covered temperature sensors. In general, ice
buoys with shorter records were somewhat more prone to data quality problems, so Interim only includes
ice buoys having at least six months of data. Reporting frequencies varied by period (usually every 3 h be-
fore 2010 and hourly thereafter); once again, daily temperatures were computed from the subdaily data to
compensate for this.

We derived monthly grid-box anomalies for the Arctic Ocean in Interim using the daily temperatures from
ICOADS R3 and IAPB. The first step involved calculating the average temperature of each 5° X 5° grid box
on each day using the data for all platforms located in the grid box on that day. The second step required
computing the average temperature of each grid box in each year and month (assuming the box had at
least 10 days of data in the month). The third step entailed calculating the grid-box anomaly in each year
and month by subtracting the calendar-month grid-box normal from the actual grid-box temperature. Be-
cause few grid boxes had complete records, we estimated normals using atmospheric reanalysis fields for
1981-2000. Furthermore, because ensemble means often exhibit better performance than individual rea-
nalyses (Hofer et al., 2012; Vose, Applequist, et al., 2012), we used the average of five reanalyses: the 20"
Century Reanalysis version 3 (Slivinski et al., 2019); the Climate Forecast System Reanalysis version 2 (Saha
et al., 2014); ERAS (Hersbach et al., 2020); the Japanese 55-year Reanalysis (Kobayashi et al., 2015); and the
Modern Era Reanalysis for Research and Applications version 2 (Gelaro et al., 2017). Since each reanalysis
had a different spatial resolution, we computed normals on the native reanalysis grids first, then reinterpo-
lated to the 5° x 5° grid. The final normal at each grid box was the average of the five interpolated values. As
the last step in completing Arctic coverage for Interim, we merged the ocean grid boxes with land grid boxes
from GHCNv4. Grid boxes over coastal areas were the area-weighted average of the ocean and land anom-
alies. (For additional details on the spatial and temporal coverage of Arctic temperature data described in
this section, see the Supporting Information.)

3. Statistical Reconstruction Approach

Interim employs a statistical approach to create a spatially complete reconstruction of air temperature that
covers all global land areas as well as all oceans poleward of 65° (i.e., areas with extensive seasonal ice cover-
age). In essence, the approach generates a continuous surface rather than an exact interpolation through the
original grid-box data, thereby minimizing small-scale noise while allowing for the estimation of anomalies
in grid boxes without data. This section briefly summarizes the approach and its few (but important) differ-
ences with the method used in version 5, particularly the application of climate reanalysis fields in spatial
interpolation and the elimination of geographic masking criteria from reconstructed temperatures. For a
more detailed treatment, see Vose, Arndt, et al. (2012), Smith et al. (2008), and Smith and Reynolds (2005).

In brief, the reconstruction approach extracts the primary low- and high-frequency signals in the historical
temperature record, then blends them to produce a final reconstruction. Low-frequency signals are longer-
term, broader-scale features such as the rapid warming over most land areas since the mid-1970s. High-fre-
quency signals are shorter-term, smaller-scale features such as the strong warm anomaly over Russia during
the boreal winter of 2020. The first step involves creating low-frequency grids through a nonparametric
smoothing process—i.e., by averaging the original anomaly grids over broad areas and compositing across
multiyear periods (Smith & Reynolds, 2005). The second step entails creating high-frequency grids using
a pattern-recognition technique—i.e., by fitting spatial covariance modes known as Empirical Orthogonal
Teleconnections (EOTs; Van den Dool et al., 2000) to anomaly grids from which the low-frequency signal
has been subtracted. The selection of each EOT mode is based on the availability of observations within
the areas covered by the mode, which ensures that the reconstruction accurately represents conditions in
data-rich areas while filling gaps in data-void areas. The third step simply involves adding together the low-
and high-frequency grids into composite fields for each year and month.

The reconstruction process uses a suite of input data sets for the identification of low- and high-frequency
signals. For low-frequency signals over land areas, both version 5 and Interim use GHCNv4. For low-fre-
quency signals over polar oceans, Interim employs observed air temperatures over the Arctic Ocean (see
Section 2) and extrapolated air temperatures from Antarctic stations over the Southern Ocean (which is
necessary because there are a paucity of ship and buoy air temperatures over this area, which represents
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Figure 1. Annual anomaly time series (left column) and difference time series (right column): (a) 90°S-90°N
anomalies, (c) 60°N-90°N anomalies, (e) 90°S-60°S anomalies, (b) 90°S-90°N differences, (d) 60°N-90°N differences,
and (f) 90°S-60°S differences. Anomalies are relative to a 1971-2000 base period.

about 2% of the planetary surface). For high-frequency signals (i.e., EOTs), version 5 uses data for 1982-1991
from GHCNV2 (Peterson & Vose, 1997). In contrast, Interim employs data for 1981-2000 from the ERA-In-
terim reanalysis (Dee et al., 2011), which has complete global coverage and has demonstrated efficacy in
depicting surface air temperature variations worldwide (Simmons et al., 2014), including the Arctic (Sim-
mons & Poli, 2015).

To obtain full global coverage, we merged the Interim reconstruction with ERSSTv5. This was a relatively
simple process: grid boxes over the land surface and the polar oceans came from the Interim reconstruc-
tion, grid boxes over the nonpolar oceans came from ERSSTv5, and grid boxes over coastal areas were the
area-weighted average of the land and ocean anomalies. The resulting global product is spatially complete
for the entire period (1850-2018). In contrast, version 5 includes a subsequent postprocessing step that
masks out high-latitude grid-boxes (i.e., north of 75°N and south of 65°S) that have no underlying data in
a given month or that have more than 50% sea ice coverage in a particular month. The implication of these

VOSE ET AL.

40f9



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090873

Annual GST anomaly, 90S—90N

0.8
Interim
0.6 —— HadCRUT4
—= = BEST
0.4 — — GISTEMP
------ Cowtan_Way

-0.8

1860 1880 1900 1920 1940 1960 1980 2000

Figure 2. Annual anomaly time series for 90°S-90°N for various GST analyses: Interim, the Met Office Hadley Center
(HadCRUT4; Morice et al., 2012); Berkeley Earth (BEST; Rohde et al., 2013); NASA (GISTEMP; Lenssen et al., 2019);
and Cowtan and Way (2014).

masking criteria is that version 5 has very limited coverage in the Arctic throughout the record even though
(1) many ship and buoy observations (see Section 2) are actually available within the region, and (2) many
more observations are available from high-latitude land stations. The situation is similar in the Antarctic
(i.e., version 5 has very limited coverage even though GHCNv4 has data for many land stations in Antarctica
since the late 1950s). Version 5 also includes a postprocessing step that masks out grid boxes in data-sparse
areas (i.e., grid boxes in which the sampling rate is less than 20% within a 25° latitude/longitude buffer;
Vose, Arndt, et al., 2012). In general, this masking is more prevalent early in the record and occurs more
frequently in areas such as the Amazon Basin, the Sahara Desert, the Congo Basin, and the Tibetan Plateau.

4. Temperature Trends

Version 5 and Interim have nearly identical global time series. The high degree of similarity is not surpris-
ing because the reconstructions use the same underlying data over most of the globe (i.e., GHCNv4 and
ERSSTV5). Both series depict a decrease in temperature through the early 1900s, an increase through the
early 1940s, a decrease through the early 1960s, and an increase through the end of the record (Figure 1a).
Over the full period (1850-2018), the least squares trend in Interim is trivially larger than the trend in ver-
sion 5 (0.052°C dec™ vs. 0.049°C dec™). The series differ somewhat more in the 19™ century because polar

Xar‘zl:ll:ai Least-Squares Trends and 95% Confidence Intervals (°C Dec™") in Version 5 and Interim

Region Analysis 1850-2018 1960-2018 1980-2018

90°S-90°N Interim 0.052 + 0.010 0.164 = 0.018 0.179 + 0.032
Version 5 0.049 + 0.010 0.155 + 0.019 0.168 + 0.032

60°N-90°N Interim 0.109 £ 0.025 0.452 + 0.078 0.598 + 0.129
Version 5 0.100 £ 0.022 0.358 + 0.063 0.479 = 0.111

90°S-60°S Interim 0.021 + 0.007 0.049 + 0.033 0.007 = 0.058
Version 5 —0.003 = 0.016 0.004 + 0.036 —0.094 £ 0.035

Note. Confidence intervals computed with the student’s t-test and an effective sampling number based on lag™
autocorrelations (von Storch & Zwiers, 1999).
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Figure 3. Grid-box trends (°C dec™) in the northern high latitudes: (a) 1960-2018 from version 5, (b) 1960-2018 from Interim, (c) 1980-2018 from version 5,
and (d) 1980-2018 from Interim. Grid-box trends smoothed with a 9-point local filter. Stippling denotes 95% significance.

regions and data-sparse areas are masked out in version 5 whereas Interim has full coverage. There is sug-
gestive evidence that Interim is slightly warmer in the last 2 decades (Figure 1b). Likewise, the global trend
in Interim slightly exceeds the trend in version 5 from 1960 to 2018 (0.164°C dec™ vs. 0.155°C dec™) and
1980-2018 (0.179°C dec™! vs. 0.168°C dec™); however, each Interim trend falls within the 95% confidence
interval of its version 5 counterpart (Table 1).
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Interim On the global scale, Interim is consistent with other GST analyses derived
from in situ data (Figure 2). From 1970 to present, Interim is largely indis-
PN tinguishable from the other analyses, which collectively exhibit extreme-
é)/ ~ ly good agreement (with the occasional exception, such as HadCRUT4
o | 1 H ‘ ‘ H being a bit cooler in some recent years owing to less Arctic coverage).
5 | M' \H ‘\ W +\7J«” \ ' J—Fr}“ | " 'Mw" ”\ \IH' I I (\ H , || From 1910 to 1970, Interim and GISTEMP are nearly identical whereas
§ 01 ”‘ ”J ‘WL’I” !% HV‘ ‘ H I\ l“ N‘m 'I‘ M\ ‘ the others are slightly warmer. This reflects the underlying SST recon-
L ' v “l J J ‘ \ ‘ struction employed in each case; Interim and GISTEMP use ERSSTv5
- whereas the others use HadSST (Kennedy et al., 2011a, 2011b), which is

2 2] slightly warmer during that period (Huang et al., 2017).
_3 ‘ ‘ ‘ ‘ ‘ ‘ Differences between version 5 and Interim are more apparent in the high
1985 1990 1995 2000 2005 2010 latitudes of the Northern Hemisphere (60°N-90°N). For example, the
. reconstruction process generated 65 EOTs in Interim (vs. 60 in version

Version 5 . . . L

3 5); the additional EOTs all capture Arctic variations. (Similarly, ERSSTv5
contains 10 more Arctic EOTs than its predecessor, which slightly reduced
o 2 root mean square error according to several cross-validation experiments
N l [Huang et al., 2017].) In general, both version 5 and Interim are qua-
® T ‘u N “ ﬁ h h ﬂ \ ' ” “H p Ul\‘ 1l |‘ | si-stable until ?bout 1920, then exhibit a?l increase until the lz'lte 1930s,
?) 0 W“‘“ M A‘H ‘\ a WH% ‘U “‘" ﬂ.‘iﬂ M M lu"l m . WUW M‘b\ ’ a decrease until t.he early 1960s, and an 1ncr'ease the'zrea'fter'(Flgure 1c).
5 ‘ I ‘ l ‘ U | ‘HN \ WV Over the full period (1850-2018), the trend in Interim is slightly larger
a 14 ” I “ J ‘ than the trend in version 5 (0.109°C dec™ vs. 0.100°C dec™). Version 5
% “ ‘ exhibits considerable interannual variability in the 19th century because
VA ’ most areas north of 75°N are masked out (i.e., its average is based on a
smaller portion of the Arctic than Interim, which is spatially complete).
a 1985 1990 1995 2000 2005 2010 Thereafter, Interim is generally about 0.1°C-0.2°C warmer in most years,
Time (year) with growing differences in recent decades (Figure 1d). The trend in In-

Figure 4. Monthly anomaly time series for 70°N-90°N derived from
ERA-Interim. The top panel depicts anomalies derived using the coverage
of Interim (i.e., the data set described in Section 2). The bottom panel
depicts anomalies derived using the coverage of version 5 (i.e., GHCNv4

and ERSSTV5).

terim exceeds the trend in version 5 from 1960 to 2018 (0.452°C dec™" vs.
0.358°C dec™) and 1980-2018 (0.598°C dec™ vs. 0.479°C dec™); further-
more, each Interim trend falls outside the 95% confidence interval of its
version 5 counterpart (Table 1). (For additional details on the Arctic time
series, including a discussion of the anomaly patterns behind Interim’s
warmth relative to version 5, see the Supporting Information.)

We performed two analyses to evaluate the importance of sampling error
in the northern high latitudes. To estimate the impact on recent trends, we applied the version 5 masking
criteria to Interim (i.e., by removing grid boxes north of 75°N that had no underlying data). This reduces the
trend in Interim by 0.048°C dec™" since 1960 and 0.108°C dec™* since 1980; in other words, discrepancies
in spatial sampling account for 50% of the trend difference since 1960 and 90% since 1980, indicating that
smaller trends in version 5 mainly result from its incomplete coverage of areas with rapid warming in recent
decades (Figure 3). To estimate the impact of spatial sampling on area-average anomalies, we resampled the
ERA-Interim reanalysis according to the actual year-by-year grid-box coverage of version 5 (i.e., GHCNv4
and ERSSTV5) and Interim (i.e., the data set described in Section 2). For 1981-2010, the coverage of version
5 results in an average cool bias of -0.08°C for 70°N-90°N and —0.13°C for 75°N-90°N whereas the Interim
coverage has an average bias of zero in both latitude bands. The coverage of version 5 also results in a time
series for 70°N-90°N (Figure 4) with higher variability (e.g., standard deviation of 0.55°C vs. 0.48°C).

Time series for the high latitudes of the Southern Hemisphere (90°S-60°S) exhibit moderate agreement
after the establishment of permanent observing stations across Antarctica in the late 1950s. Both version 5
and Interim generally depict a slight warming from about 1960 to 1980; thereafter, version 5 exhibits cooling
whereas Interim is quasi-stable (Figure 1e). The trend in Interim exceeds the trend in version 5 from 1960
to 2018 (0.049 vs. 0.004°C dec™) and 1980-2018 (0.007 vs.—0.094°C dec™), and each Interim trend falls
outside the 95% confidence interval of its version 5 counterpart (Table 1). To quantify the impact of spatial
sampling, we applied the version 5 masking criteria to Interim (i.e., by removing grid boxes south of 65°S
that had no underlying data). This reduces the trend in Interim by 0.043°C dec™" since 1960 and 0.099°C
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dec™ since 1980; in other words, the version 5 masking criteria account for more than 80% of the trend dif-
ference in both periods. (For additional details on the Antarctic time series, including a discussion of the
large differences before the late 1950s, see the Supporting Information.)

5. Summary and Future Work

This paper introduced a spatially complete edition of NOAAGlobalTemp (termed Interim), which includes
three improvements over its operational counterpart (version 5): the use of air temperature data in the
Arctic Ocean, the application of climate reanalysis fields in spatial interpolation, and the elimination of ge-
ographic masking criteria from reconstructed temperatures. Both versions show warming across the globe
and the Arctic for all periods examined. Global time series are nearly indistinguishable during most of the
record, but discrepancies exist in the Arctic in recent decades, Interim having greater warming because it
captures ongoing changes throughout that region. Time series for the southern high latitudes show moder-
ate agreement since the late 1950s. Looking toward the future, Interim could be enhanced through a formal
analysis of parametric and reconstruction uncertainties as in Huang et al. (2020).

Data Availability Statement

Data supporting the conclusions are available from https://www.ncei.noaa.gov/pub/data/cmb/ersst/
v5/2020.grl.dat/.
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