Remote Sensing of Environment 121 (2012) 335-346

Contents lists available at SciVerse ScienceDirect P S
Environment
m

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

Multi sensor validation and error characteristics of Arctic satellite sea surface
temperature observations

Jacob L. Hoyer ®*, loanna Karagali ®, Gorm Dybkjar 2, Rasmus Tonboe ?

2 Centre for Ocean and Ice, Danish Meteorological Institute, Lyngbyvej 100, DK-2100, Copenhagen, Denmark
> Wind Energy Division, Rise National Laboratory for Sustainable Energy, Technical University of Denmark, Frederiksborgvej 399, Building 125, DK-4000, Roskilde, Denmark

ARTICLE INFO ABSTRACT

Article history:

Received 26 May 2011

Received in revised form 22 December 2011
Accepted 15 January 2012

Available online 22 March 2012

Six of the operational global satellite sea surface temperature products from infrared and microwave sensors
are validated in a consistent way in waters north of 60° N. The 15-month validation with drifting buoy in situ
observations shows that data from the Advanced Along-Tracking Scanning Radiometer (AATSR) on-board the
ENVISAT satellite and NAVOCEANO data from the Advanced Very High Resolution Radiometer (AVHRR) on-
board the NOAA 18 satellite are superior in terms of bias and standard deviation. The observations from the
Advanced Microwave Scanning Radiometer-EOS (AMSR-E) on-board the Aqua satellite have superior cover-
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Arctic age due to the microwaves' ability to penetrate cloud cover.

SST The performance of the different satellite products is examined for variation with season, water temper-
Validation ature, solar elevation angle, and proximity to the marginal ice zone. The validation results identify errors

Error characteristics
Marginal ice zone

in the satellite products related to observation techniques, data processing and cloud masking. Temporal
and spatial error scales are derived for all satellite products using the satellite versus in situ match-up
dataset. Temporal error scales are typically between 1 and 2 days and the characteristic spatial error
scales between 300 and 500 km. The error cross correlations between the different satellite products re-
veal that the products from the infrared sensors generally show significant error correlation, whereas the
errors of the microwave AMSR-E product have a low correlation with all the products from the infrared

Sensors.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Sea surface temperature (SST) observed from satellite is an impor-
tant parameter, which can be used for climate change detection, air-
sea heat flux calculations and assimilation into ocean and atmospheric
models (e.g., Carton et al., 2000; Rayner, et al., 2003). The Arctic Ocean
is one of the world's most important oceanic regions for observing and
modeling. The decrease in sea ice extent in recent years, with the 2007
record low 38% below the climatological mean (Comiso et al., 2008),
has increased the open water areas, particularly during summer and
fall. In addition, climate models suggest that a positive ice-albedo feed-
back related to loss of sea ice leads to an Arctic amplification of the global
warming (Lindsay & Zhang, 2005; Walsh et al., 2002). It is therefore es-
sential to document and characterize the errors of the satellite SST ob-
servations in the Arctic Ocean in order to support proper assimilation
into ocean/atmosphere models and for climate change detection.

The high latitudes, including the Arctic Ocean, are recognized by
the satellite SST community to be a challenging region for retrieval
of accurate SST observations (Donlon et al., 2010). In the Arctic
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Ocean, there are several factors that complicate the retrieval of SST
and cloud detection. The infrared (IR) retrieval algorithms have
been tuned on global datasets to correct for the effect of water
vapor (e.g., Barton, 1995). However, the atmosphere in the Arctic
Ocean is normally very dry, which can result in an overcompensation
by the global SST algorithms (Vincent et al., 2008a, 2008b). Further-
more, a persistent cloud cover, and extended twilight periods makes
it difficult for the cloud detection algorithms to identify clouds cor-
rectly. In addition, the presence of large areas with mixed sea ice
and open water complicates the retrieval of SST. Finally, due to sea
ice and inaccessibility, the amount of in situ observations for validat-
ing satellite observations at high latitudes is limited compared to
other regions of the world. These factors, and the fact that no system-
atic validation and error characterization study has been made specif-
ically for the high latitudes, result in a general uncertainty concerning
the quality of the satellite SST observations in the Arctic.

Several satellite producers have developed their own individual
match-up datasets (MD), to compare coincident in situ and satellite
observations for calibration and validation of their satellite products.
As the match-up datasets are used for validating and improving the
specific retrieval algorithms, the criteria for constructing the match-
up datasets vary from one producer to the other. This renders inter-
comparisons based upon different MDs difficult.
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In this paper, we perform a systematic validation and error charac-
terization of several of the satellite SST products that are most fre-
quently used at high latitudes. They cover IR and microwave (MW)
observations with spatial resolutions from 1 to more than 50 km
and comprise data from six polar orbiting satellites. The spatial and
temporal scales of the errors on the satellite products are presented
together with the cross correlation of the errors on different satellite
SST products.

The paper is structured with an introduction to the study area and
the in situ and satellite data used in this study (Section 2), followed
by sections describing the match-up limits (Section 3) and the gener-
al error statistics (Section 4). Section 5 presents the error scales and
the error correlations between the different satellite products fol-
lowed by Section 6 that examines the errors in the marginal ice
zone. Finally, Section 7 contains our concluding remarks.

2. Observations
2.1. Study area

The study will focus on satellite SST observations north of 60° N,
and the performance of the satellite SST products in the marginal
ice zone. The validation area covers a range of different oceanograph-
ic conditions including the inflow to the Nordic Seas of the waters in
the North Atlantic Current with warm (5-12 °C) and salty (35-35.3
on the practical salinity scale) waters. In addition, the inner Arctic
Ocean (> 80° N) is influenced by fresh water input from large rivers
generating a surface layer with salinities as low as 30 parts per thou-
sands in the Canadian Basin (e.g., Tomczak, & Godfrey, 1994).
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The atmospheric circulation in the area is dominated by the persis-
tent high pressure close to the North Pole and by the influence from
the storm tracks in the southern Nordic seas near Iceland and the
Faroe Islands. The easterly winds over the inner Arctic generate an anti-
cyclonic circulation, which exports cold and low salinity water and ice
southward through the Fram Strait (Tomczak & Godfrey, 1994). The an-
nual mean specific humidity at the surface ranges from more than 4 g/
kg in the Norwegian seas to less than 2 g/kg north of 80° N. The Arctic
is dominated by a persistent cloud cover for up to 90% of the time during
summer and 50-60% of the time during winter (Peixoto & Oort, 1992).

A seasonal and a perennial ice cover influence the majority of the
validation area. This is illustrated in Fig. 1, which shows the number
of days with ice cover in the Arctic during a year. The ice information
is from the EUMETSAT Ocean and Sea Ice Satellite Application Facility
(OSI-SAF).

2.2. In situ observations

The in situ observations consist of SST observations from drifting
surface buoys that are reporting observations on an hourly basis. The
drifting buoy observations are superior to observations made from
ships measuring the temperature at the water intake in the hull
(Emery et al., 2001; Poulter & Eastwood, 2008) and are used for several
global and regional validation studies (Harris and Saunders, 1996;
Corlett, et al.,, 2006). The temperature sensor on the drifting buoys is
placed at a depth of approximately 20 cm (see e.g. http://www.
jcommops.org/dbcp/community/standards.html) and the observations
have an error of about 0.2 °C (O'Carroll et al., 2008). The spatial and
temporal distribution of the buoy observations are shown in Fig. 2.
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Fig. 1. Number of days with ice cover during one year (November 2009 to November 2010).
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Fig. 2 reveals an uneven spatial distribution of the buoy observa-
tions. Due to the extension of the ice cover and to difficult navigation
in ice filled waters, the number of in situ observations at high latitudes
is small compared to the number at mid-latitudes. Thus, the large ma-
jority of observations come from the Nordic seas, the Barents Sea and
the Chukchi Sea, whereas no observations have been reported from
the Baffin Bay and the Russian part of the Arctic Ocean. About 88% of
the in situ observations come from within the longitudes 50° W and
50° E. Additional observations from other sources are available, e.g.
moored buoys in the Barents Sea. These have not been included in
this study due to their different error characteristics. In addition, the
moored buoys are located in positions in the Barents Sea, where many
drifting buoys are also reporting.
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The data have been obtained from the Coriolis data center (http://
www.coriolis.eu.org) for the 15-month period, from November 2009
to February 2011. Preliminary quality control was done by the Corio-
lis data center. We applied three additional quality checks: gross
error, redundancy and climatology. The gross error check removed
in situ observations lower than — 1.8 °C or higher than 35 °C. The re-
dundancy check identified in situ observations within 0.005° in space,
0.15 °C in temperature and 15 min in time. Only one observation was
allowed within these limits and additional observations were dis-
carded. Finally, a climatology check removed in situ observations de-
viating more than —2 and + 3 °C from the Pathfinder V5.0 nighttime
climatology (e.g., Casey & Cornillon, 1999). The asymmetry in the cli-
matology check arises from the climate being about 0.5-1 °C colder

W,

=
= {1

-50 0 100

longitude

50

latitude

Number 5

0
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Year 7010

Fig. 2. Distribution of buoy observations in the study area from November 2009 to February 2011. The top figure shows the spatial distribution of all the in situ observations, where-
as the lower left figures show the longitudinal and latitudinal distribution of the in situ observations binned in 10° longitude and 5° latitude, respectively. The lower right figure

shows the monthly number of in situ observations throughout the validation period.
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than the observations during this period. The gross error, redundancy
and climatology checks removed 0.3%, 10.6% and 3.2% of the observa-
tions, respectively.

Observations were discarded if any of the tests failed. The percent-
age of discarded in situ observations in the climatology check was
similar for the different satellite products and no preference was
found towards the AVHRR products. Due to technical reasons, only a
limited amount of observations were available from the Coriolis
Data centre during May 2010. Instead we used data from the Global
Telecommunications Systems (GTS) for the month of May. These
data were subjected to the same quality control as the rest of the
dataset.

It is evident from Figs. 1 and 2 that a few buoys report SST from ice
covered areas. These observations have been discarded from the com-
parisons with satellite observations later, using auxiliary ice concen-
tration data.

2.3. Satellite observations

The data used for this study were provided in the GHRSST L2P for-
mat (Donlon et al., 2007). The different satellite SST products and
their characteristics are listed in Table 1 and cover high resolution
IR and coarse resolution MW satellite observations. Note that the
data grid of the satellite SST product may not equal the actual resolu-
tion of the SST observations. The AMSR-E MW SST algorithm e.g. in-
clude observations from the 6.9 GHz channel that has a footprint of
76x44 km (see e.g., Wentz & Meissner, 2007, Gentemann et al.,
2010), which is much larger than the data grid of 25 km.

The NOAA 18 AVHRR data are processed by the Naval Oceanograph-
ic Office, Stennis Space Center, MS, USA and obtained from the JPL Glob-
al Data Assembly Centre (GDAC, ftp://podaac.jpl.nasa.gov/GHRSST/
data/L2P/). For details on the retrieval algorithm and data processing,
see May, et al., 1998. The product is a Global Area Coverage (GAC) and
it is therefore abbreviated NAVO-GAC in the rest of the paper. The
AATSR ENVISAT data have been provided by the European Space Agen-
cy (ESA), and processed by the UK Multi-Mission Product Archive Facil-
ity (UK-MM-PAF) on behalf of ESA. For performance and algorithm
descriptions, see Corlett, et al., 2006 and http://envisat.esa.int/
dataproducts/aatsr/ for product handbooks. The Metop-A AVHRR data
have been processed by Centre Meteorological Spatiale (CMS) for the
OSI-SAF project (http://www.osi-saf.org). The algorithm is documented
in: O&SI SAF Project Team, 2010 and obtained from ftp://ftp.ifremer.fr.
MODIS data from the Aqua and Terra platforms have been processed
jointly by NASA Jet Propulsion Laboratory, NASA Ocean Biology Proces-
sing Group and University of Miami Rosential School of Atmospheric
and Marine Science (NASA/JPL/OBPG/RSMAS, see e.g., Brown et al.,
1999), and obtained from the GDAC. Here, the MODIS Aqua data are ab-
breviated MODIS whereas the MODIS Terra data are abbreviated MOD-
IST. The AMSR-E data have been processed and provided by the Remote
Sensing Systems (Wentz & Meissner, 2000, 2007, http://www.ssmi.
com/). All L2P products have been obtained as part of the operational
DMI-OI level 4 processing chain (see e.g. Hoyer & She, 2007).

The SST retrieval algorithms for the individual satellite products
will not be described in detail here, but the IR satellite products are

Table 1

based upon the multichannel linear and nonlinear algorithms see
(e.g., Barton, 1995; McClain et al., 1985; Walton et al., 1998). During
daytime, the nonlinear algorithm takes the form of

SST = a+bTy + ¢ (T4 —Ts5)Tgyess + d(Ty—Ts)(sec6—1) (1)

where T4 and Ts represent the brightness temperature for channels 4
and 5, respectively and Tgyess is a first guess temperature from e.g. cli-
matology. a, b, c and d are coefficients determined in the calibration of
the algorithm and 6 is the satellite zenith angle. The nighttime algo-
rithms typically include observations from channel 3 (T3) through
the additional term: e(sec — 1)Ts. Setting Tgyess to unity will reduce
the equation to the standard linear algorithm.

All the IR algorithms thus use the difference between two spectral
bands in the thermal infrared to account for water vapor effects, and
they provide a skin or subskin SST value depending upon, whether in
situ observations or radiative transfer modeling has been used to tune
the parameters in the algorithm (Merchant et al., 1999; Zavody, et al.,
1995). All the IR algorithms use the two channels algorithm type dur-
ing daytime and the three channels type during nighttime.

The technique for SST retrievals in the microwave part of the spec-
trum is fundamentally different (see e.g. Wentz & Meissner, 2000,
2007). MW radiometer observations of the sea surface are corrected
for sea surface roughness and atmospheric attenuation. Data influ-
enced by precipitation are discarded.

The GHRSST SST products follow the GHRSST Data Processing Spec-
ification (GDS), which requires the L2P data products to include a qual-
ity flag (proximity_confidence) that ranges from O to 5, where 0 is bad
and 5 is excellent (see e.g. Donlon et al., 2007). Only satellite obser-
vations with quality flags 4 and 5 are included in this study. In this
range, the AMSR-E SST data only use the value 4 for good data.
Metop-A observations had no quality flag 5 values before June 2010
due to the absence of aerosol information (P. LeBorgne, pers. comm.,
2010). The validated data field is called sea_surface_temperature in
the data file for all the products, except for the MODIS Aqua and Terra
products. For both MODIS products the variable is called sst4, which is
nighttime observations including the 4 um satellite channel. The
GHRSST satellite producers supply single sensor error statistics (SSES)
to the observations. These biases are provided by the satellite producers
as the best estimate of the bias on the satellite retrieval algorithms. They
have been subtracted from the products as recommended by Donlon et
al., 2007. Observations from the low- and mid-latitudes have shown
that the cool surface skin effect on average makes the water surface
about 0.17 K colder than the subskin surface water (e.g., Donlon et al.,
2002; Schluessel et al., 1987). Algorithms using in situ observations to
determine the parameters in Eq. (1) are providing subskin SST obser-
vations, as the cool skin effect is not included in standard in situ
observations.

The satellite products in Table 1 provide SST at the subskin level
except for the MODIS Aqua and Terra and the AATSR products,
which are provided as skin SST. To validate all satellite products in a
consistent way, an offset of 0.17 °C has been added to the skin satel-
lite products (Donlon et al., 2002). All the results in this paper are
subsequently understood as subskin satellite SST observations.

Characteristics of the infrared (IR) and microwave (MW) satellite observations used in the study, see the text for more details on the data providers.

Product name Data provider Satellite Sensor Observation technique Data grid (km)
NAVO-GAC Naval Oceanographic Office, USA NOAA 18 AVHRR IR 9

AATSR ESA/UK-MM-PAF ENVISAT AATSR IR 1

Metop-A OSI-SAF/Meteo France Metop-A AVHRR IR 1

MODIS NASA/JPL/OBPG/RSMAS Aqua MODIS IR 1

MODIST NASA/JPL/OBPG/RSMAS Terra MODIS IR 1

AMSR-E Remote Sensing Systems Aqua AMSR-E MW 25
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As mentioned earlier, the seasonal variations in the oceanic and
atmospheric conditions in the Arctic are very large (Peixoto & Oort,
1992). Therefore, it is important to carry out the validation for at
least one full year to cover the seasonal variations in the validation re-
sults related to changes in the atmospheric and oceanic conditions. In
comparisons with in situ observations, the standard deviation in er-
rors for the global IR satellite observations typically range from 0.3
to 0.5 °C (O'Carroll et al., 2006, Corlett et al., 2006,), whereas the
MW observations lie within 0.6 °C (Wentz et al., 2000). However, it
is well known that regional errors may exceed these numbers (see
e.g. Chan & Gao, 2005).

3. Match-up data set

A match-up data set has been compiled by pairing satellite and in
situ observations within certain spatial (Ax) and temporal (At) win-
dows. Based on previous experiences, a match-up pair of in situ and
satellite observations is selected when the satellite observation is
within 15 km of the in situ observation, and when the two observa-
tions are within 2 h of each other. Only satellite observations with
quality flags 4 or higher and satellite-in situ differences of less than
10 °C are used. The minimum distance from the in situ observations
to the ice edge is calculated using the OSI-SAF northern hemisphere
ice edge product on a 10 km polar stereographic grid.

The total number of match-up pairs for each product depends on
the number of in situ observations, the spatial resolution, cloud
cover (for IR products) and the coverage of the satellite sensor. The
highest number of match-up pairs is found for the MODIS Aqua and
Terra products, and the lowest number of match-up pairs is found
for the NAVO-GAC product. The statistics are shown in Table 2 and
are discussed in the next section.

The differences between satellite and in situ observations include
contributions from errors in the buoy observations, errors on the sat-
ellite observations and sampling errors introduced through the differ-
ences in sampling characteristics and the distance in space and time
between the match-up pairs.

The error budget is

2 2 2 2
Epiff = €Buoy + Esatellite T Esampling (2)

Where the error variances for the respective contributions are
added (see e.g. Emery and Thomson, 1998). The errors arising
from the fact that the satellite and in situ observations are not coin-
ciding in space and time are seen in Fig. 3, where the error statistics

Table 2

are shown as a function of the size of the match-up windows Ax and
At. The results are from the AATSR satellite and indicate that the
variability introduced by spatial differences can be significant for
Ax larger than about 5 km, and that the biases do not change signif-
icantly between 1 km and 15 km. The number of match-ups within
1 km is in general about 2-4% of the number of match-ups within
5 km. If the center pixel is cloudy, match-ups away from center
pixel may become cloud contaminated match-ups. However, the
expected cold bias from this effect is insignificant, as seen from
Fig. 3 (left).

Variations in At do not influence the standard deviations signifi-
cantly for match-up differences less than 120 min. An asymmetry is
found in the daytime bias (Fig. 3, right). This systematic bias variation
is probably related to diurnal temperature variations (e.g., Eastwood
et al,, 2011; Gentemann et al., 2008) and the effect is also found in
global validation studies (Embury et al., 2012). The signal is consis-
tent with the Sun-synchronous satellite passing times in the morning
and diurnal variability of the ocean. An in situ observation after the
satellite observation will thus tend to be warmer due to the diurnal
warming.

The other IR satellites show similar patterns with the spatial and
temporal match-up differences, but since the error variances add up
(Eq. 1), the effect is most pronounced in the AATSR data, where the
&2 gatellite term is small. In the MODIS Aqua and Terra data the €2 eriice
term is thus too large to recognize this effect, except when only qual-
ity flags 5 are used and solar elevation angles are below —5°.

The AMSR-E observations do not show a behavior similar to the IR
products. We speculate, that this is due to the relatively large stan-
dard deviations of this system and the large spatial resolution of the
MW observations, i.e. all observations within a 15 km distance are in-
cluded in the footprint of the satellite observation.

4. General error statistics

Using the match-up data set, error statistics are derived for all the
products. Table 2 shows the overall standard deviation and bias for
each of the products and for quality flags 4 and 5 using match-up
windows of 5 km and 90 min. The solar elevation angle of 0 is used
to distinguish between day and night.

The table shows that nighttime satellite observations generally
perform better than daytime observations. They have smaller abso-
lute biases and standard deviations. One exception is AMSR-E obser-
vations that have smaller bias and lower standard deviation during
the day as compared to the night. There are large differences in the

Overall nighttime (upper) and day time (lower) error statistics (satellite-in situ) for the satellite products in the Arctic Ocean (>60° N). The numbers have been calculated using
match-up windows of 5 km and 90 min and are given for satellite quality flags (QF) 4 and 5. Note that the MODIS Aqua and Terra data are only nighttime observations. The numbers
in parenthesis for Metop_A show QF 4 statistics for the period June 2010 to Jan 2011, where both quality flags 4 and 5 observations were available.

Night Number of matches Bias Std dev of errors

Product Qf4 Qf5 of4 Qf5 Qf4 Qf 5
NAVO-GAC 977 8558 —0.02 —0.03 0.45 0.36
AATSR 4329 35,518 0.02 —0.08 0.48 0.36
Metop-A 95,553 (36,359) 13,120 —0.09 (—0.09) —027 0.42 (0.47) 0.47
MODIS (Aqua) 210,273 312,415 —0.73 —0.14 142 0.70
MODIST (Terra) 166,990 270,939 —0.68 —0.10 1.47 0.69
AMSR-E 151,986 0 0.11 NA 0.76 NA
Day Number of matches Bias Std dev of errors

Product Qf4 Qf5 Qf4 Qf5 Qf4 Qf5
NAVO-GAC 1918 12,891 —0.13 —0.01 049 0.36
AATSR 125 43,798 0.39 —0.27 0.44 0.47
Metop-A 215,490 (113,506) 29,693 0.33 (0.37) 0.05 0.45 (0.49) 0.40
MODIS (Aqua) 0 0 NA NA NA NA
MODIST (Terra) 0 0 NA NA NA NA
AMSR-E 142,282 0 0.04 NA 0.66 NA
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Fig. 3. Bias (solid) and standard deviation (dashed) of satellite-in situ observations for the AATSR observations as a function of the match-up distances Ax (left, for At<75 min) and
At (right, for Ax 5 km). Circles indicate nighttime, and plus signs daytime observations. The binning interval is 2.5 km (left) and 20 min (right).

performance of the satellite products for the Arctic region. The AATSR,
Metop-A and NAVO-GAC satellite products have small absolute biases
and standard deviations lower than 0.5 °C for nighttime observations,
whereas the MODIS Aqua and Terra and the AMSR-E products have
higher standard deviations. Note that due to the absence of Metop-
A quality flag 5 observations before June 2010, the errors are not rep-
resentative for the full 15-month period. The impact of the quality
flags 4 and 5 is different to each product. The majority of the products
show slightly degraded, but still scientifically valid, satellite SST ob-
servations with quality flag 4, except for the MODIS Aqua and Terra
products which have large errors both in terms of bias and standard
deviation for quality flag 4. At high latitudes there are long periods
with twilight conditions, which can be a challenge to the cloud mask-
ing. Therefore, the error statistics were examined for day, night and
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Fig. 4. Error statistics (satellite-in situ) for waters colder (solid) and warmer (dashed)
than 5 °C. Upper figure shows standard deviation and lower figure shows bias.

twilight conditions, using the solar elevation angles of —5 and 5° as
the twilight interval (not shown). The general day/night error statis-
tics showed a slight improvement (less than 0.04 °C in bias and less
than 0.05°C in standard deviation) when excluding the twilight
match-ups. For most of the products, except AMSR-E, the error stan-
dard deviations for twilight conditions were higher than deviations
for both day and night. MODIS Aqua and Terra observations showed
the largest effect for low solar elevation angles, with twilight observa-
tions being 0.1-0.2 °C colder than nighttime observations.

In the rest of the paper, we will only consider MODIS Aqua and
Terra quality flag 5 observations, whereas we will use quality flags 4
and 5 for all the other satellite products. If not otherwise stated, the
match-up limits will be Ax of 5 km and At of 120 min. Due to the
need for more match-ups when calculating detailed statistics for sub-
sections of the dataset, the temporal limit is higher than the 90 min
used to derive the Table 2 results.

As indicated in Fig. 2, most of the in situ observations are located
within the Nordic seas, with SST of up to 15 °C in the Norwegian
Sea. To validate the satellite products for colder conditions, the statis-
tics were calculated separately for nighttime match-ups with temper-
atures below and above 5 °C as shown in Fig. 4.

For the AATSR, Metop-A and NAVO-GAC products, the perfor-
mance in cold water does not differ significantly from warmer
water performance across the entire domain. For the MODIS Aqua
and Terra and the AMSR-E products, there is a significant bias differ-
ence between the performance in cold water and warmer water
results.

The large annual cycles in atmospheric and oceanic conditions ne-
cessitates examination of the seasonal trends of the satellite products.
Fig. 5 shows the monthly error statistics for the six different products.
A minimum of 100 match-up pairs was required to calculate monthly
bias and standard deviation. Note that since the MODIS Aqua and
Terra products only contain nighttime data, the number of match-
ups during the summer months is limited.

Fig. 5 shows points to significant seasonal biases in the Arctic. The
Metop-A product has a warm bias of up to 0.4 °C during summer and
a cold bias during the winter. The reason behind the warm Metop-A
bias is being investigated, and preliminary results indicate, that it
may be caused by moisture in the lower atmosphere (Le Borgne,
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Fig. 5. Monthly mean bias (solid) and standard deviation (dashed) for the six satellite products. The bars indicate the normalized number of match-ups for each month and the total

number appears from the title.

pers. Comm., 2011). The temporal Metop-A pattern in bias is almost
opposite to the biases in the AMSR-E observations, with a cold bias
during summer and a warm bias during spring and autumn. The sea-
sonal bias trend in the AMSR-E observations is opposite to the bias
trend in the Southern Ocean with positive austral summer biases
(Dong et al., 2006). The AATSR and NAVO-GAC have small seasonal var-
iations in the biases, and the standard deviations are nearly constant
throughout the year. The good performance of the 9 km NAVO-GAC
product is probably due to the averaging over many pixels and the
very conservative cloud detection and quality control, where many ob-
servations are discarded (May et al., 1998). In addition, the calculation
of the NAVO-GAC SSES biases is related to in situ observations and

updated daily. There is no overlap between the in situ data used for val-
idation and for SSES calculation. However, since the same buoy enters
the validation and SSES correction, systematic errors on buoy observa-
tions might potentially be excluded from the error statistics. The SSES
biases have been subtracted here, which might explain the absence of
monthly or seasonal bias variations (May, pers. Comm., 2011).

To examine in more detail the significant seasonal variations in
biases, the error statistics were calculated for solar elevation angles
with an interval of 10° (Fig. 6).

Again, the NAVO-GAC observations show a very stable performance,
which might be due to the in situ based SSES correction scheme. The
AATSR satellite observations have a substantial negative bias for small
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nighttime MODIS Aqua and Terra observations.

absolute solar elevation angles, which may be related to undetected
clouds during twilight conditions (Corlett, pers comm., 2011). The
Metop-A data has a positive bias for solar elevation angles of more
than 0° and a negative bias for solar elevation angles smaller than
—10. This is in agreement with the findings in Poulter & Eastwood, 2008.

Both MODIS products indicate larger negative biases and en-
hanced standard deviation for solar elevation angles between — 20
and 0°. The 10 °C difference threshold on the satellite-in situ match-
ups, as mentioned in Section 3, was important for the MODIS Aqua
and Terra products when calculating statistics for the solar elevation
intervals. A number of satellite observations with a very cold bias of
—20 °C were present in both MODIS products for solar elevation an-
gles between — 10 and 10. The MODIS match-up dataset had 1700
and the MODIST product 203 erroneous quality flag 5 observations

which would have resulted in significantly higher errors in Fig. 6, if
they had not been excluded. The similarity between the performances
of the two MODIS products indicates that this problem is probably a
general MODIS problem arising from e.g. the cloud screening algo-
rithm in twilight conditions. The AMSR-E biases are not related to
solar elevation, but the error standard deviations for positive (day-
time) solar elevation angles are significantly lower compared to the
nighttime error standard deviations.

The results presented in Figs. 5 and 6 are due to the different ob-
servation techniques, the data processing and the cloud masking. A
full investigation and explanation of all of the products and their
error characteristics is beyond the scope of this paper, since its
focus is on documenting and characterizing the errors for the individ-
ual products.
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5. Error characteristics

When satellite SST observations are used for operational data as-
similation, for climate data records or in merged and interpolated
level 4 SST products, it is essential to specify the error scales of the
satellite observations (e.g., Hoyer & She., 2007; Reynolds & Smith,
1994). The 15-month match-up dataset described in the previous sec-
tions makes constitutes a good basis for an investigation of the differ-
ent satellite error scales. Daily mean satellite errors on a 2° longitude
and 1° latitude grid were computed for the full 15 months period
using the match-up dataset described earlier. It is necessary to do
the averaging over sufficient time and space to obtain satellite error
time series with enough data to ensure robust correlation results.
However, the spatial and temporal averaging scales should not be
so large that it filters out the dominant noise present in the system.

5.1. Temporal scales of the errors

The daily averaged error fields were used for calculating the tem-
poral autocorrelations of the error time series for each product,
shown in Fig. 7.

The error correlations have only been calculated when at least 10
daily data pairs were available and when a minimum of 10 correlation
estimates were available for a given lag. No results are available for
the AATSR because of the narrow swath of the AATSR sensor results
in very few grid points with daily mean errors. The figure shows
that the temporal scale of the error correlations (the 1/e cross over)
is about 1 to 2 days, with the AMSR-E product having the longest
temporal scales and the MODIST having the shortest. As variability
in the atmospheric conditions is the main contributor to the satellite
errors, it was expected, that we find the error correlation scales to be
on the order of a few days, which is similar to temporal scales of the
weather (e.g., Peixoto & Oort, 1992). The “all-weather” AMSR-E ob-
servations provide a large number of match-up data.

5.2. Spatial scales of the errors

The daily averaged error time series were used to calculate corre-
lation coefficients between time series in different grid points. A min-
imum of 10 pairs of observations were required to calculate the
correlations, and all the correlation coefficients were arranged
according to the distance between the two grid points. These results
were averaged for every 200 km of separations, and an average corre-
lation value was calculated for bins, where at least 5 correlation esti-
mates were available. The results in Fig. 8 show that the spatial scales
(1/e crossing point) of the satellite errors are on the order of 300 to
500 km.

The spatial scales are very similar for all the products. The good
coverage of the AMSR-E sensor is evident again in Fig. 8 (right)
which shows that the AMSR-E correlation results are based upon 10
times more correlation estimates than the other satellite products.
The spatial scales of the IR satellite errors are smaller than the
600-800 km reported in Reynolds and Smith (1994) for lower lati-
tudes and the general synoptic scale of the weather systems of
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1000 km. This could be related to the low humidity in the Arctic
and the weaker association between atmospheric water vapor and
the differences in AVHRR channel 4 and 5 brightness temperatures
(see e.g. Kumar et al., 2003). With a reduction in these large scale er-
rors, other error contributions with smaller spatial scales such as er-
roneous cloud detection and sub-pixel clouds could have a larger
influence on the results.

5.3. Correlation of satellite errors

Other studies have used the AATSR observations to assess the
quality of other SST sensors, because of its high accuracy (Corlett et
al., 2006; O'Carroll et al., 2006; Noyes et al., 2006; Robinson, 2004;
Stark et al.,, 2008). However, the AATSR based correction method
does not work well in the Arctic Ocean due to the small number of ob-
servations in persistent cloudy conditions. In addition, the depen-
dence upon an old satellite sensor, launched in 2002 and with a
nominal lifetime of 5 year, is a critical weakness for systems that re-
quire quality data every day. However, for a multi sensor approach,
it is essential to know the error characteristics of each of the satellites,
and that the errors on the satellite products are not highly correlated.
To examine the correlation of the satellite errors, daily averaged dif-
ferences as described above were used. A minimum of 5 common
daily error values was required before a correlation was calculated
and at least 20 correlation estimates before an average correlation
was calculated. The results are shown in Fig. 9. Not enough observa-
tions were available to calculate correlations between AATSR and
NAVO-GAC, MODIS Aqua and Terra.

Fig. 9 shows that the AMSR-E MW errors have a low correlation
(<0.23) with the IR errors. This is as expected since the IR and MW
satellite errors are caused by different atmospheric effects, as dis-
cussed earlier. Within the IR products, the differences are correlated
with the highest correlations between the same instruments. There
are elevated error correlations between SST products from the same
sensor, such as AVHRR (Metop-A versus NAVO-GAC) of 0.52 and
MODIS (Aqua and Terra) of 0.40. This is as expected since the same
types of instruments typically have common error characteristics.
The AATSR errors have low correlation with the other products. How-
ever, there are insufficient data for reliable correlation with several of
the other products. The results indicate that for referencing the satel-
lite against each other and for constructing a multi sensor merged
product, the AMSR-E data provide independent information that
may improve the results. Until now, this potential has not been fully
exploited due to the imperfect MW error characterization, an area
where more work is needed.

6. Marginal ice zone effects

The seasonal ice cover in the Arctic is about 10 million km?
(Parkinson et al., 1999) and the position of the marginal ice zone
(MIZ) varies substantially during the year, as evident from Fig. 1. Pre-
vious studies from the North Water Polynya (NOW) indicate, that the
traditional IR algorithms in the marginal ice zone overestimate the
SST by more than 2 °C on average, when they use the observed
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Fig. 7. Mean correlation of the daily errors, as a function of the lag in days (left). Number of correlation estimates available for averaging time series (right).
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The results have been averaged for 200 km intervals.

AVHRR channel 4 and 5 difference in brightness temperature to cor-
rect for water vapor, as in global IR algorithms (Vincent et al.,
2008a, 2008b). These studies were limited to the NOW and covered
observations from April to July, with the largest overestimation in
the beginning of the period. Moreover, most of the satellite products
do not use ice information in their data processing but rely on gross
error checks or cloud masks to discard or flag ice contaminated obser-
vations. An exception from this is the Metop-A algorithm, which uses
an observation driven Bayesian classifier (Eastwood & Andersen,
2007). With the match-up dataset presented here, more general
error statistics from the marginal ice zone can be derived from a larg-
er area and for several IR and MW products.

As described in Section 3, a minimum distance to the ice edge has
been assigned to all satellite versus in situ pairs. To examine the per-
formance of the satellite products in the vicinity of the ice edge, the
ice distance information has been used for calculating the mean bias
and standard deviation for each product as a function of the distance
from the ice edge, averaged in 25 km intervals. The results are shown
in Fig. 10, where bars indicate the normalized number of match-ups
used for the interval. The total number of match-ups is given for
each SST product.

Several of the global satellite products perform well in the vicinity
of the Ice edge. The MODIS Aqua and Terra products appear to have
significantly higher error standard deviations within 150 km off the
ice, compared to the overall and cold water statistics reported earlier
(Table 2 and Fig. 4). The AMSR-E bias within 25 km from the ice edge
appears to be substantially warmer than further away from the ice
edge. This might be due to the large footprint of the 6.9 GHz channel,
note however that these results are based upon only 170 match-up
pairs. There is an indication that the AATSR observations have larger
errors near the ice edge. This effect is seen for both day and night

AMSRE

MODIS

METOP_A

NAVO_G

AATSR

AATSR NAVO_GMETOP_A MODIS MODIST AMSRE

observations and could be due to the lack of external and internal
ice information in the AATSR data processing. Considering the num-
ber of available data and the error statistics, it appears that the
Metop-A observations provide the best products in the marginal ice
zone, with a good data return and a relatively uniform validation re-
sult when the ice is approached. This might be related to the Bayesian
classifier that allows a more accurate ocean and ice classification.

The high latitude SST overestimation demonstrated by Vincent et
al., (2008a), (2008b) by several °C is not confirmed here, some of
the products even show a decrease in the bias within the last 25 km
from the ice edge. Note however, as seen in Fig. 2, that no in situ ob-
servations were available from the Baffin Bay and NOW, where the at-
mospheric conditions can be much colder and drier than in the Nordic
seas, where most of the match-ups for this study are obtained. In ad-
dition, stricter match-up criteria were used to derive the match-ups,
and the in situ observations were provided by the Marine-
Atmosphere-Emitted Radiance Interferometer (M-AERI) instrument
(Kearns et al., 2000).

7. Conclusions

The validation of the global satellite SST products in the Arctic
showed that the distance between the observations is important
when comparing satellite and in situ observations in this region. In-
creasing the distance from 5 to 15 km increases the standard devia-
tion of the satellite versus in situ differences for the AATSR from
0.32 to 0.47 for nighttime comparisons. This influence of spatial
match-up distance is significant and can be explained by the large
temperature gradients in the Nordic seas and Barents Sea, where
the majority of the match-ups are located. In addition, the Rossby
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Fig. 9. Correlation of satellite errors between the different SST products (left). Total number of satellite-versus in situ pairs that went into the correlation calculation (right). White
spaces indicate that no correlations were calculated. The correlation numbers are printed in the upper part of the matrices and shown in colors in the lower part.
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radius and the scales of the ocean eddies are small at high latitudes,
which introduces SST variability in the order of 10 km.

The most accurate satellite observations are obtained with IR sat-
ellite observations from either the AVHRR (NAVO-GAC) or the AATSR,
which show relatively stable seasonal bias and low standard devia-
tions. The Metop-A observations appear to have a summer bias of
0.3-0.4 °C. In general, the results from this study show that the IR sat-
ellite observations in the Arctic Ocean are of good quality, but the data
are sparse due to a persistent cloud cover. The MODIS Aqua and Terra
nighttime products have larger errors in the Arctic Ocean than the

other IR products, and their performance degrades significantly
when using quality flags lower than 5.

The large potential of the MW observations from the AMSR-E sensor
to provide independent information is evident throughout the study.
The number of match-up data available for validation of AMSR-E is
very high despite the coarse spatial resolution. In addition, the daily er-
rors of the satellite products are not highly correlated with the IR sensor
products, and the AMSR-E thus gives independent SST estimates. Unfor-
tunately, there are positive biases in the study region of more than
0.5 °C for several months during spring, and the bias for cold water
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observations (SST<5 °C) is substantially larger than for warmer SSTs.
The origin of these biases is unknown at present (Gentemann, personal
comm., 2011) and demonstrates the need for future work on MW SST
error characterization.

Other types of in situ observations could be included in future
studies to enhance the number of match-ups. However, the buoys
have very good quality data and including other types of observa-
tions, such as ship observations with poorer quality will introduce
noise. The need for more in situ observations is pronounced in the
seasonal open water regions in the Russian part of the Arctic Ocean
and in the Baffin Bay. As seen in Fig. 2, most of the in situ observations
are from the Nordic seas, Barents Sea and Chukchi Sea.
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