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Abstract. The ice surface temperature (IST) is an impor- and the ice growth rate (Maykut, 1986). Advanced thermo-
tant boundary condition for both atmospheric and ocean andlynamic ice models treat the temperature of the snow sur-
sea ice models and for coupled systems. An operational icéace as a vital parameter for the development of sea ice in
surface temperature product using satellite Metop AVHRRmodels (e.g., Fichefet and Maqueda, 1997, Bitz and Lip-
infra-red data was developed for MyOcean. The IST can bescomb, 1999). Steffen et al. (1993) estimated that a sys-
mapped in clear sky regions using a split window algorithmtematic surface temperature change 6Clcorresponds to
specially tuned for sea ice. Clear sky conditions prevail dur-an outgoing long wave radiation change of approximately
ing spring in the Arctic, while persistent cloud cover limits 5Wm-2. From a modelling point-of-view a systematic year
data coverage during summer. The cloud covered regions aneund 5W energy flux anomaly can be sufficient to change
detected using the EUMETSAT cloud mask. The Metop ISTthe sea ice regime from seasonal to perennial sea ice, or vice
compares to 2 m temperature at the Greenland ice cap Sunwersa (Bprk and Sderkvist, 2002). The surface temperature
mit within STD error of 3.142C and to Arctic drifting buoy is a boundary condition in numerical weather and climate
temperature data within STD error of 3.89. A case study prediction models and distributed observations of the surface
reveals that the in situ radiometer data versus satellite ISTTemperature are, therefore, of great value for building the ini-
STD error can be much lower (0.78) and that the differ- tial temperature boundary conditions. This paper presents an
ent in situ measurements complicate the validation. Differ-operational IST product available in near real time, based on
ences and variability between Metop IST and in situ data areMETOP AVHRR satellite infra-red radiometers.
analysed and discussed. An inter-comparison of Metop IST, The drifting of Arctic sea ice constantly causes opening
numerical weather prediction temperatures and in situ obserand closing of the sea ice cover and changes in ice cover
vation indicates large biases between the different quantitiesof only a few percent can influence the heat flux between
Because of the scarcity of conventional surface temperaturecean and atmosphere drastically (Maykut, 1978; Marcq and
or surface air temperature data in the Arctic, the satellite ISTWeiss, 2012). For a model to produce realistic initial sur-
data with its relatively good coverage can potentially addface temperature boundary fields, detailed information of ice
valuable information to model analysis for the Arctic atmo- concentration and ice drift is needed. The ice concentration
sphere. fields that are assimilated in, for example, the global deter-
ministic NWP model at ECMWF, have uncertainties of up
to 10% (Andersen et al., 2006) and contribute to surface
and air temperature uncertainties of several degreigskigs
1 Introduction et al., 2008). A sparsely distributed Arctic buoy observation
network can not resolve these variations on the spatial scales
The Ice Surface Temperature (IST) is one of the most im-on which these changes are occurring, thus, emphasising the
portant components in the Arctic surface-atmosphere energyotential of using satellite observations to estimate Arctic ice

balance. The surface temperature strongly affects the atmasyrface temperatures. The extreme conditions in the Arctic
spheric boundary layer structure, the turbulent heat exchange
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complicate the deployment of instruments and limit their life- vations: (1) a TIR radiometer mounted on the sea ice, (2) a
time. Because of these difficulties the temperature observa2 m temperature record from the Greenland ice cap Summit,
tion coverage in the Arctic Ocean is very sparse. We iden-and (3) drifting buoy and ship temperature records from the
tified 30 valid drifters with real-time data transmission dur- Arctic Ocean and surrounding seas. In addition, the IST data
ing 2011, resulting in a density of in situ buoys in the Arc- are also compared to model surface temperature fields from
tic ocean of approximately 1 per 500 000%rfurthermore,  the global ECMWF weather prediction model. The paper is
temperature measurements from drifters may be dubious, besrganised with Sect. 2 describing the study areas, followed
cause the drifters nesting on the ice may be buried in snow oby a presentation of the IST algorithm in Sect. 3. In Sect. 4
even be solar heated. Satellite observations of the snow anithe in situ and NWP model data are presented along with
ice surface temperatures can complement the in situ observdhe data match-up procedures. Results are shown in Sect. 5.
tions in order to increase the coverage of surface temperaturginally, the results are discussed in Sect. 6. Description of
observations. The IST data analysed here are estimated uacronyms that are specific for this paper is given in Table 1.
ing Thermal Infra-Red sensors (TIR) from the polar orbiting

METOP satellite under clear sky conditions. The 6 GHz mi-

crowave radiometer data have elsewhere been used for ISF Study areas

estimation during all sky conditions, but these data provide S .
. 9 ky X The work presented here show IST validation and compari-

an integrated snow pack temperature rather than the surface . . . L
. ) . son results from 3 different Arctic environments and in situ

temperature, because of the microwave’s penetration in to the

snow and ice (Tonboe et al., 2011; Hwang and Barber, 2008)|_nstruments: (1) drifter temperatures from sea ice in the Arc.—
o . tic Ocean and the seas around Greenland and the Canadian
There are other satellite infra-red IST products like those

~Archipelago, (2) radiometer temperatures from a study site in
based on MODIS data (Hall, 2004b) and the AVHRR Po the Inglefield Bredning next to Qaanaaq in North East Green-

) . Jand, and (3) air temperatures from the synoptic station on the
have been validated and described by, for example, Sca.mGreenIand ice cap Summit. The positions of sites and areas

bos et al. (2006) and Hall et al. (2004b) and used for cli- . D . ; o
mate and case studies. The Pathfinder dataset is well suited - llustrated in Fig. 1. The field site near Qaanaaq is indi

for climatologically studies, but can not be used for recentCatecj by a red rectangle and the location of Summit on the
gically ' Greenland ice cap is indicated by the blue star. Photos from

or real-time ice surface temperature analysis, due to irreg-Summit and Inglefield Bredning are shown in Fig. 2

ular dataset updates. Furthermore, the Polar Pathfinder spa- The Arctic Ocean and the adjacent seas are partly covered

tial resolution is 5km, which makes it less suitable for fine with perennial ice and partly with seasonal ice. The sea ice
scale mapping and analysis. The MODIS IST product has P partly '

very similar characteristics to the METOP IST product (Seesurfac.e s often agsomated V.V'th packed ice and open leads,
; occasionally allowing extensive flux of heat from the ocean

C C - %o the atmosphere. Especially during cloud free periods in
main differences. Timeliness and data continuity are essen; S . . .
I o -, the Arctic winter the ice surface is colder than the air, due
tial issues for the model communities to setup data valida-

. Lo to long wave radiative cooling, but also the annual mean sur-
tion and assimilation schemes (Stammer et al., 2007). Th : .
. ; ace temperature is lower than the air temperature (Tonboe et
MODIS sea ice products have a time lag of days, from obser- ' :
. A = al., 2011; Radionov et al., 1997). The surface temperature of
vation to product availability, and timeliness of the present

IST product is a couple of hours. The METOP AVHRR data :)h:r:ge_gg\gréred Arctic Ocean ranges between approximately
stream that is used for this IST production is guarantied con- The field work site in the fiord of Inglefield Bredning,

tinuity and is scheduled until at least 2020, in contrast to the

MODIS data stream that will end with the current Aqua and where' an in situ TIR radiometer was deployed during a 4
o . days field work, was located 4 km off the coast near the town
Terra missions. No satellite IST products are, to our knowl-

edge, used in Numerical Weather Prediction (NWP) modeIsOf Qaanaag. The sea ice on the fjord was level seasonal ice

or in sea ice models despite a potential for improving theWlth complete ice cover (see Fig. 2). The temperature range

model predictions. We think that this may be due to the Iackdurlng field work was-17 to —24°C. The study site is in-

. X . : dicated with the blue star in Fig. 3, where the surface tem-
of highest quality, future proofed, fully validated operational erature is shown at two occasions in the Inglefield Brednin
IST products, in near real time. The objectives of this studyp 9 9

. . : : fjord system.
Is to present and vglldate a new high resoIL_Jtlon (Lkm) IST The third in situ temperature record included in this study
product for the Arctic, that meets these requirements.

. . . is collected from the Summit synoptic meteorological sta-
The paper describes the composite Arctic Surface Tems: . N

: : tion on the Greenland ice cap. This site is located at 3200 m
perature algorithm, that operates in the MyOcean Sea Icée

and Wind TAC in near real time. The product is fully op- altitude with small and relative homogeneous surface rough-

. ; X .ness (see Fig. 2) and with temperatures ranging from approx-
erational and intended for use by operational meteorologi- i o R :

: . .~ imately 0°C to —70°C. Summit is indicated with a blue star
cal and oceanographic agencies. Twelve months of valldatlo?n Fig. 1
and comparison is performed versus 3 types of in situ obser- g
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Fig. 1. Overview of the 3 data sites, Arctic Ocean and adjacent seas
Qaanaaq field site and Summit. The green and blue dots and trac
indicate positions of applied drifter and ship observations through
out the study period. The red rectangle indicates the position the In
glefield Bredning by Qaanaaq where the in situ radiometer was de
ployed. The blue star is the position of the Summit synoptic weathe
station.

3 Metop Arctic Surface Temperature product
Fig. 2. The synoptic weather station at Summit (top). The photo

The Metop AVHRR Arctic Surface Temperature product is taken before the maintenance team has lifted the instruments to
(MAST) is an integrated IST, marginal ice zone temperatureProper height after one year of snow fall. The ISAR radiometer set-

and high-latitude/Sea Surface Temperature product (SSTEP during measurements on the Inglefield Bredning fjord, in North

developed in the MyOcean project in collaboration with East Greenland (white cylinder on scaffold, bottom photo).

other projects and made available through the Sea Ice and

Wind Thematic Assembly Center (SIWTAC) since January The concept of MAST is taken from Vincent et al. (2008),
2011 (MyOceardata, 2011). Two algorithms are deployed hore SST and IST algorithms are alternately deployed,

in MAST, the Metop IST algorithm (MIST) for sea ice tem-  yonanding on the AVHRR channel 4 brightness tempera-
perature estimation and a hlgh latitude SST algorlt_hrr_\. _tures (f11). For T11 temperatures warmer thar2.2°C the

The MAST product is intended for data assimilation ggt 4i50rithm is deployed and for temperatures colder than
schemes In ocean, ice and at_mosphere models as a suppley 7o the MIST algorithm is deployed. Surfaces with
ment to traditional drifter and air temperature measurementsi.n,[ermediateT11 temperatures are considered marginal ice
Timeliness, resolution and accuracy is, therefore, consideregone and the marginal ice zone temperature is calculated
important for the product development, which has led to 8from a linear combination of the MIST and the SST algo-

product timeliness of 2—3_h, spatial resolution of 1.1 km at rithms, scaled by th@y; temperature. The MIST algorithm
nadir and temporal sampling frequency of up to 10 passes . calibration is adopted from Key et al. (1997):
per day at+8(° latitude and 14 daily passes at the poles.

MAST data from the past month can be downloaded throughMIST =a + b - Tyi1+ ¢+ (T11— Tio) +d - [(T11— Ti2) - S(scan] (1)
ftp and thredds as level 2 data in 3-minute segments from o
the MyOcean data repository (MyOcedata, 2011). Further Where a-d are calibration constants based on a NOAA12

documentation can be found at the MyOcean web page (MyAVHRR calibration, 715 and 732 are AVHRR IR channels
Oceandoc, 2011). 4 and 5 (with centre wavelength at approximately 11 and

12 microns, respectively)§(scan)=sec(scar)l and scan
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is the satellite scan angle. The calibration coefficients a-,,,™ il ik il ki i iad il N
d for Metop-AVHRR data are not available at the present g

and the coefficients from the AVHRR instrument on board
NOAA12 were applied for this version of the algorithm.
The NOAA12 calibration coefficients are retrieved from

RTM modelled brightness temperatures for the AVHRR in- /
frared channels and related to model skin temperatures (Ke || * | L

C-1

\

—

N

7

et al., 1997). The channel centres, width and spectral re )
sponse functions of the NOAA12 and METOP AVHRR in- *B
struments are nearly identical. We, therefore, considered th™

applied calibration equally valid for METOP AVHRR data

- @%Q&S

than for NOAA AVHRR data. Different sets of coefficients %

are used for 3 brightness temperature intervals; see Ke' = |

et al. (1997) and Vincent et al. (2008). Tlig; tempera- ™ -y

ture intervals are=2.2°C > Ty1 > =-13.15°C; —13.15°C \\36

> T11 > =-33.15°C and—33.15°C > T1;. v v p— pr e s arw v s
A description of the SST algorithm applied in the MAST

production is outside the scope of this paper. A detailed de-

scription of the SST algorithm and calibrationis given INEU-  ww o  ov  am  ow o ow  ww  ow

METSAT (2012) and a comprehensive validation and inter-"

comparison analysis with other SST products is done by

777777

shown in Fig. 4 (top), as a six days mean temperature fiel¢*”
from March 3rd to March 9th, 2010. The corresponding sur-
face temperature field from the operational NWP model at [Quanaaa
ECMWE is plotted in the bottom panel for comparison. The
NWP field is the mean of all bi-daily analysis fields from =
all 6 days and the MAST field is the mean temperature from
the cloud free regions and periods only. The two temperature
fields are, therefore, not necessarily quantitatively compara
ble. The temperature plots reveal that the general patterns»
from the MAST data are also present in the NWP data anc
that the MAST data are negatively biased in the central Arc-
tic. The latter can either illustrate an actual bias between the

2 temperature fields or an artefact caused by the difference i..
data sampling methods.

Hoyer et al. (2012). //
A sample of the MAST product covering the Arctic, is /

* B

Fig. 3. MIST temperature plot for Inglefield Bredning on 3 April:

top 13:45, bottom 22:22. The town of Qaanaaqg and the position

3.1 Input TIR and cloud-flag data of the ISAR in situ radiometer are marked with red and blue star,
respectively. This subset corresponds to the red rectangle in Fig. 1.

The input TIR satellite data used by MAST and the cloud de-The colour bars range betweer28°C and—13°C.

tection algorithms are AVHRR swath data, received through

the EUMETCast global Metop data stream as 3 min seg-

ments. The 3min segments are processed using the NWC1 and 14, respectively. The reason for including the second

SAF PPS software (Thoss, 2009). Cloud-flags, sun-satellitdest “clear sky” cloud category (cloud-flag 14) is to increase

geometry information and AVHRR TIR data are subse- data volume for the monthly error statistics shown in Fig. 5.

guently used as input to the MAST processing chain andAnnual statistics will be calculated for both cloud flag val-

as supplementary information in the match-up datasets, dedes and for cloud-flag 11 data only, to demonstrate the best

scribed below. The spatial resolution of the cloud-flag data,performance of MIST.

the AVHRR TIR data and the MAST product is 1.1 km at

nadir and approximately 2.5 km near the edges of the swath.

All MIST data used in the present analysis are associatedt Data description, post processing and match up

with the most likely clear sky cloud-flag or the second most

likely clear sky cloud-flag, “clear sky” or “clear sky, pos- Three types of in situ observations have been used in this

sibly contaminated by surface ice or snow”, the cloud-flagsstudy to provide more detailed error characteristics of MIST.

Ocean Sci., 8, 959370, 2012 Www.ocean-sci.net/8/959/2012/
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Fig. 4. Six day mean MAST surface temperature from March 3rd to 9th, 2010 (left) and corresponding ECMWF skin temperatures (right).

Table 1. Description of acronyms and abbreviations for data and4.1 In situ observations
datasets.

In situ temperature observations from drifters and ships

(hereafter denoted OB&cTic) from the GTS data stream

MIST The METOP AVHRR Ice-Surface (GTS, 2012), are used to validate MIST on sea ice in the Arc-
Temperature data tic Ocean and adjacent seas. The @QRSric were initially

MISTRecaL Re-calibration of MIST the OBgaR in situ data . . -
MUarcric  Arctic ocean match up dataset for MIST collected without quality check and data filtering was per-

Data acronym'’s and abbreviations

and OBSgcTic data formed subsequently. Data appearing on blacklists from the
MU|saAR Field work match up dataset for MIST UK Met Office are rejected (Parrett, 2011) and observations

and OBgsaR data colder than—70°C and warmer than-1°C are removed. In
MUsymmir  Summit match up dataset for MIST addition, all drifter and buoy data with non-physical variabil-

and OBymmr data ity are removed. This three-step procedure reduces the num-

OBS Either or all of the 3 applied observation datasets b icall . d dri d shi | .
OBSarcric I situ temperature data from ships and buoys col- € Of automatically registered drifter and ship platforms in

lected via GTS data transmission system the GTS data stream, north of 7@ thrOUghOUt 2011, from
OBSsymmiT  In situ temperature data from synop station 04416 56 to 30.

(Greenland Summit) collected via GTS data trans- In situ observations from the synoptic station on Green-
oB :“'SS,I'O”tSVStemt data § able thermal land Summit (WMO-04416) have also been used. The Sum-
SisAR i::f:,;rgd fg:jﬁ’:rrniire ala from portable thermak mit station is a standard WMO synoptic station with 2m
NWP Numerical Weather Prediction — general term air temperature measurements, at a fixed position in 3200 m
NWPsyureace NWP Ice surface temperature from current global ~ altitude. These observations have also been obtained from

deterministic model at ECMWF the GTS and were checked visually. No data were removed.
NWPoMmT NWP 2 meter air temperature from current global  These observations are denoted QBSwIT-

deterministic model at ECMWF Finally, four days of in situ TIR radiometer measure-

ments from cloud free and nearly cloud free conditions have
been collected. The in situ radiometer data, subsequently
In addition to in situ observations, also model analysis tem-denoted OB&aR, are obtained from an ISAR radiometer
perature fields are included for comparison. Finally, algo-mounted on levelled first-year ice in the Inglefield Bred-
rithm re-calibration and automated quality filters have beenning, next to the town of Qaanaag in North-East Greenland
tested to check MIST sensitivity to calibration and to data (Dybkl&r et al., 2011) The ISAR instrument is a narrow-
outliers. A Match-Up (MU) dataset for each of the three in pand self calibrating single channel sensor, developed at
situ datasets is generated and is the basis for the validatioNational Oceanography Center, Southampton (NOCS). It is
and comparison exercise. comparable to the channel 4 of the AVHRR sensors and pro-
vides an accurate observation of the surface skin tempera-
ture, accounting for the contribution from the sky (Donlon et

WWw.ocean-sci.net/8/959/2012/ Ocean Sci., 8, 9990 2012



964 G. Dybkjeer et al.: Arctic surface temperatures from Metop AVHRR

al., 2008). The emissivity used to convert brightness temperassessed by the standard deviation of errors (STDE). Re-
ature to ice surface temperatures including atmospheric reealibrated MIST data are indicated MISE caL -

flection is 0.99. This corresponds to sea water emissivity for

a target angle of 25 degrees, and it is in agreement with val4.6 Match-up criteria

ues of sea ice emissivity used by Dozier and Warren (1982)|_ ) )
and Key and Haefliger (1992). he MIST satellite data are matched with OBS data and aux-

The different in situ data sources can result in rather du_iliary information like time lag, distance to observation, ice
bious validation results as surface and air temperatures capPncentration, NWP temperatures, AVHRR brightness tem-

differ by several degrees. This is discussed in Sect. 6. peratures, and scan and sun angles. The match-up procedure
varied between the different types of observations. There-

4.2 NWP data fore, the match-up datasets were treated separately for the
different types of in situ observations. The match-up dataset

Model fields of sea ice surface temperature (NSV&:AcE with drifter and ship observations covering the Arctic Ocean

and 2m air temperature (NWR) have been retrieved and adjacentseas is abbreviated Mdric. The dataset con-

from the European Center of Medium-Range Weather Foretaining MIST match-up with in situ radiometer data from

casts (ECMWF) as auxiliary data in the error analysis. Thethe field work in Inglefield Bredning is called the M$Ar

NWPsyreace and NWPRyt data are model analysis fields dataset and the MIST match-up with Summit air tempera-

from the current global model (ECMWFdoc, 2012). The datatures is subsequently denoted Mudmit. The match-up cri-

are re-sampled to a regular ©§rid. All 00:00z and 12:00z teria are:

analysis fields are used. MU arcrTic!

. Period: 11 months — February to December 2011.
4.3 Ice concentration

. ) ) Maximum time lag: 1 h
The ice concentration data used in the match-up procedure

(see below) are the 10km sea ice concentration fields from — Maximum distance to OBS: 2km
OSISAF sea ice project (OSISAF, 2011).

Maximum scan-angle: 45 degrees
4.4 Quality filtering

Maximum MIST value:—4.2°C (see MIST definition

above)
Erroneous outliers, often caused by non-detected clouds, are

inevitable in present and similar datasets, due to the opac- — Minimum ice concentration: 90 %
ity of the atmosphere to TIR data. We test a simple quality

filter based on the residual between NWP and MIST data. Cloudflag 11 and 14 allowed
The NWP based quality filter removes all records with MIST- MU saRg:

NWP errors larger (smaller) thah3- standard deviation of _ . : .

the mean MIST-NWP error. NWHRreacE data were used to Period: 4 days in April 2011.
filter the MIST-OBSrcTic data, removing 121 records of  — Maximum time lag: 2 min
the 7930 cloud flag 11 records (see Fig. 8). N3P data
were used to filter the MIST-OBgumiT data, removing 17
records of the 607 cloud flag 11 records (see Fig. 9).

— Maximum distance to OBS: 2 km

Cloud conditions were clear or almost clear and ice
cover 100 % during data recording.

4.5 Re-calibration tests

_ _ MUsummiT:
To assess errors associated with the use of NOAA 12 Period: All 2011

calibration coefficients in the MIST algorithm, two re-
calibration tests of the MIST algorithm were performed
against OBg@rcTic and OBSsar data. Hence, the re-
calibration is not performed to establish new calibration co-
efficients, but to compare the best possible empirical cali-
bration from the Arctic buoy and the ISAR measurements
to the operating setup. If the re-calibration tests do not im- — Maximum MIST value:—4.2°C (see MIST definition
prove the performance significantly, the dominant errors are ~ above)

assoc.lateo'l with other issues than algorithm cahbraﬂpn. The _ Cloud flag 11 and 14 allowed

re-calibrations are determined from least square fit to in
situ datasets and the biases of these data are consequenfipbreviation and acronyms for data and datasets are listed
zero. Improvements of the MIST quality are, therefore, solelyand briefly explained in Table 1.

Maximum time lag: 1 h

Maximum distance to OBS: 2 km

Maximum scan-angle: 45 degrees

Ocean Sci., 8, 959370, 2012 WwWw.ocean-sci.net/8/959/2012/
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MIST-OBSarctic, Bias +1*STDE, cloud-flag 11+14 —&—
MIST-OBSsummit, Bias +-1*STDE, cloud-flag 11+14

w

Bias +-1*STDE (C)
&

a0 |

01 0‘2 0‘3 0‘4 0‘5 Oé 0‘7 0‘8 0‘9 1‘0 JJ‘. 1‘2
Month of 2011
Fig. 5. Monthly mean bias values of MIST minus OR&cTic and OBSymmiT are plotted with open black and grey squares, respectively,

and error bars areg-1 STDE. Insufficient match-up data for January and July was found to substantiate robust error analysis for MIST-
OBSarcTIc comparison and likewise for February for the MIST-GBfmiT comparison.

5 Results MU arcTic dataset (see Fig. 8), the overall STDE improves
to 3.69°C (Table 3).

The MUarcTic dataset contains more than 20000 records |n contrast to the errors of the Midcic dataset, we

complying with the match-up criteria described above. Offind highly accurate MIST match-up data with the in situ

these data pairs there are up to 16 MIST records for eachadiometer data in the Migar dataset. Here we also find

OBS record, because of the 2km square search radius matchyrther improvements in the re-calibrated data, thus, re-

up criteria. This validation strategy was based on experiencgjucing STDE from 1.02C to 0.73°C, for the MIST and

from the MUsar data. The Mysar error statistics was anal-  MISTge ca. data match-up with OBSar data, respectively
ysed using both mean of all individual data pairs, mean andTables 2 and 3).

median MIST values, without clear indications of abestmea- The OBSsar, MIST and MISTre caL data are plotted in
sure. Thus, it was decided to treat all MIST-OBS data pairsrig. 6, where data from all scan angles are shown to illus-
individually. The validation and inter-comparison results aretrate the diurnal temperature variation. The error bars on the
divided into annual and monthly data and differences are dem|ST data represent the minimum and maximum values of
scribed by their standard deviation of error (STDE), bias anda|l MIST values within the 2km range of the ISAR obser-
correlation coefficientR). vations. During the first two days of the match-up period
The initial MIST performance is based on the entire the coherency between MIST and QB& data is partic-
match-up datasets. Mean monthly error statistics from theylarly high, whereas data from the last two days are slightly
MU arcTic and MUsymwmit datasets are plotted in Fig. 5 and |ess correlated. This may coincide with optically thin atmo-
the corresponding initial quality of the full match-up datasets spheric disturbances, as assessed from the less smooth ISAR
is written in Table 2. The annual STDE of MIST-OR&Tic  data during that period. STDE for the MI§Z caL data for
is 4.29°C with a cold bias 0f-3.43C. From the monthly  the period 1 April to 2 April is 0.42C and bias is 0.32C.
error statistics in Fig. 5, we find the smallest errors during A day and a night MIST snapshot from Inglefield Bred-
the Arctic summer where cloud detection algorithms in gen-ning are shown in Fig. 3, where also the location of the ISAR
eral seem to perform best. The quality of the re-calibratedinstrument during field work is marke®IC-1 The two MIST
MU arcTic dataset showed practically no STDE reduction. pjots are separated by approximately 10 h on 3 April, show-
A change from 4.29C to 4.27°C (not shown), indicates that jng the mid-day situation in the top panel and the evening
other sources of errors are much larger than the errors origsjtuation in the bottom panel. A close look at the day situ-
inating from the calibration of the MIST algorithm, i.e., in- ation reveal heating of the South oriented steep and rocky
dicating that the adopted NOAA 12 calibration coefficients coastline and relatively homogeneous surface temperatures
work well for the METOP AVHRR instrument and that erro- elsewhere in the fjord. The evening plot shows general cool-
neous cloud screening is a dominating source of error. Howing of the sea ice surface with strong cooling in certain areas.
ever, a reliable assessment of the algorithm calibration musthese inhomogeneous cooling effects are most likely caused
be performed on a large dataset, with measured or manually advection of cold air from the glaciers.
screened cloud information. By applying the NWP quality The MUsymwmit match-up dataset is different from the 2
filter to remove major outliers in cloud-flag 11 data of the  previously described datasets, in the sense that MIST data

WWw.ocean-sci.net/8/959/2012/ Ocean Sci., 8, 9990 2012
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Table 2. Preliminary MIST error statistics for the complete of the parameter measured from space or on the ground. In

MUaRcTIC: MUisar and MUsymmit datasets. this case, where a temperature estimate representing more
than 1kn? is compared to a point measurement, it is as-
Initial quality STDE(C) Bias(C) R Counts sumed that the autocorrelation length of the surface tem-
MIST-OBSARCTIC 429 _343 091 21251 perature is larger than the sa_tellite footprint, and similarly
MIST-OBSisar 102 —181 0.77 28 that the temporal autocorrelation of the surface temperature
MIST-OBSsUMMIT 348 -3.35 0.96 1578 is longer than the MIST sampling frequency. Veihelmann et

al. (2001) estimated the standard deviation of the surface
temperature inside a 4.5 Knarea in the Weddell Sea to be
Tab[e 3. Best qgality MIST error statistics. The NWP based qual- approximately 0.8C. The corresponding value inside the
ity filter is applied to cloud flag 11 data of the Mdcric and o ple search radius (a 4 by 4 kraquare) was calculated
MUsummiT datasets (see Figs. 8 and 9), and the g dataset )y approximately 1C, based on data from the Qaanaaq
is re-calibrated. . . .
field experiment. Also from the Midar dataset, we estimate
Best quality STDE (C) Bias(C) R Counts the maximum temporal temperature gradient to be approx-
MIST-OBS 369 276 o089 7809 |mately 0._9°C_ h-1, durlng_sunrlse. The temporal and spa-
MISTRECAS%%CSSAR 0.73 0 078 28 tial sampling issues contribute to the overall MIST error, but
MIST-OBSsummiT 314 -322 095 590 they are assumed not to contribute to bias. Due to the rela-
tively rigid match-up criteria used to generate the match-up
datasets, the sampling errors are estimated to be aroi@d 1
for the MUarcTic and MUsymmit datasets, and less for the
MU ,sar dataset, because of practically no time lag between

are matched with air temperatures from a high elevation site
at approximately 3200 m altitude.
In Fig. 5, STDE and bias values for the Mymmit dataset MIST and OBSsar data.

are plotied as monthly mean values, showing a year round, %2 5 S 8 B B 28 S B O
negative bias between approximateh2°C and —5°C, '

similar to bias values found for the MidcTic data, but Iierlwqufs by Wgrren (1982) and Dozier ar.1d Warren (1.982.)
with generally lower STDE values. The mean annual STDEem'SS'VIty variations cau_sed by show grain size and I_|qU|d
and bias of the MIST-OBSmit analysis is 3.48C and water co_nter_1t were consu_JIered n_eghglble, and onlyagllghtly
—3.35°C, respectively (Table 2). As was the case for the f’ec“?"?‘s'”g '”?pa.CF from increasing snow pack density was
MU arcic error analysis, a markedly improvement of MIST identified. Emissivity may decrease approximately by 0.005

performance was found for quality filtered cloud-flag 11 dataWhen the snow density increases from about 200kg to

: 300kg nT3 (Dozier and Warren, 1982). Dozier and War-
gi?og]znhgisggglgfs?;% E_Ilz_gk;lsg)namely to STDE of ren (1982) considered the view angle to be the most im-

A comparison of the Summit air temperatures portant variable for emissivity variations. In more recent

(OBSsummir) with the corresponding NWRr values works by Cheng et al. (2010) and Salisbury et al. (1994)

reveals very large annual error of 51 (Table 4), empha- it is acknowledge that also increasing snow grain size have

sising a need for additional ground truth to generate realisticmarkedly lowering effects on the snow emissivity for the TIR

o i o wavelength used here. At nadir a grain size increase from 300
2]”?:;'9 Iazn;!felitglcsz;c;&:e Txgﬁga(\%ais:hrﬂehﬂgnslii tlhse to 550 microns can decrease the emissivity by approximately

et 2 emperature bsenvatons on he Greeniand e ca (1%, 30010 shebert € o reeranty on o o7
that is available for model data assimilation. . Y 9

From the MUgcric dataset we have also calcu- size on Arctic scale does not exist and empirical IST algo-
lated the annual error statistics'between MIST and NWprithms adapt to average snow properties. Associated errors
data. The results are shown in Table 4 showing MIST. &re; therefore, anticipated; no biases from these errors are

. o expected.
NWP NWP ias val round-3. n .
STDESUVF::IG%i/ of 3 ;gé 2:&33 Z;ES,r:sg:cg\rlgeli iI:o (ijn The MIST algorithm seems to account successfully for
Table 4. we see tHat the biasés bétween @MA:CE/ZMT" scan angle dependent emissivity. Figure 7 shows the contri-
OBS aré small, as the ORScric data are the in situ surface bution of the scan-angle term of the MIST algorithm as a

temperature data used to build the NWP analysis fields. func_tlon_ of scan-angle. Th_e slightly quan_tn‘led angular cor-
rection is caused by the different calibration constants used

for each of thel;1 regimes in which MIST is working. The
6 Discussion spread around the main lines is induced byZXhe— T, fac-

tor of the MIST algorithm. The average temperature correc-
When comparing remotely sensed data with ground meation at 45 degree scan-angle is approximatel lwhich is
surements, it is assumed that the spatial and temporal cham good agreement with corresponding angular emissivity re-
acteristics of a given parameter are comparable, regardlesduction found for the 11 micron channel on ATSR (Stroeve
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Fig. 6. OBSsar (thin black dots) and MIST (black crosses with error bars) temperatures from Qaanaagq field experiment, 2011. MIST
data are plotted as the median value of all MIST measurements inside 2km of the ISAR instrument and error bars are the corresponding
minimum and maximum value. Sun-zenith and scan angles are indicated with blue and green dots, respectivgtyc|| $ata are plotted

as average of all used pixels with red circles. Maximum diurnal temperature amplitude is 4.6 K from midday 2nd April to morning 3rd April.

et al., 1996). It is essential to mention that MIST errors are 25 Tier e ongie comeci
uncorrelated to scan-angle (not shown).

The assumed three largest error contributors to satellite > B .
based IST estimates are erroneous cloud detection, algorithiZ oL san
errors from general simplification and the in situ data er- d - A
rors. With respect to the latter, the radiometric surface tem-
perature can be significantly different from the thermody-
namic temperature measurements from drifters and ships®
This difference is largest in cloud free conditions caused

mperature correction

0.5

by long-wave radiative cooling, and maximum differences e % ;
are measured to range between 4 arfiC by Radinov ’y 5 10 15 20 25 %0 P a0 as
et al. (1997) and Veihelmann et al. (2001) and confirmed Scan angle (degree)

bﬁ/ modfel espmatelzs byhTonbr(:e et al. (20k11). On averager;, 7 \agnitude of the MIST scan-angle correction term from the
the surface is colder than the air (Maykut, 1986; Radi-\;j, .. dataset, plotted as a function of scan-angle.

nov, 1997). Hence, we expect a physically induced negative

MIST-OBSarcTic/ OBSsymmit bias, but we do not have

sufficient documentation to quantify this. A quantification of

the surface-air temperature difference is further complicatedMIST estimates. For very cold surface temperatures the scat-

because the buoys do not necessarily measure the air tempeer is small as these temperatures most likely are associated

ature. A buoy thermometer can be buried in snow and, thuswith clear skies where MIST is working well. The cold MIST

measure internal snow temperature or a thermometer insidbias for the extreme low temperatures is unambiguous and

a buoy can be warmed up by radiative heating from the sunmost likely reflecting real physical properties and, thus, con-

on the buoy housing (Key and Haefliger, 1992). firming the discussion of the negative long-wave surface en-
The presence of non-detected clouds will contribute to in-ergy balance.

creased STDE and will in general result in a cold MIST bias, By imposing the NWP based quality filter to cloud-flag 11

because cloud tops and other atmospheric constituents idata, from the MUWrcTic dataset, the annual mean STDE

general are colder that surface and air temperatures. Figureighproves from 4.29C to 3.69°C and bias changes from

is a scatter plot of OBfrcTic data versus MIST for cloud —3.43°C to —2.76°C. The data removed by the quality fil-

flag 11 data from the MhkcTic dataset. The scatter of the ter are shown in Fig. 8 by red circles. The quality filter alone

data show a clear cold bias of MIST and a number of extremdowered the STDE value by 0°€, and the rest of the er-

outliers probably from erroneously cold cloud contaminatedror improvement is derived from the exclusion of cloud flag
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14 data. The re-calibration of the cloud flag 11 data againsbos et al., 2006; Stroeve et al., 1996). These coherent results
OBSarcTic data showed only negligible improvements of from comparable case studies substantiate the assumption
STDE, indicating that the errors caused by calibration inac-that the quality of a well-calibrated IST algorithm basically
curacy are small compared to other errors. A product simi-comes down to proper match-up routines and to high quality
lar to MIST, the MODIS 1km IST product, performs simi- cloud masking procedures.
larly with STDE of 3.7°C and an associated bias-e2.1°C NWP models have problems reproducing realistic temper-
(Hall et al., 2004b). This comparable performance indicatesature variability in the analysis fields for the Greenland ice
the level of quality that can be expected from fully automatedcap as evident from the comparison to the Summit 2 m tem-
satellite IST products. perature measurements in Table 4. The reason is that vast
Error statistics from the Mldar dataset is relevant in areas of the ice cap are represented by a poorly distributed
context of the error discussion above. Despite the limitedobservation network. Most operational synoptic stations on
amount of data available for this analysis, it reveals theGreenland are located along the coastline several hundred
potential and limitations of surface temperature estimationkilometres from Summit. The objective of comparing MIST
from space-borne TIR radiometers. The Mhk data are data to air temperature on the Greenland ice cap is, there-
collected along with manual cloud screening, with no time fore, to examine the feasibility of using MIST data in model
lag between satellite and in situ observation, snow and iceassimilation schemes for snow and ice covered Arctic land
surface conditions are relatively homogeneous (see photo iareas. An inter-comparison of surface temperature observa-
Fig. 2) and both MIST and in situ observations are skin tem-tions, NWP skin temperatures and MIST would be ideal, but
peratures. Main errors are, therefore, assumed to originatthe only available long-term in situ observations on Summit
from the spatial sampling of MIST, to some extent also from are 2 m temperature and air pressure. However, 2m and sur-
varying snow properties and from a non-optimal calibration.face temperatures are comparable at Summit, due to level
The STDE and bias of the Mghr dataset is 1.02C and and homogeneous surface conditions, which results in a very

—1.81°C, respectively. The re-calibrated data, MKgTcaL , high correlation between Summit 2m and surface tempera-
clearly shows improved performance with STDE of ®®Z3  tures (Hall et al., 2004a).
(Table 3) and even as low as 0.42 for the 2 first days of Unlike the conditions at sea level, one can expect rela-

the MU;sar dataset (see Fig. 6). This significant quality im- tive constant snow grain size distribution on the Greenland
provement obtained from the re-calibration, suggests that thé&ce cap because of the persistent cold conditions and con-
current MIST calibration is not optimal. However, substan- stant wind stress (Stroeve and Steffen, 1998). Furthermore,
tially more data points are needed in order to conclude on thisve also expect less interference with the atmosphere and
point and, thus, to carry out a new calibration. Similar im- clouds at Summit. These factors are assumed to contribute
provement from the re-calibration of the MRcTic dataset  to smaller MIST errors on the ice cap than on the seaice, and
was not found, implying that a proper re-calibration of the the less pronounced cloud cover will also reduce bias. The
MIST algorithm must be based on visually cloud screened inerrors of the MIST-OBgSymmiT comparison confirmed this,
situ surface temperature data. with an annual STDE of 3.14C, but the bias 0f-3.22°C

In similar experiments with IST data from MODIS, is slightly higher than the of the MAkcTic data (Table 3).
AVHRR and ATSR compared to in situ TIR radiometer data, A similar study of surface and air temperatures at Summit,
the corresponding errors weréQ, 1.4°C and 0.2C (Scam-  using a visual cloud screening procedure, showed an annual
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Table 4. Error statistics for MIST and OBS comparison with NWP References
data. The MIST statistics is based on cloud mask flag 11 data from

the MUarcTIC dataset. Andersen, S., Tonboe, R., Kern, S., and Schyberg, H.: Improved re-
trieval of sea ice total concentration from spaceborne passive mi-
STDE(C) Bias(C) R crowave observations using numerical weather prediction model
fields: An intercomparison of nine algorithms, Remote Sens. En-
MIST-NWPsyRrrace 392 350 0281 viron., 104, 4, 374-39240i:10.1016/j.rse.2006.05.013006.
MIST-NWPz1 349 343 085 Bitz, C. and Lipscomb, W.: An energy-conserving thermodynamic
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Ocean ice thickness distribution on poleward energy flux
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surface-air temperature bias efLl°C (Hall et al., 2004a). doi:10.1029/2000JC000723002. . _
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