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Emissivity of SeaIce at 89GHz, 157GHz and
183GHz in the Arctic winter

NathalieA. Selbach,Tim J. Hewison, Member, IEEE, andGeorg Heygster, Member, IEEE

Abstract— Satellite remote sensingcan provide valuable data
on atmosphericparametersin data sparsepolar areas.Curr ently,
the use of satellite data in theseregions is restricted due to the
high and variable surface emissivity. A method to determine
the surface emissivities at 89GHz, 157GHz and 183GHz of
differ ent types of sea ice is presented.Additionally , a method
has beendevelopedto calculate an effective surface temperature
fr om the thr ee channels near 183GHz. Spectra of emissivity
for differ ent ice types over-�o wn during the airbor ne SEPOR-
POL EX campaign in the Ar ctic in Mar ch 2001 show a general
decreasein emissivity fr om young ice towards old ice for the thr ee
fr equencies.Generally, the emissivity decreasesfr om 89GHz to
157GHz and increasesagain at 183GHz. A clear relationship is
found betweenthe surface emissivities at 157GHz and 183GHz,
but not between the emissivities at 89GHz and 157GHz or
183GHz, respectively. Generally, the emissivities at 89GHz show
a much higher variability than the ones at the two higher
fr equencies.

Index Terms— Emissivity, Surface, Micr owave, Millimeter
Wave, SeaIce, Ar ctic

I . INTRODUCTION

RECENT studiesin atmosphericand oceaniccirculation
have shown that polar regionsplay an importantrole in

the global climate variability and change.Therefore,thereis
an increasinginterestin theseregions[1]. However, dueto the
remotenessof theseareasandtheir demandingclimate,direct
measurementsof many usefulgeophysicalparametersarevery
sparse[2], [3]. Most in-situ observations are locatedin the
coastalareassurroundingthe Arctic oceanandonly very few
observationsare available in the centralArctic. Instrumented
aircraft can perform measurementsin the central Arctic as
well, but they do not cover the completeareaandaremostly
casestudies.Satellitemicrowave radiometry, due to its good
spatialandtemporalcoverage,potentiallyprovidesa valuable
tool for global observations of atmosphericparameterslike
total water vapor and cloud liquid water. Dif �culties arise
from the large and highly changeablesurface emissivity at
microwave bandsfrom the ice/snow coveredsurfacetogether
with the very low watervaporburdenin polar regions.

Only few measurementsof the surface emissivity over
seaice and snow are available in the frequency rangefrom
89GHz to 183GHz. Studieson the surface emissivity over
land surfacesat SSM /I frequencies(19.35GHz to 85.5GHz)
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have beenperformed,e.g., by [4], [5]. Surface emissivities
over varioussurfacesat the frequenciesof SSM /T2 (91GHz
to 183.3GHz) aregiven in [6]. The surfaceemissivity in the
frequency rangeof 24GHz to 157GHz over Baltic sea ice
andsnow sitesfrom airborneinstrumentshave beenpresented
by [7]. However, measurementsover snow and sea ice in
the Arctic, especiallyat 183GHz, are rare. The emissivity
of seaice from airbornepassive microwave measurementsat
37GHz, 89/90GHz, 150GHz and 220GHz near the SHEBA

ice camparegivenin [8]. Severalstudieshave beenperformed
to retrieve the emissivity of freshwater surfacesat 89GHz,
150GHz and 220GHz. The analysishad been restrictedto
very dry conditions in order to correct for the atmospheric
in�uence in the retrieval [9], [10]. Emissivities of snow-
covered surfacesare given in [11]. However, all the above
mentionedstudiesdid not include a retrieval of the surface
emissivity at 183GHz, where the key humidity sounding
channelsarecentered.A betterunderstandingof the behavior
of the emissivity of sea ice with or without snow cover is
requiredto improve the estimationof atmosphericparameters
in polar regions. The measurementsof the SEPOR-POLEX

(Surface Emissivities in Polar Regions - Polar Experiment)
campaign provide a new data set of surface emissivities
including measurementsat 183GHz over different types of
seaice.

I I . DATA

The airborne SEPOR-POLEX campaignbasedin Tromsø
(69� 410N, 18� 550E) in Norway took placefrom 8th to 29thof
March.Five �ights of up to 10 hoursdurationwereperformed
over variousice typesincluding new, glacier, �rst- andmulti-
year ice. Each �ight consistedof a long low-level run at
between150m to 1200m above sealevel. At the endof this
run a pro�le ascenthasbeen�o wn up to about8.5km above
sealevel, followed by a run back to the baseat high level
alongthesametrackasthelow level run.A northerlyor north-
easterlysurfaceair �o w over the ice duringall �ights resulted
in mainly clearskiesover the ice but rapidclouddevelopment
over openwater in the marginal ice zone(MIZ). Two �ights
concentratedon measurementsof the MIZ to collect dataover
a rangeof varying ice concentrationsand different forms of
youngandnew iceaswell as�rst-year (FY) ice.Theremaining
three �ights consistedof long runs up to 85� N at different
longitudes(30� E, 0� E, 30� W). The ice was generallyquite
uniform with ice thicknessincreasingto theNorth. The�ights
aredescribedin moredetail in [12].

The key instrument for this experiment operatedon the
Met Of�ce C-130researchaircraftwasthepassive microwave
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radiometerMARSS (Microwave Airborne RadiometerScan-
ning System)with frequenciescloseto thoseof SSM /T2 and
AMSU-B (AdvancedMicrowave SoundingUnit-B) [13], [14].
The airbornemicrowave radiometerMARSS hastwo channels
in the atmosphericwindows at 89GHz and 157GHz and
threechannelscenteredat the strongwater vapor absorption
line at 183.31GHz. It is a total power radiometerwith a
3s along-trackscan and an integration time of 100ms for
all � ve channels.The scan geometryallows measurements
both in upward and downward direction at different angles.
The performanceof the instrumentduring the experimentis
given in [12], [15]. The analysis of the data concentrates
on the nominal nadir viewing direction. A broad range of
meteorologicaland navigational instrumentswere operated
aboardtheaircraft includingmeasurementsof air temperature,
humidity, pressureand wind velocity, GPS position, radar
altitude andsurfacetemperaturefrom a thermalinfrared (IR)
radiometer. Furtherdetailsare given in [12]. No in-situ data
of snow cover, snow depth, grain size or ice thicknessis
availablefor the time periodof thecampaign.Observers' logs
and information from a downward- and forward-facingvideo
cameraareavailable.

The analysisof the emissivities concentratedon the direct
nadir viewing geometry. Data from different viewing angles
is available for the � ve �ights over the seaice, which would
show the viewing angledependenceof the emissivities.

I I I . EMISSIVITIES

A. De�nition of emissivity

Before presentingthe calculationof the surfaceemissivity
" s, it is important to carefully de�ne its meaningto avoid
ambiguities.Here,thesurfaceis assumedto bepurelyspecular.
This is consistentwith thetreatmentof theseasurfacein many
emissivity models.However, mostof thesnow andicesurfaces
are close to Lambertian.Furthermore,the surface is neither
(vertically) homogeneousnor isothermal.The net emissionis
a weightedaverageof the emissionandscatteringwithin the
surfacelayer contributing to the signal.

The atmospherebelow the aircraft hasbeenassumedto be
vertically homogeneous.Atmosphericscatteringis neglected
in this studyasno cloudshave beenallowedbelow theaircraft
for the surface observations.The brightnesstemperatureTn

(Fig. 1) receivedat thedownwardlooking radiometerin height
h canbe written as follows:

Tn = Ta + " sTs exp(� � ) + (1 � " s)Td exp(� � ) (1)

The �rst term in (1), Ta, describesthe upwelling atmospheric
emission.The contribution of the surfaceis describedin the
second term by its temperatureTs and emissivity " s and
affected by absorptionin the layer betweenthe surface and
aircraft level. The third term is the downwelling atmospheric
radiation which is re�ected at the surface and affected by
absorptionin the layer below the aircraft, given by the term
exp(� � ). Assumingan isothermallayer with a meantemper-
atureTm andan opacity � , Ta canbe calculatedas

Ta = (1 � exp(� � ))Tm (2)
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Fig. 1. Systematicsketchof thedifferentcontributionsof thesignalmeasured
at the downward looking radiometer

Thedownwelling radiationis measuredat theupward looking
radiometer at height h (Tz in Fig. 1). The downwelling
atmosphericradiation below the aircraft is expressedas in
(2). The part of the radiation measuredat height h has to
be correctedfor the absorptionin the layer below the aircraft
resultingin

Td = Tz exp(� � ) + Ta (3)

Rewriting (1) givesan expressionfor the surfaceemissivity:

" s =
Tn � Ta � Td exp(� � )

(Ts � Td) exp(� � )
(4)

Tn and Tz are directly measuredat the height h above the
surface.Theatmosphericabsorptionandthemeantemperature
of the layer are modeledwith the help of additionalaircraft
data[12], [16]. Thus, the only unknown in (4) is the surface
temperatureTs. The uncertainty in the calculation of " s is
dominatedby the uncertaintyin the atmosphericcorrection.
The uncertaintyin watervapor in the layer below the aircraft
is the main sourceof errors.

B. SurfaceTemperature

Theemissivity calculatedaccordingto (4) dependsstrongly
on the de�nition of Ts. Onepossibility is the useof a surface
skin temperaturederived from an infraredradiometerasused
in [7]. However, microwavespenetratesomedepthinto snow
and seaice. Due to the typical temperaturestructurein sea
ice anddry snow in winter, the effective emitting temperature
is higher than the surface skin temperature.To overcome
the differencein penetrationdepth in the IR and microwave
range of the electromagneticspectrumas well as for the
unknown emissivity in the IR, a methodhasbeendeveloped
to calculateaneffective emittingsurfacetemperaturefrom the
measurementsof the three channelscenteredon the water
vapor absorptionline. The surface emissivity is assumedto
be the same for the three channels.The effective surface
temperatureTeff is calculatedby minimizing a cost function
Fc with respectto the surfacetemperature.The cost function
is de�ned as the sum over the squareddifferencesbetween
theobservednadirbrightnesstemperatures(Tn

OB S ) andthose
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from the radiative transferequation(Tn
RT E ):

Fc =
X

i

(T OB S
n;i � T RT E

n;i )2 i = 1; 2; 3 (5)

where i is the numberof the channelscenteredat the water
vapor absorptionline at 183GHz. T RT E

n;i is the brightness
temperature,givenby (1) using(2) and(3) to obtainTa andTd

[12]. Theresultingeffective temperatureis usedasinput in (4)
to calculate" s. The penetrationdepthat 89GHz and157GHz
is greaterthanat 183GHz. Due to the increasein temperature
within the snow and ice pack during winter, the effective
emitting temperaturefor thesechannelswas higher than the
temperatureretrievedfrom themeasurementsat 183GHz. This
leadsto an underestimationof thesurfaceemissivity for these
channelsascanbe seenfrom (4). Nevertheless,this effective
temperaturewasmuchcloserto the real effective temperature
than the skin temperatureretrieved from IR measurements.

Assumingthe surfaceto be a blackbodyin the IR, typical
differencesbetweentheeffective temperaturecalculatedusing
the above proposedmethodandthe IR skin temperaturefrom
a HeimannIR radiometerwere in the order of 12K over the
compactthick seaice. Typical differencesfor youngice types
were in the order of 5K to 7K. The thermalconductivity of
snow is aboutan order of magnitudelower than the one of
seaice [17]. Due to a lack of informationon the thicknessof
the snow and ice cover or the temperaturepro�le within the
snow pack a quantitative interpretationof the magnitudeof
the differencebetweenthesetwo temperaturesis not possible
for this study.

The proposedmethodis insensitive to scatteringby small
atmosphericice crystalsoften found in the surfaceinversions
(e.g.,[18]), which is dif�cult to correctfor in the IR measure-
ments.

C. Results

Fig. 2 showsanexampleof emissivitiesat 89GHz, 157GHz
and 183GHz for an areaof FY ice. The meanemissivity for
eachfrequency andonestandarddeviation areshown for the
time period given in the title of the �gure. The �ight took
placeon 20 March, 2001. It comprisesdataof about230km
along the �ight track. The datashown herecovers the �ight
track from about82.2� N, 2� E to 83.8� N, 3� W. Additionally,
ahistogramof thedatais shown to theright for eachfrequency
showing thevariability of theobtainedvalues.Thebin sizein
thehistogramis 0.001.Homogeneousareashavebeenselected
from the video tapes.However, the inspectionby eye is not
alwaysclearandsometimesresultsin misclassi�cations.In the
presenceof snow cover, it is dif�cult to give information on
theunderlyingsurfacetype.Themeanemissivity andstandard
deviation of the emissivities aregiven in Table I.

The emissivity decreasesfrom 89GHz to 157GHz and in-
creasesagainat183GHz. A similarbehavior hasbeenreported
by [8] for frequenciesat 89GHz, 150GHz and 220GHz.
Fig. 2 shows a higher variability in the emissivity at 89GHz
comparedto the valuesat 157GHz and183GHz. In general,
the penetrationdepth in snow and seaice is higher at lower
frequencies.Thus,the signal received at 89GHz resultsfrom
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Fig. 2. Spectrumof surfaceemissivity for FY ice. The meanemissivity and
onestandarddeviation areshown. Additionally a histogramof thedatafor the
given time periodis shown in gray for eachfrequency. The datashown here
covers the ¯ight track from about82.2� N, 2� E to 83.8� N, 3� W over¯own
on 20 March, 2001.
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Fig. 3. Spectrumof surfaceemissivity for MY ice. The sameparametersas
in Fig. 2 are shown.Thedatashown herecovers the ¯ight track from about
85.0� N, 30.8� W to 85.0� N, 36.1� W over¯own on 20 March, 2001.
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TABLE I

MEAN EMISSIVITY (MEAN) AND STANDARD DEVIATION (STDDEV) AT

89 GHZ, 157 GHZ AND 183 GHZ FOR THE GIVEN SAMPLES

Ice type 89GHz 157GHz 183GHz
Mean Stddev Mean Stddev Mean Stddev

OpenWater 0.638 0.005 0.712 0.005 0.732 0.007
Nilas 0.956 0.008 0.922 0.015 0.919 0.016
Pancake 0.869 0.027 0.866 0.023 0.873 0.022
FY ice, ¯at 0.819 0.043 0.733 0.036 0.763 0.032
FY ice, ridged 0.746 0.074 0.724 0.053 0.752 0.045
MY ice 0.695 0.072 0.709 0.039 0.740 0.033

layersdeeperin the snow and seaice than for the channels
at 183GHz and, therefore,gets signals from layers which
contributelessor not at all to thesignalof thehigherfrequen-
cies. This explains the higher variability of the emissivities
at 89GHz. Also the greatercontrastin emissivity between
openwaterandpureice at 89GHz will give morevariability.
Some very high surface emissivities, larger than 0.9, have
been calculatedfrom the given data set. Thesevalues are
typical for young ice (Fig. 4). Most probablyareasof young
ice, which have beencoveredby snow, have beenover-�o wn.
As an identi�cation of the ice type below the snow cover is
not possiblefrom visual inspection,thesemeasurementsare
includedin the sampleof FY ice.

Part of the signal resultsfrom the snow layer andnot only
from theseaice. The in�uence of thesnow layer increasesto-
wardshigherfrequencies.Dueto thelow surfacetemperatures
at the time of the observation, the snow is assumedto be dry.
Theeffectof scatteringincreaseswith frequency upto acertain
point. This resultsin a weakening of the emissionof seaice
due to an enhancedscatteringby snow at higher frequencies,
as the extinction by dry snow is typically dominatedby
scatteringprocesses.HaggertyandCurry [8] usedMie theory
to show that the scatteringef�ciency did not increaseabove
150GHz for theconditionsof their experiment.This, together
with the lower penetrationdepth and vertical temperature
gradientin�uencingthe snow metamorphism, would explain
the increasein emissivity above 150GHz.

Fig. 3 shows a secondexampleof thespectrumof emissivi-
ties for thefrequenciesfor anareaof MY ice over�own on the
sameday as for the sampleshown in Fig. 2. The datashown
here covers the �ight track from about 85.0� N, 30.8� W to
85.0� N, 36.1� W. The meanemissivity for the threefrequen-
ciesis generallylower thanfor thesampleof FY ice shown in
Fig. 2. Themeanemissivity at 89GHz is slightly smallerthan
the one at 157GHz (Table I). As for the exampleof FY ice,
the emissivity increasesfrom 157GHz towards183GHz. As
for the sampleof FY ice, the variability of the emissivity at
89GHz is larger thanfor the two higherfrequencies(TableI).

Fig. 4 shows the mean emissivities for several samples
of different surfacetypesobserved during the SEPOR-POLEX

campaignas a function of the frequency. The meanvalues
are connectedby straight lines. Thesestraight lines do not
indicatethat the emissivities may be interpolatedbetweenthe
observation frequencies.The mean emissivity and standard
deviation for the examplesare given in Table I. An increase
with frequency can be seenfor the emissivity of openwater
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Fig. 4. Typical surfaceemissivity for different typesof seaice during the
SEPOR-POLEX campaign

with low values.A distinction of openwater and seaice is
possibleat 89GHz. The emissivity of openwaterat 157GHz
and183GHz shows an overlapwith emissivities of older and
thicker FY ice and especially MY ice. A generaldecrease
of emissivity can be seen for the surface types which are
dominantin themorecentralpartof theArctic. Youngerice as
Nilas andpancake ice, having a higherpercentagein the MIZ,
show a high surfaceemissivity and only a weak dependence
on frequency. Refrozenleadswerequiteoftenobservedwithin
the area of compact sea ice. Areas of younger ice types
with their high surfaceemissivities have a large effect on the
meanemissivity within the �eld of view of the instrument.
The channelat 89GHz shows the largestvariability of values
within eachof the samplesandalsofor the different typesof
seaice comparedto the channelsat 157GHz and 183GHz
(seeTable I).

Fig. 5 and 6 show scatter plots of the emissivities at
183GHzand157GHz, and89GHzand157GHz, respectively.
The emissivities calculatedfrom the runs at low level for all
� ve �ights areshown in theseplotsincludingall surfacetypes.
No averaginghasbeenappliedto thedatashown in theseplots.
Fig. 5 shows the relationbetweenthe two higherfrequencies.
Generally, theemissivity at 157GHz is lower thanat 183GHz,
as has alreadybecomeapparentin Fig. 4. The data show a
clearlinear trendof theemissivities at 157GHz and183GHz.
The coef�cients for a linear �t and the resulting rms error
are given in the �gure. Thus, if the emissivity at 157GHz is
preciselyknown, it is possibleto parameterizethe emissivity
at 183GHz with an rms error of 0.018.The linear correlation
coef�cient is 0.981.If thesurfacetemperaturewereaccurately
known, this would correspondto an uncertaintyin brightness
temperatureat thetop of theatmosphereof about1.4K for the
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Fig. 5. Scatterplot of the emissivities at 157GHz and183GHz for the data
of all low-level runsduring SEPOR-POLEX
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Fig. 6. Scatterplot of the emissivities at 157GHz and89GHz for the data
of all low-level runsduring SEPOR-POLEX

channelat 183� 7GHzin typicalarcticwinter conditions.This
is an encouragingresult for the analysisof satellitedataover
the seaice. The effect of differencesin surfaceemissivity on
theretrieval of, e.g.,atmospherictotal watervaporin thepolar
regions can be reduced[12]. The dataof the SEPOR-POLEX

campaignis only a casestudyand the emissivities calculated
in this studycannotbe assumedto be representative for other
areasor seasonsin the Arctic.

Fig. 6 shows a similar scatter plot for the emissivities
retrievedfor thechannelsat89GHzand157GHz. As expected
from Fig. 4, there is much more scatterand, comparedto
the emissivities at 157GHz and 183GHz, there is no clear
trend, but areasof open water clearly exhibit a different
signatureto ice. The linear correlation coef�cient is 0.730
- smaller than for the caseof the two higher frequencies.
Similarly, estimatingthe emissivity at 89GHz from precise
measurementsat 157GHz would result in an rms error of
0.044. If the surface temperatureis also accuratelyknown,
this correspondsto an uncertainty in a satellite's 89GHz
brightnesstemperatureof about 8.3K typically. The cluster
of low emissivities can be attributed to open water. There
is less variability for higher emissivities than for the lower
rangeof emissivities.High emissivities aretypical for younger
ice types.Theseonly have a weak dependenceon frequency
and show less variability than the examplesof FY ice. The
much higher variability of the emissivities shows the general
dif�culty of accountingfor the emissivity in the retrieval of
atmosphericparametersover the sea ice in this frequency
range.

IV. CONCLUSIONS

A method has been developed to retrieve the emissivity
at 89GHz, 157GHz and 183GHz of sea ice from low-
level �ight during SEPOR-POLEX, accountingfor atmospheric
effectsbelow theaircraft.An effectivesurfacetemperaturehas
beenusedwhich accountsfor thepenetrationof thesignalinto
the seaice andsnow pack.The effective surfacetemperature
can be calculatedfrom the measurementsof three channels
centeredat the watervaporabsorptionline at 183GHz.

The emissivity of the sea ice varies with frequency but
also within an apparentlyhomogeneousarea.The effect of
snow on the seaice is dif�cult to estimatefrom the available
data.For all threefrequenciesa decreasein emissivity is seen
from young towards old (MY) ice. In general,a decrease
in emissivity is seen from 89GHz to 157GHz, while the
emissivity is typically larger at 183GHz than at 157GHz. A
lineartrendof theemissivitiesat157GHzand183GHzis seen
in thedatawhich is anencouragingresultfor theimprovement
of the determinationof atmosphericparametersover the sea
ice usingthesefrequencies.A similar relationshipis not found
for the channelat 89GHz in combinationwith one of the
higher frequencies,suggestingdifferent emission/scattering
mechanismsare important.

These emissivities allow the surface contribution to be
accountedfor in the retrieval of atmosphericparametersover
sea ice from satellite data. This contribution is large, due
to the high surfaceemissivity and typically low water vapor
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burdenin polarregions.Accountingfor thedifferentemissivity
observed at different channelsimproves the retrieval of total
water vapor over sea ice signi�cantly [12]. However, as
the emissivities are highly variable in time and space,the
applicationto satellitedatais still dif�cult.
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