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ABSTRACT

The Tool to Estimate Land Surface Emissivity from Microwave to Submillimeter Waves (TELSEM2) is

linked to a climatology of monthly emissivity estimates and provides a parameterization of the surface

emissivity up to 700GHz, in the framework of the preparation for the Ice Cloud Imager (ICI) on board the

Meteorological Operational Satellite SecondGeneration (MetOp-SG). It is an updated version of the Tool to

Estimate Land Surface Emissivities at Microwave Frequencies (TELSEM; Aires et al. 2011). This study

presents the parameterization of continental snow and ice and sea ice emissivities in TELSEM2. It relies upon

satellite-derived emissivities up to 200GHz, and it is anchored to the Special SensorMicrowave Imager (SSM/

I) TELSEM monthly climatology dataset (19–85GHz). Emissivities from Météo-France and the National

Oceanic andAtmospheric Administration (NOAA) at frequencies up to 190GHz were used, calculated from

the Special Sensor Microwave Imager/Sounder (SSMIS) and the Advanced Microwave Sounding Unit-B

(AMSU-B) observations. TELSEM2 has been evaluated up to 325GHz with the observations of the In-

ternational Submillimeter Airborne Radiometer (ISMAR) and the Microwave Airborne Radiometer

Scanning System (MARSS), which were operated on board the Facility for Airborne Atmospheric Mea-

surements (FAAM) aircraft during the Cold-Air Outbreak and Submillimeter Ice Cloud Study (COSMICS)

campaign over Greenland. Above continental snow and ice, TELSEM2 is very consistent with the aircraft

estimates in spatially homogeneous regions, especially at 89 and 157GHz. Over sea ice, the aircraft estimates

are very variable spatially and temporally, and the comparisons with the TELSEM2 were not conclusive.

TELSEM2 will be distributed in the new version of the RTTOV radiative transfer community code, to be

available in 2017.

1. Introduction

The current passive microwave instruments on board

meteorological satellites are limited in frequencies to

200GHz. The Ice Cloud Imager (ICI), on board the next

generation of European operational meteorological

satellites [EUMETSAT Polar System Second Genera-

tion (EPS-SG)], will observe the frequencies up to

664GHz. It will expand the current capabilities for the

characterization of the cloud frozen phase, but this is

challenging, as the radiative transfer models have not

been fully developed and evaluated yet up to these

frequencies. More specifically, no effort has been made

yet toward the estimation of the surface emissivity at

frequencies above 200GHz.

Under a large range of atmospheric conditions, sat-

ellite observations above 200GHz will not be sensitive

to the surface contribution, due to the increased atmo-

spheric opacity with frequency. However, for dry

atmospheres, a portion of the signal received by

the satellite can come from the surface [see Fig. 1,

which presents the total atmospheric transmission at

nadir, as calculated by the Atmospheric Radiative

Transfer Simulator (ARTS; Eriksson et al. 2011), forCorresponding author e-mail: D. Wang, die.wang@obspm.fr
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five standard atmospheres from the Fast Atmospheric

Signature Code (FASCOD)]. Under dry and cold

conditions, a reliable estimate of the surface emissivity is

necessary to account for the surface contribution and to

perform an accurate retrieval of the atmospheric prop-

erties. Atmospheric transmission at high frequencies

occurs primarily around the poles and at midlatitudes

during winter, even up to 480GHz (Fig. 1).

Physical modeling (e.g., numerical modeling, theo-

retical modeling) of the emissivity of snow and ice at

microwave frequencies is particularly complex, given

the large variety of snow and ice signatures in this fre-

quency range. The interaction between the radiation

and snow/ice involves both volume and surface scatter-

ing, and the mechanisms are very variable in space and

time. A variety of models exists (see Mätzler 2006 for a

review). Four major models are available to the com-

munity: the Community Radiative Transfer Model

(CRTM) from NOAA (Weng et al. 2001), the single-

layer model from the Helsinki University of Technology

(HUT) (Pulliainen et al. 1999), theMicrowave Emission

Model of Layered Snowpack (MEMLS) from the Uni-

versity of Bern [Wiesmann and Mätzler (1999), adapted
by Tonboe (2010) for sea ice], and the Dense Media

Radiative Transfer (DMRT) snow models (Tsang et al.

2007; Picard et al. 2013). However, the need for a de-

tailed description of the snow and ice parameters (e.g.,

the snow grain size distribution, the stratification of the

snow medium, and the quantification of the brine in-

clusion in sea ice) makes it very difficult to provide re-

alistic estimates at continental scales, where such

information is clearly not available. Even if a perfect

model existed, the lack of reliable input parameters

would jeopardize its robustness. Modeling results above

100GHz can be very misleading, as the complexity of

the interaction of the radiation and the surfacemight not

be taken into account at high frequencies. Some efforts

to validateMEMLS have been conducted, with airborne

measurements between 89 and 190GHz (Harlow 2011;

Harlow and Essery 2012). However, even under con-

trolled environments, the modeling of emissivity above

100GHz is very challenging.

Microwave emissivities have also been calculated

directly from satellite observations, removing the at-

mospheric contribution (gas and clouds) and the

modulation by the land surface temperature. This

technique has been applied to conical imagers such as

the SSM/I, the Tropical Rainfall Measuring Mission

(TRMM)Microwave Imager (TMI), and the Advanced

Microwave Scanning Radiometer for Earth Observing

System (AMSR-E) (e.g., Prigent et al. 1997, 2005, 2006;

Moncet et al. 2011) but also to cross-track sounders

such as AMSU (e.g., Prigent et al. 2005; Karbou et al.

2005; Karbou and Prigent 2005). These estimates cap-

ture well the spatial and temporal variabilities of the

emissivities. An analysis of the spectral, angular, and

polarization dependences of these satellite-derived

emissivities was conducted (Prigent et al. 2008), and

led to the development of the Tool to Estimate Land

Surface Emissivities at Microwave Frequencies (TEL-

SEM). TELSEM provides a parameterization of the

emissivity for all observing conditions and for all con-

tinental surfaces, given the surface location and month

in the year, for frequencies from 19 to 90GHz. It is

anchored to a robust climatology of 19–85GHz emis-

sivities, calculated from 15 years of SSM/I observations

(Prigent et al. 2006). Compared to model calculations

(e.g., CRTM), TELSEM provides emissivity estimates

that agree better with satellite observations up to

90GHz, especially over polar regions (Bernardo et al.

2013; Prigent et al. 2015).

Most satellite-derived emissivity studies so far have

focused on the frequency range up to 100GHz, where

the atmospheric transmission is significant. Between

100 and 200GHz, the need for reasonable estimates of

the emissivity at the AMSU, Microwave Humidity

Sounder (MHS), SSMIS, and Advanced Technology

Microwave Sounder (ATMS) window channels around

160GHz has triggered some efforts (e.g., at Météo-
France; Karbou et al. 2014), at NOAA, and at the Met

Office), but they have not been consolidated yet. The

snow and ice emissivities have been estimated from

aircraft observations at AMSU frequencies up to

190GHz, on board the U.K. Facility for Airborne At-

mospheric Measurements (FAAM) aircraft (Hewison

and English 1999; Hewison et al. 2002; Harlow 2009,

2011). These studies confirmed the large variability of

FIG. 1. Total transmission of the atmosphere at nadir, as calculated

with ARTS, for five standard atmospheres from FASCOD.
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the snow, ice, and sea ice emissivities as a function of

ice and snow types.

Here we propose a pragmatic approach to parame-

terize the snow and ice emissivities up to 700GHz. It

aims to provide realistic first-guess estimations in prac-

tical applications. It makes extensive use of the existing

satellite-derived emissivities to provide realistic esti-

mates along with reasonable spatial and temporal vari-

abilities. It relies upon the experience already gained

below 100GHz and upon available emissivity retrievals

up to 200GHz. The methodology, the data sources, and

the parameterization results are presented in section 2.

The International Submillimeter Airborne Radiometer

(ISMAR) instrument is a unique opportunity to docu-

ment the surface emissivity above 200GHz. It has been

designed to operate at the ICI frequencies (Fox et al.

2014, 2016). It flew on the FAAM BAe-146 aircraft

during two campaigns, including flights over Greenland.

The snow and ice emissivity parameterizations are

partly evaluated by comparison with emissivity estima-

tion from the ISMAR observations over Greenland

(section 3). Conclusions are presented in section 4.

2. Parameterization of snow and ice emissivities
above 90GHz

a. The methodology to develop TELSEM2

The satellite-derived estimates provide realistic

emissivity estimates for all continental surface types at

the global scale, along with their annual dynamics. So

far, consistent, long-term, and robust land surface

emissivity estimates have been calculated up to 90GHz.

At higher frequencies, some datasets exist, but they

need to be carefully analyzed and consolidated. As a

consequence, the basis of the emissivity parameteriza-

tion up to 700GHz is our SSM/I-derived TELSEM

emissivity dataset between 19 and 85GHz (Prigent et al.

2006). From this dataset, two subsequent processing

steps need to be conducted to develop the new Tool to

Estimate Land Surface Emissivity from Microwave to

Submillimeter Waves (TELSEM2):

d extrapolate the dataset to higher frequencies
d provide a parameterization of the emissivity variation

with incidence angle and polarization

To complement the SSM/I TELSEM emissivity da-

tabase above 100GHz, the Météo-France and the

NOAA emissivity calculations up to 190GHz help

characterize the emissivity frequency dependence at

high frequencies. Satellite-derived emissivities at fre-

quencies above 100GHz are often considered prob-

lematic, due to the increasing atmospheric contribution

in the signals. However, the surface types of interest

here are also the ones that are the most reliably esti-

mated from the satellite observations, for reasons of low

atmospheric water vapor contamination. The frequency

dependence of the emissivities above 100GHz is ana-

lyzed, based on a joint analysis of the SSM/I TELSEM

database, the SSMIS, and the AMSU-B Météo-France
estimates, and the SSMIS NOAA emissivities.

In terms of angular information above 100GHz,

SSMIS and all other imagers provide information only

around 538. For cross-track scanners such as AMSU-B,

a large range of incidence angles are observed, and

the statistics for a given location and angle are limited:

the AMSU-B-derived emissivities are often aggre-

gated at larger incidence angles. Météo-France pro-

vides the averaged emissivity for two ranges of angles

[small angles (,308) and large angles (.308)], whereas
in the NOAA Management Information Retrieval

System (MIRS) process, the angular dependence is

not provided in the final emissivity product. In terms

of polarization, the cross-track scanners such as

AMSU-B measure a mixed polarization. At 538, there
is an exact equal mix of vertical and horizontal

polarization. Before the launch of the Global Pre-

cipitation Measurement (GPM) mission in February

2014, the only imager that measured both polariza-

tions above 100GHz was the Microwave Analysis

and Detection of Rain and Atmosphere Structures

(MADRAS) microwave imager on board the French–

Indian Megha-Tropiques mission. However, it cov-

ered only the tropical latitudes and as a consequence

did not observe the cold surfaces of interest here. The

GPM Microwave Instrument (GMI) now provides

dual-polarization measurements at 166GHz, but work

on land surface emissivities from this instrument is still

to be done. The angular and polarization dependences

have been carefully analyzed up to 100GHz during the

TELSEM development and a parameterization of

these dependences has been suggested (see Aires et al.

2011 for more details). Here, given the lack of infor-

mation, we assume that these angular and polarization

dependences are also valid for higher frequencies.

This is a rather crude hypothesis, but it is not possible

to constrain a more realistic parameterization with

the available information at this stage. Note that at

Météo-France, only two angle ranges are considered

(small and large angles), and that, in the NOAA/MIRS

processing of the sounding instrument (i.e., AMSU-A/B

and MHS), the emissivities’ empirical orthogonal func-

tions (EOFs) are assumed constant with angle for all

surface types.

In the following, the satellite-derived emissivity datasets

used in the development of the parameterization of the

high frequency (TELSEM2) are briefly described, and
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their consistency is evaluated for their common fre-

quency range around 90GHz. Then, a parameterization

of the emissivity frequency dependence is proposed, for

each surface type.

b. The satellite-derived emissivity sources

Under clear-sky conditions, assuming specular re-

flection, the radiative transfer equation, from either a

satellite or an aircraft, can be written as

T
bp
5T

s
3 «

p
3 e2t(0,H)/m 1 (12 «

p
)T

d
3 e2t(0,H)/m 1T

u
.

(1)

The three terms stand for surface emission, down-

welling atmospheric emission after reflection by the

surface, and upwelling atmospheric emission, re-

spectively. In Eq. (1), Tbp is the observed brightness

temperature by the radiometer for polarization p; Ts is

the surface skin temperature; «p is the surface emissivity

for polarization p; t is the atmospheric opacity; H is the

sounder altitude;m is the cos(u), where u is the incidence

angle; Tu is the upwelling brightness temperature from

the atmospheric contribution only; and Td is the down-

welling brightness temperature at the surface. See

Prigent et al. (1997) for more details.

The surface emissivity can be deduced using

«
p
5

T
bp
2T

u
2T

d
3 e2t(0,H)/m

e2t(0,H)/m 3 (T
s
2T

d
)

. (2)

Table 1 provides a summary of the satellite-derived

emissivity estimates directly used in this study.

1) SSM/I-DERIVED EMISSIVITIES AND TELSEM

Our main source of information is the SSM/I-derived

emissivity estimates (Prigent et al. 1997, 2006) at 19,

22, 37, and 85GHz, calculated using ancillary data,

including the International Satellite Cloud Climatol-

ogy Project database (Rossow and Schiffer 1999) and

atmospheric reanalysis from NOAA National Centers

for Environmental Prediction (NCEP; Kalnay et al.

1996). Both orthogonal polarizations are available at

538 incidence angle (except at 22GHz). The calcula-

tions are performed over 15 years, including the sea ice

emissivities. Note that the sea ice surfaces were not

included in the first version of TELSEM. The dataset is

available on an equal-area grid of 0.258 3 0.258 at the
equator, and monthly mean values are used here. With

the help of AMSU-A- and TMI-derived emissivities,

TELSEM, which is an emissivity parameterization for

all incidence angles and for both orthogonal polariza-

tions, has been developed (Aires et al. 2011).

2) SSMIS AND AMSU-B EMISSIVITIES FROM

MÉTÉO-FRANCE

Based on the emissivity inversion in Eq. (2), emissiv-

ities have been calculated at Météo-France from dif-

ferent sensors (Karbou et al. 2006). Short-range forecast

temperature and humidity profiles are used as inputs to

the Radiative Transfer for the Television and Infrared

Observation Satellite (TIROS) Operational Vertical

Sounder (RTTOV) model to compute the atmospheric

contribution to themeasured radiances. In this study, we

use the AMSU-B and SSMIS estimates. Calculations

are performed only if the atmospheric transmission is

above 0.5. The AMSU-B emissivities are calculated at

89, 150, and 183GHz, and are averaged for both low

(,308) and high (.308) incidence angles for a mixture

of vertical (V) and horizontal (H) polarizations. The

SSMIS emissivities are calculated at 538 incidence angle
at 19, 37, and 91GHz for both the V and H polariza-

tions, and at 150 and 183GHz for the H polarization

(the instrument does not measure the V polarization at

these frequencies). One year (2014) of monthly mean

TABLE 1. Characteristics of the satellite-derived emissivity datasets used in this analysis. Note that theNOAA/MIRS retrieves the first five

EOFs with SSMIS observations. Freq. is frequency; spatial res. is spatial resolution.

Dataset Sensor Surface type Freq. (GHz)

Angle,

polarization Spatial res.

Temporal

sampling

Temporal

cover

TELSEM SSM/I Continents 1
sea ice

19, 37, 85 538, V 1 H 0.2583 258 Monthly mean Climatology

Emissivity

NOAA/MIRS

SSMIS All surfaces 19, 37, 91, 150, 183 538, V 1 H

(,100GHz),

H (.100GHz)

0.2583 258 Each satellite

overpass

March 1
October 2014

Emissivity

Météo-France
AMSU-B Continents 89, 150, 183 Small and large

angles separately,

with mixed polar.

0.2583 258 Monthly mean 2014

Emissivity

Météo-France
SSMIS Continents 19, 37, 91, 183 538, V 1 H

(,100GHz),

H (.100GHz)

0.2583 258 Monthly mean 2014
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FIG. 2. The emissivity around 90GHz at H polarization as calculated from the different groups in March, for the

(left) North Pole and (right) South Pole. (top) SSM/I (85GHz) from TELSEM, (middle) SSMIS (91GHz) from

Météo-France, and (bottom) SSMIS (91GHz) from NOAA/MIRS.
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estimates for both AMSU-B and SSMIS, with a 0.258 3
0.258 spatial resolution, has been calculated and used

here. Preliminary analysis of the SSMIS dataset showed

that the emissivities at frequencies greater than 150GHz

were problematic for the F16 and F17 satellites due to

reflector emissions on these spacecraft. The F18 space-

craft did not exhibit an emissive reflector; however,

the 150-GHz channel failed, while the F19 reflector

was recoated and as a result did not exhibit this behavior

(S. Swadley, NRL, 2016, personal communication).

3) SSMIS EMISSIVITY FROM NOAA/MIRS

At NOAA’s National Environmental Satellite,

Data, and Information Service (NESDIS), a 1DVAR

retrieval algorithm named MIRS (Boukabara et al.

2011) is run to estimate the surface emissivity and the

surface temperature systematically, along with the at-

mospheric parameters (humidity and water vapor

profiles, cloud and rain quantities), from most opera-

tional microwave instruments (i.e., AMSU-A/B, MHS,

and SSMIS). We concentrate on the SSMIS estimates,

as it provides emissivities up to 183GHz with a scan-

ning angle similar to SSM/I. NOAA/MIRS retrieves

the first five EOFs with SSMIS observations. The

original EOF basis functions were computed offline,

with separate sets for each of the four major surface

types (ocean, sea ice, land, and snow-covered land)

treated by NOAA/MIRS. The data are available from

the NOAA’s Comprehensive Large Array-Data

Stewardship System (CLASS), on an orbit basis and

the swath geometry. As already mentioned, the SSMIS

150- and 183-GHz channels had a known contribution

from reflector emission on the F16 and F17 missions.

However, with the NOAA/MIRS retrievals based on

EOFs, some information were still extracted at this

frequency, except for the F18 mission.

4) SATELLITE-DERIVED EMISSIVITY

COMPARISONS AROUND 90GHZ OVER THE

POLES

Observations around 90GHz are available for both

polarizations close to 508, from all three groups

(85GHz from SSM/I from TELSEM, and 91GHz from

SSMIS from Météo-France and NOAA/MIRS). The

frequency dependence of the emissivities being lim-

ited, the emissivities at these different frequencies are

expected to be very close (Prigent et al. 2008). The

consistency of the three datasets is checked in this

frequency domain. Figure 2 shows the emissivities

estimated around 90-GHz H polarization in March

over the two poles from TELSEM, Météo-France,
and NOAA/MIRS. The three emissivity datasets

show very similar spatial structures (linear spatial

correlation of 0.85 between TELSEM and Météo-
France, and 0.76 between TELSEM and NOAA/MIRS;

similar values are calculated for the V polarization).

The histograms of the emissivities are presented for

the same month, for the two poles, and at both polari-

zations, close to 90GHz (Fig. 3). For the V polarization

(H polarization), the mean difference is 0.022 (0.015)

with a standard deviation of 0.025 (0.031) between

TELSEM and Météo-France, and the mean difference

is 20.005 (0.027) with a standard deviation of 0.053

(0.035) between TELSEM and NOAA/MIRS. Com-

pared to the differences observed between satellite and

model estimates over these surface types (mean dif-

ferences of 0.048 (0.091) with a standard deviation

of 0.063 (0.079) in polarization V (H); see Table 1 in

Prigent et al. 2015], the differences here are limited.

Part of the differences between the estimates is linked

to the fact that TELSEM represents a monthly clima-

tology and that snow and ice areas can show significant

variability from one year to the other. Other differences

can come from differences in surface temperature as-

sumptions, as well as in the estimation of the atmo-

spheric contribution.

c. Parameterization of frequency dependence of the
continental snow and ice emissivity

The emissivities of continental snow and ice have

been estimated by all three groups (TELSEM, Météo-
France, and NOAA/MIRS). To ease the analysis of the

frequency dependence, the continental snow and ice

emissivities from TELSEM (from 19 to 85GHz) are

classified, using a k-mean method with six classes. The

result of the classification is presented in Fig. 4 for

January and July. Note that the classes have been or-

dered, to provide some continuity from a class to the

FIG. 3. Histograms of the emissivity around 90GHz as calculated

from the different groups (TELSEM, Météo-France, and NOAA/

MIRS) in March over the poles for both polarizations (V in black,

H in red). Sea ice surfaces are excluded.
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next, and to facilitate the interpretation. Classes 1–3

correspond mainly to snow regions, whereas classes 4–6

are essentially present over continental ice in Antarctica

and Greenland. There are limited changes from January

to July in Antarctica, slightly more in Greenland. The

corresponding frequency dependence for each class is

indicated in Fig. 5 (in black). Classes 1–3 show a de-

crease of the emissivity with frequency, related to in-

creasing scattering in the snowpack. From classes 1 to 3,

snow is getting dryer and thicker, with increasing snow

grain size. Class 1 is located mostly around the mid-

latitudes, where the snow can be wet and shallow. Class

3 corresponds to very dry and thick snowpack, with large

grain sizes that induce strong scattering around 90GHz.

For classes 4–6, the emissivities tend to increase with

frequency, especially for the H polarization. A detailed

analysis of the sensitivity of the emissivity to the snow

parameters has been proposed by Cordisco et al. (2006)

based on the SSM/I-derived emissivities as well.

The frequency dependence of the emissivity is now

compared to the results from Météo-France and

NOAA/MIRS emissivity estimates. For each month,

each location belongs to a class following the clima-

tologically based TELSEM classification. The NOAA/

MIRS and Météo-France emissivities are grouped by

classes, based on only their geographical location and

month, following the TELSEM classification. The av-

eraged frequency dependence per class is calculated

and shown in Fig. 5, for the three databases. The

SSMIS and SSM/I estimates correspond to the same

geometry (538 incidence angle), and SSMIS measured

only the H polarization at high frequencies. For the

AMSU-B estimates, an average of all large angles (.308)
and an average of the V and H polarizations (the

FIG. 4. Results of the continental snow and ice emissivity k-mean classification from SSM/I TELSEMover the (top)

North Pole and (bottom) South Pole in (left) January and (right) July. Six classes are used.
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case for 538 incidence angle) are presented here. The

results show a very similar frequency dependence for

TELSEM and NOAA/MIRS up to 90GHz, but with a

significantly lower value of NOAA/MIRS with respect

to TELSEM for both polarizations (larger for the H

polarization), for all classes except class 6, where the

agreement is quite good. The SSMIS Météo-France
estimates are very close to SSM/I TELSEM estimates at

19 and 37GHz, but for most classes, the estimates

around 90GHz differ significantly, with lower emis-

sivities obtained with SSMIS. The 89-GHz AMSU-B

estimates from Météo-France are very close to the

SSMIS estimates at V polarization from both Météo-
France and NOAA/MIRS. This is not expected, since it

should be close to the average of the V and H polariza-

tions. For classes 4–6, the 89-GHz AMSU-B estimates

are very close to the average of the V andH polarizations

of the SSM/I TELSEM emissivities. The SSMIS esti-

mates from NOAA/MIRS and Météo-France agree

reasonably well around 90 and 183GHz, with a rather

limited frequency dependence between these two

frequencies. Part of the differences in behaviors is

due to the time mismatch between these datasets:

TELSEM is a monthly mean climatology over 15

years, whereas Météo-France and NOAA/MIRS are

representative of one year (2014). Other sources of

discrepancies can come from the differences in the

surface temperature used by the emissivity estimates,

the differences in the water vapor, and calibration

issues between the instruments. In addition, the

TELSEM and Météo-France emissivities are repre-

sentative of clear-sky scenes only, whereas NOAA/

MIRS processes all pixels, clear and cloudy. From

this analysis, it is concluded that the frequency

FIG. 5. Frequency dependence of the snow and ice emissivities, for different classes, for SSM/I TELSEM, SSMIS NOAA/MIRS, and

AMSU-B and SSMIS Météo-France.
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dependence of the continental snow and ice emissivi-

ties is limited, and the emissivities are assumed con-

stant for frequencies above 85GHz (equal to the

85-GHz emissivity) for both the V andH polarizations.

d. Parameterization of the frequency dependence of
the sea ice emissivity

Depending on its type (new ice, first-year ice, or

multiyear ice), sea ice exhibits various emissivity be-

haviors, related to differences in dielectric and scat-

tering properties. With age, the ice thickness increases,

its salinity decreases, and the potential snow cover

changes. These sea ice emissivities were not included in

the first version of TELSEM, and the database is first

updated to add the sea ice component. The presence of

sea ice is derived from the National Snow and Ice Data

Center (NSIDC) analysis. Similar to the treatment of

the continental snow and ice, a classification is applied

to the monthly mean climatological emissivities, with a

k-mean classification with six classes. The result of the

classification is presented in Fig. 6 for the two poles in

January and July.

Over sea ice, the Météo-France emissivity estimates

are not available above 100GHz, so we rely on the

SSMIS NOAA/MIRS estimates for the frequency

extrapolation of the emissivities. The SSMIS NOAA/

MIRS emissivities are grouped by class, following the

SSM/I TELSEM classification for each location and

month (as for continental snow and ice). The averaged

frequency dependence per class is calculated and

shown in Fig. 7, as compared to the SSM/I TELSEM

results (only the H polarizations are measured at high

frequencies with SSMIS). Class 1 corresponds to the

presence of new sea ice likely mixed with open water:

FIG. 6. Results of the sea ice emissivity classification from SSM/I TELSEM over the (top) North Pole and (bottom)

South Pole in (left) January and (right) July.
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it is associated with low emissivities at low frequen-

cies, the emissivity increases with frequency, and this

class is present at the ice edge. Classes 2 and 3 are also

associated with recent ice, with increasing emissivities

at low microwave frequencies. The three other classes

have very different emissivity behaviors, with rather

high emissivities at low frequencies and decreasing

emissivities with frequencies within this frequency

range. These classes are located closer to the poles.

The emissivity decrease with increasing frequency is

related to scattering mechanisms over large particles.

One immediately notices that there are significant

systematic differences between the SSM/I and the

SSMIS results, with the SSMIS emissivities generally

lower than the SSM/I TELSEM emissivities. How-

ever, it is very reassuring to observe that the frequency

dependences are very similar for the two estimates

below 100GHz, with close to parallel behaviors in

frequencies for both polarizations. The first three

classes show a monotonic increase of the emissivity

with frequency. For classes 5 and 6, the emissivities

decrease below 90GHz but increase slightly after

90GHz. This behavior has also been observed from

aircraft measurements over multiyear ice (see Hewison

and English 1999). As stated above, MIRS can re-

trieve an emissivity at 150GHz via EOF with the in-

formation at 89 and 183GHz, even if there is no

measurement (bad channel). Whether it should actually

be used in this case is questionable, since the retrieval

cost function will not include any radiometric penalty

term at 150GHz.

To provide an idea of the variability of behaviors in

the SSMIS dataset, Fig. 8 presents the frequency de-

pendence of a few randomly selected pixels in the

FIG. 7. Frequency dependence of the emissivity per sea ice class, for bothV andH polarizations, from SSM/I TELSEM (black) and SSMIS

NOAA/MIRS (blue). The suggested extrapolation of the SSM/I TELSEM is indicated in red.
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database for each class. The mean behavior as ob-

tained above is also added (thick solid black line). As

expected, there is a significant variability of behavior

within a class as specified by the SSM/I TELSEM cli-

matology, but there is nevertheless a rather good

consistency within a class. Because of factors such

as matching instantaneous values to a climatology,

some pixels are clearly assigned to the wrong class, this

can be seen in many of the pixel groupings, such as

classes 4 and 5.

As a consequence, for the extrapolation of the

emissivities in frequency, we suggest adopting different

strategies for the first three classes and for the last three

ones. For the first three classes, we propose to adopt

the same frequency dependence as the one obtained

with SSMIS, corrected from the bias around 85GHz. In

the absence of any information for the V polarization,

the same frequency dependence is applied to both V

and H polarizations: this is also justified by the rather

parallel behavior of the two polarizations between 37

and 85GHz. For these first three classes, the ratio of

the emissivity versus frequency slopes between 150 and

85GHz and between 85 and 37GHz is assumed con-

stant for a given class, as well as the ratio of the emis-

sivity versus frequency slopes between 183 and

150GHz and between 150 and 85GHz. This hypothesis

appears to be a reasonable and pragmatic approach at

this stage, considering the limited information at our

disposal. Above 183GHz, the emissivity is assumed

constant with frequency. Occasionally in the database,

the emissivity does not increase with frequency be-

tween 37 and 85GHz for these three classes. In these

cases, the emissivity is assumed constant above

85GHz. For the last three sea ice classes, the frequency

dependence above 100GHz is limited, and a conser-

vative approach is adopted: the emissivities are

FIG. 8. Frequency dependence of the SSMIS NOAA/MIRS emissivities, for a few randomly selected pixels per sea ice class (for H

polarization only, as V polarization is not available at high frequencies). The mean behavior is indicated with a thick black line.
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assumed constant with frequencies above 85GHz. The

resulting extrapolation is presented in red in Fig. 7 for

each class.

3. Evaluation of the emissivity parameterization
with airborne observations

The ISMAR instrument has been tested and operated

in two field campaigns out of Prestwick, Scotland, on

December 2014 and March 2015, on board the FAAM

BAe-146 research aircraft. The Microwave Airborne

Radiometer Scanning System (MARSS) complements

the ISMAR on board this aircraft, with channels at 89,

157, and 183GHz.

The emissivity can be directly calculated from the

ISMAR and MARSS observations for each frequency,

polarization, and scan angle with Eq. (2), taking into

account the atmospheric contribution and the surface

temperature. The airborne-derived emissivities are

compared to the new emissivity parameterization

TELSEM2. We are fully aware of the limited scope of

the exercise, with only a few flights available, and limited

atmospheric and surface conditions.

a. The aircraft radiometers

ISMAR is an along-track scanning radiometer with

five channels in the oxygen line at 118.75GHz, three

channels near the water vapor lines at 325.15 and

448GHz, and two window channels at 243.2 and

664GHz. The two window channels have two orthogo-

nal polarizations that rotate with scan angle, giving both

V and H polarizations in the 1508 downward view. It is

the same for the other channels, but only V polarization

is given in the1508 downward view (Fox 2015; Fox et al.

2016). The instrument is calibrated against two black-

body targets, one at ambient temperature and the other

one heated. The instrument viewing angles are

between 1558 and 2108 downward and between 1108
and 2408 upward.
MARSS is also an along-track scanning radiometer. It

observes in five channels corresponding to AMSU-B,

including two window channels (89 and 157GHz) and

three channels near the water vapor line (183.31GHz).

Each scan takes 3 s, with scene views from2408 to1408,
and two views of the blackbody targets. A single linear

polarization is measured in each channel, and the po-

larization rotates with scan angle. See Hewison (2006)

for more details. The channel specifications for both

instruments are listed in Table 2.

b. The COSMICS campaign

The Cold-Air Outbreak and Submillimeter Ice

Cloud Study (COSMICS) campaign took place be-

tween 4 and 25 March 2015 from Prestwick with fights

up toGreenland. Two flights (B896 and B898) from this

campaign are of special interest for emissivity calcula-

tions over snow and ice: they provide level runs suitable

for surface emissivity calculation, under dry and rather

TABLE 2. Channel characteristics of the ISMAR and MARSS instruments, including their frequencies, bandwidth (BW), instrument

noise (measured NetDT on liquid nitrogen–cooled target over 60 s, from Fox et al. 2016), polarization, field-of-view (FOV) angle (full

width at half maximum), andmain spectral features. The polarizations indicated here are the polarizations in the1508 downward view for

all the channels. The Microwave Imager (MWI) is an instrument on board the MetOp-SG as ICI.

Instrument (GHz) Center freq. (GHz) Freq. offset (GHz) BW (GHz) NetDT (K) Polarization FOV (8) Spectral feature

MARSS (MWI) 89 6 1.1 0.65 0.42 Mixed 12.0 Window

5 3 ISMAR (MWI) 5 3 118.75 6 1.1 0.4 0.4 5 3 V 5 3 ,3.8 5 3O2

6 1.5 0.4 0.4

6 2.1 0.8 0.3

6 3.0 1.0 0.3

6 5.0 2.0 0.3

MARSS (MWI) 157.0 6 2.6 2.6 0.69 H 11.0 Window

3 3 MARSS (ICI) 3 3 183.31 6 1.0 0.45 0.64 3 3 H 3 3 6.2 3 3H2 O

6 3.0 1.0 0.44

6 7.0 2.0 0.35

2 3 ISMAR (ICI) 2 3 243.2 6 2.5 3.0 0.3 V 2 3 ,3.6 2 3 window

0.4 H

3 3 ISMAR (ICI) 3 3 325.15 6 1.5 1.6 1.6 3 3 V 3 3 ,3.6 3 3H2 O

6 3.5 2.4 0.7

6 9.5 3.0 1.1

3 3 ISMAR (ICI) 3 3 448.0 6 1.4 1.2 1.1 3 3 V 3 3 ,3.6 3 3H2 O

6 3.0 2.0 1.6

6 7.2 3.0 2.8

2 3 ISMAR (ICI) 2 3 664.0 6 4.2 5.0 3.3 V 2 3 ,3.8 2 3 window

1.3 H
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clear conditions. The two flights started from Iceland

and aimed at the Greenland summit, with B898 east of

B896. Figure 9 indicates the two flight patterns and the

flight altitudes. The atmospheric background during

these flights is also presented in Fig. 9. The Greenland

surface temperature was around 230K, and the water

vapor content was less than 1 kgm22.

Figures 10 and 11 present the observed brightness

temperatures (TBs) at zenith and nadir, respectively, for

flight B896, along with corresponding radiative transfer

simulations. From Iceland to Greenland, flight B896

overpassed sea ice on its way toward the Greenland

summit and then flew back to Iceland (Fig. 9). The air-

craft flew much closer to the surface on its way back to

Iceland. Some clouds were present during that flight

(Fig. 9), with some expected effects, especially at high

frequencies. Note that, according to the lidar measure-

ments during this flight (not shown), ERA-Interim was

overestimating cloud cover: it was clear over the summit

plateau, as well as during flight B898. For B896, there

was no cloud presence below the aircraft between 13.8 h

(;68.58N) and 16.2 h (close to the coast). For B898,

there was high cloud below the aircraft until about 13.3 h

(69.58N), after which it was clear until 15.4 h (708N).

The atmospheric radiative transfer is simulated with

ARTS (Eriksson et al. 2011). The Rosenkranz (1998)

and Rosenkranz and Staelin (1998) models are selected

for water vapor and oxygen, respectively. The atmo-

spheric profiles are extracted from the closest in space

and time ERA-Interim profiles at 0.1258 3 0.1258 spatial

FIG. 9. (a) The flight track of flights B896 (black) and B898 (gray) back and forth from Greenland. (b) The flight

altitudes as a function of the observation time. (c) The surface skin temperature, (d) integratedwater vapor content,

(e) 10-mwind speed, and (f) fraction of total cloud from the ERA-Interim database as a function of the observation

time during these two flights. Flight B896 (B898) started from island at 1237 (1201) UTC, reached its destination at

1447 (1430) UTC, and came back to the island at 1741 (1630) UTC.
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resolution. The pitch, roll, and orientation angles of the

aircraft are taken into consideration in the simulations.

A clear-sky condition is assumed for all the simulations.

In general, the upward-looking simulated and ob-

served brightness temperatures are in rather good

agreement, although there are some discrepancies

(Fig. 10). Between 16.2 and 16.5 h, the aircraft was close

to the surface, and the differences are likely due to cloud

presence above the aircraft, which is not included in the

simulations. This effect is less pronounced in channels

close to the center of the absorption lines and at much

higher frequencies (448 and 664GHz) where the atmo-

sphere is opaque and radiates at a similar temperature to

the cloud. Between 15 and 15.4 h, the differences are

larger in channels sensitive to water vapor absorption

and are thought to be caused by errors in the ERA-

Interim water vapor profile used in the simulations.

Note that neither of these discrepancies will affect the

retrieval of emissivity during low-level flight, since the

observed downwelling brightness temperature is used in

Eq. (2). At 243.2GHz, the observations are warmer than

the simulations, particularly at high altitudes, and there

is some difference between the two polarizations, which

is not expected under clear-sky conditions. A similar

effect is seen in the oxygen absorption band at 118GHz,

where the difference between the model and simulation

increases when moving away from the absorption line

center. These differences are thought to be caused by

detector nonlinearity, but they should not significantly

affect the emissivity retrievals, as they are most pro-

nounced at high altitudes where the downwelling

brightness temperature at the surface is dominated by

emission from the atmosphere between the aircraft and

the surface.

For the downward-looking views (Fig. 11), a large

spatial variability is noticed up to ;14h. This corre-

sponds to the overflying of coastal regions with large

spatial variability (sea ice, fjord, and mountainous

areas). After 14 h, the aircraft overflew the Greenland

Plateau and the TBs are smoother, especially at window

frequencies. The downward-looking TBs have been

simulated with two assumed surface emissivities: 0.5 and

FIG. 10. The ISMAR andMARSS upward TB observations for all channels as a function of the observation time

for flight B896 at zenith (dotted lines). The TB simulations by ARTS are also presented (solid lines). Flight B896

started from Greenland at 1237 UTC, reached its destination at 1447 UTC, and came back to the island at

1741 UTC.
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0.9. At 448GHz and above, it is evident that there is no

sensitivity to the emissivity, both on the way to and from

Greenland: the two simulations of the down-looking

TBs are identical, despite the large difference in emis-

sivity. As a consequence, it is not possible to estimate the

emissivity from the observations at 448GHz and above.

c. Emissivity calculation over Greenland from the
aircraft observations and comparison with
TELSEM2

In the case of the aircraft observations, in Eq. (2), Tbp

is the upward brightness temperature measured by

ISMAR or MARSS. The downwelling brightness

temperature Td is calculated at the surface using a

combination of the upward-looking aircraft observa-

tions down to the aircraft altitude and simulations

based on ERA-Interim database below the aircraft.

The upwelling brightness temperature Tu and the up-

welling atmospheric emission t are estimated with

ARTS, using the ERA-Interim database. The surface

temperature Ts is taken from the ERA-Interim data-

base. For flight B896, Ts has been estimated from air-

craft instrumentation at the Met Office: the emissivity

calculations are tested with these different Ts.

The TELSEM2 estimates are systematically compared

to the aircraft-derived emissivities. The only inputs to

TELSEM2 are the latitude and longitude of the point, the

month of observation, and the observing conditions

(frequency, incidence angle, and polarization). Figure 12

presents the TELSEM2 emissivities in the region for

frequencies up to 325GHz, at 408 for both sea and con-

tinental ices, along with the flight patterns for B896 and

B898. The TELSEM2 emissivity shows a significant spa-

tial variability, especially close to the coast both over sea

and continental ices. This is to be compared with the

aircraft observations, keeping in mind that the spatial

resolution of TELSEM2 is poor compared to the aircraft

footprint. In these areas of marginal sea ice onMarch and

in coastal region with significant topography, the com-

parison is expected to be challenging.

FIG. 11. The ISMAR and MARSS downward TB observations for all channels as a function of the observation

time for flight B896 at nadir (solid lines). The TB simulations are also presented for the window channels for a fixed

surface emissivity of 0.5 (dashed lines) and 0.9 (solid lines). The surface skin temperatures from the ERA-Interim

database are indicated in black. Flight B896 started from Greenland at 1237 UTC, reached its destination at

1447 UTC, and came back to the island at 1741 UTC.
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Figure 13 shows the aircraft-retrieved emissivities at

08, as a function of latitude for the window channels (89,

157, and 243GHz) and the channels farthest from the

absorption line centers (118 6 5, 183 6 7, and 325 6
9.5GHz). The top (bottom) two rows present the

emissivities calculated on the way to (from)Greenland.

Sea ice is present from 678 to 688N in latitude; the rest of

the transect is over continental ice. The TELSEM2

emissivities are also presented for comparison, for the

same frequencies, incidence angles, and polarizations.

Over sea ice (from 678 to 688N), the aircraft-retrieved

emissivities show a very large variability. On the way to

Greenland, it is likely due to the natural spatial vari-

ability of the sea ice that is expected to be high, but on

the way back from Greenland, a poor temperature

separation between the calibration targets is suspected,

inducing an increased noise in the retrievals during this

section of the flight. At 325GHz, the estimates between

678 and 68.58N are very noisy, especially on the way

back from Greenland: this is due to the lack of sensi-

tivity to the emissivity in this region (see the simula-

tions in Fig. 11, with the two different emissivities, 0. 5

and 0.9, that provide very similar brightness tempera-

tures). Over continental ice, from 698 to 738N, the

agreement between the TELSEM2 and the aircraft

estimates is good at 89GHz but degrades at higher

frequencies. Beyond 718N, the differences between the

aircraft retrievals and TELSEM2 may be induced by

two reasons. The first reason may be related to the

errors in ERA-Interim water vapor profile as discussed

in Fig. 10. The second one maybe related to our hy-

pothesis made in TELSEM2, assuming that the surface

emissivity is constant at frequencies higher than

90GHz. Beyond 718N, the region is associated with

class 5 (continental ice). The emissivity increases

slightly between 89 and 183GHz for H polarization

(see Fig. 5). Therefore, it is possible that TELSEM2

underestimates the surface emissivity for this type of

continental ice between 89 and 183GHz. In addition,

some spatial structures in the emissivity retrieval that

are visible at 708N at 243GHz are clearly not present at

89GHz, either in the emissivity retrieval or in the

TELSEM2 estimates. This could be related to some

specific snow and ice conditions that would induce

emissivity changes at higher frequencies. These signa-

tures are missed by TELSEM2, which is anchored to

emissivity estimates below 100GHz, with limited reli-

able satellite-derived emissivity retrievals at frequen-

cies above 100GHz. Overall, the spatial variability is

captured by TELSEM2, despite the fact that TELSEM2

is based on a monthly climatology.

Over ice (sea and continental), the surface tempera-

ture is subject to large errors, which will cause errors in

emissivity retrieval. The Met Office retrieved and

FIG. 12. B896 (black) and B898 (gray) flight patterns back and forth from Greenland, superposed onto the TELSEM2 emissivities

estimated at 408 for ISMAR andMARSS frequencies up to 325GHz, for both sea and continental ices. The polarizations indicated in the

titles are the polarizations in the 1508 downward view for these channels.
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analyzed the surface temperature estimated by several

methods, directly from the aircraft estimates for flight

B896. It includes infrared retrieval from the Advanced

Remote-Sensing Imaging Emission Spectrometer

(AIRES; Wilson et al. 1999), as well as estimates from

an infrared Heimann sensor. Figure 14 shows the results

from this work on the way from Greenland. Notice the

large Ts gradient between 688 and 708N, along with the

large difference between the aircraft estimates and

the ECMWF Ts. This is likely partly related to the spa-

tial resolution differences between these estimates, in an

area of large spatial heterogeneity (fjords and moun-

tains). The Ts differences can be large between the Ts

estimates, up to 10K even between aircraft estimates.

FIG. 13. The retrieved emissivity fromMARSS and ISMAR observations for flight B896 as a function of latitude at 08 scan angle for 89,

118 6 5, 157, 183 6 7, 243, and 325 6 9.5GHz. (top two rows) on the way to Greenland. (bottom two rows) On the way back from

Greenland. The results from TELSEM2 in March at 08 are shown for comparison. (h, top) The flight altitude and (h, bottom) the altitude

difference between the aircraft and the surface. On the x axis, the solid black line indicates the presence of sea ice and the dotted line

corresponds to the continent.

MAY 2017 WANG ET AL . 1055

Unauthenticated | Downloaded 12/01/22 02:43 PM UTC



For flight B896 at nadir (similar to Fig. 13), the emis-

sivities have been estimated, using different Ts. The

changes in Ts estimates have a significant impact on the

emissivity retrieval, as expected, but none of the ana-

lyzed Ts estimates systematically improved the agree-

ment with TELSEM2. The emissivity aircraft retrievals

in window frequencies are also presented for flight

B898 (Figs. 15) at nadir and 408 on the way back from

Greenland. The agreement with TELSEM2 is very

reasonable, and the spatial variability between 698
and 738N is captured well. The histograms of the

emissivity differences between the aircraft-derived

estimates and TELSEM2 results at nadir are shown

in Fig. 16, over continental ice during the two flights,

with the mean difference and its standard deviation

for each frequency. At 89GHz, the mean difference

(20.002) is much smaller than the mean difference

between TELSEM and Météo-France and also be-

tween TELSEM and NOAA/MIRS [discussed in sec-

tion 2b(4)]. As expected, the bias increases with

atmospheric opacity, and it is larger near the water

vapor lines at 183 (0.017) and 325GHz (20.022GHz)

than in the window channels at 89 (20.002), 157 (0.012),

243H (20.011 H), and 243VGHz (20.013VGHz).

The mean difference and standard deviation are also

calculated at 408 (not shown). The bias is very similar, and

the standard deviation is slightly larger for each channel.

4. Conclusions

A parameterization of the snow and ice emissivities

has been developed, for frequencies up to 700GHz, in

the framework of the preparation for the ICI on board

the MetOp Second Generation (MetOp-SG). The ob-

jective is to provide realistic first-guess emissivity esti-

mations for practical applications. Complex surface

emissivity models might better capture small-scale spa-

tial and temporal variability, but they require input in-

formation (e.g., snow depth, snow water equivalent,

grain size, surface roughness) that are not available on a

regular basis at global scale. Our parameterization relies

upon satellite-derived emissivities up to 200GHz, and it

is anchored to the SSM/I TELSEMmonthly climatology

dataset (19–85GHz). Météo-France and NOAA pro-

vided emissivities up to 190GHz, calculated from

SSMIS and AMSU-B observations. For continental

snow and ice, the frequency dependence after 100GHz

is limited. For sea ice, the frequency dependence is more

important and it is parameterized for some sea ice types.

There is a general lack of information on the angular and

FIG. 14. (a) The surface temperature derived directly from the aircraft observations, along with the ECMWF-Interim database esti-

mates for flight B896 on the way back fromGreenland. (b)–(d) The corresponding emissivity at nadir from the aircraft measurements with

the different Ts estimates, along with the corresponding TELSEM2 emissivity. On the x axis, the solid black line indicates the presence of

sea ice and the dotted line corresponds to the continent. (e)–(g) The differences between aircraft-retrieved emissivities and the TELSEM2

emissivity [e(various airborne) 2 e(TELSEM2)]. The brown dots represent e(ECMWF) 2 e(TELSEM2), the green dots represent

e(Heimann) 2 e(TELSEM2), and the orange dots represent e(ARIES) 2 e(TELSEM2).
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polarization dependence above 100GHz. A conserva-

tive approach is adopted, following the polarization

and angular dependencies obtained below 100GHz,

which may require revisions when more high-frequency

data are available in the future. The TELSEM code has

been updated to provide emissivity calculations up to

700GHz (TELSEM2) for all continents, including con-

tinental snow and ice and sea ice. TELSEM2 is available

to the community. The inputs of the code are the fre-

quency, the incidence angle, the latitude, the longitude,

and the month. It outputs the emissivity for both or-

thogonal polarizations, along with the error covariance

matrix, with a 0.258 3 0.258 spatial resolution, at a

monthly basis. TELSEM2 will be included in the next

version of the RTTOV package, a community radiative

transfer code used by many numerical weather pre-

diction centers, such as the Met Office, ECMWF, and

Météo-France.
TELSEM2 has been evaluated with observations be-

tween 89 and 325GHz, on board the FAAM aircraft,

during the COSMICS campaign over Greenland. The

surface emissivities have been estimated from the air-

craft observations, from the upwelling and downwelling

radiances measured under dry conditions over Green-

land, up to 325GHz. At higher frequencies, the emis-

sivity estimates were not reliable, due to the large

atmospheric contribution to the TBs even at low

level. Above continental snow and ice up to 325GHz,

TELSEM2 is very consistent with the aircraft observa-

tions in spatially homogeneous regions. The frequency

and angle dependences are well reproduced by the pa-

rameterization. The agreement at 89 and 157GHz is

even exceptional, considering that TELSEM2 is as-

sumed only to provide a realistic climatological first

guess of the emissivities at a monthly scale. In coastal

FIG. 15. The retrieved emissivity fromMARSS and ISMAR observations for flight B898 as a function of latitude on the way back from

Greenland at 89, 157, and 243GHz (V andH): at (top) 08 and (bottom) 408 incidence angles. On the x axis, the solid black line indicates the

presence of sea ice and the dotted line corresponds to the continent.

FIG. 16. Histograms of the emissivity differences between the

aircraft-derived estimates and TELSEM2 results, at nadir, over

continental ice during flights B896 and B898. Each channel is

represented by a different color, and the corresponding statistics

(mean and std dev) are provided.
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regions, the agreement can be affected by the differences

in spatial resolution between the two estimates. Over sea

ice, the aircraft estimates are highly variable both spa-

tially and temporally, and comparisons with TELSEM2

model were not conclusive. This is a first step toward the

evaluation of the emissivity parameterization at milli-

meter and submillimeter frequencies over polar regions.

More flights under a larger variety of surface and atmo-

spheric conditions will have to be performed.
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