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Norwegian Remote Sensing Experiment' Evaluation of the Nimbus 7 
Scanning Multichannel Microwave Radiometer for Sea Ice Research 

E. $VENDSEN, 1 K. KLOSTER, 2 B. FARRELLY, 10. M. JOHANNESSEN, 1 J. A. JOHANNESSEN, 1 
W. J. CAMPBELL, 3 P. GLOERSEN 4 D CAVALIERI 4 AND C. M•TZLER 5 , ß 9 

An algorithm has been developed for estimating total and multiyear sea ice concentration from 
passive microwave and surface air temperature measurements. The algorithm was made for use with 
Nimbus 7 scanning multichannel microwave radiometer (SMMR) data. It is based on radiation physics 
and may thus easily be modified to suit other passive microwave instruments. A comparison between 
Nimbus 7 SMMR and aircraft microwave measurements indicates that estimates of total ice 
concentration are accurate to -+3% and those of multiyear ice concentration to -+ 10%. These 
accuracies are not valid during the melt season when the snow on the ice is wet. For the first time such 
a comparison of independent estimates has been performed to validate the capability of measuring sea 
ice coverage from space. The ability of the SMMR to follow moving patches of multiyear ice and of 
rain/wet snow areas has been demonstrated. From the concentration estimates the sharpness of the ice 
edge can be estimated. The need for accurate concentration estimates for reliable heat budget 
estimates in the Arctic is also discussed. 

INTRODUCTION 

The position of the ice edge and its movement, the 
concentration of the pack, and the ice types present are 
important parameters in sea ice dynamics/thermodynamics 
investigations as well as in climatological studies [Pritchard, 
1980]. In these studies, remote sensing is potentially an 
important tool. Overviews of remote sensing of sea ice are 
reported by Campbell et al. [1976, 1978]. 

The scanning multichannel microwave radiometer 
(SMMR) on the Nimbus 7 satellite launched in 1978 was 
designed to measure the above mentioned parameters during 
all weather conditions [Gloersen and Barath, 1977]. As part 
of an evaluation program of the SMMR sensor capability in 
sea ice research, we carried out the Norwegian Remote 
Sensing Experiment (NORSEX) northwest of Svalbard dur- 
ing September/October 1979. One of the main objectives was 
to develop a SMMR ice algorithm, produce ice property 
maps, and evaluate this by comparison with simultaneous 
aircraft observations. To reach this objective, extensive 
surface observations were performed to determine the radia- 
tion properties of different ice types and water in the 
frequency range 5-100 GHz. 

NORSEX included active and passive microwave aircraft 
observations. Their application to better understanding of 
the ice/ocean dynamics in the marginal ice zone is treated as 
a part of the NORSEX program. An overview of all the 
aspects of the NORSEX program is reported by the 
NORSEX Group [ 1982]. 

NIMBUS 7 SMMR OBSERVATIONS 

Description of the SMMR Instrument 

The Nimbus 7 SMMR is described in detail by Gloersen 
and Barath [1977]. It is a 10-channel radiometer receiving 
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horizontally and vertically polarized microwave radiation at 
frequencies of 6.6, 10.7, 18, 21, and 37 GHz. The channels 
are designated 6V, 6H, 10V, etc., up to 37H. Radiation from 
the earth and its atmosphere is collected by a scanning 
reflector which covers areas out to 411 km from the satellite 

suborbital track. Its incidence angle on the earth is fixed at 
50.2 ø (conical scan). The spatial resolution is defined as the 
field of view (FOV, also called footprint) which for different 
channels is primarily determined by antenna size and is 
inversely proportional to the frequency. FOV varies from 
about 30 km for 37 GHz to 150 km for 6.6 GHz, defined by 
the 3-dB beam width. Sampling is sufficiently closely spaced 
so that full resolution is achieved. The Nimbus 7 satellite 

was launched on October 24, 1978, and the SMMR is still 
operating (May 1982), so far exceeding its design lifetime of 1 
year by a factor of 3. 

Adjustment of Available SMMR Data 

In each of the 10 SMMR channels, data are given as 
brightness temperatures measured within the footprints. 
Also given are coordinates on earth along the center of scan 
lines, making it possible to produce brightness temperature 
maps on a geographical grid. This is done by plotting values 
at the footprint centers using a high-resolution grid of 16 km 
x 20 km, followed by a filling-in operation using weighted 
spatial interpolation. From this material, ice property maps 
are produced by combining information in two or more 
channels, making use of a physical model. 

It is found necessary to apply three adjustments to the 
brightness temperature maps in order to obtain proper 
alignment in space and proper temperature values before 
channel combination is performed. These three adjustments 
are as follows: (1) spatial adjustment relative to geographical 
grid, (2) low-pass spatial filtering of high-resolution (high- 
frequency) channels, and (3) linear adjustment of the bright- 
ness temperature. 

The spatial adjustment accurate to within _+ 10 km was 
found by using the contours of Svalbard (Figure 5) on the 
brightness temperature maps [NORSEX Group, 1982]. 

A low-pass two-dimensional moving average filter is ap- 
plied to the high-frequency channels to match the resolution 
of the lower frequencies used in channel combination. 

Passive microwave measurements of radiation from a 
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target are expressed as brightness temperatures in kelvins. 
The available brightness temperatures are obtained from the 
measured raw digital radiometric data by use of the pre- 
launch laboratory calibration and additional corrections for 
polarization mixing (both dependent and independent of 
scan angle) discovered in orbit [Gloersen et al., 1981]. 

Transformation of radiometric data to calibrated bright- 
ness temperatures by using prelaunch data and polarization 
demixing is generally difficult. Our algorithm for retrieving 
geophysical parameters is dependent on well-calibrated val- 
ues for brightness temperatures. Therefore additional in- 
orbit calibration over known radiators, open ocean (cold 
calibration point), and first-year sea ice (warm calibration 
point) is performed in conjunction with measured and mod- 
eled atmospheric corrections. For calm seawater the emis- 
sion is well known from both theoretical computations and 
from NORSEX measurements [NORSEX Group, 1982]. 
This emission, adjusted for atmospheric effects (described in 
the next section), is compared with SMMR measurements 
over a suitable open water area between Svalbard and 
Greenland on days with very calm wind conditions. Ship 
measurements and weather maps indicated winds less than 2 
m/s. A similar calibration over 100% first-year ice cover in 
Baffin Bay [Gloersen et al., 1981] showed good agreement 
with the prelaunch blackbody calibration. This gives a warm 
and a cold calibration point for each channel, and a linear 
interpolation between these points is done to correct all the 
available brightness temperatures. 

With these three adjustments made, a new set of calibrat- 
ed brightness temperature maps is produced, suitable for 
computing geophysical parameters by channel combination. 

NORSEX Icœ ALGORITHM 

Radiation Model 

The radiation model used is composed of two main parts, a 
model of the surface and a model of the atmosphere above. 
Also, radiation from free space gives a minor contribution. 

The sea ice is in reality a three-dimensional structure 
where microwave radiation is emitted and reflected in a 

complex way somewhere between the surface and the bot- 
tom, which is water at 272 K. When we define an 'effective' 
emissivity ece for this material treated as a two-dimensional 
surface, it is related to an 'effective' temperature Tee in the 
ice such that the product, called 'emitted brightness,' is the 
net radiation emitted: 

Tœ = eeffTeff (1) 

It is what a radiometer would detect immediately above the 
surface without radiation from above. The situation is still 

more complex for a mixture of water and ice. The radiation 
model expressing the radiation Ta sensed at satellite height 
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Fig. 1. Illustration of the four terms in the radiation model. 

is composed of four terms (see Figure 1): (1) emitted 
brightness from the surface seen through the atmosphere, (2) 
upwelling radiation from the atmosphere, (3) downwelling 
atmospheric radiation reflected at the surface and transmit- 
ted back through the atmosphere, and (4) radiation from 
space after reflection from the surface. 

TH = eceT½•l - ra) + 15Tara 
1 2 

+ (1 - ece)/irar•(1 - r•) + (1 - t•eff)rsp (2) 
3 4 

Here, r• is total atmospheric opacity (optical depth), and 
Tsp is the temperature of free space, approximately 2.7 K; 
/iT• is the weighted average atmospheric temperature in the 
lower troposphere [Gloersen et al., 1978; Shutko and 
Granov, 1982]. 

This equation is a simplified version of the more accurate 
equation [Gloersen and Barath, 1977, equation 1]. Since ra is 
small, the approximation e -• = 1 - r• is used, and a term 
Tsp2ra is neglected. Furthermore, downwelling and upwell- 
ing atmospheric radiation have been assumed to be equal. 
The first and dominant term of (2), eceTce, is replaced by TE 
(equation (1)). In the remaining correction terms, ece is 
written as Tœ1Tce, and Tee is approximated as •3-•T• where/3 
is a constant close to 1. From the procedure we arrive at the 
following equation for computing Tœ from TH: 

Tœ = (T•- 21iTar• + liT•ra 2- Tsp) 

+ [1 - ra- [3•ra- ra 2) - fl(rsp/ra)] (3) 

Values for r• in atmospheres with T• = 270 K (Subarctic 
winter) and T• = 250 K (Arctic winter) are given by Reeves 
[1975] and listed in Table 1. The Subarctic winter values 
compare well with the mean opacities measured during 
NORSEX (Table 2). However, large variations occurred in 

TABLE 1. Opacities (Optical Depths) for Two Model Atmospheres Used in the Radiation Model 

Frequency for Subarctic Winter, GHz Frequency for Arctic Winter, GHz 

6.6 10.7 18 21 37 6.6 10.7 18 21 37 

Oxygen ro 0.011 0.011 0.015 0.022 0.034 0.011 0.011 0.015 0.022 0.034 
Water vapor rw 0.000 0.001 0.006 0.016 0.012 0.000 0.000 0.003 0.008 0.006 
Liquid water rl 0.001 0.003 0.009 0.012 0.038 0.000 0.001 0.004 0.006 0.019 
Total zenith r2 0.012 0.015 0.030 0.050 0.084 0.011 0.012 0.022 0.036 0.059 
Total 50 ø r. 0.019 0.023 0.047 0.078 0.130 0.017 0.019 0.034 0.056 0.091 

For Subarctic winter, T, = 270 K, W (water vapor) = 0.4 cm, and L (liquid water) = 0.02 cm. For Arctic winter, Ta = 250 K, W = 0.2 cm, 
and L = 0.01 cm. 
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TABLE 2. Model Atmosphere Zenith Opacities (Optical Depths) 
Compared With Measured Mean NORSEX Values 

Frequency, GHz 

4.9 10.4 21 36 

Subarctic winter model 0.011 0.015 0.050 0.082 
atmosphere 

Arctic winter model 0.010 0.012 0.036 0.058 

atmosphere 
NORSEX ice edge fall 0.011 0.015 0.062 0.073 

1979 atmosphere 

the measurements [NORSEX Group, 1982], indicating that 
the opacities vary considerably with conditions other than 
Ta, e.g., clouds. For surface temperatures other than 270 K 
and 250 K, a linear interpolation is made between the values 
in Table 1 to arrive at atmospheric opacity values. 

The parameters/3 and/i are given the values of 0.95 and 
0.9 in actual computations. These values are sufficiently 
good approximations, considering the uncertainties already 
present in the values for ra. 

The emitted brightness TE from a surface consisting of 
three components is now considered. The three components 
are as follows: (1) seawater, effective temperature 272 K, 
emissivity ew, and concentration Cw, (2) multiyear ice, 
effective temperature Tice, emissivity eM, and concentration 
CM, and (3) first-year ice, effective temperature Tice, emis- 
sivity eF, and concentration CF. Concentrations are defined 
as area fractions, thus: 

1 = C•u+ C•+ Cw (4) 

The emitted brightness temperature from this three-compo- 
nent surface is assumed to be the sum of individual emitted 

brightness temperatures, weighted by the concentrations: 

Tœ = treffTeff = CMtrMTic e + CFtrFTic e + Cwew272 (5) 

The emissivities ea4, ee, and ew have all been measured by 
shipborne radiometer in the NORSEX experiment near the 
ice edge. However, comparison with aircraft measurements 
indicated that these emissivities are also representative for 
the ice further into the pack. The emissivity ew for seawater 
agrees closely with theoretical values computed from dielec- 
tric constants [NORSEX Group, 1982]. 

As Tic e is not readily measured, we need a relation 
between Tic e and the surface temperature which is assumed 
to be equal to the surface atmospheric temperature Ta. On 
the basis of the reasoning that Tice is found somewhere 
between the surface and the underlying water, we have 

Tice = otTa + (1 - a)272 (6) 

To estimate a, the variation of Te (calculated from the 
adjusted SMMR measurements) of an area north of Elles- 
mere Island has been studied in relation to changes in 
surface air temperature measured from ice drifting buoys. 
The area marked BC, the location of the buoys, and also 
their measurements are shown in Figure 2. This area is 
chosen since it is known to have a very high and constant 
concentration of multiyear ice. A gradual decline of Te as the 
surface air temperature in the area decreases from 265 K to 
250 K is seen. Assuming that no great variation in the surface 
composition takes place, a value for OTtr/OTa around 0.3 is 
observed for all frequencies. Combining (5) and (6) and 
taking the derivative O/OTa, assuming the emissivities and a 

are weak functions of Ta, this gives a rough estimate of a 
0.4. Comparing this with NORSEX temperature measure- 
ments of multiyear ice covered with snow indicates that the 
temperature near the snow/ice interface represents the effec- 
tive temperature Ti•½. By correct choice of two SMMR 
channels and knowledge of the surface air temperature, 
and Ce can be computed from (3)-(6). No attempt is made to 
explicitly compute the atmospheric opacity (ra) or the ice 
surface temperature. The accuracy of these parameters if 
computed over a complex ice surface will be questionable, 
because a relatively small uncertainty in brightness tempera- 
ture will have a large effect on the estimates of these 
parameters. 

Selection of SMMR Channels 

From the surface-measured emissivity spectra of mul- 
tiyear ice, first-year ice, and water [NORSEX Group, 1982] 
shown in Figure 3, it is seen that because of the large 
difference between multiyear ice and first-year ice at 37 
GHz, this is the best choice of frequency to separate the two 
ice types. Furthermore, the spectra indicate that to separate 
ice from water, one of the lower frequencies must also be 
used, giving the best accuracy but unfortunately the worst 
spatial resolution for the lowest frequency. 

Comparison of mean (in space and time) brightness tem- 
perature spectra measured in the area BC north of Ellesmere 
Island with spectra in an area (area AA in Figure 2) well into 
the pack north of Svalbard shows unexplained variations in 
the horizontally polarized channels. Furthermore, the hori- 
zontal spectra from area BC lie 5-25 K higher than calculat- 
ed on the basis of concentrations which have been estimated 

from the vertical spectra. Similar properties are seen in some 
of the aircraft data and in the surface measurements and 

have also been observed by other groups [Skou, 1980]. We 
therefore exclude all horizontal channels when computing 
multiyear and first-year ice concentrations. 

At present, we are not sure what causes the horizontal 
polarization excess. However, an increase in the horizontal- 
ly polarized surface radiometric measurements of multiyear 
ice was observed when the 15- to 20-cm-thick snow cover 

containing several thin ice layers was trampled. This indi- 
cates that changes in the small-scale structure of the snow 
may cause the excess observed from the SMMR. Another 
possibility is the 'large-scale' ice surface roughness. Area 
BC north of Ellesmere Island is known to be a heavily ridged 
area, which means that the measurements represent emis- 
sion at a variety of incidence angles. This could also cause 
the excess and increased variability of the horizontally 
polarized signals observed from the satellite. 

On the basis of this information the combination of 

10V/37V is chosen for estimates of C•u and Ce, but compara- 
ble estimates from the combination 18V/37V are also made 

to give better spatial resolution. 

Algorithm 

The algorithm computes ice concentrations C•u for mul- 
tiyear and CF for first-year ice. Input is the available SMMR 
brightness values from two channels, 10V (or 18V) and 37V, 
and a value for the surface air temperature over dense pack 
ice, Tp. In actual use, Tp averaged over a few days is derived 
from automatic ice buoys drifting within the ice (Figure 2). 

The algorithm consists of the following computational 
steps: 
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Fig. 2. Map of the polar ocean and temperature during the NORSEX experiment. (a) Location of selected areas AA 
and BC and of five temperature-measuring buoys with associated buoy numbers. Arrows indicate annual ice drift. (b) 
Surface temperature measured by buoys. 

1. The available SMMR data are adjusted as earlier 
explained to give 'calibrated' brightness temperatures Tu at 
satellite height. 

2. An initial transformation of Tu to emitted brightness 
Tœ is performed using an atmosphere corresponding to T v (T. 
- 

3. By solving (4)-(6) (using two channels gives two 
equations with two unknowns), initial concentrations are 
found using Ta = T v. 

4. A refined atmosphere (ra and Ta) is found by using 
initial total ice concentration from step 3 to interpolate 
between surface temperature over water (Ta = 272 K) and 
over 100% ice (Ta = Tv). The refined opacities are then found 
from Ta. 

5. Steps 2 and 3 are repeated using the refined atmo- 
sphere, arriving at final values for the concentrations. 

After concentrations are computed, measured and com- 
puted emitted brightness of the 10H (or 18H) channel can be 
found from (3) and (5), respectively. The difference Tœ 
(measured) - Tœ (computed from concentrations) is a mea- 
sure of the horizontal polarization excess. 

Ice Maps 

Two days, October 11 and September 29, have been 
chosen to show the results from the NORSEX ice algorithm 
used on the available SMMR data. Figures 4 and 5 show the 
total and multiyear ice concentrations on October 11, based 
on the 10V/37V and 18V/37V channel combination with 
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Fig. 3. Emissivities of calm seawater, multiyear ice, and first-year 
ice as a function of frequency measured during NORSEX. 

spatial resolutions of 90 km and 60 km, respectively. The 
somewhat higher spatial resolution from the 18V/37V combi- 
nation is seen especially in the ice edge region where the 
gradient of total concentration going from open water into 
the pack is sharper than for the 10V/37V combination. Apart 
from this, the results look fairly similar. The well-known 
low-concentration area near Greenland is seen [Koch, 1945]. 
Also shown is the best estimate of the position of the ice 
edge (accuracy ___ 10 km [NORSEX Group, 1982]) taken from 
the maximum gradient of the 37H channel which coincides 
very well with the 45% total ice concentration isoline (not 
shown in the figures). Similar results for September 29 are 
shown in Figures 6 and 7. Notice the patch of high multiyear 
ice concentration occurring on both days. The movement of 
this patch will be discussed in a later section. On both days, 
flight tracks are shown, and a comparison between the 
aircraft and SMMR results along these lines is discussed in 
the next section. 

COMPARISON OF AIRCRAFT- AND 

SATELLITE-MEASURED ICE 

CONCENTRATIONS 

During NORSEX, several flights were performed with the 
NASA C-130 aircraft carrying several microwave instru- 
ments. Data from the nadir-looking stepped frequency mi- 
crowave radiometer (SFMR) used at 6.6 GHz and the 
multifrequency microwave radiometer (MFMR) with a 50 ø 
viewing angle make it possible to estimate total ice and 
multiyear ice concentrations along the flight lines. This is 
compared with the computed SMMR ice concentrations 
along the same lines. These estimates are completely inde- 
pendent except for the assumption that (5) is valid. 

Only two flights, September 29 and October 10, 1979 

(Figures 4 and 6), went far enough into the ice so that 
comparison could be made (because of the large field of 
view, the SMMR cannot measure ice concentration accu- 
rately near the ice edge), and unfortunately the MFMR was 
only run on October 10. 

In the comparison one must remember that the aircraft 
measurements represent a line through the large SMMR 
footprints. To account for some of this, a low-pass filter (80- 
km running mean) is used on the aircraft data. 

The model used on the aircraft data is based on (4) and (5), 
where sMTice, eFTice, and sw272 are substituted by aircraft- 
measured mean brightness temperatures of 100% multiyear 
ice, first-year ice, and water. By this procedure an absolute 
calibration of the aircraft data is not necessary. Unfortunate- 
ly, the MFMR 37 GHz channels malfunctioned, so the 21H 
channel had to be used in addition to the 6.6-GHz SFMR. 

The 100% signatures based on 200-300 samples of each 
target type are listed in Table 3 together with the standard 
deviations. The targets were identified by continuous aerial 
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SMMR 10V/37V channel combination on October 11, 1979. 
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ence between the SMMR 18/37 and the aircraft total ice 

concentrations is -3.5 - 2.0%, indicating that with this 
channel combination the SMMR estimates are a few percent 
too low. The reason for this might be that an error in the 
SMMR calibration points or the atmospheric correction 
gives a greater effect on this channel combination than the 
10/37 combination. 

The multiyear ice estimates show a mean difference be- 
tween SMMR 10/37 and aircraft of-4 - 6%, and between 
SMMR 18/37 and aircraft of-8 - 6%. The absolute accura- 

cy of the aircraft multiyear ice concentration is estimated to 
_ 10%. 

Figures 10 and 11 show similar comparisons along two 
lines flown on September 29. Now the time difference is only 
4-6 hours between the aircraft and the satellite sampling. On 
this day, only the SFMR was on, and therefore no multiyear 
ice concentration estimates could be done from the aircraft. 

The uncertainty in the aircraft total ice concentration esti- 

35 

8 

:•E•• Li•GHT y;E EDGE 
•• •ACK$ /OCT. 11 

bow ,bo ' 20øE 

Fig. $. Total and multiyear ice concentrations (in percent) from 
SMMR 18V/37V channel combination on October 11, 1979. 

photography. The standard deviations are mainly caused by 
the complexity of the ice/snow itself, but also include 
possible errors in the instruments and variability of the 
atmosphere. This means that from the standard deviations, 
the uncertainty of the aircraft concentration estimates can be 
computed, being a function of the amount of different ice 
types present. For the worst case, if near 100% multiyear ice 
is present, the uncertainty of total ice concentration will be 
-+5%, and that of multiyear ice concentration -+ 15%. 

Figures 8 and 9 show comparisons along two lines flown 
on October 10, while the SMMR measured 18 hours later on 
October 11. Total ice concentration and multiyear ice con- 
centration are shown, and the difference between these two 
is the concentration of first-year ice. A very good fit is seen 
between the SMMR 10/37 and the aircraft estimates of total 

ice concentration with a mean difference of 0.5 - 2.5%. For 

the concentrations present, the absolute accuracy of the 
aircraft total ice concentration estimates is -+3%. The differ- 
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Fig. 6. Total and multiyear ice concentrations (in percent) from 
SMMR 10V/37V channel combination on September 29, 1979. 
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mates has also increased to +-6%. From the figures it is seen 
that the mean difference between SMMR and aircraft is 

within this uncertainty. In these figures the results in the 
vicinity of the ice edge are also shown. It is seen that the 
position of the ice edge taken from nonaveraged aircraft data 
coincides approximately with half the SMMR total ice 
concentration inside the edge. Also seen is that the 18/37 
combination gives the expected improvement in spatial 
resolution. 

This comparison has some limitations. First, it is not 
possible to do two-dimensional low-pass filtering of the 
aircraft data to match the SMMR FOV. Second, the compar- 
ison is done in a limited region and within a limited time of 
the year. Consequently, any general statement on the accu- 
racy of SMMR ice concentration estimates is avoided. 
However, the principles underlying the algorithm are com- 
pletely general, and evaluation of the algorithm on a larger 
data set is in progress. 

The NORSEX ice algorithm uses surface measurements of 

air temperature in conjunction with a modeled atmosphere 
as input in the radiation equation. With present close moni- 
toring of the Arctic Ocean with temperature-measuring 
automatic stations, data for temperature input are largely 
available. NORSEX emissivities have been used [NORSEX 
Group, 1982], and they seem to be appropriate for this area 
and the time under study, but may of course be refined by 
future investigations. For instance, wet snow on the ice will 
change the multiyear emissivities considerably. 

Using the 10V/37V channel combination, our estimates of 
total ice concentration from the SMMR are shown to be 

accurate to +-3%, and the multiyear ice concentration accu- 
rate to +- 10%. If large areas of very thin ice are present or 
melt ponds exist on the ice, the uncertainties of both total 
and multiyear ice concentration will be larger. Moreover, if 
the snow on the multiyear ice is wet, the multiyear ice will be 
estimated as first-year ice. 

APPLICATION OF SMMR RESULTS 

Ice Edge 

The NORSEX Group [1982] showed that the SMMR could 
detect a well-defined ice edge to an accuracy of +- 10 kin. A 
40-day comparison of the ice edge north of Svalbard estimat- 
ed from the SMMR and the ice edge estimated by the 
Norwegian Meteorological Institute (MI) by use of Tiros, 
NOAA, and sporadic aircraft and ship observations showed 
that MI's estimates had a standard deviation of about 40 km 

relative to the SMMR estimates. Since clouds very often are 
present in the ice edge region, this means that passive 
microwave remote sensing can be used to improve the 
present ice edge mapping. 

It might be of interest to know the structure of the edge, 
whether the edge is sharp or loose. On October 23, two lines 
have been chosen on the concentration map (Figure 12), one 
(profile C-D) perpendicular to a sharp edge and the other 
(profile A-B) perpendicular to an 'edge' with alternating 
leads and ice floes. The structure of the edge indicated by the 
temperature profiles (Figure 12) is taken from a map pro- 
duced one day earlier from the thermal infrared (IR) channel 
of the advanced very high resolution radiometer (AVHRR) 
instrument in the NOAA 6 satellite. The SMMR profiles are 
also shown in Figure 12. Note that the spatial resolution of 
the AVHRR profiles and the SMMR profiles is 1 km and 60 
km, respectively. The filtered AVHRR curve shown by the 
dashed line has a resolution roughly comparable to the 
SMMR curves. It is seen that the loose edge gives a much 
more gradual SMMR profile than the sharp edge, which 
essentially shows a 'step response' as in Figures 10 and 11. 
The SMMR profile of the loose ice edge is stretched out 
approximately 60 km more than the other, indicating that the 
transition from open water to the dense ice pack in the loose 
region is on average approximately 60 km. This compares 
well with what is seen from the IR picture. Since the 

TABLE 3. Airborne Measurements of Brightness Temperature 
From 100% Calm Water, First-Year Ice, and Multiyear Ice 

Airborne First-Year Multiyear 
(C-130) Sensor Water Ice Ice 

SFMR, 6.6 GHz 106 +_ 0 244 +_ 2 229 +- 5 
MFMR, 21 GHz H 110 +_ 1 253 +_ 2 190 +_ 5 

Values are in kelvins. 
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Fig. 8. Comparison of aircraft (SFMR/MFMR) and satellite (SMMR) estimates of ice concentrations, October 10-11, 
1979, along westerly track (Figure 4). 

multiyear ice profile starts to increase further north than the 
total ice profile, this indicates that the outermost ice is 
mainly first-year ice. Note that the crossover of multiyear 
and total ice concentration in Figure 12 is not significant. 

Detection of Moving Ice and Atmospheric 
Features by SMMR 

During the 40-day period, September 17 through October 
27, for which SMMR data are available, a patch of high 

multiyear ice concentration (Figures 4 to 7) is seen on most 
of the maps. The center position of the patch is plotted in 
Figure 13 for all days it could be confidently measured, 
together with the synoptic position of two of our drifting 
buoys. A very good correlation is seen between the SMMR- 
measured ice drift and the buoys. 

On five days, September 17, 19, 21, and 27 and October 
27, this multiyear ice signature disappears partly or com- 
pletely and is replaced by first-year ice signature. On these 
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Fig. 9. Comparison of aircraft (SFMR/MFMR) and satellite (SMMR) estimates of ice concentrations, October 10-11, 
1979, along easterly track (Figure 4). 



SVENDSEN ET AL..' EVALUATION OF SMMR 2789 

% ICE CONCENTRATION 

lOO 

90 

80 

7o 

6o 

5o 

/.o 

3o 

2o 

lO 

29 SEP 1979 

DAY 272 

LINE 2-1 

ORBIT /.699 

SHARP 
ICE 

EDGE 

SFMR 

.o" © © ©/-- 10/37 

TOTAL /18/37 

SMMR 

MULTIYEAR / 

lOO 

9o 

80 

7o 

6o 

5o 

40 

3o 

2o 

lO 

81.0øN 8•.5 ø 8•.0 ø 8•2.5 ø 8•.0 ø 8•.5 ø 8/..0 0 
9.5øE POSITION 5.0øE 

Fig. 10. Comparison of aircraft (SFMR) and satellite (SMMR) estimates of ice concentrations, September 29, 1979, 
along westerly track (Figure 6). 

and only on these days, buoy 1560 measured air temperature 
above 270 K (Figure 2). Our conclusion is that rain and/or 
wet snow is obscuring the multiyear ice signature on these 
occasions. The total ice concentration is affected very little, 
and the ice edge seems to be well defined on all days. 

On two days during the period, the obscuring first-year ice 

signature has the form of a nearly circular patch with a 
diameter of 100-150 km. Since we suspected this signature 
to be caused by the atmosphere, its movement has been 
measured on maps spaced two satellite revolutions, or 3.3 
hours, apart. On September 21, no movement was observed, 
corresponding well to a wind speed less than 1 m/s measured 
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Fig. 11. Comparison of aircraft (SFMR) and satellite (SMMR) estimates of ice concentrations, September 29, 1979, 
along easterly track (Figure 6). 
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from the icebreaker Polarsirkel situated 120 km to the south. 

On September 27, the 'wet' patch was moving to the west at 
approximately 6 m/s, again corresponding well to a ship- 
measured wind of 7 m/s in the same direction. 

In summary, it has been possible to measure total ice 
concentration during the whole NORSEX period with vary- 
ing air temperature from 272 K to 243 K. On five days the ice 
type signatures are obscured by rain and/or wet snow over a 
relatively small area, making multiyear ice look like first- 
year ice. This is not unexpected at this time of the year, and 
this problem will probably decrease with the advance of the 
cold season and also with increasing distance from the ice 
edge. Both mean ice movements and atmospheric move- 
ments can be detected by the SMMR whenever the ice or 
atmosphere causes well-defined signatures similar to the 
multiyear and wet patches. 

Heat Budget 

The accuracies of our concentration estimates should be 

compared with the accuracies necessary for reliable heat 

budget estimates. Maykut [1978] has a good description of 
this subject, and as an example his numbers from March are 
used to calculate the relative change in the net heat loss to 
the atmosphere with respect to change in total ice concentra- 
tion. March was chosen, as the oceanic heat loss is large for 
this month. It is assumed that only water and multiyear ice 
are present and that the atmospheric boundary layer is 
determined by the heat balance over the thick ice. If, for 
example, the actual ice concentration is 95% and the concen- 
tration estimate is 3% off, the estimate of net heat loss will be 
off by 50%. If, instead, the actual ice concentration is 80% 
and the concentration estimate is off by the same 3%, the 
estimate of net heat loss is only off by 15%. In reality the 
error will be slightly less, since at lower ice concentration 
the atmospheric boundary layer will be significantly affected 
by the amount of open water. This means that for high total 
ice concentration, especially during the cold season, very 
accurate estimates of the ice concentration are needed for 

good estimates of the heat exchange. 
It is also found that when the total ice concentration is 
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Fig. 13. Comparison of ice movement measured from SMMR 
(patch of multiyear ice) with drifting buoys on the ice. 

high, it is important to know the amount of very thin ice in 
order to make good estimates of the heat exchange. In our 
SMMR algorithm we only assume thicker firSt-yea r ice, 
multiye. ar ice, and water present in the area. If very thin ice 
also is present, this will be interpreted partly as thicker ice 
and partly as water. This will to a certain degree balance 
with respect to heat exchange estimates, but obviously more 
studies are needed for better estimates of the very thin ice. 

Even if the accuracies of the SMMR results fall short of 

the requirements for the ultimate in heat budget estimates 
over the Arctic, such estimates based on SMMR data would 
be a vast improvement over any other existing technique. 

CONCLUSIONS 

An independent comparison with aircraft radiometric 
measurements indicates that the scanning multichannel mi- 
crowave radiometer (SMMR) estimates of total ice concen - 
tration are accurate to +-3% and those of multiyear ice 
concentration to +- 10% with spatial resolution of 90 km. 
Better spatial resolution (60 km) can be obtained with 
slightly less accurate concentration estimates. The conce n- 
tration maps presented have a geographical positioning 
accuracy of +- 10 km. 

More aircraft measurements are needed to check the 

validity of the estimates at different times of the year and in 

different regions. It seems that when wet snow occurs on the 
ice, the total concentration estimates are little affected while 
the multiyear ice will be interpreted as first-year ice. 

From the concentration estimates it is possible to estimate 
the width of the ice edge transition zone from open water to 
dense pack ice. Some indication of which ice type is present 
in this zone is also possible. 

The ability of the SMMR to detect moving patches of 
multiyear ice suggests the possibility of using the SMMR for 
ice kinematic studies. There is little doubt that such space- 
borne microwave radiometer measurements can contribute 

to improve present heat budget estimates over the Arctic. 
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