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Figure 61 Temperature (contiguous) and relative humidity ( dotted) profiles for case 4; 

given times are launch times. 

with time leaving a single maximum with saturated water vapour in the afternoon. The 

temperature and humidity profiles confirm the observation of decreasing cloud cover in 

the morning and early afternoon hours . 
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Figure 62 Variation of snow, ice and water temperatures during 24 hours covering case 4. 

4.6.3 Surface Parameters 

The snow and ice profiles during this day (Figure 62 looks similar as those of case 3, 

especially in the lower part ( < -1 m) one can hardly identify any differences. In the upper 

part of the ice and in the snow pack higher temperatures prevail showing values up to 

1 K warmer than before. The variation of the snow temperatures is lower during this 

day. Because the air temperature dropped down by a few Kelvin ( compared to test case 

3), the temperature difference between the upper and lower snow layers increased from 

-6.3 K to -11.9 K. Since the station is on the same ice-floe as for the cases 2 and 3, the 

input parameters, except the temperature profile, have been adopted from case 2 (Tab. 20). 

No research flight was done on this day, but on the following day between 10:58 and 

13:31 UT where the Falcon reached a position .so km southeast of the ice-floe station. 

The observed ice coverage was 90 to 95% with leads of open water. An AVHRR image 

of NOAA-11 at 12:53 UT shows the same ice situation as on 14 March 93 ( case 2). 

The fractional ice cover is greater than 90%. Several leads with open water allow the 

identification of large ice floes. 

4.6.4 SSM/1 Observations 

The five SSM/1 passages show similar brightness temperature distributions except for the 

last two images where different distributions of 19 GHz measurements seem to occur near 
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Table 20 Input parameter for ea ice module for case 4. For explanation of parame er 

ee Tab. 6. 

z Ti p DGs l1 Dc1 DB BB BR # 
-9.999 271.-1 1.000 0.00 1.000 0.00 0.0 32.-1 0.0 0.0 1 water 

-1.590 271.4 0. 92 0.00 0.000 10.00 1.2 2.3 2-1.0 0.250E-04 2 ice 

-1.290 267.3 o. 3 0.00 0.000 10.00 1.2 2.1 24 .0 0.250E-0-1 3 

-0.990 264.5 0. 72 0.00 0.000 10.00 1.2 1.4 24.0 0.250E-04 4 

-0.690 261. o. 53 0.00 0.000 10.00 1.2 0.7 24.0 0.250E-04 5 

-0.390 260.l 0.814 0.00 0.000 10.00 1.2 0.2 24.0 0.250E-04 6 

-0 .090 257.6 0.728 2.00 0.000 0.00 3.0 0.0 5-1.7 O.lOOE+Ol 7 snow 

-0.060 249.2 0.460 2.00 0.000 0.00 2.1 0.0 54.7 O.lOOE+Ol 

-0.030 245.7 0.100 0.75 0.000 0.00 1.2 0.0 0.0 0.lOOE+Ol 9 

0.000 245.7 0.100 0.75 0.000 0.00 1.2 0.0 0.0 0.lOOE+Ol 10 

the ice edge between 0° and 10°E just north of 80°N when compared to the earlier meas

urements of this day. However , a closer inspection of the data reveals that the different 

distributions are probably due to different flight directions of the spacecraft over inhomo

geneous surfaces leading to a changing alignment of adjacent pixels with respect to the 

scene covered. While the first three scenes were collected on a southbound orbit the last 

two were measured on northbound flights of the satellite. This information, especially from 

the 19 GHz channels could be used to identify the degree of the large- scale homogeneity 

of the sea-ice structures. 

The observed SSM/I brightness temperatures around the ice-floe station show again 

an increase from west to east (Figs. 68 and 69). However, south of the ice-floe station 

significantly lower brightness temperatures for the lower frequencies were observed. This 

is thought to be caused by large open water areas. Figure 70 shows this behaviour more 

clearly. Here the observed brightness temperatures are drawn as function of frequency 

for vertical and horizontal polarization. The lines connect pixels with the same location of 

the pixel center. The 'open water' pixel is clearly separated from the other pixels by the 

lower brightness temperatures at 19 and 22 GHz. Thus for this case we will focus on the 

nine extensively ice covered SSM/1 pixels , and on the 'open water ' pixel separately. The 

estimated averaged sea ice concentration for the nine pixels is about 85%. For the 'open 

water' pixel a sea ice cover of about 6-5% is retrieved by the ASA sea ice algorithm. 

4.6.5 Validation 

The statistics for the observed and simulated brightness temperatures for the pixels with 

high ice concentration are given in Tab . 21. Simulation 1 represents a cloud free atmo

sphere and a sea ice cover of 100%. The modelled brightness temperatures are up to 20 K 
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Figure 63 SSM/I brightness temperature distributions around the ice-floe station on 18 

March 93, 09:22 UT; the station is indicated by the black bullet . 
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Figure 64 SSM/I brightness temperature distributions around the ice-floe station on 18 

March 93, 11:03 UT; the station is indicated by the black bullet. 
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Figure 65 SSM/I brightness temperature distributions around the ice-floe station on 18 

March 93, 12:43 UT; the station is indicated by the black bullet. 
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Figure 66 SSM/I brightness temperature distributions around the ice- floe station on 18 

March 93, 14:24 UT; the station is indicated by the black bullet. 
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Figure 67 SSM/1 brightness temperature distributions around the ice- floe station on 18 

March 93 , 16:05 UT; the station is indicated by the black bullet. 
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Figure 68 Observed SSM/I brightness temperatures of the lower frequencies of nearest 

pixel to ice- floe station ( *) for case 4. 
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Figure 69 Observed SSM/1 brightness temperatures of the 85 GHz channels nearest to 

ice-floe station ( *) for case 4. 
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Figure 70 Observed SSM/I brightness temperatures versus frequency of the 10 nearest 

pixels to ice-floe station ( *) for case 4. 



Table 21 Statistics of observed SSM/1 and simulated brightness temperatures for case 4. For further explanation see text. 

SSM/1 Fl l Ta obs. 18.03.93 09:22 simulation 1 simulation 2 simulation 3 simulation 4 simulation 5 t:i..Ta t:i..Ta t:i..Ta 

cha.11. mean std. mrn. max. Ta t:i..Ta Ta t:i..Ta Ta t:i..Ta Ta t:i..Ta Ta t:i..Ta cl ow snow 

19 v 229.6 2.1 225.9 231.6 237.5 7.9 237.5 7.9 231.4 l.8 235.3 5.7 228.4 -1.2 0.0 -0 .6 -2.2 

19 h 207.3 4.8 198.5 212.7 227.2 19.9 227.2 19.9 214.7 7.4 231.2 23.9 208.4 1.1 0.0 -1.3 4.0 

22 v 227.7 2.1 223.8 230.7 236.4 8.7 236.4 8.7 231.3 3.6 234.3 6.6 228.8 1.1 0.0 -0.5 -2.l 

:H v 219.9 2.0 216.6 222.1 233.5 13.6 233.3 13.4 230.9 11.0 229.5 9.6 229.5 9.6 -0.2 -0 .3 -4.0 

37 h 202.5 3.3 197.0 206.0 222.9 20.4 222.8 20.3 215.0 12.5 223.0 20.5 211.0 8.5 -0.1 -0.8 0.1 

85 v 223.0 3.5 217.7 231.1 224.0 1.0 220.7 -2 .3 225.0 2.0 220.0 -3.0 222.1 -0 .9 -3.3 0.1 -4.0 

85 h 207.3 4.0 20l.O 216.3 214.0 6.7 211.2 3.9 209.7 2.4 211.1 3.8 205.0 -2.3 -2.8 -0.4 -2.9 

Sim. cloud ice cover remarks 

1 none 100 % 
2 SIIOW 0.03 kg m- :2 100 % significant effect at 85 GHz 

3 none 90 % 80- 95 % estimated by NASA algorithm 

4 none 100 % snow layer with doubled thickness (18cm) 

5 snow 0.03 kg m- 2 85 % 
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higher than the ob ervations. As for the cases before a reduction of the brightness temper

atures i only possible by introducing atmospheric clouds open water areas or modjfying 

the ea ice/ snow profile. Simulation 2 gives the brightness temperatures for a cloudy at

mosphere with a snow cloud of an ice water path of l =0.03 kg m-2
. The resulting cloud 

effect (6.TB ,c1) shows a significant influence only at 85 GHz. To estimate the open water 

effect a cloud free atmosphere has been simulated with a sea ice concentration of 90%. 

The sensitivity to open water for a 1 % change (6.TB,ow) is almost identical to the case 

before with a large effect all channels except at 85 GHz vertical polarization. Doubling 

the thickness of t snow layer on top of the sea ice to 18 cm is modelled in simulation 

4. The increased snow layer thickness affects all channels, except at 37 GHz horizontal 

polarization and is similar to the cases 2 and 3. However, the differences between simu

lations and observations are larger than for simulation 2 with a sea ice concentration of 

90%. Simulating the observed synoptinc situation wjth a cloudy atmosphere (snow cloud) 

and a sea ice concentration of 85% (simulation 5) shows an excellent agreement with the 

observations, except for the 37 GHz channels. 

For the 'open water' pixel with a sea ice cover of 65% the effect of the wind induced 

surface roughness is very important. Simulation 6 (Tab. 22) has been modelled for a wind 

speed of 14.9 m/s and a snow cloud identical to simulation 2 and 5. The brightness tem

perature differences are largest at 37 GHz and 85 GHz horizontzal polarization, all other 

channels show an excellent agreement. Simulation 7 gives the brightness temperatures for 

a wind speed of 18 m/s. While there is only a small difference between observations and 

simulations at 85 GHz horizontal polarization, the differences increase somewhat for the 

other channels compared to simulation 6. However, the large differences at 37 GHz still 

remam. 

Table 22 Observed and simulated brightness temperatures for the 'open water' pixel of 

case 4. A wind speed of 14.9 m/s and 18 m/s have been modelled for simulation 6 and 7, 

respecti v ley. 

channel SSM/I ohs. simulation 6 6.TB simulation 7 6.TB 

19 v 217.9 216.2 -1. 7 217.2 -0.7 

19 h 181.3 183.4 2.1 187.1 5.8 

22 v 217.1 218.7 1.6 220.0 2.9 

37 v 217.0 224.5 7.5 226.9 9.9 

37 h 187.4 195.3 7.9 202.2 14.6 

85 v 228.4 1 227.6 -0.8 230.7 2.3 

85 h 208.5 1 198.9 -9.6 209.2 0.7 
1) average over 4 pixels 

-
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Figure 71 ERSl-SAR scene of the area around the ice-floe station (marked by arrow 

RV). SSM/I brightness temperatures of the 37 GHz horizontally polarized channel are 

overlayed. Circle radius corresponds to 15 km. 
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The imulation results for this test case are in agreement with the observed brightne 

temperatures. except for the 37 GHz channels. It has been demonstrated that the model 

i able to simulate the brightness temperatures for different sea-ice concentration . The 

ea ice cover estimated with the ASA algorithm is verified by ERSl-SAR data (Fig. ,1 ). 

The observed SSM/I brightness temperatures are overlaid to the SAR observations taken 

about 12 hours later, circles indicate a radius of 15 km around the center of the ~1 / 1 

pixel. Bright large areas correspond to open water , where high wind speeds induced a 

rough surface. The 'open water' pixel is located below the image center with a brightne 

temperature of 187.4 K. The other pixels are located around the ship position. The open 

water fraction of the 'open water ' pixel is clearly larger than for the other pixel, confirming 

the SSM/I sea ice cover estimates. 

4. 7 Case 5: Ice, overcast sky, spring 

4. 7.1 Synoptic Situation 

Unlike the previous cases the last two are not from the winter campaign ARKTIS '93 but 

from ARKTIS'88 which took place in the spring 1988 and was characterised by the onset 

of the melt-season. Case 5 has been collected from the time period between 20 UT on 13 

May 1988 and 4 UT on the following day. An ice station was established in the pack ice 

of the Fram Strait, the station was drifting near 4.4°E, 80. 7°N during this night. Again. 

the ice-floe station was hosted by the R/V Polarstern. The meteorological situation for 

this case is characterized by a transition from cyclonic to anticyclonic activity with rising 

surface pressure. The wind direction was turning back from northwest to southwest and 

the speed dropped from values between 7 and 9 m/s to about 5.5 m/s. At the beginning 

the surface air temperature was -9.2 °C and rised to -7.3 °C at the end of the period 

under observation. The water temperature was rather constant near -1.3 °C. After 20 

UT where a cloud cover of only three octas was observed the sky was overcast during 

the following hours with seven octas at 21 UT and full cloud cover thereafter. Because 

of the complete coverage with stratocumulus stratiformis no mid and high-level clouds 

could be observed. After midnight the cloud type changed to stratus nebulosus or stratus 

fractus. Correspondingly, the cloud base dropped from altitudes higher than 300 m to 

levels between 200 and 300 m. Between 21 and 23 UT as well as at 1 UT light snow fall 

has been observed. The visibility was above 10 km before midnight and lower thereafter. 

The sysnoptic parameters choosen for the simulations are given in Table 23. 

4. 7. 2 Atmospheric Parameters 

Three radiosonde profiles have been launched between 20 UT on 13 May and 03:50 l T 

on 14 May 1988. The temperature profiles shown in Figure 72 do not exhibit the strong 

near-surface inversion that has been seen in the winter situations. Shallow inversion layers 
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Figure 72 Temperature (contiguous) and relative humidity ( dotted) profiles for case 5; 

given times are launch times. 

exist near 990 hPa and 910 hPa in the first profile. While the lower inversion remains 

at the same height the second one is replaced to about 880 hPa in the following two 

profiles. Both inversions are strengthened during the night. The humidity profile is far 

from satuartion at all levels during the first ascent but showing values higher than 90% in 

two layers below 800 hPa in the two following profiles. A broad water- vapour layer peaks 

near 840 hPa and a thinner one close to 1000 hPa. The latter contains the clouds that 

100 
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have been ob erved from the ground. 

4.7.3 Surface Parameters 

The snow and ice temperatures for this time period, as measured by 49 thermometer are 

shown in Figure 73. The temporal resolution is one hour. The upper two thermometer 

were in the air and, especially during daytime, subject to radiation errors. They should 

not be taken to represent daytime air temperatures. Sensor 3 was sitting just beneath 

the snow surface, those up to number 8 were in snow, sensors 9 to 28 in ice and the 

remaining sensors were extended into liquid water. From 15 May on sensor 28 attained 

water temperature due to melting at the lower ice boundary. In contrast to the winter 

cases there is a secondary temperature minimum close to -1.5 m with a temperature near 

-5 °C, while the absolute minimum occurs just below the snow surface with -7 °C during 

night. Under solar illumination the temperatures in the snow show a pronounced diurnal 

cycle covering a range of more than 1 K. The variation of ice temperatures is of the order 

of tenths of a Kelvin. The temperature gradient of the snow layer is very small with -1.3 I{, 

and the snow temperature is comparable to the air temperature (Tab. 24). Compared to 

the test cases 2 - 4 the snow profile has been modified by increasing the layer thickness 

to 39 cm. Additionally, the snow grain diameter and density have been slightly changed. 

Records of the incoming solar radiation show that the irradiance regularly reaches values 

of 500 W /m2 during noon hours of the days after 10 May 88. Hence, it is very likely that 

the snow and upper ice cover are subject to melting during day and refreeze-processes 

during nighttime hours of those days. AVHRR images inspected show mostly cloudy skies 

in the vicinity of the ice-floe station. However, summarizing the situation over several days 

from 13 to 16 May 1988 allows to estimate the ice coverage to be larger than 90%. 

4. 7.4 SSM/I Observations 

The SSM/1 images of this day, taken at 21:30 (Figure 74) and 23:20 UT (Figure 75) show 

very different ice signatures than the winter cases in all vertically polarized channels. Es

pecially the marginal ice zone is broader and more heterogeneously structured. Within the 

ice pack the 85 GHz channel obviously shows free water at several locations in the vicinity 

of the ice-floe station. 

Table 23 Synoptic observations for case .5. 

date : 13.5.1988 

SSM/1 overpass : 21:30 UT 

pressure : 1026.1 hPa 

wind speed : 7.1 m/s 

wind dir. : 306 ° 

position : 4.38° E / 80 .72° N 

radiosonde launch : 20:00 UT 

Ta : -9.1 °C 

To : -1.3 °C 

PWC : 5.4 kg m-2 

synop: 22 UT 

humidity : 90 % 
cloud : 885-

D>. Tice- snow : -1. 3 K 
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Table 24 Input parameter for sea ice module for case 5. For explanation of parameters 

see Tab. 6. 

z Ti p Des l1 Dc1 De s Be BR # 
-4.600 271.4 1.000 0.00 1.000 0.00 0.0 32.0 0.0 o.oooE+oo 1 water 

-2.500 270.6 0.890 0.00 0.000 10.00 1.2 1.-1 2-1.0 0.250E-04 2 ice 

-2.200 269.4 0.895 0.00 0.000 10.00 1.2 0.3 24.0 0.250E-04 3 

-1.900 268.7 0.895 0.00 0.000 10.00 1.2 1.2 24.0 0.250E-04 4 

-1.600 268.3 0.895 0.00 0.000 10.00 1.2 0.1 24.0 0.250E-04 5 

-1.200 268.3 0.895 0.00 0.000 10.00 1.2 0.3 24.0 0.250E-04 6 

-0.390 268.5 0.380 1.50 0.000 0.00 3.2 0.0 54.7 O.lOOE+Ol 7 snow 

-0.260 268.8 0.320 1.50 0.000 0.00 1.2 0.0 0.0 0.lOOE+Ol 8 

-0.130 268.5 0.260 1.50 0.000 0.00 1.2 0.0 0.0 0.lOOE+Ol 9 

0.000 267.2 0.200 1.50 0.000 0.00 1.2 0.0 0.0 O.lOOE+Ol 10 

The observed brightness temperatures around the ship position of both overpasses do 

not differ significantly. Thus only the data for 21 :30 UT is compared to the simulations. 

The observed brightness temperatures (Figs. 76 and 77) show a decrease from northwest 

to southeast for all channels. Note, that the values at the ship position agree with the 

mean values of the area. 
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Figure 73 Variation of snow, ice and water temperatures during 24 hours covering case 5; 

0.0 m indicates the snow-air interface. 
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Figure 74 SSM/I brightness temperature distributions around the ice-floe station on 13 

May 88, 21:30 UT; the station is indicated by the black bullet. 
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Figure 75 SSM/I brightness temperature distributions around the ice- floe station on 13 

May 88 , 23:20 UT; the station is indicated by the black bullet. 
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Figure 76 Observed SSM/1 brightness temperatures of the lower frequencies of nearest 

pixel to ice- floe station ( *) for case .5 . 
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Figure 77 Observed SSM/1 brightness temperatures of the 85 GHz channels nearest to 

ice- floe station ( *) for case 5. 
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4. 7.5 Validation 

imulation 1 ha been carried out for a cloud free atmo phere with a sea ice concentration 

of lOOo/c. The brightness temperatures at all frequencies exceed the ob ervation wi th a 

maximum difference of 50. " I( at 5 GHz vertical polarization. \\ hile the differ nee for 

the :15 GHz channels can be reduced by introducing a now cloud with a l = 0.09 kg 

m-2 (simulation 2) the brightness temperatures changes at the other channel are very 

small (LiTB,c1). Due to the relatively high air temperatures a liquid phase of the cloud i 

also possible. The simulation of a water cloud (simulation 3) shows increasing brightne 

temperatures compared to cloud free simulation, and thus an increase of the deviation 

from the observed values. ote that the changes in brightness temperatures cau ed by a 

liquid phase of the cloud are opposite to those of the snow phase. 

To reduce the differences between the SSM/I observations and calculations it is nece _ 

sary to introduce an open water area. The estimated sea ice concentration by the ASA 

sea ice algorithm is about 80%, which is about 10 % less than estimated from the AVHRR 

images. Simulation 4 assumes this sea ice cover. The resulting brightness temperature 

differences are reduced at all frequencies, but only at the 19 and 22 GHz channels the 

simulations are in close agreement with observations . The estimated open water effect 

(LiT8 ,0 w) is almost identical to the cases analyzed before. 

Changing the sea ice profile by doubling the thickness of the overlaying snow layer re

duces the brightness temperatures at lower frequency channels significantly (simulation 5, 

LiTB,snaw)· However, the brightness temperatures at 85 GHz are slightly increased. Based 

on the synoptic observations a snow cloud and a sea ice concentration of 80% has been 

modelled with simualtion 6. The assumption of a snow cloud, instead of water phase, is 

justified by the reduction of the br ightness temperatures at 85 GHz. The resulting bright

ness temperatures are in close agreement with the SSM/I observations, except at 37 GHz. 

To summarize, the model is able to simulate the observed brightness temperatures with 

the environmental conditions as observed, except at 37 GHz. The brightness temperature 

changes due to changes of the environment correspond to those found for the other cases. 

4 .8 Case 6: Ice, overcast sky, spring 

4.8.1 Synpt ic Sit uation 

The last case is another situation near the end of ARKTIS'88 where the ice-floe station 

was drifted to 0.3°E, 80.2°~ while the Polarstern has left the ice-floe already heading 

to Longyearbyen . The time period under consideration is from O to 8 UT on 25 May 

1988 where the Polarstern was about 1,50 km southeast of the floe station. According 



Table 25 Statistics of observed SSM/I and simulated brightness temperatures for case 5. For further explamnation see text. 

SSM/1 F08 Ta obs. 13.05.88 21:30 simulation 1 simulation 2 simulation 3 simulation 4 simulation 5 simulation 6 D..Ta 

chan. mean std . mtn. max. Ta D..Ta Ta D..Ta Ta D..Ta Ta D..Ta Ta D..Ta Ta D..Ta cl 

19 v 2:3(5.6 1.7 2:3:1.8 239.1 249.4 12.8 249.3 12.7 250.2 13.6 235.0 -1.6 241.9 5.3 234.9 -1.7 -0. l 

19 h 20.5.5 2.8 200.8 209.2 236.9 31.4 236.8 31.3 238.0 32.5 209.6 4.1 222.9 17.4 209.5 4.0 -0. l 

22 v 2:3:3.7 l.6 231.2 235.9 246.2 12.5 246.0 12.3 247.3 13.6 234.7 1.0 241.4 7.7 234.5 0 .8 -0.2 

:Hv 215.2 2.8 2 L 1.3 219.7 241 .1 25.9 239.5 24.3 244.3 29.1 234.3 19.1 240.3 25.1 232.8 27.6 -1.6 

;n 1i 190.4 3.0 18,5 .9 195.7 225.0 34.6 223.7 33.3 229.4 39.0 207.2 16.8 224.7 34.3 206.3 15.9 -0.3 

8.5 v 201.6 4.8 190.7 213.7 252.4 50.8 205.9 4.3 256.7 ,55. l 249.2 47.6 252.7 51.1 203.6 2.0 -46.5 

85 h 190.0 5.8 181.9 201.4 238.5 48.5 198.4 8.4 246.7 56.7 224.3 34.3 238.7 48.7 190.3 0.3 -40.l 

Sim. cloud ice cover remarks 

l none 100 % 
2 0.1 kg m-2 snow 100 % 
3 0.1 kg m- 2 water 100 % 
4 none 80 % as estimated by NASA sea ice algorithm 

5 none 100 % snow layer with doubled thickness (78 cm) 

6 0.1 kg m- 2 snow 80 % 

D..Ta D..Ta 

OW s now 

-0.7 -7 .. 5 

-1.4 - 1'1 .0 

-0.6 -4.8 

-0.3 -0.8 

-0.9 -0.3 

-0.2 0.3 

-0.7 0.2 

~ ....... 
0 
0 
trl 
r 

>' 
r 
0 

~ 
0 

....... 
10') 
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to the AVHRR imagery at 13:02 'Ton thi day (00:\A- 9) the meteorological ituation 

ob erved on the ship does not differ from that at the ice floe. The station lies clo e to 

the center of an anticyclone covering the Greenland Sea and adjacent areas. The ky i 

totally covered with stratocumulus stratiformis its base is near 300 m but varies lightly 

during this night. ~lid and high-level clouds could not be observed. During two hour of 

observation between 6 and UT, light drizzle with interruptions was seen. The visibility 

reached 10 to 20 km. The wind speed dropped from initial values near 8 m/s to 4 m/ 
at 7 T in the last hour 6 m/s was exceeded again. The wind direction was southwe t 

at the beginning of the time period and changed to southeast during the following hour . 

The air temperature rised from - 3.9 °C to -3.2 °C while water temperatures is constant at 

- 1. °C. For the simulation of the brightness temperatures the synoptic parameters given 

in Table 26 are used. 

4.8.2 Atmospheric Parameters 

Again, three radiosonde ascents cover this case (Figure 78). All of them show a pronounced 

water-vapour layer with humidities between 90 and 100% topping near 860 hPa at 00:00 

UT and near 890 hPa at 08:00 UT. The enriched water-vapour in this layer is connected to 

a temperature inversion that extends over several hundred metres at the beginning. In the 

last two profiles this inversion is drastically weakened. Other shallow inversion layers are 

identified in the temperature profiles at varying mid-tropospheric levels. However, they 

are not related to water-vapour layers that are likely to be saturated during this situation. 

The relative humidity is clearly less than 90% at their maxima. 

4.8.3 Surface Parameters 

During the twelve days elapsed since the previous case the temperature profile in the snow 

and ice of the floe has undergone substantial variations. The minmum temperature is now 

close to -4 °C compared to the -7 °C in case 5. The absolute temperature minimum is now 

at about -1.2 m, the near-surface snow shows a secondary minimum (-3.5 °C) just beneath 

the surface during night only. The diurnal variation of the snow and ice temperatures, 

however, did not change markably. An inspection of the time series of the downwelling 

solar irradiance shows that its daily peak values were always between 300 and 500 W /m2 

Table 26 Synoptic observations for case 6. 

date : 25.,5.1988 

SSM/I overpass : 03:34 UT 

pressure : 1022.0 hPa 

wind speed : 4.3 m/s 

wind dir. : 160 ° 

position : 0.3° E / 80.2° N 

radiosonde launch : 03:50 UT synop : 04 UT 

Ta : -3.0 °C humidity : 81 % 
To : -0 .3 °C cloud : 885-

PWC : 9.1 kg m- 2 
D.Tice-snow : -0.9 K 
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Figure 78 Temperature (contiguous) and relative humidity ( dotted) profiles for case 6; 

given times are launch times. 

during this period. The surface air temperature increased from a mean of about -5 °C 

between 11 and 17 May to about -1 °C after 19 May with peak values above the freezing 

level on 21 May. Except for the temperatures. the sea ice / snow profile from case 5 has 

been adopted (Tab. 27). The analysis of AVHRR images of the period from 20 to 24 May 

shows an ice concentration of about 80% in the area reached on 25 May. 
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Figure 79 Variation of snow, ice and water temperatures during 24 hours covering case 6. 

Table 27 Input parameter for sea ice module for case 6. For explanation of the parameters 

see Tab. 6. 

z Ti p DGs l1 DG1 DB s ()B Bn # 
-4.600 271.3 1.000 0.00 1.000 0.00 0.0 32.0 0.0 O.OOOE+oo 1 water 

-2.500 271.0 0.890 0.00 0.000 10.00 1.2 1.4 24.0 0.250E-04 2 ice 

-2.200 270.5 0.895 0.00 0.000 10.00 1.2 1.3 24 .0 0.250E-04 3 

-1.900 269.9 0.895 0.00 0.000 10.00 1.2 1.2 24.0 0.250E-04 4 

-1.600 269.6 0.895 0.00 0.000 10.00 1.2 0.7 24.0 0.250E-04 5 

-1.200 269.8 0.895 0.00 0.000 10.00 1.2 0.3 24.0 0.250E-04 6 

-0.390 269.5 0.380 1.50 0.000 0.00 3.0 0.0 54.7 O.lOOE+Ol 7 snow 

-0.260 269.7 0.320 1.50 0.000 0.00 1.2 0.0 0.0 O.lOOE+Ol 8 

-0.130 270.8 0.260 1.50 0.000 0.00 1.2 0.0 0.0 0.lOOE+Ol 9 

-0.000 271.2 0.200 1.50 0.000 0.00 1.2 0.0 0.0 O.lOOE+Ol 10 

4.8.4 SSM/1 Observations 

The SSM/I images (Figures 80 and 81) show that the spring season is far advanced; the 

ice edge moved northward a substantial distance as seen in the 19 GHz channel north of 

Svalbard when compared to the situation on 13 May 88 . 

The observed brightness temperatures at the ice- floe station (Figs. 82 and 83) show 

increasing values from southeast to northwest . The standard deviation (Tab . 28) is signi

ficantly higher than found for case -5. Note that the brightness temperatures at the ice-floe 
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Figure 80 SSM/I brightness temperature distributions around the ice-floe station on 25 

\lay 88, 03: :34 UT; the station is indicated by the black bullet . 
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Figure 81 SSM/I brightness temperature distributions around the ice- floe station on 25 

May 88, Q.5:16 UT ; the station is indicated by the black bullet. 
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Figure 82 Observed SSM/I brightness temperatures of the lower frequencies of nearest 

pixel to ice- floe station ( *) for case 6. 
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Figure 83 Observed SSM/1 brightness temperatures of the 85 GHz channels nearest to 

ice- floe station ( *) for case 6. 
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Table 28 Statistics of observed SSM/1 and simulated brightness temperatures for case 6. For explanation see text. 

SSM/1 F08 TB obs. 13.0,5.88 21:30 simulation 1 simulation 2 simulation 3 simulation 4 simulation 5 simulation 6 

chan. Ill Pan std. min. max. Ta 6..TB TB 6..Ta Ta 6..Ta 1s 6..Ta TB 6..Ta TB 6..TB 

I!) v 2:M.!i ,1.3 22!i.7 2:rn.5 2!i0.!i 16.0 2,50.5 16.0 232.8 -1.7 2,12.8 8.3 232.8 -1. 7 229.2 -5.:3 

I!) h 1 !J7.!) 7.8 18:L.5 204.1 2:38.9 41.0 2:38.9 41.0 20.5.0 7.1 222.9 25.0 20.5.1 7.2 198.3 OA 

22 v 2:3.5.2 ;3.,i 228.2 2:38.4 2,rn.:3 14. l 2,19.3 14.1 235.7 0.5 245.7 10.5 235.7 0.5 233.0 -2.2 

:n v 220.:3 :L2 220.2 230.8 2,17.7 22.4 247.0 21.7 237.8 12.5 248.0 22.7 237.7 12.0 235.3 10.0 

:n h 1 !)8.0 4.8 189.1 203.5 2:32.2 34.2 231.G 33.6 208.4 10.4 232.7 34.7 208.1 10.1 203.4 5A 

8:, v 22G.:3 G.G 214.2 241.8 2G2.7 36.4 238.8 12.,5 257.0 30.7 262.9 3fL6 234.3. 8.0 233.4 7.1 

8:, h 21 :,. 7 5.8 206.0 226.2 250.4 34.7 229.4 13.7 231..5 15.8 250.5 34.8 215.2 -0.5 212.'I -3.3 

Sim. cloud ice cover remarks 

11011(' 100 <7c, 

2 0.1 kg m - 2 snow 100 % 
;3 11011(' 7,5 % 

4 11011(' 100 <_!{, snow layer with doubled thickness (78 cm) 

:, 0.1 kg 111- 2 snow 75 % 
(j 0.1 kg rn- 2 snow 70 % 

6..Ta 6..TB 6..Ta 

cl OW snow 

0.0 -0.7 -7.7 

0.0 -1.4 -lG.O 

0.0 -0.,5 -3.G 

-0.7 -OA -0.3 

-0.6 -1.0 0.5 

-2:3.9 -0.2 0.2 

-21.0 -0.8 0.1 
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count the large inhomogeneities of the scene, expressed by the large standard deviations 

of the brightness temperatures. the model has successfully simulated the brightness tem

peratures, except for 37 GHz vertical polarization. 

4.9 Su111mary and Discussion 

For the validation of the combined microwave model six cases have been examined. One 

case ( # 1) was located far from the ice edge and no sea ice was present, the other cases 

were located within the ice field. However, these cases are not independent. Cases 2 to 4 

were located on the same ice floe, cases 5 and 6 on another floe. While cases 2 to 4 were 

observed during the winter season at very low temperatures, the data for the cases 5 and 6 

have been measured during spring with temperatures just below the freezing point. Thus 

large differences in the ice structure between the two subsamples may exist due to melting 

and refreezing processes. 

The difference between the observed and simulated brightness temperatures can be 

expressed as the sum of following error sources: 

• calibration errors of the SSM/1 instrument, 

• inhomogeneity of the observed scene (surface and cloudiness), 

• errors due to estimated model input parameters, for instance the cloud liquid water 

or snow density, and 

• simulation errors of the individual model modules due to insufficient simulation of 

radiative processes. 

Various analyses for the estimation of the SSM/1 calibration errors have been pub

lished in the literature. However, due to the different approaches, the resulting corrections 

coefficient differ by several Kelvin. The most direct method, using an SSM/I instrument 

on board of an underflying aircraft, has been used by Hollinger (1989). The absolute 

accuracy was estimated to be about 3 K for each channel. Since it was derived for the 

SSM/I on DMSP FS, it is reasonable to use this value also for the SSM/1 on DMSP FlO. 

Errors caused by scene inhomogeneities can be estimated by the standard deviation of the 

brightness temperatures of the pixels closest to the ice station. This also includes a geo

location error of the pixel positions. The errors due to insufficient input parameters may 

be treated as observation errors, although they directly influence the simulated brightness 

temperatures. An estimation of this error source is given by the calculation of the cloud, 

open water, and snow layer thickness effect. Direct simulation errors of the model may 

originate from the atmospheric, ocean or sea-ice module. These types of errors results 

from the uncertainties of the used coefficients or the parameterization assumptions. 
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Table 29 Summary of differences between obsen·ed and simulated brightness temperat

ures of all test cases using the simulations with the best overall agreement. For test case 1 

results of the :J- scale model and of the Wisler and Hollinger parameterization (\\'&H) are 

presented. The differences for test case --1 include the simulations for the extended sea-ice 

covered pixel ( 85 % ) and the 'open water' pixel ( 65 % ) . 

channel case 1 case 2 case 3 case 4 case 5 case 6 

3-scale \V&H 85 % 65 % 

19 v -4.S -5.0 -1.2 2.2 -1.2 -0.7 -1.7 -5.3 

19 h -3.7 0.5 3.2 3.8 1.1 .5.8 4.0 0.4 

22 v -0.9 2.1 2.0 4.8 1.1 2.9 0.8 -2.2 

37 v -2.9 -0.3 12.S 13.6 9.6 9.9 27.6 10.0 

37 h 4.3 0.2 13.3 11. 7 8 .. 5 14.6 15.9 5.4 

85 v 3.2 1.2 . •) o.~ -0.4 -0.9 2.3 2.0 7.1 

85 h 2.2 -3.7 5.6 -1.4 -2.3 0.7 0.3 -3.3 

Thus the acceptable difference between the simulated and observed brightness temper

atures is the sum of the absolute error (3 K) and the standard deviation of the observed 

brightness temperature(2-3 K). Hence the differences should not exceed a value of 5 to 6 

K. The differences between the observed SSM/1 brightness temperatures and the closest 

simulation results are in given in Tab. 29 for all cases. Case 1 one was used to evaluate 

the ocean module with two approaches to estimate the effect of the surface roughness: 

the 3-scale model and the parameterization by Wisler and Hollinger (1977). The latter 

formulation yields a somewhat better overall agreement with the observed brightness tem

peratures. However, due to the strong influence of the clouds and the fact that the actual 

liquid water content is unknown, it is not possible to give a preference to one of both 

methods. To do this, simulations for cloud free observations for more than one test case 

have to analyzed. 

The simulations for the test cases with sea ice show large deviations for the 37 GHz 

channels, while the differences between observed and simulated brightness temperatures 

for the other channels are within the acceptable range. ::'-Jote that for test case 6 the 

standard deviations are higher than for the other cases. Thus the difference of 7.1 K at 

S,S GHz vertical polarization is acceptable. To achieve an agreement between observation 

and simulation it is important to consider the sea ice concentration and the amount and 

phase of cloudiness. Especially for snow clouds the influence at 8,5 GHz is very significant. 

However. the assumption of a snow phase cannot be proved. but it is justified by two 

reasons: 
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1. For case 2 no clouds have been obsen·ed and the simulated brightness temperatures 

at 85 GHz without a snow cloud agree with the SS~I/I observations. Thus the 

simulated sea ice reflectivity at 8,S GHz corresponds to the observations and show 

no significant error. Because sea ice parameter of case 2 have been adopted to case 

3 and 4 (it is always the same ice-floe), it is reasonable to assume that there is also 

no significant error of the sea ice reflectivity for the latter cases. But for the cases 3 

and 4 clouds have been observed and snow clouds are required for the simulation at 

85 GHz to achieve an agreement with the observations. 

2. The snow phase of the clouds is reasonable due to the low air temperatures at cloud 

levels. 

The source for the large deviations at 37 GHz are thought to originate from the sea-ice 

module, because they do not appear for the open ocean simulation ( case 1 ). A change of 

the sea-ice input parameters may improve the simulations, but to select appropriate values 

a detailed sensitivity analysis is needed. However, the actual reason for this shortcoming 

of the sea-ice module is unknown, but a possible explanation is the absence of surface 

scatter in the module. Another error source is that the calculated emission from the ice 

surface is based on the reflection. The actual emission may originate from deeper layers 

than the surface with other emissivities and temperatures. 

To achive reliable sensitivity study ( section 5) a correction of the modelled brightness 

temperatures at 37 GHz is necessary by modifying the bistatic scattering coefficient , 

computed from the sea-ice module 

r(P)cor = c(p) · r(P)mod, (66) 

where p denotes the polarization. To estimated the correction coefficients c we use the 

SSM/I observations of case 2, because it was cloud free situation. Since a single observation 

does not alow the application of a statistical regression, we apply different factors and 

compared the results to the SSM/I measurements. The set of 

c( v) = 2.0 and c( h) = 1.5 

brought the simulated brightness temperatures in agreement ,vith the observed ones, where 

the above discussed criteria are assumed. Furthermore the corrected simulations for the 

other test cases satisfied the criteria too. However, the simple correction approach does 

not guarantee a general validity, especially the coefficients are computed for the SSM/I 

viewing angle only. 

Based on the discussed results the following recommendations are given: 

• For a complete description of the radiative transfer. the emission process of the 

ice/snow should be described by the combined model. Since the '.Many layer strong 



176 STl'DY OF ICE &: AntOSPHERr 

fluctuation theory' does not supply the surface emission. an additional module should 
be developed. 

• Effects of surface scattering are not treated explicitely by the sea ice module. This 

process may not only occur at the upper snow layer, but also at the snow-ice bound

ary. Therefore, the influence of surface scatter should be investigated by theoretica 

methods, and if found to be important, it should be included in the model. 
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5 Sensitivity Analysis 

The principal task of the sensitivity analyses is the estimation of changes in brightness 

temperatures due to changes of environmental parameters. Therefore those parameter 

changes, which show the most prominent effect on the radiative signal, should be invest

igated. On the other hand, the variation of the parameters has to be within the limits of 

the natural occurence. For instance, a precipitable water content of ,50 kg m-2 will not be 

found in polar regions. The brightness temperature observed from space is a composed 

signal from the atmosphere, the open ocean, and the sea ice covered ocean. Thus the most 

effective parameters of each of these subenvironments have to be considered. 

In mathematical sense the sensitivity analyses has to compute the partial derivatives of 

the brightness temperatures TB with respect to a parameter p (8TB/8p). However, because 

there is no analytical solution of the radiative transfer equation, the partial derivatives have 

to be estimated by difference quotients. The bistatic reflection coefficients from the sea-ice 

module at 37 Ghz have been corrected according to (66). 

5.1 Definition of Sensitivity Parameters 

5.1.1 Open Ocean 

The open ocean (not covered with sea ice) contributes to the radiative signal by two pro

cesses: ( i) emission from the ocean surface and (ii) reflection of the atmospheric radiation. 

The effects of both processes depend on frequency. Reflection and emission are functions 

of the sea surface roughness and the foam coverage. Both quantities strongly depend 

mainly on wind speed. Other parameter, such as salinity, can be assumed as nearly con

stant, and changes within the expected range for polar regions have negligible influence on 

the reflectivity. Since changes in T0 affect the reflection and emission in opposite manner, 

the residual effect on the observed brightness temperatures is very small. However, the 

influence of the sea surface temperature T0 and wind speed shall be investigated. While a 

maximum wind speed of 20 m/s is assumed, T0 shall be varied within the range from -2 

to 10 °C. 

5.1.2 Ice Coverd Ocean 

Similar to the open ocean, the microwave radiation of the ice covered ocean can be attrib

uted to two processes: (i) emission and (ii) reflection of the atmospheric radiation. Both 

are governed by the scattering at the dielectric inhomogeneities (brine and air inclusions, 

snow grains) and by the coherent reflection at the snow and ice layer boundaries. Both 

emission and reflection depend on the frequency. Moreover, they are functions of the in

ternal microphysical structure of the ice and snow as they are influenced by the density, 
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Table 30 Parameters for the sensiti,·ity analysis of the model. 

Parameter Range sensiti\"ity inter\"al Literature I 
I 

sea ice density ,00 - 920 kg/m 3 11 kg/m3 Eicken et al. 199.j 

salinity 0 - 16 7co 0.8 7co Tucker et al. 1992 

grain size --1- 10 mm 1 mm Stogryn 198, 

thickness FY 0.3 - 2 m , •• '5 cm \\".\10 

thickness .\IY 2.33 - 6.09 m , •• '5 cm Tucker et al. 1992 

brine angle 0 - 90° ~o 
oJ Stogryn 1986 

brine ratio 1 : 1 - 1 : 0.000025 Stogryn 1986 

snow density 22--1 - .j--16 kg/m3 16 kg/m3 Garrity 1992 

snow grain size 0-6mm 0.3 mm Barber et al. 199.j 

Winebrenner et al. 1992 

snow depth FY --1.5- 67 cm 4.5 cm Garrity 1992 

snow depth .\IY ,.0- 70 cm 4.5 cm Garrity 1992 

free water content FY 0 - 40 %0 2 %0 Garrity 1992 

free water content MY 0 - 70 %0 2 %0 Garrity 1992 

salinity, grain size, thickness, air bubble diameters and temperature of the sea ice. The 

snow has two supplementary parameters, the snow grain size and, if the temperature is 

not too far below zero, the free water content. 

Although it has been argued that there is an inner coupling of the ice parameters with 

the ice aging there are no measurements which follow up the aging process as reflected by 

the correlated change of the mentioned ice parameters ( Grenfell et al. 1992). 

Typical values for the ranges of the parameters which influence the brightness temper

ature are given in Table 30. The literature sources of the values are also given. We will 

analyse the sensitivity of all given parameters for the seven different surface types open 

water, thin ice ( dark nilas ), first-year ice, and multi year ice, with and without snow cover, 

respectively. Furthermore, in Table 30 sensitivity intervals are defined as about five per 

cent of the total range of the parameters. 

5.1.3 Atmosphere 

In the atmosphere the radiation is affected by the absorption due to oxygen and water 

vapour as well as absorption and scatter by hydrometeors. The effects of these processes 

depend on frequency and on the environmental conditions in the atmosphere. For SSM/I 

frequencies, which are under investigation, changes of the absorption due to oxygen is of 

minor importance by three reasons: 
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• the SS11/I frequencies are outside the oxygen absorption lines ( 50-70 GHz band and 

118 GHz), 

• the amount of oxygen in the atmosphere which only varies slightly as the surface 

pressure changes, and 

• the absorption depends on pressure and temperature, and the relative changes of 

these variables are small. 

Because the SSM/I instrument is designed for the retrieval of hydrological parameters, 

changes in water vapour amount affect the observed brightness temperatures considerably. 

In contrast to oxygen, the amount of water vapor is highly variable. For the vertically 

integrated water vapour (precipitable water) amounts from less than 1 kg m-2 to 20 kg 

m- 2 occur in polar regions. 

Also highly variable are the hydrometeors ( e.g. cloud droplets, rain drops, snow flakes) 

in the atmosphere, which have a significant effect on the brightness temperatures due 

to absorption and scattering. The effects depend on the phase (liquid or ice), the radii 

of the droplets and many more parameters. However, the most important factor is the 

amount of water, generally described by the liquid water path ( vertically integrated water 

content), or, in case of rain, by the intensity. During the ARKTIS '93 experiment cloud 

liquid water contents of about 0.1 g/m3 have been measured (Brummer 1993). Assuming 

a cloud height of 3 km, a liquid water path of 0.3 kg m-2 results, which is considered 

as a maximum value for non-precipitating clouds in polar regions. Due to the large radii 

of rain drops ( compared to cloud droplets) the scattering due to rain is of much more 

importance than for clouds. However, the intensity of rainfall (snowfall) is not expected 

to exceed 3 mm/h. 

5.2 Sensitivity to Surface Parameters 

5.2.1 Open Ocean 

To estimate the sensitivities of the brightness temperatures to the wind speed and the 

sea surface temperature the environmental conditions of test case 1 are used to simulate 

the radiances. The sensitivity to the wind speed Su = fJTB/ [)[! and surface temperature 

ST0 = fJTB/ 8T0 is given in Tab. 31. The sensitivities to wind speed are classified into 

two wind speed regimes. For low wind speeds up to 6 m/s the sensitivities are nearly 

independent of the wind speed. At horizontally polarized frequencies Su is much larger 

than at vertically polarized channels. This is also true for wind speeds above 6 m/s. 

But for this regime the sensitivity increases with increasing wind speed. Values of more 

than 4 K/(m/s) result for a wind speed of 20 m/s at 37 and 85 GHz horizontal polarization. 
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The sensitivity of the brightness temperatures to the sea ice concentration Sice = 
oT8 /of (Tab. 31) is independent from the amount of ice cover f. Except at S.j Ghz 

vertical polarization. the brightness temperatures increase with increasing ice concentra

tion. Sice is much larger for the horizontally polarized channels than for the vertically 

polarized ones. Due to the large variation range (0-100%) the resulting brightness tem

peratures changes are very large. A maximum change of about 130 K is found for 19 GHz 

horizontal polarization for transition from O to 100% ice concentration. 

The sensitivity of the brightness temperatures to the sea surface temperature Sr
0 

is 

much smaller than that to the wind speed. At very low temperatures (-2 °C) the sensitiv

ity is negative for the lower frequency channels, thus the brightness temperatures decrease 

with increasing sea surface temperature. \Vith increasing sea surface temperature the 

sensitivities also increases towards positive values. As a consequence of the sign change 

the effect on the brightness temperatures is very small in the order of tenths of a degree 

for 10 °C change of the sea surface temperature. However, at 85 GHz vertical polariza

tion the sensitivity is always positive and higher changes in the brightness temperature 

result. Hawver, variations of the brightness temperature due to changes of the sea surface 

temperature are much smaller than those due to wind speed changes. 

Table 31 Sensitivity of brightness temperatures to wind speed Su for low and high wind 

speed regimes, the sea surface temperature Sr0 , and the sea ice concentration Sice· 

channel Su K/(m s- 1
) Sr0 K/K Sice K/% 

1-6 m/s 6-20 m/s -2 - 10 °C 0-100% 

19 v 0.1 0.1 - 1.1 -0.2 - 0.1 0.6 

19 h 0.5 0.7 - 2.6 -0.2 - 0.0 1.3 

22 v 0.2 0.2 - 1.1 -0.1 - 0.1 0.5 

37 v 0.1 0.2 - 2.1 -0.1 - 0.0 0.1 

37 h 0.8 1.2 - 4.4 -0.2 - -0.1 0.7 

85 v 0.0 0.0 - 1.8 0.2 - 0.2 -0.1 

85 h 1.1 1.4 - 4.2 0.0 - 0.1 0.5 

5.2.2 Sea Ice 

The variations of the input parameters (Table 30) are applied to six different surface 

types: Thin ice ( dark nilas ), first-year ice and multiyear ice. The ice types were simulated 

with and without snow cover. The structure of the different surface types used for the 

simulations is described in Tables 32 to :34. In the sensitivity analysis of the snmv-free 
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situation. the same input parameters have been used. but the snow on top of the ice has 

been omitted. The results of the sensitivity analysis is delineated in numerical sensitivities 

D.TB in Tables 35 to 40, defined as the difference of the brightness temperature T8 observed 

at the top of the atmosphere for varied model parameters and the brightness temperature 

T8 for the unchanged model parameters: 

(67) 

The model is nearly linear within these input variations. The sensitivities D.T8 are the 

change in the model output if the corresponding input parameter is changed by 5% of 

its complete range of variation as indicated in Table 30. Thus a value of D.T8 = 1 K 

means that the output variation is 20 K if the input change is the complete range and 

the model is linear over the complete interval. Sensitivities below this threshold can be 

neglected because the other uncertainties are of the same order as well as the accuracy of 

measurement. If a sensitivity for one parameter is lower than 0.01 K for every frequency 

and polarization then the parameter has been discarded from the table. In the sensitivity 

Tables 35 to 40 the first column shows the number of the layer - the water layer is the 

first, and the uppermost (in most cases snow) layer the last one. The last two columns 

show the polarization ratio differences D.Rp and the gradient ratio differences D.Rc defined 

as 

and 

D.Rp = lOOO D.Trn,v - b..Trn,h 
Trn,v + T19,h 

b..Rc = lOOO D.T31,v - D.T19,v. 
T31,v + Trn,v 

(68) 

(69) 

These values show the sensitivity of the gradient ratio for 37 and 19 GHz and of the po

larization ratio for 19 GHz. A value of D.Rp = 2.5 resp. D..Rc = 0.75 for first-year ice 

and D.Rc = 1.5,5 for multiyear ice means a change of 1 % in ice concentration according to 

the NASA Team algorithm ( Cavalieri et al. 1995, Fig. 5 ). 

In this section we discuss the sensitivities for the seven mentioned surface types. In order 

to allow a proper assessment of the presented sensitivities, the corresponding undisturbed 

emissivities in the range between 1 and 100 GHz for the three ice types are given in Figures 

84 and 85. 

5.2.2.1 Thin Ice (Dark Nilas, Tables 35 and 36) The air bubble diameter, the 

density ( h-pol.) and the salinity are the most sensitive parameter to determine the mi

crowave signal. The temperature of ice and water and the salinity of the water give lower 

contributions to the brightness temperatures. If the thin ice is covered by a thin snow layer 

( Table 36) we find strong changes of the microwave signal according to the snow density, 
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Table 32 Parameters for thin ice ( dark nilas). Horizontal lines separate \\"ater (layer 1) .ice 

( 2) and snow layers ( :3). 

z T; p Des 11 De1 Ds s Os BR layer 

m 1..: g/cm3 mm mm mm ppt 0 

0.01 260.0 0.34 1.00 0.00 0.00 1.2 :3.0 54.7 1 :3 

0.00 260.0 0.34 1.00 0.00 0.00 1.2 :3.0 54. 7 1 3 

-0.01 265.0 0.80 0.00 0.00 10.00 1.2 10.0 54.7 1 2 

-9.00 271.4 1.00 0.00 1.00 0.00 0.0 32.0 0.0 0 1 

Table 33 Parameters for first-year ice. Horizontal lines separate water (layer 1 ), ice (layers 

2-7) and snow layers (8). 

z Ti p Des l1 De1 Ds s Os BR layer 

m K g/cm3 mm mm mm ppt 0 

.00 263.0 0.34 1.00 .028 0.0 1.2 5.9 4.0 1 8 

-.04 263.0 0.34 1.00 .028 0.0 1.2 ,5.9 4.0 1 8 

-.OS 266.0 0.92 0.00 .131 1.2 1.2 17.,5 4.0 1 7 

-.09 266.0 0.92 0.00 .131 1.2 1.2 17.5 4.0 1 6 

-.19 268.0 0.92 0.00 .100 1.2 1.2 10.0 4.0 .2.50E-04 5 

-.29 269.0 0.92 0.00 .131 1.2 1.2 9.4 4.0 .250E-04 4 

-.49 270.0 0.92 0.00 .141 1.2 1.2 6.9 4.0 .250E-04 3 

-.59 271.0 0.92 0.00 .138 1.2 1.2 5.6 4.0 .250E-04 2 

-.68 271.0 1.00 0.00 1.000 0.0 1.2 35.0 4.0 .250E-04 1 

the free water content and the density of the snow. But because of the thin snow layer 

we get also a great influence of the air bubble diameter and the salinity of the underlying 

ice layer, both decreasing with frequency. Because of the low thickness of thin ice we get 

also a (small) influence of the temperature of the water. This is no more observed in the 

following. thicker ice types. 

5.2.2.2 First-year Ice (Tables 37 and 38) The lower layers (1-4) of the ice and 

the water layer do not influence the microwave signal of the first-year ice. In the case of 

snow-covered first-year ice (Table 37) the most important parameters are the density of 

the snow (h-pol.) and its grain size. The sensitivity of the snow grain size increases with 

frequency (except 85 GHz). Another important parameter is the free water content. The 

temperature of the sno\v has a lower influence. The influence of the brine angle is very 
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Table 34 Parameters for multiyear ice. Horizontal lines separate water (layer 1), ice (2-9) 

and snow layers (10-12) . 

z T; p Des l1 Der DB s ()B BR layer 

m K g/cm3 mm mm mm ppt 0 

.00 263.1 .100 0.8 0.00 0.0 1.2 0.0 0.0 1 12 

-.10 263.1 .100 0.8 0.00 0.0 1.2 0.0 0.0 1 12 

-.15 263.3 .460 0.8 0.00 0.0 5.0 0.0 54.7 1 11 

-.20 263.5 .728 0.8 0.00 0.0 3.0 0.0 54.7 1 10 

-.38 263.7 .728 0.0 0.00 10.0 1.2 0.1 24.0 .250E-04 9 

-.46 264.1 .895 0.0 0.00 10.0 1.2 0.3 24.0 .250E-04 8 

-.63 264.5 .895 0.0 0.00 10.0 1.2 0.7 24.0 .250E-04 7 

-.77 264.8 .890 0.0 0.00 10.0 1.2 1.2 24.0 .250E-04 6 

-.87 265.1 .890 0.0 0.00 10.0 1.2 1.4 24.0 .250E-04 5 

-.97 265.4 .890 0.0 0.00 10.0 1.2 1.9 24.0 .250E-04 4 

-1.02 265.7 .870 0.0 0.00 10.0 1.2 2.4 24.0 .250E-04 3 

-1.58 266.1 .870 0.0 0.00 10.0 1.2 3.0 24.0 .250E-04 2 

-2.50 269.9 1.000 .00 1.00 0.0 0.0 32.0 .0 0 1 

small. The salinity of the uppermost ice layer is the most important parameter of the 

snow-covered first-year ice. The other parameters are neglectable. This is similar in the 

case of firstyear ice without snow. In the snow-free case (Table 38) which is less physical, 

the salinity of the uppermost layer shows the most prominent and negative sensitivity. The 

next important parameter is the density of the highest layer. This sensitivity decreases 

for h-pol radiation with frequency in the range 6.TB = 0.4 .. 0.2 K; the v-pol. sensitivity is 

about four times smaller. All sensitivities of this ice type are rather low (6.TB < 0.6 K) 

and much lower than in all other ice types. 

5.2.2.3 Multi-year Ice (Tables 39 and 40) We have calculated the sensitivities of 

a multi-year ice with 20 cm and without a cover of snow. The influence of the parameters 

of the snow is greater than in the case of first-year ice. The free water content and the 

density of the snow (for h-pol and decreasing with frequency) are the most important 

parameters in this case. The influence of the snow grain size is important, too, and 

increases with the frequency. According to the Fresnel approach to calculate the coherent 

reflection coefficients we get a great influence of the layer thickness. We recommend not to 

change this parameter. These high sensitivities do not reflect monotonic trends but local 

oscillations of the emissivity with the layer depth. Similar oscillations with the frequency 

are shown in Figure 8,5. In the less physical case of multiyear ice without snow (Table 40) 
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Figure 84 Left (Right): Emissivities of dark nilas (first-year ice) at 50 degree incidence 

angle - the higher values are v-polarized emissivities, the lower are h-polarized emissivities 

- Measurements are from Eppler et al. 1992. 

all sensitivities have the same order of magnitude as in the ice part of the snow covered 

case, i.e. they are much smaller than those of the snow parameters. The most important 

influences are attributed to the following parameters of the uppermost layer: Air bubble 

diameter (increasing with frequency), salinity (decreasing with frequency) and density (h

pol. only). 

Table 35 umerical sensitivities l::!Ta of the model for dark nilas without snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layer 1 = water; 2 = ice 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz ll.Rp ll.Rc 

Layer Parameter v H v H v H v H 

2 depth -2.02 -2.69 -9.65 -33 .36 5.01 22 .21 -0.05 -0.37 1.742 15.111 

2 temp 0.20 0.30 0.11 0.07 0.06 0.09 0.00 -0.02 -0.270 -0.289 

2 density 0.97 1.42 0.90 1.81 -0.13 -0.66 -0.02 -1.49 -1.194 -2.375 

2 gram size -0.91 -1.32 -0.43 -0.16 -0 .21 -0.46 -0 .02 -1.57 1.086 1.499 

2 bubble diam . 1.59 2.95 0.43 -1.34 1.04 3.55 -1.10 -4.08 -3.588 -1.169 

2 salinity 1.33 2.05 0.72 0.39 0.44 0.71 -0.02 -1.85 -1.897 -1.907 

1 I temp 11 0.01 -0.02 I o.oo o.oo I -o.oo -0.01 I -o.oo o.oo 11 0.026 1 0.021 I 
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Figure 85 Emissivities of multiyear ice at 50 degree incidence angle: The higher values are 

v-polarized emissivities, the lower are h-polarized emissivities. Measurements are from 

Winebrenner et al. 1992. 

In order to condense the numeric sensitivity Tables 35 to 40 into a more compact form, 

a symbolic representation has been developed using the symbols indicated in Table 41 for 

high, low, positive and negative sensitivities, respectively. 

The resulting symbolic representations are shown in Tables 42 to 47. From these and the 

numeric sensitivities we conclude the most important sensitivities in Table 48. Here, the 

less physical cases of first-year and multiyear ice without snow have been omitted. The 

most pronounced sensitivities are found in the snow cover of the multiyear ice, and the 

important parameters are free water content, snow density (for h-pol. only) and snow grain 

size. All important sensitivities are located in the upper layers. The different sensitivities 

in Table 48 may be explained as follows: 

• Snow free water content (multiyear and thin ice): Because of the high dielectric 

constant of water and its high absorption even a small fraction of liquid water in 

the snow reduces the penetration depth. The high absorption causes high emission 

( Kirchhoff law) resulting in increasing brightness temperatures. The increase of the 

brighness temperature with the free water content is also observed experimentally, 

see Figs. 28 and 29. 

• Snow density and snow grain size (in all ice types) : Increased density or particle 

size means increasing scattering, i.e.increased interaction. But if the density or 

particle size of the scatterers becomes too high, the medium tends to opacity. If this 

explanation holds, one would expect lower sensibility at higher frequencies because 
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Table 36 :\umerical sensitivities ~TB of the model for thin ice (dark nilas) with snow. 

Layers are separated by horizontal lines; water-ice-snow transitions are marked by double 

lines. Layer 1 = water: 2 = ice: :3 = snow 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz tiRp ~Re 

Layer Parameter v H v H v H v H 

3 density 0.22 3.23 0.00 -1.93 0.01 0.89 0.22 -1.91 -7 .198 -0.447 

3 snow diam. 0.11 0.67 -0.07 -0.54 -0.12 -0.53 0.34 -0.16 -1.343 -0.501 

3 free water 1.14 2.40 0.35 -0.08 0.57 0.70 0.34 0.19 -3.016 -1.224 

2 depth -2.24 -17. 73 -9.88 -0.55 6.15 -0.88 -0.05 -0.07 37.035 18.084 

2 temp 0.19 0.31 0.10 0.14 0.06 0.10 -0.00 -0.00 -0.279 -0.294 

2 density 0.98 2.22 0.93 0.73 -0.20 0.48 -0.03 -0.38 -2.950 -2.562 

2 grain size -0.93 -1.39 -0.43 -0.70 -0.21 -0.24 0.01 -0.37 1.087 1.551 

2 bubble diam. 1.69 2.24 0.39 1.62 1.21 1.10 0.11 -0.95 -1.333 -1.019 

2 salinity 1.32 2.10 0.71 1.00 0.41 0.67 0.01 -0.46 -1.881 -1.945 

\ temp 11 -0.02 -0.02 1 -0.01 -0.01 I -o.oo -o.oo I -o.oo o.oo 11 0.004 1 0.023 \ 

Table 37 Numerical sensitivities !::,.TB of the model for first-year ice with snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layer 6-7 = ice; 8 = snow 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz tiRp b.Rc 

Layer Parameter v H v H v H v H 

8 depth 0.00 0.00 0.00 0.00 0.00 0.00 -0.00 0.00 0.000 0.000 

8 temp 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 -0.028 0.000 

8 density -0.03 1.58 -0.20 1.64 0.08 0.91 0.06 -0.47 -3.543 0.249 

8 snow diam. -0.22 -0.14 -0.28 0.22 -0.69 -0.57 0.16 -0.30 -0.169 -0.949 

8 free water 0.07 0.24 -0.00 0.63 0.06 0.25 0.08 0.04 -0.387 -0.010 

7 bubble diam. -0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 -0.037 0.004 

7 salinity -0.01 0.04 -0.01 -0.04 0.00 0.00 0.00 0.00 -0.135 0.036 

6 temp -0.00 0.01 0.00 -0.01 0.00 0.00 0.00 0.00 -0.037 0.008 

the penetration depth decreases. This is observed in multiyear ice. 

• Air bubble diameter ( dark nilas with and without snow): In general the air bubble 

concentration in dark nilas is very low - the model describes columnar ice forms. 

Since this parameter is constant in nature, the air bubble sensitivities of the model 

should not be overinterpreted. 

• Salinity ( dark nilas with and without snow): The dielectric constant of the ice in

creases with increasing salinity and the absorption of the ice increases. With a thin 

snow cover ( dark nilas ), at higher frequencies this sensitivity decreases because of 

the increasing scattering by the snow. A thick snow cover (first-year and multiyear 

ice) suppresses completely this sensibility. 
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Table 38 Numerical sensitivities ~TB of the model for first-year ice without snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layer .5-7 = ice 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz llRp llRc 
Layer Parameter v H \' H v H v H I 

7 density -0.11 -0.40 -0.09 -0.35 -0.06 -0.33 -0.00 -0.22 0.684 0.109 

7 bubble diam. -0.04 -0.05 -0.03 -0.04 -0.03 -0.04 -0.04 -0.05 0.023 0.010 

7 salinity -0.18 -0.56 -0.15 -0.49 -0.13 -0.44 -0.07 -0.26 0.897 0.105 

7 brine angle 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 -0.007 -0.008 

6 temp -0.05 -0.16 -0.04 -0.14 -0.04 -0.13 -0.02 -0.07 0.270 0.026 

5 brine angle 0.00 -0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002 0.000 

The sensitivities of the layer depth, which the model delivers are not significant because 

they result from coherent reflection at the plane parallel layer boundaries. But in nature, 

the different ice properties show rather continuous profiles with the depth instead of strat

ified discontinuities and there are no boundaries for coherent reflection. 

The only physical cases where the sensitivities of the polarization ratio and the gradient 

ratio are significant are first-year ice (snow density) and multiyear ice (snow density, free 

water content, ice density and air bubble diameter). In all mentioned cases, the sensibility 

is negative, i.e. results in higher ice concentrations. 

Although investigated here, the ice type dark nilas is rarely found at horizontal scales 

of spaceborne passive microwave sensors, i.e. several hundreds of km2
• This ice type was 

included to the investigation only in order to give comparative values for field studies. 

The snow on top of the dark nilas is even more unrealistic, but in the model it could serve 

to simulate frost flowers. 
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Table 39 ~umerical sensitivities 0..TB of the model for multiyear ice ,vith snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layers i-9 = ice; 10-12 = snow 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz ilRp ilRc 
Layer Parameter v H \' H \' H v H 

I 

12 depth 0.36 7.62 0.30 0.96 -0.56 0.44 -0.07 0.17 -16.598 -1.944 

12 temp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.00 -0.013 0.002 

12 density -0.74 11.59 0.58 -7.42 -0.54 -8.18 1.17 1.36 -28.211 0.407 

12 snow diam. -1.00 0.60 -0.83 -1.01 -3.37 -3.16 3.37 4.38 -3.680 -4.965 

12 free water 2.14 10.02 1.92 4.01 3.23 6.06 3.05 4.14 -18.025 2.268 

11 depth 0.60 3.73 0.23 -1.23 1.68 3.85 -0.00 0.31 -7.157 2.241 

11 density -0.00 6.66 0.55 3.33 0.02 0.18 0.29 1.03 -15.275 0.077 
11 snow diam. -0.23 0.38 -0.19 0.10 -1.09 -1.19 0.00 0.00 -1.418 -1.800 

11 free water 1.24 3.58 1.12 2.25 0.87 1.24 0.05 0.18 -5.364 -0.765 

10 depth -0.47 -0.69 -0.21 -0.20 -0.20 -0.44 -0.00 -0.00 0.500 0.566 
10 density -0.02 -0.27 -0.00 -0.15 -0.00 -0.10 -0.08 -0.13 0.553 0.048 

10 snow diam. -0.01 -0.00 -0.01 -0.01 -0.07 -0.09 0.00 0.00 -0.011 -0.129 

10 free water 1.15 1.36 0.95 1.13 0.60 0.61 -0.01 -0.02 -0.473 -1.162 

9 depth 0.59 2.55 0.71 1.29 0.00 -0.04 -0.08 -0.16 -4.488 -1.235 

9 density 0.08 1.08 0.27 0.44 0.03 -0.00 0.00 0.00 -2.296 -0.087 
9 bubble diam. 0.21 1.43 0.63 0.89 0.60 0.82 0.00 0.00 -2.797 · 0.819 
9 salinity 2.09 2.60 1.53 1.51 0.41 0.35 -0.04 -0.05 -1.175 -3.504 
9 brine angle 0.03 0.08 0.02 0.04 0.00 0.00 0.00 0.00 -0.114 -0.054 

8 depth 0.05 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.075 -0.110 
8 density 0.04 -0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.130 -0.081 
8 bubble diam. -0.01 -0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.009 0.027 
8 salinity 0.08 0.01 0.02 0.05 0.00 0.00 0.00 0.00 0.144 -0.169 
8 brine angle 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 -0.025 0.000 
7 depth 0.00 0.04 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.093 0.000 
7 density 0.03 0.04 0.01 0.01 0.00 -0.00 0.00 0.00 -0.036 -0.062 
7 bubble diam. -0.00 0.01 -0.00 0.00 0.00 0.00 0.00 0.00 -0.043 0.014 
7 salinity 0.03 0.08 0.01 0.01 0.00 -0.00 0.00 0.00 -0.116 -0.064 
7 brine angle 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 -0.054 -0.004 
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Table 40 Numerical sensitivities t::.TB of the model for multiyear ice without snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layers 7-9 = ice 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz uRp uRc 
Layer Parameter v H v H v H v H 

9 depth -0.03 -0.02 -0.01 -0.04 0.00 0.00 0.00 0.00 -0.034 0.080 

9 temp -0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.020 0.000 

9 density -0.04 -1.61 0.03 -0.71 0.01 -0.28 0.00 -0.25 3.629 0.117 

9 bubble diam. 0.15 0.04 0.55 0.53 0.97 0.75 -0.62 -2.27 0.247 1.691 

9 salinity 2.19 1.06 1.55 0.87 0.70 0.35 0.02 -0.13 2.617 -3.071 

9 brine angle 0.03 0.05 0.02 0.04 0.00 0.01 0.00 0.00 -0.060 -0.053 

8 depth 0.05 0.04 0.01 -0.00 0.00 0.00 0.00 0.00 0.013 -0.102 

8 density 0.04 0.10 0.01 -0.00 0.00 -0.00 0.00 0.00 -0.145 -0.092 

8 bubble diam. -0.01 -0.02 0.00 -0.00 0.00 0.00 0.00 0.00 0.011 0.032 

8 salinity 0.08 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.039 -0.168 

7 depth 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 -0.046 -0.014 

7 density 0.02 -0.04 0.02 0.03 0.00 0.00 0.00 0.00 0.162 -0.053 

7 bubble diam. -0.01 -0.01 -0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.032 

7 salinity 0.03 -0.02 0.02 0.04 0.00 0.00 0.00 0.00 0.122 -0.063 

Table 41 Definition of the symbols for the ranges of sensitivity 

Range of Sensitivity [K] Symbol 

t::.T B < -1 --

-1 < ~TB < -0.01 -

-0.01 < t::.TB < 0.01 0 

0.01 < t::.TB < 1 + 
1 > ATB ++ 
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Table 42 Symbolic sensiti\·ities of the model for dark nilas without snow. Layers are sep

arated by horizontal lines: water-ice-snow transitions are marked by double lines. Layer 

1 = water: 2 = ice 

19.:3.5 GHz 22.23.5 GHz ;37 GHz 8.5.5 GHz 

Layer Parameter H v H v H v H v 
2 depth -- -- -- -- ++ ++ - -

2 temp + + + + + + 0 -

2 density + ++ + ++ - - - --

2 free water 0 0 0 0 0 0 0 0 

2 gram size - -- - - - - - --

2 bubble diam. ++ ++ + -- ++ ++ -- --

2 salinity ++ ++ + + + + - --

2 brine angle ++ ++ ++ ++ ++ ++ - --

1 I temp II 0 0 0 0 0 

Table 43 Symbolic sensitivities of the model for thin ice (dark nilas) with snow. Layers 

are separated by horizontal lines; water-ice-snow transitions are marked by double lines. 

Layer 1 = water; 2 = ice; 3 = snow 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz 

Layer Parameter H v H v H v H v 
3 density + ++ 0 -- + + + --

3 snow diam. + + - - - - + -

3 free water ++ ++ + - + + + + 
2 depth -- -- -- - ++ - - -

2 temp + + + + + + 0 0 

2 density + ++ + + - + - -

2 gram size - -- - - - - + -

2 bubble diam. ++ ++ + ++ ++ ++ + -

2 salinity ++ ++ + ++ + + + -
2 brine angle ++ ++ ++ ++ + ++ + -

1 I temp II 0 0 0 0 
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Table 44 Symbolic Sensitivities of the model for first-year ice with snow. Layers are sep

arated bv horizontal lines; water-ice-snow transitions are marked bv double lines Lavers ... "' . ... 

6-7 = ice; 8 = snow 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz 

Layer Parameter H v H v H v H v 
8 depth 0 0 0 0 0 0 0 0 
8 temp 0 + 0 + 0 0 0 0 

8 density - ++ - ++ + + + -
8 snow diam. - - - + - - + -
8 free water + + 0 + + + + + 
7 bubble diam. 0 + 0 0 0 0 0 0 
7 salinity - + 0 - 0 0 0 0 

7 brine angle 0 0 0 0 0 0 0 0 

6 temp 0 + 0 0 0 0 0 0 

Table 45 Symbolic sensitivities of the model for first-year ice without snow. Layers are 

separated by horizontal lines; water-ice-snow transitions are marked by double lines. Lay

ers 5-7 = ice 

19.35 GHz 22.235 GHz 37 GHz 85.5 GHz 

Layer Parameter H v H v H v H v 
..., 

temp 0 0 0 0 0 0 0 0 I 

7 density - - - - - - 0 -
7 bubble diam. - - - - - - - -

7 salinity - - - - - - - -
7 brine angle 0 + 0 + 0 0 0 0 

6 temp - - - - - - - -

6 bubble diam. 0 0 0 0 0 0 0 0 

6 salinity 0 0 0 0 0 0 0 0 

6 brine angle 0 0 0 0 0 0 0 0 

.5 brine angle 0 0 0 0 0 0 0 0 
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Table 46 Symbolic sensitiYities of the model for multiyear ice with snow. Layers are sep

arated by horizontal lines; water-ice-snow transitions are marked by double lines. Layers 

7-9 = ice; 10-12 = snow 

19.3,5 GHz 22.235 GHz 37 GHz 8.5.5 GHz 

Layer Parameter H v H v H v H v 
12 depth + ++ + + - + - + 
12 density - ++ + -- - -- ++ ++ 
12 snow diam. -- + - -- -- -- ++ ++ 
12 free water ++ ++ ++ ++ ++ ++ ++ ++ 
11 depth + ++ + -- ++ ++ 0 + 
11 density 0 ++ + ++ + + + ++ 
11 snow diam. - + - + -- -- 0 0 
11 free water ++ ++ ++ ++ + ++ + + 
10 depth - - - - - - 0 0 

10 density - - 0 - 0 - - -

10 snow diam. - 0 - - - - 0 0 

10 free \Vater ++ ++ + ++ + + - -

9 depth + ++ + ++ 0 - - -

9 density + ++ + + + 0 0 0 

9 bubble diam. + ++ + + + + 0 0 

9 salinity ++ ++ ++ ++ + + - -

9 brine angle + + + + 0 0 0 0 

8 depth + + + + 0 0 0 0 

8 density + - 0 + 0 0 0 0 
8 bubble diam. - - 0 + 0 0 0 0 
8 salinity + + + + 0 0 0 0 
8 brine angle 0 + 0 0 0 0 0 0 
7 depth 0 + 0 0 0 0 0 0 
7 density + + + + 0 0 0 0 
..., 

bubble diam. 0 + 0 0 0 0 0 0 I 

I salinity + + + + 0 0 0 0 
7 brine angle 0 + 0 0 0 0 0 0 
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Jle 47 Symbolic sensitivities of the model for multiyear ice without snow. Layers are 

,arated by horizontal lines; water-ice-snow transitions are marked by double lines. Lay-

7-9 = ice 

19.35 GHz 22.235 GHz :37 GHz 85.5 GHz 

Layer Parameter H v H v H v H v 
9 depth - - - - 0 0 0 0 

9 temp 0 0 0 0 0 0 0 0 

9 density - -- + - + - 0 -
9 bubble diam. + + + + + + - --
9 salinity ++ ++ ++ + + + + -

9 brine angle + + + + 0 0 0 0 

8 depth + + + 0 0 0 0 0 

8 density + + + 0 0 0 0 0 

8 bubble diam. - - 0 0 0 0 0 0 

8 salinity + + + 0 0 0 0 0 

7 depth 0 + 0 0 0 0 0 0 

7 density + - + + 0 0 0 0 

7 bubble diam. - - 0 0 0 0 0 0 

7 salinity + - + + 0 0 0 0 

3ble 48 Conclusion of sensitivity analysis 

Ice Type Most Sensitive Parameters Frequency Dependence Polarization 

Multiyear Ice snow free water decreasing h,v 

snow density decreasing h 

snow grain size increasing, changing sign h,v 

First-Year Ice snow density h 

snow grain size increasing h,v 

Dark Nilas with snow snow density h,v 

bubble diameter decreasing h,v 

snow salinity decreasing h,v 

snow free water h,v 

Dark Nilas without snow bubble diameter h,v 

density h 

ice salinity h,v 
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5.3 Sensitivity to At1nospheric Para111eters 

The radiation signal of the atmosphere received at satellite level is composed by the direct 

and at the surface reflected radiance. Thus the effect of changes of atmospheric para

meters depends on the surface reflectivity, which differ for the open and sea-ice covered 

ocean. Therefore the analysis has to estimate the sensitivities for both the open ocean and 

the fully sea ice covered ocean. For partially ice covered ocean the sensitivity values lie 

between both extremes. 

The atmospheric parameters, which are most variable, are the water-vapour column and 

the hydrometeors. The sensitivites of the brightness temperatures to these parameters are 

given in Tab. 49. The sensitivity to the water-vapour content Sw is nearly independent 

to the absolute water-vapour amount within the investigated range from 1 to 10 kg m- 2• 

The sensitivities of the horizontally polarized channels are larger than for the vertically 

polarized frequencies. For the ice covered ocean the sensitivity values drop down at all 

SSM/I channels, except at 85 GHz vertically polarization. 

The sensitivity of the brightness temperatures to cloud droplets (liquid phase) S1 is 

about constant with the absolute value of the liquid water path for the ,5 lower frequency 

channels of the SSM/I. However, at 85 GHz the sensitivity decreases with increasing fre

quncy within the studied range from O to 200 g/m2
• For a sea ice covered surface the 

sensitivity values are lower than over open water, except at 85 GHz vertical polarization. 

While the sensitivity to the cloud droplets is constant with the liquid water path for 

the lower SSM/I frequencies, for rain drops a strong decrease with increasing rain rate 

is found at all frequencies up to about 2 mm/h. Above this threshold the sensitivity is 

about constant with rain rate. As found for the watervapour and cloud liquid water, the 

sensitivities for an ice covered ocean are smaller than over the open ocean, except at 85 

GHz. 

The sensitivity of the brightness temperatures to snow hydrometors differs from that to 

rain. \Vhile the sensitivity to rain is positive, negative values are found for snow clouds. 

This is due to the fact, that the scattering process dominates the absorption for snow 

clouds, while for rain it is vice versa. The strongest sensitivity is found for the 85 GHz 

channels. However, at all frequencies the sensitivity is reduced over sea ice compared to 

the open ocean. 

From the estimates of the atmospheric sensitivity parameters it follows that rain and 

snow clouds show the most effective effect on the brightness temperatures. Variations of 

the brightness temperatures due to cloud droplets are smaller than those caused by the lar-
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Table 49 Sensitivites of brightness temperatures to atmospheric parameters: precipitable 
water content Sw, cloud liquid water 81, rain rate SR, and snow clouds Ssnow· 

chan. Sw K/(kg m- 2 ) 51 K/(hg m- 2 ) SR K/(mm h- 1 ) Srnou: K/(mm h- 1 ) 

ocean ice ocean ice ocean ice ocean ice 
19 v 0.7 0.1 2.4 0.8 8.2 - 5.6 1.4 - 0.3 0.1 -0.4 
19 h 1.3 0.2 4.3 1.3 14.8 - 10.3 2.3 - 0.9 0.5 -0.3 
22 v 1.8 0.4 2.2 1.0 7.9 - 4.4 1.7-0.3 -0.1 -0.7 
37 v 0.4 0.2 4.8 3.4 18.4 - 1.9 6.5 - 1.3 -0.l - -6.3 -0.5 - -5.6 
37 h 0.8 0.2 9.7 4.7 39.1 - 5.1 9.3 - 1.9 0.9 - -1.7 -0.4 - -5.0 
85 v 0.8 1.2 3.3 - 7.1 4.7 - 16.1 12.5 - -0.3 26.6 - 0.5 -67 .8 - -20.2 -55.1 - -13.8 
85 h 2.1 1.4 8.5 - 18.8 6.4 - 18.7 63.1 - -0.3 33.2 - 0.8 -49.0 - -10.8 -49.0 - -11.9 

ger hydrometeors. However, changes of the brightness temperatures caused by the water 

vapour are less than those due to the hydrometeors. The sensitivity to the air temperature 

(not shown) is very small with values in the order of tenth or hundredth of a Kelvin to 

a change of 1 °C in air temperature. Thus the effect to air temperature changes can be 

neglected compared to the other parameter. 

5.4 Summary 

The sensitivity analyses of the individual environments ( open ocean, sea ice, atmosphere) 

demonstrate the influence of a single parameter to the brightness temperatures. In the 

view of a combined environment the relevance of a single parameter compared to the other 

is estimated from the results of the previous sections and given in Tab. 50. The strongest 

changes of the brightness temperatures are caused by a change of the sea ice concentration, 

assuming a variation from O to 100%. The effects of the other surface parameters (sea ice 

parameters and wind speed) strongly depend on the sea ice concentration and have to be 

weighted with this quantity. The effects of atmospheric hydrometeors also depend on the 

sea ice concentration. They are most pronounced over the open ocean and reduced effects 

are found for a fully sea-ice covered ocean. 

The influence of the atmospheric hydrometeors on sea ice retrievals, which use the po

larization ( Rp) and gradient (Ra) ratios ( e.g. NASA sea ice algorithm), is shown in Fig. 

86. The tie-points for open water ( OW), first year ice (FY), and multi-year ice (:MY) are 

also drawn for orientation purpose. Simulations for rain and snow clouds with varying 

water content have been carried out for open water ( wind speed= 10 m/ s) and a fully ice 

covered ocean. For rain clouds over open ocean Ra is always larger than the open water 

threshold of 0.0.5; thus no affect on the sea ice retrieval results. For a sea ice covered ocean 

increasing water content of rain clouds correspond to a shift from multi-year ice to first 

year ice. The total sea ice concentration ( the distance to the open-water tie point OW) 
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is only slightly effected. In contrast to rain clouds. an increasing water content of snow 

clouds is equi\·alent to a shift from first year ice to multi-year ice and slightly increases the 

total ice concentration retrie\·al. Over open water heavy snow clouds will be interpreted 

as sea ice. With increasing wind speed Re also increases, but Rp decreases. Thus over 

open water the sea ice retrieval is not affected. However. over partially sea-ice covered 

ocean an increasing wind speed correspond to an increase of the total ice concentration 

and a shift from multi-year ice to first year ice. By the above discussed influences it is 

obvious that the atmospheric state significantly effect the retrieval of sea ice, if not taken 

explicitely into accounted. 

Table 50 Relevance of variations of physical parameters on brightness temperatures: very 

important ( +++ ), important ( ++),less important ( + ). The effects of parameters ( except 

ice concentration) strongly depend on the sea-ice concentration; the relevance is estimated 

for a ice cover of about 50%. Other parameters are of less importance and have been 

omitted. 

parameter importance 

sea ice concentration +++ 
snow clouds ++ 
rain clouds ++ 
clouds liquid water ++ 
wind speed ++ 
snow free water fraction ++ 
snow density ++ 
snow grain diameter ++ 
ice density + 
ice salinity + 
air bubble diameter + 



SE'.'ISITl\'ITY ANALYSIS 

a: 
CJ 

a: 
CJ 

0.15 

0.10 

0.05 

0.00 

·0.05 

ram 

ow 

·0.10 ._______. ____ ___. _ __._ _ __.._ _ __. 
0.000 0.072 0.144 0.216 0.288 0.360 

PR 

winds eed 
0.15 

0.10 

0.05 

0.00 

-0.05 

·0.10 '-------'----L----'----'----' 

0.000 0.072 0.144 0.216 0.288 0.360 
PR 

a: 
CJ 

a: 
CJ 

19, 

snow 
0.15 

0.10 

0.05 ow 

0.00 

-0.05 

-0 .10 ._____.._ _ __.___.. _ ____.____, 
0.000 0.072 0.144 0.216 0.288 0.360 

PR 

0.15 

0.10 

0.05 

0.00 

-0.05 

cloud Ii uid water 

ow 

-0.10 ...____.. _ __.._ _ _..__......._~ 
0.000 0.072 0.144 0.216 0.288 0.360 

PR 

Figure 86 Variation of the polarization ( Rp) and gradient (Re) ratio induced by the 

variation of rain clouds (l =0 - 0.4 kg m- 2
). snow clouds ([ =0 - 0.4 kg m-2

), wind speed 

(0 - 25 m/s), and sea ice concentration (0 - 100%). Simulations represent the open ocean 

( +) and totally sea ice covered ocean ( *) for rain and snow clouds, and cloud liquid water 

( LWP); open ocean ( +) and half sea ice covered ocean ( *) for wind speed. 
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6 Retrieval Algorithms 

6.1 Introduction 

A principial application of the combined model is the use for the development of retrieval 

algorithms. The simulated brightness temperatures could be related to geophysical para

meters for example by regressions methods or a neural network. The latter approach will 

be applied within this study. The derived algorithms should be viewed as a preliminary 

result, because they have not been optimized and no overall performance can be estimated 

within this study. 

eural networks and their applications have been published in literature many times 

(e.g. Hertz et al. 1991; Tsang et al. 1992) and no further discussion of general aspects 

is given here. The network applied for this study has been developed at the Universitat 

Kiel (F. Wagner, personal communication). For the compution of the neuron weights 

the DFP (Davidon-Fletcher-Powell) algorithm is used (Fletcher and Powell 1963). The 

number of neurons used varies with the geophysical parameter, but they are arranged 

always in one hidden layer. The input data consist of 1000 simulations computed with 

the combined model. For these simulations the atmospheric and oceanic data sets of the 

test cases, except case 4, of the validation study have been used. Several parameters of 

the atmospheric and oceanic input data have been varied for the simulations (Tab. 51 ). 

To achieve a reasonable retrieval, the simulated sea ice reflectivities at 37 GHz have been 

corrected as done for the sensitivity analysis. The simulated brightness temperatures 

are evenly distributed and cover the whole range of the polarization and gradient ratios 

(Fig. 87). The SSM/I observations of case 4 are used for the verification of the algorithms. 

Table 51 Ranges of atmospheric and oceanic parameters for simulations of the training 

data set for the neural network. 

parameter mm1mum maximum unit 

sea ice concentration 0 100 % 
wind speed 0 25 m/s 
snow clouds 0 5 mm/h 

rain clouds 0 5 mm/h 

liquid water path 0 0.3 kg m-2 

rel. humidity surf. to 850 hPa 0 100 % 
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Figure 87 Polarization and gradient ratios of simulated brightness temperatures used for 

training of the neural network. 

6.2 Algorithm Development and Application 

The input to the neural network are the simulated brightness temperatures for all SSM/I 

channels and, if appropriate their quadratic products. The quadratic product is defined 

as the product of the brightness temperature of a given channel with that of another chan

nel, including itself. Except for the sea ice concentration algorithm, the sea ice cover of 

the simulation is also given as input to the neural network , because there is a significant 

improvement of the network training. The training is performed to one single geophysical 

parameter with 700 simulation cases, which have been extracted from the overall data set 

by random selection. The remaining 300 simulation cases are used to test the derived 

algorithms and to estimate their quality. Large differences between the rms- errors of the 

training and test data sets indicate an over-training of the network. The rms-values for 

the algorithm development ( training and test) and the retrieval results of test case 4 are 

given in Tab. 52. The SSM/I observations of this test case have been classified into pixels 

with an extended sea ice cover (ex-pixels) and one pixel with a larger open water area 

(ow-pixel). 

For the sea ice concentration the neural network finds an excellent fit for the training 
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Table 52 RM -errors of the algorithms for training and test data sets. Retrieval result 

from SM/ I oh ervations of test case 4 for the nine pixels with extended sea ice concen

traton (ex. average over 9 pixels ) and for the pixel with a larger open water area (ow) 

and oh ervations. 

parameter development retrieval of case 4 unit 

rms train. rms test ex- pixels ow- pixel 

ret ohs ret ohs 

sea ice concentration 0.96 1.02 89 881 65 651 % 
snow cloud 0.06 0.10 0.04 - 0.14 - mm/h 

rain cloud 0.13 0.30 4.5 - 0.01 - mm/h 

liquid water path 0.012 0.014 0.16 - 0.02 - kg m-2 

wind speed 3.9 4.8 4.7 14.92 14.9 14.92 m/s 
1 NASA tie point sea ice algon thm 2 observation from RV Polars tern 

and test data set with a rms-error of about 1 %. When applying the network algorithm 

to the SSM/I brightness temperatures, the sensed sea ice concentrations are about the 

same as those retrieved by the NASA algorithm. The average difference for the pixel with 

extended sea ice cover is only 1 %, for the 'open water' pixel the retrievals are identical. 

The rms-errors of the snow cloud algorithm also show a good fit to the training and 

test data. The estimated snow rates from the brightness temperature observations are 

small for the extend sea ice covered pixels (0.04 mm/h) and the 'open water' pixel (0.14 

mm/h). Note that the estimated snow rate corresponds to that at cloud-base level, not to 

snow fall rate at the surface. The retrieved snow rate is equivalent to a liquid water path 

of about 0.025 kg m- 2
. The algorithm for rain clouds gives larger rms-errors for the test 

and training data than the snow cloud algorithm. The estimated rain rate with 4.5 mm/h 

for the pixels with extended sea ice concentration is certainly wrong. Such large rain rates 

should result in rain fall, which reaches the surface. But no rain has been observed. The 

retrieved rain rate for the 'open water ' pixel with 0.01 mm/h indicate that there is no rain. 

The corresponding equivalent liquid water path is comparable to that estimated for the 

snow cloud retrieval. The neural network fit for cloud liquid water path algorithm gives 

rms-errors of about 0.013 kg m-2
• The retrieval from the observed SSM/I data is quite 

different for the extended sea ice covered pixels (0.16 kg m-2 ) and the 'open water' pixel 

(0.02 kg m-2
). However, these results cannot be explicitely verified, because no independ

ent measurements are available. Only from the synoptic observations and NOAA satellite 

images it is known that clouds are present. 

Therms-errors of the training and test data sets (3.9 and 4.8 m/s) for the wind speed 

algorithm differ somewhat. While for the 'open water' pixel the retrieval is consistent with 
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the observation the estimate for the extended sea-ice covered pixels are too small. The 

large error for pixels with extended sea ice cover is due to the fact that the radiation signal 

induced by the surface wind exists for open water areas only. Thus with increasing sea 

ice concentration the error of the wind speed estimate increases also and no reliable wind 

speed retrieval is possible for total, or nearly total, ice covered footprints. 

6.3 Summary 

The retrieval algorithms developed from the simulated brightness temperatures using a 

neural network give promising results from the viewpoint of the network fit and the ap

plication to the SSM/I observations. Especially the algorithm for the sea ice concentration 

estimation show good agreement with the NASA tie point algorithm. Figure 88 shows 

the differences between the NASA and neural network ice concentrations from the SSM/I 

observations of all test cases. While there is no significant bias for the total data set, the 

individual cases give a significant bias. A possible explanation is the influence of atmo

spheric and open ocean parameters ( clouds or wind speed), which are known to neural 

network by training, but probably introducing errors to the NASA algorithm as shown 

with sensitivity analysis (Fig. 86). 

The retrieval of other parameters, especially rain clouds, need further investigations. 

But there is a large potential to improve the algorithms. For example, the data set used for 

the network training can be extended to improve the network fit. The number of neurons 

and the number of layers used for the network training can also be optimized. Further 

improvement may be achieved by excluding SSM/I channels from the network training. 

For this study all channels have been used and no detailed investigation on the information 

content of the individual channels has been done. A further improvement is expected from 

an improved microwave simulation model, which for instance includes effects of the sea 

ice surface roughness. The improved simulations shall in principle allow the development 

of algorithms for sensing different sea-ice types. 
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Figure 88 Differences of sea ice concentration [%] retrieved by NASA and neural network 

algorithm from SSM/I observations of the validation test cases. 
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7 Conclusion and Recommendations 

7.1 Judgement of Model Performance 

In this study, a coupled radiative transfer model for the open ocean, sea ice, and atmo

sphere has been developed to simulate radiometric measurements at microwave frequencies. 

Potential applications are the following four tasks: 

1. Qualitative understanding: Better understanding of the radiative properties of the 

(ice covered) sea surface and atmosphere, 

2. Brightness Temperatures: Reproduce absolute brightness temperatures of defined 

surface and atmosphere conditions, 

3. Sensitivity: Gain insight into the sensitivity of the combined model to variations of 

single input parameters and 

4. Inversion Schemes: To serve as a forward model from which inversion schemes for 

the retrieval of surface and atmosphere parameters may be deduced. 

The model completely fulfils task 1, a qualitative understanding of the radiative properties 

of the combined system. 

A quantitative assessment of the sensitivity of the model consists of two steps: First, 

the ability to reproduce the absolute brightness temperatures, given known surface and 

and atmosphere conditions, has to be judged. This is task 2 of the list above and has 

been done in two parts. The first part is presented in the summary of the model validation 

(section 4). The results are collected in Table 29. In most of the considered cases the 

deviation between model and observed brightness temperatures is below 6 K and therefore 

judged as acceptable. The model shows shortcomings in both 37 GHz channels in all ice 

covered situations. The reasons have to be searched in the sea ice module and are not 

repeated here from the discussion at the end of section 4.9. The second part has been 

the modelling of the ice types new ice, (dark nilas), first-year ice and multiyear ice. The 

results in Figs. 84 and 85 show good agreement for the horizontally polarized emission 

and values about 0.05 too low for the vertically polarized emission. 

The second step of the quality assessment of the model is to judge the quantitative 

sensitivity of the model to variations of single input parameters (task 3). This has been 

presented in the sensitivity study section 5. The surface part of the study is based on 

seven different surface types, namely thin ice ( dark nilas), first-year ice and multi year 

ice, each with and without snow cover, and open water, while the atmospheric part of 

the model is linear enough to be treated in one single step. The surface sensibilities are 

specific to the different input layers (Tables 3-5 to 40). The wealth of this information has 

been condensed to symbolic sensitivity Tables (42 to 47) and to the concluding Tables 48 

(surface), 49 (atmosphere), and 50 (both). 



20-t Sn·oy OF ICE S.: AT\IOSPHERE 

The sensiti\·ities of the layer depths are not significant because the coherent reflection 

at the layer boundaries causes interference fringes according to the Fabry-Perot effect. 

These oscillations ( which are also observed in emissivity \"S. frequency plots. e.g. Fig

ure S.5) are not observed in nature because the sea ice properties vary continously with 

depth instead of showing discrete layers and because sea ice surfaces are rough instead of 

plane parallel. Several efforts have beed undertaken to overcome the oscillations, e.g. by 

averaging over many input data sets with slightly different layer depths. But this approach 

was computationally too expensive as to be used operationally. 

These sensitivities to single parameters should not mislead to the idea that in nature 

the parameters are completely independent. A specific section (2.6) has been devoted 

to the inner coupling of the surface parameters. The seven distinguishable surface types 

mentioned above have heed identified if, as with spaceborne passive microwave sensors, 

measurements at scales of several hundreds of km2 are considered. As ice ages, the single 

parameters do not change independently, but as a whole. But little is known about this 

ensemble development from thin over first-year to multiyear ice ( Grenfell et al. 1992). 

Therefore, although the input parameters are formally independent and there are no meas

urements about their inner coupling, the ice input parameters should only be changed with 

care. In any case the sensitivity study and its tables allow to estimate the effect of single 

parameter changes on the resulting brightness temperature, e.g. if one wants to develop 

new surface types or modify existing ones. 

In several cases the modelled emissivities confirm observed trends, e.g. the positive 

sensitivities of the snow wetness (Tables 36, 37, and 39 reflect the experimental values of 

Figures 27 and 29. But in general the validation of the sensitivities is difficult because 

experimental values are not available. Thus only the fact that the model reproduces the 

absolute brightness temperatures within an error of 10% or below may be taken as a base 

for the assumption that the error of the sensitivities is of the same order of magnitude. 

This would be an acceptable error range for the sensitivities. 

As has heed shown in section 6, the model is well suited for the development of retrieval 

algorithms (task 4). Probably, this is its most important application. To this end, the 

model must reproduce both absolute brightness temperatures and sensitivities correctly. 

For the absolute brightness temperatures, this is not always the case within the required 

error limits (see task 2 above). A possible issue of this difficulty is to define ad-hoe 

correction coefficients which are specific to the different surface types and radiometer 

channels. From in situ observations compiled in the literature ( e.g. Eppler et al. 1992), 

the surface brightness temperatures of the model can be adjusted to measured values. 

This type of correction coefficient is provided in Table ,53. ~lost of the corrections are 

belO\v 10%, several reach values between 20 and 30% ( dark nilas and multiyear ice at 22 

and 37 GHz). In the case where the sensitivities enter the retrieval algorithm, they should 

be adjusted accordingly. This relatively small amount of empirical information enables 

j 
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Table 53: Correction coefficients for the three ice types used in the sensitivity study 

Polarization H v 
Frequency Model Exp. Corr. 11odel Exp. Corr. 

Dark Nilas without Snow 

19.35 GHz 0.843 0.60 1.41 0.835 0.74 1.13 

22.24 GHz 0.490 0.68 0.72 0.747 0.83 0.90 

37 GHz 0.633 0.77 0.82 0.849 0.90 0.94 

85.5 GHz 0.i75 0.82 0.95 0.955 0.92 1.04 

First-Year Ice with Snow 

19.35 GHz 0.938 0.88 1.07 0.997 0.95 1.05 

22.24 GHz 0.926 0.91 1.02 0.994 0.91 1.09 

37 GHz 0.920 0.90 1.02 0.979 0.94 1.04 

85.5 GHz 0.872 0.87 1.00 0.946 0.88 1.08 

Multiyear Ice with Snow 

19.35 GHz 0.990 0.780 1.269 0.993 0.850 1.169 

22.24 GHz 0.861 0.635 1.356 0.975 0.787 1.239 

37 GHz 0.852 0.706 1.207 0.953 0.764 1.247 

85.5 GHz 0.727 0.650 1.119 0.781 0.680 1.148 

the model to display exactly the measured properties. Because passive microwave sensors 

use only a small number of channels, this procedure appears an appropriate way to correct 

the model to the empirical values. 

\Ve conclude that the model has proved to be suitable for the four tasks: qualitative 

understanding, reproduce absolute brightness temperatures and the sensitivities to single 

parameters, and development of retrieval algorithms. If used for the last application, the 

empirical correction coefficients should be used in order to ensure the exact match of model 

predictions and experimental values. With the further development of sea ice, or more 

generally speaking dense medium emission models. the correction coefficients should tend 

to unity. But already in the present form and with the correction coefficients the model 

can be used for retrieval work. 
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7 .2 Recon1n1endations 

This study of passive remote sensing of polar regions at microwave frequencies demon

strates the capabilities and the advantages of the developed radiative transfer model. The 

results of this investigation should be treated as a first step. and further studies should fol

low. However, some shortcomings have been identified, which require further examination. 

The surface reflectivities computed by the sea-ice moduh show artificial oscillations 

with frequency and layer thickness. The reason is thought to be interference effects, which 

originate from coherent scattering between layer boundaries. To remove these oscillations 

a detailed analysis of the theoretical treatment of the scatter is necessary. From the results 

an approach to solve the problem can be deduced. 

The influence of surface scattering of the sea ice is currently not included in the model. 

The impact of this quantity may be important, should be estimated and, if found to be 

necessary, be included. 

The open ocean module is implemented with a fixed limited wind fetch. A tunable wind 

fetch is more desirable to account for varying distances from the ice edge. 

From the validation and sensitivity analysis the effects of clouds have been shown to be 

very important. The treatment of snow clouds in the atmospheric interaction module is 

based on an analytical function for absorption and scattering derived for lower frequen

cies. The effects at 85 GHz may be too strong. Therefore the radiative interaction of snow 

clouds should be revised. 

The limited number of test cases allowed only a regional validation of the model. A 

more global performance assessment needs ground truth data from different regions ( e.g. 

Antarctica, Siberia, Baltic Sea, ... ). However, the principle problem is not the examination, 

but rather the compilation of the data set, which has to include as many input parameter 

as possible. Such a compilation should pay attention to relations between microphysical 

ice structures. to get an estimate of the number of degrees of freedom. which are needed 

for retrieval approaches. 

The application of the combined model for retrieval algorithm development give en

couraging results. However, the retrieval of, for example cloud parameters, needs further 

enhancement of the neural-network approach. To achieve this, two items have to be con

sidered: ( i) the optimum network configuration ( number of neurons and layers) has to be 

found and (ii) the simulation data set must be enlarged with an increased number of sea 
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ice types, to derive ·global' algorithms. 

Another retrieval problem is the large footprint size of the SSM/1 instrument. Atmo

spheric and surface features generally vary on a smaller scale. A higher spatial resolution 

will enhance the image contrast and reduce the retrieval errors. The planned MIMR in

strument (or a similar instrument, the A1'1SR on ADEOS-11 satellite) comply with these 

requirements, and the additional channels at lower frequencies will further allow a better 

sea ice type sensing, due to the larger penetration depth of the radiation. 
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Appendix 

A Backus-Gilbert Inversion 

A well known disadvantage of space-borne passive microwave imagers is their low spatial 

resolution. Since the resolution depends on the diameter d of the reflector antenna at a 

given wavelength >. with 

(70) 

it has to be considered as a principal problem of diffraction-limited imagery. flA is the 

beam width. However, if the imaging system can be modelled and the sensor footprints 

have sufficient overlap, the resolution of the measured brightness temperatures (T8 ) can 

be improved using antenna pattern matching techniques. Furthermore, interpolation tech

niques can be applied to increase the sampling rate artificially. 

Originally developed by Backus and Gilbert (1970) in order to handle inversion of gross 

earth data, the Backus-Gilbert (BG) technique was introduced into remote sensing by Sto

gryn (1978). This approach was applied to SSM/1 data by Farrar and Smith (1992) who 

tried to match the resolution of the 19, 22 and 37 GHz channels to the 85 GHz channels. 

This approach includes resolution improvement as well as interpolation because the lower 

channels have to be interpolated into the sampling space of the 85 GHz channels. Robin

son et al. (1992) pointed out that resolution improvement of the 37 GHz channel leads to 

strong artefacts due to undersampling. They proposed to match all channels to the resolu

tion of the 37 GHz channels. Poe (1990) argued that results from resolution improvement 

techniques are corrupted by artefacts and noise amplification in general. He proposed an 

optimal interpolation technique based on the BG method. A comparative study of these 

approaches has shown that resolution matching to the 22 GHz channel of the SSM/I is a 

suitable choice if one wants to adjust the resolution of all channels (Hunewinkel, 1996). In 

this case, the amplification of the sensor noise is below 2 K and artefacts can be neglected. 

In addition, an interpolation of the measured TBs by a factor of 2 or 4 (12.5 or 6.25 km) 

grid is possible. It was found that even the resolution match to the 37 GHz channel pro

duces artefacts, in particular appearing near coastal zones. Furthermore the resolution 

of the processed data is still much below the :37 GHz channels, if an amplification of the 

sensor noise of less then 5 K is admitted. 
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The BG method is based on the formula of a linar filter: 

M 

Ta= Lai· Tai· (71) 
j =l 

The BG coefficients ai have to be chosen that Ta delivers the desired resolution. Sto

gryn (197 ) shows how to calculate the BG coefficients and Poe (1990) demonstrated the 

interpolation capability of the BG method. An excellent instruction to calculate the BG 

coefficients is given by Robinson et al. (1992). 

Figures 9 and 90 present as examples brightness temperatures from the 19 and 5 

GHz channels of the SSM/1. The drop in the bucket methode was used to project the data 

on a polarstereographic grid. The upper left image in Figure 89 shows a spacing of 25 km 

caused by drop-outs in the image. In order to avoid the drop-outs and to decrease the grid 

spacing, the BG method was used to interpolate the Tas by a factor of four (upper right 

image). The resolution matching of the 19 GHz to the 22 and 37 GHz channels improve 

the resolution, e.g. the open water area in the upper right part of the image near Swalbard 

is enhanced (bottom images) but as mentioned above, artefact near the coastal boundary 

can clearly be identified, if the target resolution is as high as the 37 GHz channels. 

Fig. 90 show the great influence of the resolution matching on the 85 GHz channels. 

The best results are achieved if the TBs are interpolated by a factor of 4 and slightly 

improved with the BG method ( upper left image). An interpolation by a factor of 2 shows 

less details. This is mainly due to the fact that the grid spacing has to be increased in 

order to avoid drop-outs. A significant leakage of details can be observed, if the 85 Ghz 

channels are matched to the resolution of the 37 and 22 GHz channels. 

SSM/I brightness temperatures were acquired from the NASA Marshall Space Flight 

Center (MSFC) for all six test cases and the BG method was used to project the data 

into a 12.5 km grid. A resolution matching of all channels to the resolution of the 22 GHz 

channel was performed additionally. 
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Grid: 25 km Grid: 12.5 km 

Match: 22 GHz, Grid: 12.5 km Match 37 GHz, Grid: 12.5 km 

Brightness Temperature [K] 

75 115 155 195 235 275 

Figure 89 SSM/I Ta at 19 GHz, vertical polarization, from 16.3.93, 11:27 UT. An area of 

500 x 500 km2 is shown. Top left: Projection into a 25 km grid, top right : BG interpolation 

by a factor of 4 and thereafter projection into a 12.5 km grid, bottom left: resolution 

matching to the 22 GHz channel, and bottom right: resolution matching to the 37 GHz 

channels. 
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Grid: 5 km Grid: 12.5 km 

Match 37 GHz, Grid: 12.5 km Match 22 GHz, Grid: 12.5 km 

Brightness Temperature [K] 

170 180 190 200 210 220 

Figure 90 SSM/I TB at 85.5 GHz, vertical polarization, from 16.3.93, 11:27 UT. An area 

of 500 x 500 km2 is shown. Top left: Projection into a 5 km grid after the BG methode 

was applied, top right: projection into a 12.5 km grid, bottom left: resolution matching 

to the 22 GHz channel, and bottom right: resolution matching to the 37 GHz channels. 
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B MWMOD Control Parameters for Validation 

The control parameters for MWMOD used for the simulations of the brightness temperat

ures are given as examples one for every test case. Note that only the relevant sections of 

the control files are given. Therefore the parameters for ZMESH and PROFILE are omitted. 

The sea-ice structure parameters are already given with the tables in section 4 and read 

from external files. The atmospheric input parameters (profiles of humidity and temperat

ure) are also available by electronic means and are not printed here. To rerun the model, 

changes to the actual version must be considered. 

B.1 Case 1 

Contents of runpar. par used for simulation # 3 with the 3- scale ocean model. 

************************************************************************** 
EN VAT M input specifications 

IPR = 1 !RUN = 1 

ITEM = 0 P0=1000.00 TO= 3.15 GAMT= 6.50 ZTINV=10.0 DTO = 1.00 

!ATMOS= 1 !PROF= 1 FILE =-/esa/validation/rs_case1.1.1.bin 

IWV = 0 RHS=100.00 PCO= 3.00 PWV= 30.00 

!TOP = 0 
IPBL = 0 HPBL=2.000 TP= 273.00 GPBL= 3 .00 QPBL= 2.00 

IHYDAN= 0 IHYDFX= 1 RHCL= 95.0 

!MESH= 0 NNZL = 20 FZ= 0.000 DZ= 0.500 

ENDG 

************************************************************************** 
FIXED CLOUDS 

NCL = 1 
# ICT ICB LWH LWHT PHASEF XSECT PHASE SIZEDIS 

84 8 0.050 1 2 2 1 9 

ENDG 

************************************************************************** 
EN VOCE input specifications 
IPR = 1 !RUN = 1 

SAL= 33.00 WNO= 18.00 SST=273 . 15 DST= 0.00 IWND = 1 !SST = 0 

ENDG 

************************************************************************** 
E N V I C E input specifications 
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IPR = 1 !RUN = 0 

!ICE = 1 ICEPRO= 1 FILE = 

ENDG 

************************************************************************** 
ICEPROFILE 

NLICE = 0 

# z 
ENDG 

T RHO DSN FWFR DG DBUB SI THETB BRAT N 

************************************************************************** 
I A P G E N input specifications 

IPR = 1 !RUN = 1 

IFRE = 4 NFRE = 4 FN= 33.600 DN= 15.000 

!ANG = 3 NANG = 6 FA= 0.000 DA= 50.000 

FRE = 

19.350 22.235 37.00 85.50 182.00 190.31 

ANG = 

08.50 19.20 30.05 40.94 51.84 62.68 73.64 84.55 0.00 0.00 

ENDG 

************************************************************************** 
I APA TM input specifications 

IPR = 1 !RUN = 1 

MODHYM= 2 IPHAMA= 2 

TWV=001.00 T02=001.00 THY=001.00 

ENDG 

************************************************************************** 
I APO C E input specifications 

IPR = 1 !RUN = 1 

!REF = 3 IEPSIL= 3 FEPV=0.000 DEPV=0.000 FEPH=0.000 DEPH=0.000 

!FOAM= 4 

ENDG 

REFLECTIONV 

0.024 0.026 0.035 0.033 0.500 0.500 0.500 0.500 0.500 0.500 

REFLECTIONH 

0.060 0.060 0.060 0.051 0.500 0.500 0.500 0.500 0.500 0.500 

ENDG 

************************************************************************** 
I A P I C E input specifications 

IPR = 1 !RUN = 0 

ITEMIS= 0 IELEV = 6 TEMPE= 273.13 

ENDG 

EM I STEMP 

255.50 252.10 248.70 247.70 
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ENDG 

************************************************************************** 
R A D T R A input specifications 

IPR = 1 IRUN = 1 

IDPT = -1 IWFT = 11 I SCAT = 1 IPHA = 4 ICUR = O TBSP= 2.70 DMX=0.100 
ICOV = 0 COVI = 0.98 

************************************************************************** 

B.2 Case 2 

Contents of run par. par used for simulation # 4. 

************************************************************************** 
E N V A T M input specifications 

IPR = 1 IRUN = 1 

ITEM = O P0=1000.00 TO= 3.15 GAMT= 6.50 ZTINV=10.0 DTO = 1.00 
I ATMOS= 1 IPROF= 1 FILE =-/esa/validation/rs_case2.1.bin 
IWV = O RHS=100.00 PCO= 3.00 PWV= 30.00 
ITOP = 0 

IPBL = 

IHYDAN= 

O HPBL=2.000 TP= 273.00 GPBL= 3.00 QPBL= 2.00 

O IHYDFX= 0 RHCL= 95.0 

I MESH = O NNZL = 20 FZ= 0.000 DZ= 0.500 
ENDG 

************************************************************************** 
FIXED CLOUDS 

NCL = 0 

# ICT ICB LWH LWHT PHASEF XSECT PHASE SIZEDIS 
50 

ENDG 

5 1.000 2 2 2 3 21 

************************************************************************** 
EN VOCE input specifications 

IPR = 1 IRUN = 1 

SAL= 33.00 WND= 14.00 SST=273.15 DST= 0.00 IWND = 0 ISST = 0 
ENDG 

************************************************************************** 
EN VICE input specifications 

IPR = 1 !RUN = 1 

!ICE = 1 ICEPRO= 1 FILE =-/esa/validation/ice_case2.1.dat 

21.~ 
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ENDG 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
ICEPROFILE 

NLICE = 0 

• z 
ENDG 

T RHO DSN FWFR DG DBUB SI THETB BRAT N 

************************************************************************** 
I A PG EN input specifications 

IPR = 1 IRUN = 1 

IFRE = 4 NFRE = 1 FN= 33.600 DN= 15.000 

IANG = 3 NANG = 6 FA= 0.000 DA= 50.000 

FRE = 

85.500 22.235 37.00 85.50 182.00 190.31 

ANG = 

70.20 54.03 30.05 40.94 51.84 62.68 73.64 84.55 0.00 0.00 

ENDG 

************************************************************************** 
I A P A T H 
IPR = 1 IRUN 

input specifications 

= 1 

HODHYH= 2 IPHAHA= 2 

TWV=001.00 T02=001.00 THY=001.00 

ENDG 

************************************************************************** 
I APO C E input specifications 

IPR = 1 IRUN = 1 

IREF = 3 IEPSIL= 3 FEPV=0.000 DEPV=0.000 FEPH=0.000 DEPH=0.000 

IFOAH = 4 

ENDG 

REFLECTIONV 

0.024 0.026 0.035 0.033 0.500 0.500 0.500 0.500 0.500 0.500 

REFLECTIONH 

0.060 0.060 0.060 0.051 0.500 0.500 0.500 0.500 0.500 0.500 
ENDG 

************************************************************************** 
I A PI C E input specifications 

IPR = 1 IRUN = 1 

ITEHIS= 0 IELEV = 6 TEMPE= 273.13 

IIREF = 3 

ENDG 

EH I STEMP 

255.50 252.10 248.70 247.70 

ENDG 
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************************************************************************** 
RAD T RA input specifications 

IPR = 1 !RUN = 1 

!OPT = -1 IWFT = 11 !SCAT= 1 IPHA = 4 !CUR = 0 TBSP= 2.70 DMX=0.100 

ICOV = 2 COVI = 0.90 

************************************************************************** 

B.3 Case 3 

Contents of run par. par used for simulation # 6. 

************************************************************************** 
E N V A T M input specifications 

IPR = 
ITEM = 

!ATMOS= 

!WV = 
!TOP = 
IPBL = 

IHYDAN= 

!MESH= 

ENDG 

1 !RUN = 1 

O P0=1000.00 TO= 3.15 GAMT= 6.50 ZTINV=10.0 OTO = 1.00 

1 !PROF= 1 FILE =-/esa/validation/rs_case3.1.bin 

O RHS=100.00 PCO= 3.00 PWV= 30.00 

0 

O HPBL=2.000 TP= 273.00 GPBL= 3.00 QPBL= 2.00 

O IHYDFX= 

O NNZL = 

1 RHCL= 95.0 

20 FZ= 0.000 DZ= 0.500 

************************************************************************** 
FIXED CLOUDS 

NCL = 1 

LWH LWHT PHASEF XSECT PHASE SIZEDIS # ICT !CB 

111 82 

ENDG 

0.040 1 2 2 3 15 

************************************************************************** 
EN VOCE input specifications 

IPR = 1 !RUN = 1 

SAL= 33.00 WNO= 14.00 SST=273.15 DST= 0.00 IWND = 0 !SST = 0 

ENDG 

************************************************************************** 
EN VICE input specifications 

IPR = 1 !RUN = 1 
!ICE = 1 ICEPRO= 1 FILE =-/esa/validation/ice_case3.1.dat 

ENDG 

21 '. 
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************************************************************************** 
ICEPROFILE 

NLICE = 0 

# z 
ENDG 

T RHO DSN FWFR DG DBUB SI THETB BRAT N 

************************************************************************** 
I A PG EN input specifications 

IPR = 1 !RUN = 1 

IFRE = 4 NFRE = 4 FN= 33.600 DN= 15.000 

!ANG = 3 NANG = 6 FA= 0.000 DA= 50.000 

FRE = 

19.350 22.235 37.00 85.50 182.00 190.31 

ANG = 
08.50 19.20 30.05 40.94 51.84 62.68 73.64 84.55 0.00 0.00 

ENDG 

************************************************************************** 
I APA TM input specifications 

IPR = 1 !RUN = 1 

MODHYM= 2 IPHAMA= 2 

TWV=001.00 T02=001.00 THY=001.00 

ENDG 

************************************************************************** 
I APO C E input specifications 

IPR = 1 !RUN = 1 

!REF = 3 IEPSIL= 3 FEPV=0.000 DEPV=0.000 FEPH=0.000 DEPH=0.000 

!FOAM = 4 

ENDG 

REFLECTIDNV 

0.024 0.026 0.035 0.033 0.500 0.500 0.500 0.500 0.500 0.500 

REFLECTIDNH 

0.060 0.060 0.060 0.051 0.500 0.500 0.500 0.500 0.500 0.500 

ENDG 

************************************************************************** 
I A PI C E input specifications 

IPR = 1 !RUN = 1 

ITEMIS= 0 IELEV = 6 TEMPE= 273.13 

IIREF = 3 

ENDG 

EM I STEMP 

255.50 252.10 248.70 247.70 

ENDG 

************************************************************************** 
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R A D T R A input specifications 

IPR = 1 !RUN = 1 

!OPT = -1 IWFT = 11 !SCAT = 1 IPHA = 4 !CUR = O TBSP= 2.70 DMX=0.100 
ICOV = 2 COVI = 0.90 

************************************************************************** 

B.4 Case 4 

Contents of run par. par used for simulation# 5. 

************************************************************************** 
E N V A T M input specifications 

IPR = 1 !RUN = 1 

ITEM = 0 P0=1000.00 TO= 

!ATMOS= 1 !PROF= 1 FILE 

3.15 GAMT= 6.50 ZTINV=10.0 DTO = 1.00 

=-/esa/validation/rs_case4.1.bin 

!WV = 0 RHS=100.00 PCO= 3.00 PWV= 30.00 

!TOP = 0 

IPBL = 0 HPBL=2.000 TP= 273.00 GPBL= 3.00 QPBL= 2.00 
IHYDAN= 0 IHYDFX= 1 RHCL= 95.0 

!MESH= 0 NNZL = 20 FZ= 0.000 DZ= 0.500 

ENDG 

ZMESH 

************************************************************************** 
FIXED CLOUDS 

NCL = 1 

LWH LWHT PHASEF XSECT PHASE SIZEDIS # ICT !CB 

112 63 

ENDG 

0.020 1 2 2 3 15 

************************************************************************** 
EN VOCE input specifications 

IPR = 1 !RUN = 1 

SAL= 33.00 WNO= 18.00 SST=273.15 DST= 0.00 IWND = 0 !SST = 0 

ENDG 

************************************************************************** 
E N V I C E input specifications 

IPR = 1 !RUN = 1 
!ICE = 1 ICEPRO= 1 FILE =-/esa/validation/ice_case4.1.dat 
ENDG 

2H 
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************************************************************************** 
ICEPROFILE 

NLICE = 0 

• z T RHO DSN FWFR DG DBUB SI THETB BRAT N 

ENDG 

************************************************************************** 
I A P G E N input specifications 

IPR = 1 !RUN = 1 

IFRE = 4 NFRE = 4 FN= 33.600 DN= 15.000 

!ANG = 3 NANG = 6 FA= 0.000 DA= 50.000 

FRE = 
19.350 22.235 37.00 85.50 182.00 190.31 

ANG = 
08.50 19.20 30.05 40.94 51.84 62.68 73.64 84.55 0.00 0.00 

ENDG 

************************************************************************** 
I APA TM input specifications 

IPR = 1 !RUN = 1 

MODHYM= 2 IPHAMA= 2 

TWV=001.00 T02=001.00 THY=001.00 

ENDG 

************************************************************************** 
I APO C E input specifications 

IPR = 1 !RUN = 1 

!REF = 3 IEPSIL= 3 FEPV=0.000 DEPV=0.000 FEPH=0.000 DEPH=0.000 

!FOAM= 4 

ENDG 

REFLECTIONV 

0.024 0.026 0.035 0.033 0.500 0.500 0.500 0.500 0.500 0.500 

REFLECTIONH 

0.060 0.060 0.060 0.051 0.500 0.500 0.500 0.500 0.500 0.500 

ENDG 

************************************************************************** 
I A P I C E input specifications 

IPR = 1 !RUN = 1 

ITEMIS= 0 IELEV = 6 TEMPE= 273.13 

!REF = 3 

ENDG 

EM I STEMP 

255.50 252.10 248.70 247.70 

ENDG 

************************************************************************** 



-
:\1\VJ\IOD CONTROL PARA7\IETERS 

RAD T RA input specifications 

IPR = 1 IRUN = 1 

IOPT = -1 IWFT = 11 !SCAT= 1 IPHA = 4 ICUR = 0 TBSP= 2.70 DHX=0.100 

ICOV = 2 COVI = 0.85 

************************************************************************** 

B.5 Case 5 

Contents of run par. par used for simulation # 6. 

************************************************************************** 
EN VAT M input specifications 

IPR = 1 IRUN = 1 

ITEM = 0 PO=l000.00 TO= 

!ATMOS= 1 !PROF= 1 FILE 

IWV 

ITOP 
= 
= 

O RHS=l00.00 PCO= 

0 

3.15 GAHT= 6.50 ZTINV=10.0 OTO = 1.00 

=-/esa/validation/rs_case5.1.bin 

3.00 PWV= 30.00 

IPBL = 0 HPBL=2.000 TP= 273.00 GPBL= 3.00 QPBL= 2.00 

IHYDAN= 0 IHYDFX= 1 RHCL= 85.0 

!MESH= 0 NNZL = 20 FZ= 0.000 DZ= 0.500 

ENDG 

************************************************************************** 
FIXED CLOUDS 

NCL = 2 

# ICT ICB LWH LWHT PHASEF XSECT PHASE SIZEDIS 
21 12 
41 32 

ENDG 

0.080 1 2 2 3 15 

0.100 1 2 2 3 15 

************************************************************************** 
EN VOCE input specifications 

IPR = 1 IRUN = 1 

SAL= 33.00 WNO= 7.10 SST=273.15 DST= 0.00 IWND = 1 ISST = 0 

ENDG 

************************************************************************** 
EN VICE input specifications 

IPR = 1 IRUN = 1 
IICE = 1 ICEPRO= 1 FILE =-/esa/validation/ice_case5.1.dat 

ENDG 
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