Appendix C : Fitting the fast emissivity model to observations

Tim Hewison

As the fast emissivity model is semi-empirical, its parameters must be derived to fit data.  These data can take the form of observations made in various ways.  This appendix attempts to fit ground-based, airborne and satellite data to FASTEM, and draw conclusions to indicate any shortfalls in the performance of the model and its ability to reproduce the observations.  Also, the model can be used to compare observations from various sources, even if they were taken at different frequencies, incidence angles and polarisations.

Satellite Data Measured by Prigent et al. [1999]

Prigent et al. [1999] calculated emissivity for 9 different land-use classifications from data from the Special Sensor Microwave/Imager (SSM/I). They included a correction for atmospheric absorption, cloud masking and surface temperatures derived from infrared observations.  Their 9 land-use classes are combinations of Matthews’ [1983] database of 30 vegetation classes defined globally at a 1( resolution in latitude and longitude.  The data used here is taken from Figure 2 of their paper, showing the average emissivity of each class calculated for October 1991 over the Meteosat area, covering Africa, Europe and western Asia.  

Table 1 shows the average emissivity calculated from these channels for each vegetation class, with results of the least squares regression used to derive parameters for the FASTEM model.  It also shows the rms error in the fit to FASTEM and a modified version, referred to as “Kerr”, described later in this section.  The results for all classifications show the emissivity decrease with frequency.  This may be due to volume scattering by sand particles in the dry, underlying soils that dominate the study area.

Channel
19H
37H
85H
19V
37V
85V
(s
(i
(r
Q
rms
Kerr rms

Desert


0.839
0.842
0.832
0.980
0.956
0.916
2.93
4.20
116
0.22
0.013
0.002

Shrubland


0.837
0.837
0.839
0.958
0.935
0.914
3.09
3.58
35.8
0.26
0.010
0.007

Tundra and 
        mossy bog
0.853
0.844
0.824
0.920
0.905
0.896
3.19
4.33
51.3
0.35
0.002
0.016

Grassland


0.886
0.882
0.871
0.958
0.937
0.911
2.46
3.41
56.8
0.35
0.008
0.006

Sclerophyllous

        woodland
0.901
0.895
0.895
0.948
0.933
0.923
2.34
2.86
30.0
0.38
0.004
0.007

Deciduous 
        woodland
0.915
0.904
0.896
0.954
0.931
0.921
1.88
2.89
30.0
0.40
0.004
0.006

Evergreen
        forest
0.937
0.915
0.905
0.955
0.928
0.919
1.33
2.79
30.0
0.45
0.002
0.004

Deciduous
        forest
0.931
0.922
0.917
0.960
0.945
0.937
1.75
2.46
26.5
0.41
0.003
0.005

Rain forest


0.947
0.924
0.921
0.960
0.929
0.927
1.24
2.58
30.0
0.47
0.004
0.004

Table 1 – Emissivities calculated from SSM/I data by Prigent et al. with fitted FASTEM parameters

Results for the most arid conditions (desert and shrubland) show FASTEM considerably overestimated the polarisation difference at high frequencies if a constant value for the polarisation mixing parameter, Q, is used, as illustrated in Fig 1a.  This has been addressed by including an empirical frequency dependence in Q, modified somewhat from the form first proposed by Kerr and Njoku [1990]:
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where ( is the fitted parameter, originally intended to represent the roughness as the standard deviation of surface height [cm], and ( is the frequency [GHz].

FASTEM was modified to include this, and fit (  instead of Q.  The results are also shown as the solid lines in Fig 1b using a value of ( = 0.14 cm.  The residual errors, also shown in Table 1, indicate a much-improved ability to represent the observed decrease in polarisation difference with frequency over these arid surfaces.  However, these results also show the residuals increase for more densely vegetated classes, suggesting such a model should not be used in these cases.
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Fig 1 - Desert emissivity calculated by Prigent et al  (points) and modelled by FASTEM (lines) before (a) and after (b) modification to include frequency dependence in polarisation mixing parameter. 
Upper points/lines Vertical.  Lower points/line Horizontal polarisation.

Satellite Data Measured by Morland [1999]

In her study of the influence of vegetation and precipitation semi-arid land surfaces, Morland [1999] calculated the emissivity of an area of Africa from SSM/I data.  In this case, the study area was restricted to 0-5(E, 11-16(N, centred on the Hydrological and Atmospheric Pilot Experiment (HAPEX) site in the Sahel.  Emissivities were calculated at 25-km resolution over this area on a daily basis from August to October 1992 during the transition from rainy to dry seasons.  Her calculation included cloud masking and corrections for atmospheric absorption at the microwave frequencies of SSM/I and the infrared wavelengths of the Meteosat channel used to estimate the surface temperature.  An empirical correction, based on the vegetation index, was also applied to the surface temperature to allow for its infrared emissivity being less than one.

In this case, data was analysed with respect to indices of vegetation and soil moisture.  The Normalised Difference Vegetation Index (NDVI) was calculated on a weekly basis from short wave data from the Advanced Very High Resolution Radiometer (AVHRR) on the NOAA polar orbiting satellite.  The Antecedent Precipitation Index (API) is intended to model the soil moisture available for evaporation in the uppermost 20 cm of the soil.  It is calculated from kriged rainfall data and meteorological forcing.

Dry Season

Morland found a linear relationship between emissivity and NDVI during the dry season (October).  The emissivity was calculated on a daily basis for 5 NDVI bins.  The average was calculated of 5 days’ data for the NDVI ranges 0.10-0.20 and 0.50-0.70.    These values correspond to the north and south of the study area, which Matthews [1983] classifies as desert and tropical drought deciduous woodland, respectively and are referred to here as bare soil and vegetation.  Only morning satellite overpasses were used, as there was less uncertainty in the surface temperature.

The average emissivity of these classifications is shown in Table 2. This shows that emissivity in both polarisations decreases with frequency for bare soil, and to a lesser extent, for dry vegetation.  This suggests that, like Prigent’s desert classification, volume scattering by dry, sandy soils reduces the emissivity at high frequencies.

Table 2 also shows the results of the least squares regression used to derive parameters for the FASTEM model, together with the rms error of the fitted model.  Also shown are the residuals when fitting the observation to the modified form of FASTEM, which includes the Kerr formula to describe the increase in polarisation mixing with frequency.  Again, this method is found to model the observed emissivity of bare soil more closely, but significantly worse for other surfaces.

Channel

19H
37H
85H
19V
37V
85V
(s
(i
(r
Q
rms
Kerr rms

Water

0.315 
0.346
0.518
0.602
0.638
0.781
71.5
4.30
13.1
0.09
0.016
0.024

Dry Soil

0.871
0.864
0.864
0.995
0.968
0.941
2.33
2.86
32.8
0.19
0.012
0.003

Dry Veg

0.946
0.934
0.933
0.968
0.951
0.950
1.35
2.19
23.4
0.41
0.003
0.004

Wet Soil

0.850
0.860
0.881
0.953
0.965
0.966
3.25
2.43
24.1
0.21
0.002
0.011

Wet Veg

0.930
0.917
0.943
0.958
0.942
0.959
2.16
2.07
0.1
0.40
0.008
0.009

Table 2 – Emissivities calculated from SSM/I data by Morland with fitted FASTEM parameters.

Rainy Season

Measurements during the rainy season (August and September) were also analysed by Morland to investigate the relationship between emissivity and soil moisture (as API).  Although the emissivity was more variable during this period, its average value was found to be uncorrelated with API, even when the data was binned according to its vegetation index.  

The average emissivity (19 GHz, horizontal polarisation) of the whole study area measured at around 5am was found to have a slight negative correlation with the precipitation from the previous day.  However, data from the afternoon overpass (5pm) of the same satellite showed no such relationship.  This is expected because evaporation during the day is very strong in this area, and most of the rain falls during the evening or night.  These results support the theory that these channels are only sensitive to soil moisture very close to the surface, as the sensing depth is of the order of (/10 ~ 1mm at 30GHz.

Average emissivities were calculated in the same way as for the dry season for 5 days when substantial rain had fallen overnight.  Only using morning overpasses reduces the influence of evaporation.  The results are also presented in Table 2.  The emissivity is slightly lower at low frequency than during the dry season, but higher emissivity at high frequency for both soil and vegetation.  The influence of volume scattering is now reduced due to the soil’s higher absorption coefficient.

Water

Morland [1999] also calculated the emissivity of the sea surface to validate her retrieval technique, using an equatorial region, where the sea surface temperature was +25(C, and the wind-speed was <10m/s.  These results highlighted a systematic bias with respect to modelled sea surface emissivity at high frequencies, which Morland prescribed to inadequate correction for absorption by atmospheric water vapour.  These results are also included in Table 2.

Airborne Measurements by Hewison [1999]

Hewison [1999] measured the emissivity of forest and agricultural land using radiometers on a low altitude aircraft, over the same area of Sweden in summer (September 1995) and winter (March 1997).  Microwave radiometers measured up-welling and down-welling brightness temperatures at 24, 50, 89 and 157 GHz.  An infrared radiometer was also used to estimate surface temperature, assuming an infrared emissivity of 1.  This calculation includes cloud masking and corrections for absorption in the atmosphere below the aircraft, in both up-welling and down-welling measurements of microwave and infrared brightness temperatures.  

Two independent systems were used to classify land-use: analysis of video footage, and extraction from a high-resolution land-use map derived from LANDSAT imagery and data from the Swedish National Land Survey. The two methods produced consistent results.  Some of the classifications with similar emissivity spectra have been combined here.  Bare soil and Frozen soil are mainly silt loam, with high volumetric moisutre content, which are differtiated by the surface temperature being greater than or less than 0(C. Vegetation is a combination of stubble and grass, covering at least 50% of the ground.  Forest is a mixture of coniferous (85%) and deciduous (15%) trees measured in both summer and winter.  Where the ground cover exceded 70% coniferous trees, the emissivity approaches unity, and this is defined as Dense Conifer.

Although data were measured at various incidence angles, the polarisation changes with scan angle.  This complicated the analysis, so only the nadir observations are used to fit parameters for the FASTEM model.  Values of the polarisation mixing parameter, Q, were estimated to optimise the model’s representation of the variation of emissivity with view angle, by studying results from the 24 GHz channel.  Table 3 summarises the average emissivity at nadir for these land-use classes, and the FASTEM model parameters fitted to these results.  These show the emissivity consistently increases with frequency and vegetation density.  Frozen soil also shows a higher emissivity than areas where the surface temperature is above 0(C, due to change in permittivity of the water within the soil.

Freq/GHz
24
50
89
157
(s
(i
(r
Q
rms

Water 18C


0.443
0.513
0.573
0.668
55.2
6.41
27.4
0.00
0.003

Water 0C


0.491
0.588
0.657
0.733
49.1
7.13
18.0
0.00
0.003

Lake Ice


0.908
0.920
0.922
0.925
3.76
3.06
26.3
0.00
0.001

Bare Soil


0.955
0.967
0.962
0.966
2.55
2.10
22.0
0.50
0.001

Frozen Soil


0.962
0.982
0.979
0.980
3.08
1.70
11.9
0.35
0.002

Vegetation


0.959
0.966
0.962
0.973
2.37
2.01
37.3
0.42
0.001

Forest


0.985
0.987
0.987
0.992
1.64
1.25
120.
0.50
0.000

Dense Confier
0.989
0.990
0.992
0.995
1.54
1.17
100.
0.50
0.000

Table 3 – Airborne nadir emissivities measured by Hewison with fitted FASTEM parameters

It is difficult to make conclusions about the ability of the model to reproduce the polarisation difference trend with frequency, and whether further refinement of the formulation of the polarisation mixing parameter is necessary.

Ground-based Measurements by Mätzler [1994]

Mätzler [1994] summarised the results of a series of experiments to measure the emissivity of various land surfaces with and without snow cover.  These measurements were made with a ground-based radiometer, measuring 5 frequencies between 4.9 to 94GHz in horizontal and vertical polarisations at 50( incidence angle.  Only the results from the 3 highest frequencies are considered here, as FASTEM is only intended to model emissivity at millimetre wavelengths.   Mätzler confirmed that 4.9(GHz and 10.4(GHz can penetrate thin dry snow and vegetation and observed non-monotonic emissivity spectra in these cases, which cannot be represented by FASTEM without additional terms.

Mätzler reported results for a large number of object classes, many of which showed very similar emissivity spectra.  For the purposes of this analysis, some of his classes have been combined by averaging to produce 8 groups.  Results are summarised in Table 4, with fitted FASTEM parameters.

Water is modelled data, based on specular reflection from a calm surface of water around +4(C, whose permittivity is represented by a single Debye relaxation.  Results show very low emissivity, which increases with frequency and a strong polarisation difference, independent of frequency.  As expected, FASTEM fitted these data very closely, with a low residual error.

Bare soil is sandy loam between 0 to 25(C, volumetric moisture 12% to 45% and an estimated rms roughness of 1cm.  The emissivity was observed to increase with frequency, due to the permittivity of its liquid water content.  The polarisation difference was small, and did not decrease with frequency significantly above 21GHz.  Stony soil has a high gravel content, and hence lower volumetric water than bare soil.  The emissivity is corresponding higher and, again, increases with frequency.  
Frozen soil is sandy loam between –6 to -1(C, volumetric moisture about 40%.  This shows a much higher emissivity, as the permittivity of ice is much lower than water.

Grass includes unfrozen, short, medium and long grass between 8-44cm high.  Results show a higher emissivity than bare soil, which decreases slightly with frequency, and very little polarisation difference.  This suggests volume scattering by the grass is more effective at higher frequencies, and that this process dominates over absorption.  Cereal includes young barley and oat crops about 45cm high.  Emissivities are again higher than bare soil, with a slight trend to increase with frequency.  Unusually, the horizontal polarisation has a higher emissivity than the vertical, due to differential volume scattering within the vertically aligned canopy.  The fitted FASTEM parameters reflect this, with a value of Q greater than 0.50.

Wet snow includes data from two sites when at least the surface layer was wet.  This exhibits emissivities comparable with bare soil, which increase with frequency.  Emission by the wet snow particles near the surface is the dominant process.  Deep dry snow is winter snow with a snow water equivalent between 25 to 63cm.  The ice crystals within the snow-pack scatter out up-welling emission from the ground, causing the emissivity to decrease monotonically with frequency. 

Channel
21H
35H
94H
21V
35V
94V
(s
(i
(r
Q
rms

Water
0.308
0.358
0.493
0.590
0.657
0.806
85.4
8.37
10.8
0.00
0.001

Bare soil
0.888
0.887
0.920
0.910
0.903
0.934
3.39
1.25
65.8
0.44
0.003

Stony soil
0.904
0.911
0.915
0.938
0.942
0.938
3.11
2.41
45.8
0.42
0.002

Frozen soil
0.951
0.951
0.938
0.958
0.952
0.950
1.96
2.30
60.0
0.46
0.002

Grass 
0.945
0.941
0.939
0.944
0.940
0.946
1.19
2.27
7.7
0.49
0.002

Cereal
0.954
0.952
0.956
0.948
0.946
0.954
2.41
2.03
8.9
0.51
0.001

Wet snow
0.875
0.891
0.899
0.965
0.961
0.943
3.11
2.57
14.3
0.25
0.007

Deep dry snow
0.780
0.715
0.658
0.898
0.813
0.728
1.93
14.4
88.5
0.33
0.013

Table 4 – Ground-based emissivities (50() measured by Mätzler with fitted FASTEM parameters

Comparison of Emissivity Measurements from Different Sources

FASTEM coefficients can be used to predict nadir emissivity spectra to allow ready intercomparison of observations from various sources.  Plots were produced for similar land-use classes from each source studied in this chapter.  These are shown in Fig 2.

[image: image2.wmf]
Fig 2 - Predicted nadir emissivity spectra for model fitted to observations
a) Bare Soil/Desert.  This confirms that emissivity measured at low level tends to increase with frequency, while satellite derived observations show the opposite trend.  However, both sources of satellite observations concentrate on Africa, where many bare soil areas are very dry and sandy.  The sand particles can volume scatter higher frequencies, causing a decrease in emissivity.  Morland’s results for wet soil indicate the opposite trend.  The higher soil moisture increases its absorption coefficient, so the penetration depth decreases to the extent that volume scattering becomes negligible.  Hewison’s and Mätzler’s observations are for loamy soils, where volume scattering is insignificant, so emissivity increases with frequency.


However, there remains a large difference in the absolute emissivity values calculated by Prigent et al. and Morland.  Morland’s classification method carefully selects areas of bare soil, whereas Prigent’s values are averages for a land-use class, which would be expected to be less extreme.  This difference is consistent with that observed for grass/crops, suggesting a systematic bias in one of the retrieval techniques.  Morland validated her emissivity calculation against models of the sea surface emissivity, and found she underestimated reflectivity by a factor of up to 25% at 85GHz in humid conditions, which she attributed to inaccuracies in the correction for atmospheric absorption.  This would be sufficient to explain the differences in observed emissivity spectra of bare soil/desert at high frequencies, but not at low frequencies, which are less affected by atmospheric absorption.

b) Grass/Crops show broadly consistent results, with e~0.97, except those of Prigent et al.  Again, this may be due to the nature of the surface.  Prigent’s grassland class is dominated by African savannah, where a significant fraction of bare, sandy soil may be exposed.  The other authors select this classification to include only dense vegetation.  Morland’s dry season results show higher emissivity at low frequencies, which may be due to this classification including some areas of drought-deciduous woodland.  This is not the case in the wet season, as canopy absorption is higher.

c) Forest shows the largest difference between low and high altitude observations.  Hewison’s aircraft results indicate dense coniferous forestry acts as a blackbody across the millimetre-wave spectrum.  Prigent’s satellite measurements follow the same trend observed in all her land-use classes: that emissivity decreases with frequency, although the emissivity of forest is higher than other classes.  However, even the large difference in its average value could be explained if Prigent’s forest class contains only 50% ground cover and 50% bare soil as in a).

d) Water is included for reference only, to show all schemes are capable of retrieving values of emissivity that increase with frequency.  It is difficult to compare quantitatively the spectra from the different sources, as the emissivity is a strong function of sea surface temperature and windspeed.  Warm water has a lower emissivity, but wind (especially foam) increases it.  Hewison’s and Mätzler’s results are for cold, calm water surfaces while Morland’s satellite measurements were in warm, windier conditions.   Hewison’s measurements were validated against what is currently believed to be the most accurate model of sea water permittivity at these frequencies [Lamkaouchi et al., 1996]; whereas Mätzler’s figures are just modelled data based on older values. 

Conclusions

This comparison has confirmed that satellite measurements generally show land surface emissivity decreases with frequency, whereas low altitude measurements show the opposite trend.  A likely explanation is that they are not viewing comparable surface types.  The satellite observations used in this study include large areas of dry, sandy soil, which volume scatter at higher frequencies, reducing the emissivity.  This is illustrated by the different spectra observed by Morland for dry and wet soil.

The large differences between absolute values of emissivity calculated from SSM/I data by two authors could be partially explained by a bias introduced in the correction for atmospheric absorption.  This highlights the sensitivity of satellite retrievals of emissivity to atmospheric water vapour and the need to validate these results. To confirm the surface emissivity is independent of scale, it should be measured at different altitudes. Airborne observations could accomplish this as they would allow atmospheric absorption to be measured explicitly.

This case study has also confirmed that measurements on large spatial scales (from satellite) show the polarisation difference decreases with frequency, especially for bare soil and desert areas.  This effect may be due to surface topography, whereby variations in surface height on the scale of a satellite field of view (tens of kilometres) de-polarise emissions.

It should be emphasised that this comparison only included frequencies below 100GHz.  Very few measurements have been made at higher frequencies.  Hewison and English [1999] found non-monotonic emissivity spectra for dry snow, which could not be represented by FASTEM without additional terms.

Future refinements could extend FASTEM to a two-layer model.  The lower layer could include frequency dependence in the polarisation mixing ratio for bare soil.  The upper layer could represent absorption and scattering by a canopy of vegetation or snow, with a transmissivity based on a vegetation index or snow water equivalent depth.

References

T.J.Hewison, 

"Airborne Measurements of Forest and Agricultural Land Surface Emissivity at Millimetre Wavelengths,"

To be published in IEEE Geoscience Rem. Sensing, 1999.

Y.H.Kerr and E.G.Njoku,

"A semiempirical model for interpreting microwave emission from semiarid land surfaces as seen from space,"

IEEE Trans. Geoscience Rem. Sensing, Vol.26, No.3, 1990, pp.384-393.

K.Lamkaouchi, A.Balana and W.J.Ellison,

"New permittivity data for Sea Water (30-100GHz),"

Report on extension to ESTEC/ESA Contract No 11197/94/NL/CN, 1996

E.Matthews,

“Global vegetation and land use: new high-resolution data bases for climate studies,”

J.Clim.Appl. Meteorol., 22, pp.474-486, 1983.

C.Mätzler, 

"Passive Microwave Signatures of Landscapes in Winter,"

Meteorol. Atmos. Phys., vol.54, 1994, pp.241-260.

J.Morland,

“Satellite observations of the microwave emissivity of the land surface,”

Report on Met. Office Contract No. 1B/2778, 1999.

C.Prigent, J.P.Wigneron, W.B.Rossow and J.R.Pardo,

"Frequency and angular variations of land surface emissivities: Can we estimate SSM/T and AMSU emissivities from SSM/I emissivities?"

Draft Submitted to IEEE Trans.Geosc.Rem.Sensing, 1999.













� EMBED Mathcad  ���





� EMBED Mathcad  ���











[image: image4.wmf]rms

SSE3

Q

e

s

,

e

i

,

n

r

,

s

,

(

)

k

1

e

s

2.93

=

e

i

4.2

=

n

r

115.7

=

Q

0.22

=

rms

0.013

=

0

20

40

60

80

100

0.8

0.85

0.9

0.95

Frequency/GHz

Emissivity

[image: image5.wmf]rms

SSE3

Q

e

s

,

e

i

,

n

r

,

s

,

(

)

k

1

e

s

2.93

=

e

i

4.2

=

n

r

115.7

=

Q

0.22

=

rms

0.013

=

0

20

40

60

80

100

0.8

0.85

0.9

0.95

Frequency/GHz

Emissivity

_997190970.bin

_997190999.bin

_994080863.unknown

