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1. Introduction

During the MOTH-Arctic experiment (December 1999), several aircraft flights were performed in cold dry weather conditions over the Baltic Sea (59o N, 20o E). The measurements were taken over the open ocean with surface wind speeds reaching up to 18 ms-1. Two microwave radiometers were on board of the Met Office C-130 aircraft. The DEIMOS instrument (Hewison 1995) took measurements at 23.8 and 50.1 GHz. These frequencies are close to those of AMSU-A (Advanced Microwave Sounding Unit A) channels 1 and 3 respectively. Up-welling brightness temperatures (Tb) were measured at aircraft altitude with nadir view (radiometer looking down to the surface). The MARSS instrument (McGrath and Hewison 2001) measured Tb’s at frequencies similar to those of the AMSU-B channels, i.e 89, 157, 183(1, 183(3 and 183(7 GHz which are respectively AMSU channels 16 to 20. As for DEIMOS, up-welling Tb’s were measured. For MARSS however, brightness temperatures were also measured for zenith view angles (radiometer looking up to space) and thus measurements of down-welling Tb’s to the altitude of the aircraft were also taken.

The objective of this study is to validate two components of the forward model (radiative transfer model that computes brightness temperatures from a given atmospheric state) used for data assimilation of AMSU-A and AMSU-B brightness temperatures. The two components are the atmospheric attenuation model and the apparent surface temperature model. For aircraft flying at low altitude (~170 meters), the first component can be verified with down-welling Tb’s whereas the latter can be validated with up-welling and to a lesser extent with down-welling Tb’s. The apparent surface temperature model is a full geometric optics model and the atmospheric attenuation model is a line by line model.

Section 2 presents a summary of the validation methodology. It includes a description of the aircraft flights and ancillary observations. The specification of the frequency parameters for the absorption bands is provided and the atmospheric attenuation models and apparent surface temperature models are described. In section 3, validation results are presented. Conclusions are presented in section 4.

2. Methodology

2.1 Description of aircraft runs and meteorological observations

During the MOTH-Arctic experiment, several aircraft runs were performed in cold dry atmospheres over the open ocean. Table 1 describes the different runs and some of the ancillary observations. There were a total of 12 runs with surface wind speeds ranging between 9.9 and 18.2 ms-1 and total precipitable water (TPW) ranging from 4.19 to 9.26 kgm-2. Skin temperature measurements were retrieved from radiances measured with a Heimann infra-red radiometer (8-15 (m). Temperature and humidity profiles were obtained from radiosonde observations taken at Visby. As well, several dropsondes were launched from the aircraft during the flights and the final atmospheric profiles were obtained by merging radiosonde and dropsonde data (Tim to identify profiles for which the merging was done). The wind speed at the surface of the ocean was also obtained from dropsonde measurements (10 m height) (Tim, how does the observation error of a dropsonde compare with that of a buoy?)

Table 1: Aircraft flight numbers and meteorological observations

Aircraft flight and runs
Total Precipitable Water (kgm-2)
Skin Temperature (Celsius)
Static Pressure at aircraft level (hPa)
Surface Wind Speed (ms-1)

(10 m dropsonde windspeed)

*A739b R2.1,R3.1
9.26
6.9(0.1
959.9(0.3
18.2(0.4

*A739b R2.2,R3.2

6.8(0.1
960.3(0.4


A740 R2.1, R3.1
6.11
5.3(0.2
970.1(0.6
15.0(1.3

A740 R2.2, R3.2

5.5(0.2
969.4(1.4


A740 R2.3, R3.2b

5.3(0.1
968.0(1.5


A740 R2.4, R3.4b

5.2(0.2
969.8(1.5


A742 R2.1, R3.1
4.19
3.8(0.1
980.7(0.6
9.9(1.5

A742 R2.2, R3.2

3.6(0.1
980.5(0.5


A742 R2.3, R3.2

4.3(0.4
981.0(0.3


A742 R2.4, R3.4

3.7(0.3
980.9(0.4


A744 R3.1,R4.1b
8.8
5.2(0.1
969.5(0.4
12.4(1.0

A744 R3.2, R4.2

5.1(0.2
969.5(0.4


*The b after the flight number indicates that the atmospheric profile was modified.

In Table 1, aircraft runs with the same flight number (e.g. flight A740 has 4 runs) used the same meteorological fields in the radiative transfer calculations except for the skin temperature and the static pressure at aircraft level (both are listed in Table 1). Profiles of meteorological observations were constructed by extracting data at a reduced number of vertical levels. The resulting number of levels for the radiosonde/dropsonde profiles used varied between 95 and 98 levels depending on the flight. For the DEIMOS instrument, the incidence angle varied between nadir and 40o (for a total of 10 step-wise measurements). For the MARSS instrument, the zenith incidence angle (looking up to space) measurements varied between 46.1o and 36.4o (for a total of 9 measurements) on each side of the scan. Nadir measurements (looking down at the Earth’s surface) were taken for the same set of incidence angles. Tb’s were computed as follows:
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 (See Eq. 1). For MARSS, the relative nominal polarizations (
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Again, for all channels, except channel 16, polarization angles were chosen so that for the largest incidence angle (at the edges of the scan), the measured Tb’s were close to TbV and TbH respectively (See eq. 1).

2.2 Specification of frequency parameters

The frequency parameters used to simulate DEIMOS and MARSS channels are listed in Table 2. Window channels (23.8, 89 and 157 GHz) were simulated as single band channels and sounding channels (50.1 and 183(1, (3, (7 GHz) as double band channels.

Table 2: Frequency parameters to compute brightness temperatures for DEIMOS and MARSS channels *.

Central Frequency (GHz)
First side band of local oscillator frequency (GHz)
Half Bandwidth (Mhz)
Modeled as single or double band.

23.8
0.0725
62.5
Single band

50.07
0.05
40.0
Double band

89.00
2.6
1100.0
Single band

157.00
2.6
1100.0
Single band

183.26
1.0
250.0
Double band

183.26
3.0
500.0
Double band

183.26
7.0
1000.
Double band

*Channels modeled as single bands only use the central frequency and half-bandwidth in the modeling (3 point averaging over bandwidth). Channels modeled as double band use the central frequency, the first side band frequency and half-bandwidth as input values. In total the band-passes are sampled at 21 values.
Several models were available to model the atmospheric attenuation due to the mixed gases and water vapor and are described in the following section.

2.3 Atmospheric Attenuation Models

Three sets of models were used in the validation study. These models were compared with those of Peter Rayer (Met Office) for two data sets: the Garand et al. (2001) data set and the TIGR-43 data set and were shown to give similar results.

Table 3: Atmospheric Attenuation Models and Referances


Mixed Gases*
Water Vapor


MIT98
Rosenkranz 1998
Rosenkranz 1998


MPM89
Liebe 1989
Liebe 1989


MPM92
Liebe 1989
Liebe et al. 1992


*It is important to note that MPM92 as defined in this paper does not use the same reference for the attenuation of mixed gases and the attenuation of water vapor. MPM92 as defined in this paper was also used to compute the RTTOV-6 attenuation regression coefficients.

The transmittance over the band pass was computed by averaging the transmittances computed for a discrete set of frequencies over the band pass and not the optical depths. The latter is appropriate only for channels that have an attenuation that is slowly varying with frequency. This is the case for window channels but not for sounding channels.

2.4 Apparent Surface Temperature Model

The apparent surface temperature was modeled using either the RTSSMI choice of parameters (SSMI 1D-Var developed originally by Laurent Phalippou at ECMWF, Phalippou 1996) or what will be referred to hereafter as the RTM choice of parameters. The latter choice of parameters was also used for the fast apparent surface temperature models fastem (English and Hewison, 1998) and fastem2 (Deblonde and English 2000). The choices of parameters for RTSSMI and RTM are summarized in Table 4.  Models/parameterizations are specified for the foam cover, the dielectric constant, Bragg scattering and multiple reflections.

Table 4: RTSSMI and RTM parameterizations of foam cover, dielectric constant, Bragg scattering and multiple reflections.

PARAMETER
RTSSMI
RTM

Foam Cover* (FC)
FC=2.95E-06(WS)3.52
FC=1.95E-5(WS)2.55

Dielectric Constant (DC)
Klein and Swift (1977)
Lambkaouchi et al. (1997)

Bragg Scattering (B)
not included


. English and Hewison (1998).

Multiple Reflections







* WS is the surface wind speed, ( is the incidence angle, ( is the frequency, Tskin is the skin temperature, Rp is the polarized reflectivity and 

 is the down-welling brightness temperature.
In Deblonde (2000), a detailed study was performed to evaluate the impact of choosing either the RTSSMI or RTM parameter specification for the special sensor microwave imager (SSM/I) channels. The SSM/I is a conical scanner with an incidence angle of about 53o. The instrument has four channels with frequencies of 19, 22, 37 and 85 GHz. All channels have dual polarization ( H and V) except for the 22 GHz channel that has only vertical polarization. 

In Deblonde (2000), it was found that Tb differences between the RTSSMI and RTM setup are largely dominated by the choice of dielectric constant for surface wind speeds ( 7 ms-1. The bragg scattering impacts mostly the low frequencies and becomes important for wind speeds  ( 7 ms-1. The addition of the Bragg scattering effect leads to higher Tb’s. The formulation of foam cover (Table 4) is quite different in the RTSSMI and RTM setups. The foam cover for RTSSMI is much larger for high wind speeds than that of RTM. Higher amounts of foam cover imply a higher emissivity and consequently for channels that see the surface this will lead to higher Tb’s, thus Tb’s will be higher for RTSSMI. The parameterization for multiple scattering is detailed in Deblonde (2000). The RTSSMI multiple reflection parameterization will always lead to higher Tb’s than those of RTM. The percentage of facets for which multiple reflection occurs increases rapidly with incidence angle. Since the view angle for DEIMOS and MARSS varies, the multiple reflection effect will thus be mitigated. For all runs studied in this paper, the surface wind speeds are high and this will tend to produce large Tb differences between the RTSSMI and RTM setup. Also, foam cover and multiple reflection effects are considerably stronger for the H polarization then for the V polarization. Since the polarization of DEIMOS and MARSS change with view angle, these effects will have less of an impact than that seen for the SSM/I channels (Deblonde 2000).

3. Results

3.1 Comparing Model and Observations for MPM89 and RTM setup

Figures 1 to 3 illustrate the differences between modeled and observed Tb’s. The Tb’s are the up-welling Tb’s (radiometer looking down at the Earth’s surface) computed and/or observed at aircraft altitude. The atmospheric attenuation model used for the results illustrated in these figures was MPM92 (Table 3) and the choice of parameters for the apparent surface temperature model was that of RTM (Table 4). Figure 1 illustrates modeled minus observed Tb’s for the DEIMOS channels. One may note large differences at the 40o view angle. These are due to aircraft fuselage contamination in the forward view. For the window channels of flight A742, the differences in Tb’s for the different runs are quite similar whereas for the sounding 183 GHz channels, the differences in Tb’s are quite varied depending on the run and suggest a rapidly varying air mass. The variation is not in the total precipitable water but in the distribution of humidity in the vertical. The 50.1 GHz channel (Fig. 1) has large errors for the horizontal polarization branch (upper curves of each run) and the 157 GHz channel has large errors for the vertical polarization branch (upper curves of each run). MARSS down-welling Tb differences (radiometer looking up to space) are illustrated in Figures 4 and 5. For all the channels, the runs of the A742 flight exhibit a large variability with the largest differences being observed for the 183(7 GHz channel. This is in agreement with the findings for the MARSS up-welling Tb’s. 

3.2 Apparent surface temperature and atmospheric attenuation model evaluation

Model minus observation statistics for different combinations of apparent surface temperature models (RTSSMI or RTM) and atmospheric attenuation models (MPM89, MPM92 and MIT98) for both up-welling and down-welling Tb’s (when available) are listed in Table 5 and Table 6. These statistics were computed as follows. First, the mean for both the modeled values and the observations was taken over all runs belonging to a particular flight number (e.g. fight number A740 has 4 runs). The bias and standard deviation values were then computed for the averages of the 4 flights and for each angle. Since the AMSU-A and AMSU-B instrument are cross-track scanners, they cover a certain range of incidence angles for which the computations must be made. Thus, the number of samples from which the statistics were computed was 4 flights times the number of angles.

Table 5: DEIMOS Model versus Observation Statistics*.

Up- Welling brightness temperatures only

Frequency: 23.8 GHz

Attenuation Model
Apparent Surface Temperature Model
Bias ( Model -Obs) in Kelvin
SD (Model-Obs) in Kelvin

RTSSMI
MPM89
-4.92
2.77


MPM92
-4.83
2.76


MIT98
-4.90
2.75

RTM
MPM89
-1.51
2.57


MPM92
-1.43
2.57


MIT98
-1.49
2.57

Frequency: 50.1 GHz

Attenuation Model
Apparent Surface Temperature Model
Bias ( Model -Obs) in Kelvin
SD (Model-Obs) in Kelvin

RTSSMI
MPM89
-2.06
2.40


MPM92
-1.03
2.36


MIT98
-1.04
2.36

RTM
MPM89
-3.29
3.13


MPM92
-2.24
3.10


MIT98
-2.25  
3.11

*Note that for the DEIMOS channels, the results at the 40o view angle were excluded due to aircraft fuselage contamination in the forward view.
Table 6: MARSS Model versus Observation Statistics






Frequency: 89 GHz
Up-Welling Tb’s
Bias (Model - Obs) Kelvin
SD (Kelvin)

RTSSMI
MPM89
6.80
3.38


MPM92
6.36
3.39


MIT98
6.18
3.36

RTM
MPM89
1.85
2.36


MPM92
1.39
2.36


MIT98
1.20
2.34


Down-Welling Tb’s



RTM
MPM89
2.28
5.27


MPM92
1.27
5.31


MIT98
0.87
5.23

Frequency: 157 GHz
Up-Welling Tb’s



RTSSMI
MPM89
5.76
1.58


MPM92
5.57
1.61


MIT98
5.27
1.64

RTM
MPM89
0.71
1.88


MPM92
0.50
1.91


MIT98
0.17
1.96


Down-Welling Tb’s



RTM
MPM89
-4.22
2.43


MPM92
-4.89
2.47


MIT98
-5.87
2.31

Frequency: 183 (1 GHz
Up-Welling Tb’s



RTSSMI
MPM89
-0.54
0.29


MPM92
-0.54
0.29


MIT98
-0.55
0.28

RTM
MPM89
-0.56
0.32


MPM92
-0.56
0.32


MIT98
-0.56
0.32


Down-Welling Tb’s



RTM
MPM89
-0.56
0.20


MPM92
-0.56
0.20


MIT98
-0.64
0.22

Frequency: 183 (3 GHz
Up-Welling Tb’s



RTSSMI
MPM89
-0.10
0.27


MPM92
-0.10
0.27


MIT98
-0.15
0.28

RTM
MPM89
-0.27
0.35


MPM92
-0.27
0.35


MIT98
-0.33
0.38


Down-Welling Tb’s



RTM
MPM89
-0.33
2.06


MPM92
-0.33
2.06


MIT98
-0.78
2.24

Frequency: 183( 7 GHz
Up-Welling Tb’s



RTSSMI
MPM89
1.29
1.00


MPM92
1.29
1.00


MIT98
1.29
1.00

RTM
MPM89
-0.30
0.96


MPM92
-0.30
0.96


MIT98
-0.64
0.99


Down-Welling Tb’s



RTM
MPM89
-3.16
5.15


MPM92
-3.19
5.16


MIT98
-4.71
5.15

For the 23.8 GHz channel, Table 5 results shows that the RTSSMI model has the largest bias irrespective of the choice of atmospheric attenuation model. The RTSSMI Tb’s are lower than those of the RTM setup. For the 50.1 GHz channel, the RTSSMI model provides the lowest bias and standard deviation. MPM89 gives the highest bias for both RTSSMI and RTM whereas MPM92 and MIT98 give similar results. For the range of wind speeds considered here (10-20 ms-1), the dielectric constant leads to lower values of Tb for RTSSMI whereas the foam cover and multiple reflections parameterizations lead to higher values for the RTSSMI (Deblonde 2000). This balance between dominating terms changes with frequency and it is therefore expected to see a change in the respective biases of RTSSMI and RTM with respect to observed Tb’s as a function of frequency.

For the MARSS channels and up-welling TB’s, all RTSSMI models lead to considerably larger biases than RTM except for channels 183(1 and (3 GHz. These channels as expected are not affected by the surface parameterizations since they do not see the surface. The atmospheric attenuation model MIT98 gives the lowest bias for the 89 and 157 GHz channels whereas MPM92 and MPM89 give lower biases (which are similar) than MIT98 for the 183 GHz channels. Except for the 157 GHz channel, down-welling Tb differences lead to the same conclusion about the models as the up-welling Tb’s. For the 157 GHz, the MIT98 model performs worse than the others for the down-welling Tb’s. However, these Tb’s have a large bias (5.87 K for the MIT98 model) but down-welling Tb’s are of higher quality since there is no interference with the surface (which is difficult to model). 

4. Conclusions

Comparisons between modeled and observed Tb’s were performed for data obtained from flights that took place during the MOTH-Arctic campaign in December 1999. The atmospheric conditions were windy (10-20 ms-1) and cold and dry (TPW ranging between 4 and 10 kgm-2). The differences in Tb were compared for two sets of apparent surface temperature model parameterizations and for three different atmospheric attenuation models. From the very limited number of runs (12 runs for a total of 4 flights), the following conclusions were drawn. 

4.1 Apparent surface temperature models

RTSSMI has a Tb bias that is twice as large as that of RTM at 23.8 GHz and has a smaller bias than RTM at 50.1 GHz. RTSSMI leads to larger biases for all MARSS channels that see the surface (the study is not pertinent for those channels that do not see the surface). It is thus recommended to use the RTM setup and not the RTSSMI setup for the forward modeling of the brightness temperature of the AMSU channels.

4.2 Atmospheric attenuation models

All attenuation models give similar results at 23.8 GHz. At 50.1 GHz, MIT98 and MPM92 give similar results whereas MPM89 gives worse results. 

 At 89 GHz, MIT98 gives the best results whereas for 157 GHz, the result is ambiguous since the up-welling and down-welling Tb’s give contradictory results. Precedence could be given to the down-welling Tb results since there is no interference of the surface, however, the biases are much larger than those of the up-welling Tb results. For the 183 GHz channel, MPM92 and MPM89 channels give the best results (results are close for these two models) confirming the fact that the water vapor parameterization for the MIT98 model is not as good as that of MPM89 or MPM92 (i.e. Liebe 1989).

Obviously, more data would be needed to be analyzed to be able to draw firmer conclusions. Two results stand out however. (1)  One should use RTM parameterizations and not RTSSMI parameterizations for the forward model of the brightness temperatures for the AMSU channels and this probably also applies to the SSM/I channels. (2) One should use MPM92 or MPM89 (have the same water vapor attenuation model; Liebe 1989) as an atmospheric attenuation model for the 183 GHz lines and not MIT98 (Rosenkranz 1998).
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6. Figure Captions

Figure 1: Model minus observed up-welling brightness temperatures (for a radiometer on aircraft looking down to the Earth’s surface) as a function of incidence angle for the DEIMOS channels (23.8 and 50.1 GHz). Units are in Kelvin. The apparent surface temperature model is RTM and the atmospheric attenuation model is MPM92. In each plot, there is also a set of lines with symbols. These curves represent the averaged Tb differences for all the runs in a flight.

Figure 2: Same as Fig. 1 but for the MARSS 89, 157 and 183(1 and (3 GHz channels.

Figure 3: Same as Fig. 1 but for the  183(7 GHz channel.

Figure 4:  Model minus observed down-welling brightness temperatures (for a radiometer on aircraft looking up to space) as a function of incidence angle for the MARSS 89, 157 and 183(1 and (3 GHz  channels. Units are in Kelvin. The apparent surface temperature model is RTM and the atmospheric attenuation model is MPM92. In each plot, there is also a set of lines with symbols. These curves represent the averaged Tb differences for all the runs in a flight.

Figure 5: Same as in Fig. 4 but for the MARSS 183(7 GHz channel.
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Figure 1: Model minus observed up-welling brightness temperatures (for a radiometer on aircraft looking down to the Earth’s surface) as a function of incidence angle for the DEIMOS channels (23.8 and 50.1 GHz). Units are in Kelvin. The apparent surface temperature model is RTM and the atmospheric attenuation model is MPM92. In each plot, there is also a set of lines with symbols. These curves represent the averaged Tb differences for all the runs in a flight.
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Figure 2: Same as Fig. 1 but for the MARSS 89, 157 and 183(1 and (3 GHz channels.
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Figure 3: Same as Fig. 1 but for the  183(7 GHz channel.
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Figure 4:  Model minus observed down-welling brightness temperatures (for a radiometer on aircraft looking up to space) as a function of incidence angle for the MARSS 89, 157 and 183(1 and (3 GHz  channels. Units are in Kelvin. The apparent surface temperature model is RTM and the atmospheric attenuation model is MPM92. In each plot, there is also a set of lines with symbols. These curves represent the averaged Tb differences for all the runs in a flight.
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Figure 5: Same as in Fig. 4 but for the MARSS 183(7 GHz channel.
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