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Abstract

Radiowaves propagating through the atmosphere, are affected by propagation effects such as
delay and attenuation. These effects are dependent on the composition of the atmosphere.
Therefore, knowledge of the atmospheric contents is of great importance. The so-called in
verse problem is the determination of the atmospheric contents from radiometrically measured
attenuation or brightness temperatures. This is possible by applying so-called inversion algo
rithms to the measurements. Using algorithms based on two frequencies (20 and 30 G Hz),
it is possible to retrieve two parameters: the total amount of liquid water (L) and the total
amount of water vapour (V) present in the atmosphere.

In order to derive the inversion algorithms, an atmosphere is defined in which all parameters
(temperature, pressure, as well as V and L) are known. From this atmosphere, attenuation
and brightness temperatures can easily be calculated. Since in that case attenuation, bright
ness temperatures as well as V and L are known, determination of the coefficients of the
inversion algorithms is rather straightforward. The algorithms are either based on attenua
tion or on brightness temperatures.

Before deriving the inversion algorithms, several models for the calculation of attenuation
from the atmospheric model were compared. To be more specific, comparison of the 1985
and 1989 versions of the Millimeter wave Propagation Model with the CCIR models revealed
some major differences due to flaws in the CCIR models.

Also an attempt was made to compare the derived inversion algorithms with other algorithms
known from literature. This proved troublesome since each algorithm was designed to fit a
specific atmospheric profile which differed from the model used here. Therefore a fair compar
ison was not possible. However, simulations showed that water vapour retrieval becomes very
inaccurate when large amounts of liquid water are present in the atmosphere. Furthermore
it was found that algorithms based on attenuation are more accurate than the ones based on
brightness temperatures.

Finally, a set of 17 days of radiometric data measured at EUT was inverted. Verification of
these retrievals proved impossible since there is no knowledge on the total amount of water
vapour and liquid water. However it was shown that the atmospheric model used caused
retrieval errors which were comparable to the errors caused by radiometric uncertainty.
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Cllapter 1

Introduction ..

By means of multifrequency radiometric measurements, it is possible to gain insight in of the
composition of the atmosphere. This is of great interest since propagation effects, like delay or
attenuation, are dependent on the atmospheric composition. Other interesting applications
of radiometry are determination of attenuation statistics where no satillite beacons are avail
able, and measurement of the relative position of the continents (VLBI) using estimations of
the electrical path length on a trans-atmospheric path.

If the appropriate models for clouds, pressure, temperature and water vapour profiles are
available, it is possible to calculate brightness temperatures and attenuation. The inverse
problem is the measurement of atmospheric composition from radiometric measurements.
This is possible by applying the so-called inversion algorithms to the measurements. Several
research efforts yielded several inversion algorithms, but is unknown in what degree these
algorithms agree or differ.

Algorithms for dual-frequency radiometry are based on models with two degrees of freedom,
from which two atmospheric parameters can be retrieved: the total amount of liquid water
(L), and the total amount of water vapour (V). For the other parameters, like the tempera
ture profile, assumptions will have to be made.

Firstly this report will deal with the problem of calculating attenuation from atmospheric
models, using the millimeter propagation model by Liebe or the CCIR recommendations.
But only attenuation due to water vapour and liquid water will be considered. Next the
calculation of brightness temperatures from the attenuation will be treated. Furthermore
several inversion algorithms as proposed by Gibbins [1], Johansson et al [2] and Battistelli [3]
are discussed. These algorithms were chosen because they are representative for the inversion
algorithms available in Europe at the moment. Finally inversion algorithms for liquid water
and water vapour retrieval, entirely based on CCIR recommendations will be derived. These
algorithms will serve as a standard to which the other algorithms are compared.
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Chapter 2

Calculation of attenuation

2.1 The millimeter wave propagation model

2.1.1 Introduction

Because the millimeter wave propagation model, MPM ,is updated regularly, several versions
exist along each other. The 1985 and 1989 versions will be discussed. Firstly some principles
common to all MPM versions will be discussed.

According to MPM, the total attenuation A [dB] is calculated in terms of the attenuation
coefficient a [dB/km] as:

A = 18

a(s)ds

a is calculated by means of the following formula:

a = 0.18201N"(J)

(2.1 )

(2.2)

where 1 [GH z] is the frequency. N"(J) is the imaginary part of the complex refractivity·
which can be expressed as:

!V~i(f) !V~~(f).----. ......-------..
!Va !Vb

N"(J) =L SiF"(J)i +N:J(J)+ L SkF"(J)k +N~/(J) + N~(J) (2.3)
i=l k=l

where:

N~~(J): is the oxygen resonance line contribution to N"(J). Each resonance line has strength
Si and shape F"(Jk N~~(J) takes only resonance lines into account which lie in the
range ~ 51- 119 GHz.

N:J(J): is the dry air continuum which is the contribution to N"(J) due to the so-called Debye
spectrum of oxygen below 10 GH z and pressure induced nitrogen above 100 GH z.
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2.1. The millimeter wave propagation model 7

N~v(f): is the water vapour resonance line contribution to N"(f). Each resonance line has
strength Sk and shape F"(f)k. N~v(f) takes only resonance lines into account which
lie in the range:::::: 22 - 325 GH z.

N;'(f): is the water vapour continuum which is the contribution to N"(f) due to the far wing
water vapour lines in the frequency range 1-30 T Hz.

N~(f): is the hydrosol continuum which is the contribution to N"(f) due to liquid water
present in clouds.

N"(f) is calculated using the following parameters, representing atmospheric conditions:

• The barometric pressure P [kPa].

• The partial water vapour pressure e [kPa] .

• The water vapour saturation pressure es [kPa].

• The dry air pressure p [kPa]:
p= P- e

• The temperature T [J(].

• The relative inverse temperature () [J(-l]:

() = 300
T

(2.4)

(2.5)

• The relative humidity U [%]:

(2.6)

• The water vapour density v [glm3
].

• The liquid water density w [glm3
].



8 Chapter 2. Calculation of attenuation

2.1.2 The 1985 version of MPM

The 1985 version of MPM is valid for heights up to 30 km. MPM [1985] consists of N a=48
oxygen and Nb=30 water vapour lines, (see equation (2.3)). MPM [1985] is valid for heights
up to 30 km and frequencies up to 1000 GHz. There is however the so-called reduced line
base version MPM", which exploits only 34 oxygen and 3 water vapour resonance lines, thus
reducing computational effort. As a consequence MPM" is valid for frequencies up to 350
GH z. In this chapter the formulae for the resonance line contributions and continua are pre
sented. Furthermore the attenuation due to these continua and resonance line contributions
were calculated assuming zenith angle. The result of this exercise is shown in several graphs
throughout this chapter.

Several expressions of MPM [1985], use the partial water vapour pressure e as a parameter.
Therefore the following expression is added, which allows e [kPa] to be calculated from the
water vapour density v [g 1m3] and relative inverse temperature 0:

v
e = 7.2170 (2.7)

The oxygen resonance line contribution, N~~(J)

For heights up to 30 km, resonance lines are somewhat broadened due to pressure. This kind
of broadening is modelled using the so called Van Vleck-Weisskopf function which describes
the shape of a pressure broadened resonance line. F"(J)i is the imaginary part of this function
which can be calculated according to the following expression:

F"(/) , = L [Doli - b(Ji - I) + Doli - bi(Ji + I)]
• Ii (Ji - 1)2 + Doll (Ji + 1)2 + Doll

(2.8)

where Ii [GHz] is the centre frequency of the i th resonance line, with width Doli [GH z] and
strength Si [kHz]. bi is an overlap correction. Si, Doli and bi can be calculated according to
the formulas below:

alP03exp[a2( 1 - 0)]
a3(pO(O.8-a() + l.leO)

aspoa6

(2.9)

(2.10)

(2.11)

Each resonance line has its own set of spectroscopic coefficients al ..a6 which can be obtained
from [4, table 1], where the appropriate values of the spectroscopic coefficients are listed for
each resonance line centre frequency k If MPM" is utilized, the coefficient a4 is set to O.
Figure 2.1 shows the attenuation due to N~~(J) in zenith direction, which was calculated
using MPM [1985] (not the reduced line base version).
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The dry air continuum N:J.(J)

The dry air continuum can be calculated using the following equation,

where

d = 5.6·1O-3 (p +1.Ie)Oo.8

ao = 6.14.10-4

ap ~ 1.40(1 - 1.2/1.510-5 )10-10

The zenith attenuation due to the dry air continuum is shown in figure 2.2

~
10° !

.~g
t

/~
~- r~ /

~
/ I

/ I1

]OJ ~ J

t ::l

~

j
10J , I

]00 101 102 llY

frequency [GHz]

(2.12)

Figure 2.2: The zenith attenuation due to Nd'(J). Calculations were carried out up to a
height of 30 km, using the CCrR standard atmosphere (see appendix A).
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Figure 2.1: The zenith attenuation due to N~~(J). Calculations were carried up to a height
of 30 km, using the CCIR standard atmosphere (see appendix A).
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The water vapour resonance line contribution, N~v(J)

The shape of pressure broadened water vapour resonance lines is modelled using F"(J)k, which
is the imaginary part ofthe modified Van Vleck-Weisskopf shape function (see equation (2.8)).
The index k refers to the kth water vapour resonance line. The width f::,.fk [GHz] strength
Sk [kHz] and overlap correction bk of each water vapour resonance line can be calculated
according to the equations below:

Sk = b1e03
.
S exp[b2 (1 - 0)]

f::,.fk = b3(pOo.s +4.8eO)

bk 0

(2.13)

(2.14)

(2.15)

The spectroscopic coefficients bl ••b3 can be obtained from [4, table 1], where the appropriate
values of the spectroscopic coefficients are listed for each resonance line centre frequency fk •

The zenith attenuation due to N~v(J) is shown in figure 2.3

frequency [GHz]

Figure 2.3: The zenith attenuation due to N~v(J). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The water vapour continuum N~'(J)

The water vapour continuum N~'(J) can be calculated by means of the following expression:

where bJ = 1.40.10-6 and be = 5.41.10-5 •

In case of using MPM" the following correction factor should be added to N~'(J):

f1N;'(J) = 2.9pel.102/1.51O-8

(2.16)

(2.17)

10°

10-1

- 10"

Figure 2.4 shows the zenith attenuation due to N~'(J), which was calculated using MPM.

I
i

J

10'r .

:::r/~/ ,1
10°;;--------'-~~~-'-::1'::';01~---'--~--'---'-~~1O:':-"---'---'-~-'--~~1...J03

frequency [GHz]

Figure 2.4: The zenith attenuation due to N~'(J). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The hydrosol continuum N~(f)

For frequencies :5 300 G Hz, the hydrosol continuum can be calculated using the equation
below:

where

"() 4.50w
Nw f = ("(1 +1]2)

(2 + c')
1] = ("

(2.18)

(2.19)

(' ,f" are the real and imaginary parts of the dielectric constant of water and w [g / m3 ] is the
liquid water density. Equation (2.18) is valid only if the radii of the suspended water droplets
(hydrosols) lie below 50 11m. c' ,c" can be calculated by means of:

where

£" :::
(185-1¥)fT

1 + (fT)2
185 _ 113

4.9 + 1 + (fT)2

(2.20)

(2.21)

T = 4.17·1Q-50exp(7.130) [ns]

For frequencies above 300 GH z the following expressing for N~(f) has to be used:

(2.22)

(2.23)

The zenith attenuation due to the hydrosol continuum is shown in figure 2.5. Note that the
transition from equation (2.18) to equation (2.23) causes N~(J) to be discontinue at 300
GHz.
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frequency [GHz]

Figure 2.5: The zenith attenuation due to N~(f), calculated assuming a cloud of 1 km thick
with a liquid water content of 0.5 glm3 and a temperature of O°C



2.1. The millimeter wave propagation model

2.1.3 The 1989 version of MPM
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This chapter deals with the 1989 version of MPM. Apart from merely discussing the 1989 for
mulas for calculation of the complex refractivity N"(f), they will also be compared with their
1985 counterparts. Unlike MPM [1985], MPM [1989] consists of N a=44 oxygen and Nb=30
water vapour lines. MPM [1989] is valid for frequencies up to 1000 GH z. In this chapter
the formulae for the resonance line contributions and continua are presented. Furthermore
the attenuation due to the continua and resonance line contributions is calculated assuming
zenith angle. The result of this exercise is shown in several graphs throughout this chapter.

A number of equations in MPM [1989] use the partial water vapour pressure e as a parameter.
Therefore the following expression was added which allows e to be calculated from the water
vapour density v and relative inverse temperature 0:

v
e=---

7.2230
(2.24)

The oxygen resonance line contribution, N~~(f)

Like MPM [1985], the shape of the pressure broadened oxygen resonance lines are modelled
using the modified Van Vleck-Weisskopf function, equation (2.8). The width ~fi [GH z],
strength Si [kHz] and overlap function hi of each oxygen resonance line can be calculated
according to the equations below:

Si allO-6p03exp[a2(1 - 0)]
~fi a31O-3(po(O.8-a4) + 1.1eO)

bi = (as + a60)10-3pOo.8

(2.25)

(2.26)

(2.27)

The spectroscopic coefficients al ..a6 are obtained from [5, table 1]' where the appropriate
coefficients for are listed for each centre frequency Ii.

At heights between 30 and 100 km broadening of the oxygen resonance lines due to the
Zeeman effect has to be taken into account. This kind of broadening, usually refered to as
Zeeman broadening, arises when the earth's magnetic field causes a splitting in the energy
levels of the oxygen atoms. Zeeman broadening can be roughly approximated by replacing
equation (2.26) with:

~ft = J(~fi +625BJ) (2.28)

where Bo is the geomagnetic field strength. At altitudes above 100 km the oxygen line spec
trum disappears. The zenith attenuation due to N~~(f) is shown in figure 2.6.
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Comparing ~fi, Si and 6i with equations (2.9) to (2.11), shows:

• The coefficients as and a6 are not interchangeable with their MPM [1985] equivalents.
In comparison with MPM [1985] the spectroscopic coefficients al,a3, as and a6 are listed
without exponential terms. These were added to the expressions for strength Si, width
~fi and overlap correction 6i directly.

• Si and ~fi of MPM [1989] are equal to the strength Si and width ~/i of MPM [1985].

• The overlap correction 6i of MPM [1985] can be expressed as: 6i = aspoa6
, the differences

with equation (2.27) are obvious.

• MPM [1985] does not take into account the influence of Zeeman broadening into account,
as a result MPM [1985] valid only for heights up to 30 km.

:, ,:::: ::
::: '

, ..

frequency [GHz]

Figure 2.6: The zenith attenuation due to N~~(J). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).

::::
---.---
,:-



2.1. The millimeter wave propagation model

The dry air continuum Nd,'(f)

The dry air continuum Nd,'(f) can be calculated by means of the following expression:

where

Sd = 6.14·1O- 4p82

d = 5.6·1O-3(p + 1.1e)8

ap = 1.40(1 - 1,2.10-5p.5)10-10

The zenith attenuation due to N:J(f) is shown in figure 2.7.

17

(2.29)

Comparing the dry air continuum of MPM [1989] with the dry air continuum of MPM [1985],
the following should be noted:

• The numerator of the first term of equation (2.29) has a difference in the power of 8
compared with the [1985] dry air continuum.

• In comparison with the dry air continuum of MPM [1985], equation (2.29) is missing a
factor [1 +(f /60)2] in the denominator of the first term.

• In equation (2.29) the power of 8 in the second term is equal to 3.5, whereas in MPM
[1985] the power of theta is equal to 4.5.

• din MPM [1989], is nearly the same as d in equation (2.12). There is only a difference
in the power of 8: 0.8 in MPM [1985] versus 0.9 in MPM [1989].

• up is for both MPM [1985] and MPM [1989] the same.
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101

lao
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frequency [GHz]

Figure 2.7: The zenith attenuation due to N:J(f). Calculations were carried out up to a
height of 30 km using the CCIR standard atmosphere (see appendix A).
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The water vapour resonance line contribution, N~v(J)

The shape of the pressure broadened water vapour resonance lines is modelled by equation
(2.8). The strength Sk and overlap correction bk of the kth resonance line can be calculated
using equations (2.13) and (2.15) respectively. The width of each resonance line D.fk [GHz]
is calculated using the expression below:

(2.30)

The spectroscopic coefficients b1 ••bs can be obtained from [5, table 1], where for each reso
nance line centre frequency fk the appropriate values of b1..bs are listed.

At altitudes above 60 km Doppler broadening of the resonance lines has to be considered. The
transition from pressure broadening to Doppler broadening is correctly modelled by replacing
the Van Vleck-Weisskopf shape function with the so called Voigt shape function [6]. In the
altitude range 30 - 100 km, MPM [1989] approximates the transition from pressure broadening
to Doppler broadening by replacing equation (2.30) with the expression below:

D.fk = 0.535~fk + )(0.21 i D.f't +'YJ) (2.31)

where 'YJ = 2.13.10-12{; /0. The zenith attenuation due to N~v(J) is shown in figure 2.8

Comparing N~v(J) of MPM [1989] with the water vapour resonance line contribution of MPM
[1985], shows:

• In comparison with MPM [1985] the spectroscopic coefficient b3 is listed without the
exponential term 10-3 wich instead was added to equation (2.30) directly.

• Comparing equation (2.30) with equation (2.14) shows that in MPM [1985] the spectro
scopic coefficients b4 , bs and b6 are replaced by the constants 0.8, 4.8 and 0, respectively.

• Sk and bk are equal to their MPM [1985] counterparts.

• MP11 [1985] does not take the transition from pressure broadening to Doppler broad
ening into account.
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Figure 2.8: The zenith attenuation due to N~v(J). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).



2.1. The millimeter wave propagation model

The water vapour continuum N~'(f)

The water vapour continuum N~'(f) can be calculated using the following expression:

where

be = 3.57· 10-504.5

bJ = 1.13.10-6

21

(2.32)

The zenith attenuation due to N~'(f) is shown figure 2.9. Comparing the water vapour
continuum of MPM [1989] with equation (2.16), shows:

• The water vapour continuum of MPM [1985] can be expressed as N~'(f) = [bJp +
bee03 ]02.5. Comparing this equation with equation (2.16) clearly shows the difference in
the power of O•

• In comparison with MPM [1985], the values of be and bJ are different, moreover be in
MP11 [1989] is a function of the relative inverse temperature 0, this in contrast to MPM
[1985] where be is a constant.

i
I

J10 1 / J
I / I

10 2 l / I

I / 1
:1:0:[/1

1 M~~~~-'-'-"""'I----'------'--''----'---'-~-':-_----'----'---''''''''''''''''I''''''~'I
U' 101 102 1~'

frequency [GHz)

Figure 2.9: The zenith attenuation due to N~'(f). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The hydrosol continuum N~(J)

The hydrosol continuum is calculated according to equation (2.18), but in contrast to equation
(2.18) the dielectric permittivity ((J) of water is calculated using the so called double Debye
model:

("(J)

('(J)

where

(0 = 77.66 + 103.3(8 - 1)

(1 = 5.48

(2 = 3.51

((0-(1)1 ((I-(2)f

= fp[l + (JI fp)2] + fa[l + (JI fa)2]
((o-(t} ((1-(2)

[1 + (JI fp)2] + [1 + (JI f.,)2]

(2.33)

(2.34)

fp = 20.09 - 142(8 - 1) + 294(8 - 1)2

fa = 590 - 1500(8 - 1)

fp and fs are the principle and secondary relaxation frequencies [GH z]. The zenith attenua
tion due to N~(J) is shown in figure 2.10

101

! ! ! ~ !

, , , , t , ,.

1Q2

, I j J.::::l

frequency [GHz)

Figure 2.10: The zenith attenuation due to N~(J), calculated assuming a cloud of 1 km
thick with a liquid water content of 0.5 91m3 and a temperature of DoC
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2.2 The CCIR model
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The CCIR offers two methods for calculating attenuation:

• Attenuation due to oxygen, water vapour and liquid water can be calculated using an
adapted version ofMPM* see chapter 2.1.2, thus utilizing several continua and resonance
line contributions.

• Using the second approach, attenuation due to oxygen and water vapour is calculated
directly using some straightforward formulae without having to bother with continua
and resonance line contributions. The formulae, which were derived by a curve fitting
to MPM*, have an estimated accuracy of about 15 % over the temperature range -20°C
to 40°C and water vapour density range 0 - 50 glm3 • Use of these formulae is restricted
to the pressure range 963 - 1063 hPa.

In this chapter the formulae for the calculation of attenuation due to oxygen, water vapour
and liquid water are presented. In case of the line by line equations the attenuation due to
the continua and resonance line contributions is calculated assuming zenith angle. In case of
the second model, attenuation due to oxygen and water vapour is calculated. Again zenith
angle is assumed. The results of this exercises are shown in several graphs throughout this
chapter.

2.2.1 Calculation of N"(f) based on MPM*

In contrast to M P M*, pressures in the CCIR model are expressed in [hPa], instead of [kPa].
This will cause several coefficients of the CCIR model to be a factor 10 smaller in magnitude
in comparison with MPM*. Some of the expressions in the rest of this text use the partial
vapour pressure e [hPa] as a parameter. Therefore the following expression was added which
allows e to be calculated in terms of water vapour density v and temperature T:

v·T
e = 216.7 (2.35)

The oxygen resonance line contribution, N~~(f)

Like MPM [1985] and MPM [1989], the shape of the ith pressure broadened resonance line
is modelled by the modified Van Vleck-Weisskopf function, which can be calculated using
equation (2.8). The strength Si [kH z] of each resonance line, can be calculated using equation
(2.9) of MPM [1985]. The appropriate width f!./i and overlap correction hi can be calculated
according to the equations below:

a3(p(}O.8 + 1.1e(})

a4P(}a5

(2.36)

(2.37)

Each resonance line has its own set of spectroscopic coefficients at ..as, which can be obtained
from [7, table I], where for each resonance line centre frequency Ii the appropriate values of
the spectroscopic coefficients are listed. The zenith attenuation due to N~~(f) is shown in
figure 2.11
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Comparing N~~(f) with the oxygen resonance line contribution of MPM [1985J shows:

• l::.fj of MPM [1985] can be expressed as: l::.fj = a3(pO(O.8-a,) + l.leO). For M P M* the
parameter a4 is equal to 0, so equation (2.36) is in accordance with l::.fj of MPM [1985J.

• Considering that the spectroscopic coefficients a4 and as of the CCIR model correspond
with as and a6 of MPM [1985] respectively, it should be noted that equation (2.37) is
equal to (2.11).

• The strength Sj is equal to the oxygen line strength function of MPM [1985].
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Figure 2.11: The zenith attenuation due to N~~(f). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The dry air continuum Nd'(f)

The dry air continuum is calculated using the equation below:

where

Uo 6.14· 10-5

Up = 1.4(1 - 1.2.10-5!1.5)10-11

d = 5.6· 1O-4 (p + LIe )0°·8

25

(2.38)

(2.39)

(2.40)

(2.41)

The zenith attenuation due to N:f(f) is shown in figure 2.12. Comparing equation (2.38)
with (2.12) shows:

• Due to the difference in pressure units between CCIR and MPM [1985] ([hPa] instead
of [kPa]), Uo and d in equation (2.38) are a factor 10 in magnitude smaller than the
MPM [1985] equivalents. Up is a factor 10 smaller too which probably should be a factor
100 due to the presence of p2 in the second term of equation (2.38.

• The numerator of the first term of equation (2.12) is equal to uo!p02.5. Comparing this
expression with equation (2.38) shows the difference in the power of 0: 2.5 MPM [1985]
versus 2 CeIR.

• The second term of (2.12) is equal to: ap!p204.5 which clearly shows the difference in
the power of 0 compared with equation (2.38).
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Figure 2.12: The zenith attenuation due to N:JU). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The water vapour resonance line contribution, N~v(f)

As in previous sections, the shape of pressure broadened water vapour resonance lines are mod
elled using the imaginary part of the modified Van Vleck-Weisskopf shape function F"(f)k.
The index k refers to the kth water vapour resonance line. F"(f)k is calculated using equa
tion (2.8) after replacing the index i by k. The resonance line strength Sk [GR z] and overlap
correction bk are calculated using the equations (2.13) and (2.15). The width ~!k [GR z] of
each resonance line can be calculated according to the equation below:

(2.42)

Each resonance line has its own set of spectroscopic coefficients b1••b3 , which can be obtained
from [7, table I], where for each resonance line centre frequency !k the appropriate values of
the spectroscopic coefficients are listed. The zenith attenuation due to N~v(f) is shown in
figure 2.13

Comparing N~v(f) of the CCIR with the MPM [1985] water vapour resonance line contribu
tion, shows:

• The width function ~fk of MP11 [1985] is expressed as: ~fk = b3(pOO.8 +4.80eO), which
clearly shows the differences in the powers of 0 compared with equation (2.42) .

• The strength Sk and overlap correction bk of the CCIR are equal to their MPM [1985]
equivalents.
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Figure 2.13: The zenith attenuation due to N~v(f). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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The water vapour continuum N~/(f)

The water vapour continuum N~/(f) can be calculated by means of the following expression:

(2.43)

The zenith attenuation due to N~/(f) is shown in figure 2.14. Comparing equation (2.43) with
the water vapour continuum of MPM [1985] shows:

• N~/(f) of MPM [1985] can be expressed as: N~/(f) = [bJp + beefJ3]/e(J2.5. Compar
ing this expression with N~/(f) of the CCIR clearly shows, besides differences in the
powers of both (J's, the presence of the extra term in equation (2.43) which is a correc
tion factor valid for M PM* only. In MPM [1985] this correction factor was expressed
as: l:i.N~/(f) = 2.9pel.1(J2/1.51O-8 , which clearly shows the differences compared with
equation (2.43).
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Figure 2.14: The zenith attenuation due to N~/(f). Calculations were carried out up to a
height of 30 km, using the CCIR standard atmosphere (see appendix A).
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Attenuation due to hydrosols

CCIR uses a different, but equivalent, approach for the calculation of attenuation due to
hydrosols (liquid water) than MPM. Instead of using the hydrosol continuum, CCIR uses the
specific attenuation coefficient ](/ [(dBlkm)/(glm3 )] for the calculation of the attenuation
due to liquid water AL, yielding:

AL =Wt • ](/ (2.44)

where (Je is the elevation angle, W t [kg 1m2] is the total amount of liquid water. ](/ can
be obtained from figure 2.15. In absence of statistics of the total amount of liquid water, an
estimate ofthe attenuation may be obtained by using a value ofWt=0.5 kg 1m2, corresponding
with a liquid water density w of 0.5 glm3 and a cloud thickness of 1 km.
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Figure 2.15: The specific attenuation coefficient ](/, with the cloud temperature as a pa
rameter.
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Influences of elevation

Chapter 2. Calculation of attenuation

For elevation angles other than the zenith, the total one-way attenuation through the at
mosphere is considered by means of a path extension factor s, by which the attenuation is
multiplied. For a stable spherically-symmetric and horizontally-stratified atmosphere, and a
elevation angle, Be, between 10° and 90°, the path extension factor 8 can be expressed as:

(2.45)
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2.2.2 Calculations of attenuation using equations based on a curve fitting
to A1PM*

Calculation of attenuation due to oxygen.

The specific attenuation [dB/km] due to dry air at ground level (pressure = 1013 hPa) and
at a temperature of 15°C is given by the following equations:

[
-3 6.09 4.81] 2 -3

;0 = 7.19·10 + j2 + 0.227 + (f _ 57)2 + 1.50 I ·10

for I < 57GHz

[
-7 0.265 0.028] 2 3

;0 = 3.79·10 1+ (f _ 63)2 + 1.59 + (f _ 118)2 + 1.47 (f + 198) ·10

for 63GHz < I < 350GHz

(2.46)

(2.47)

where I is the frequency expressed in GH z. Between 57 and 63 GHz the specific attenuation
may be obtained from [7, 0 km curve, figure 2]. The temperature dependence of the dry-air
specific attenuation may be taken into account using correction factor of -1% per °C from
15°C (attenuation increasing with decreasing temperature).

As an approximation, the zenith path attenuation Aox [dB] from sea level may be obtained
by multiplying the specific attenuation given by equations (2.46) and (2.47) by the equivalent
heights for dry air, yielding:

where

ho = 6 fori <57 GHz
40

ho = 6 + (f _ 118.7)2 + 1 for 63 < I < 350 GHz

Aox is shown in figure 2.16

(2.48)

(2.49)

(2.50)
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calculation of attenuation due to water vapour

The specific attenuation [dBjkm] due to water vapour at ground level (pressure =1013 hPa)
and at a temperature of 15°C is given by the following equation:

{
3.6

7w = 0.050 +0.0021v + (f _ 22.2)2 +8.5+
10.6 8.9} 2 -4

(f - 183.3)2 +9.0 + (f - 325.4)2 +26.3 f v10

for f < 350GHz

(2.51)

where f is the frequency expressed in GHz, and v is the water vapour density [gjm3]. The
temperature dependence of water vapour attenuation may be taken into account by a correc
tion factor of -0.6% per °C from 15°C. Note that the water vapour density may not exceed
the saturation value at the temperature considered. This means that the relative humidity U
given by equation (2.6) is not to exceed 100 %. In equation (2.51), at a temperature of 15°C,
the saturation density is - 12.5g jm3 • For higher water vapour densities, equation (2.51) must
be corrected for the higher temperatures necessary to sustain such densities.

As an approximation, the zenith path attenuation Awv (see figure 2.17) from sea level, may
be obtained by multiplying the specific attenuation given by (2.51) by the equivalent heights
for water vapour. For water vapour the equivalent height [km] is:

{
3.0 5.0 2.5}

hw = hwo 1 + (f - 22.2)2 + 5 + (f - 183.3)2 +6 + (f - 325.4)2 + 4

for f < 350GHz

where hwo = 1.6 km in clear weather and 2.1 km in rain.

Influences of elevation

The total zenith attenuation can be expressed as:

(2.52)

(2.53)

For elevation angles between 10° and 90°, the path attenuation is obtained using equation
(2.45 ).
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Chapter 3

Comparing the performance of
MPM and the CCIR model when
calculating atmospheric
attenuation

In chapter 2, several models for the calculation of attenuation due to oxygen, water vapour
and liquid water were introduced, the CCIR model and the 1985 and 1989 version of MPM.
As noted in chapter 2.2, the CCIR model is based on the 1985 version of MPM. Differences
in formulation between these models have already extensively been discussed in the previous
chapter. But it remained to be seen what the effect of these differences were on the calculation
attenuation. To investigate this, attenuation due to oxygen, water vapour and liquid water
was calculated using the different models from chapter 2. MPM [1989], being the most
recent and therefore probably the most accurate model, served as a reference to which the
other models were compared. A positive procentual difference indicated that the model being'
compared with MPM [1989] predicted a higher value of attenuation than MPM [1989], whereas
a negative procentual difference indicated a lower predicted attenuation. Calculations were
carried out using the CCIR standard atmosphere (see appendix A), up to a height of 30 km.

35
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3.1 MPM [1989] versus MPM [1985]

Attenuation due to oxygen

Bearing in mind that MPM [1989] is an evolution of MPM [1985], we can see from figures 3.1
and 3.2 that these models differ most from each other in the ~ 140-300 GH z window (up to
~ 35 %). In the frequency ranges 0 - 144 GHz and 300 - 1000 GHz the differences between
MPM [1985] and MPM [1989] lie well below 15 %.

frequency [GHz]

Figure 3.1: Attenuation due to oxygen, calculated using MPM [1989] and MPM [1985]
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Figure 3.2: Procentual difference between the oxygen attenuation calculated using MPM
[1989] and MPM [1985]
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Attenuation due to water vapour

What the calculation of attenuation due to water vapour is concerned, MPM [1985] and MPM
[1989] are generally in good agreement, as can be seen from figures 3.3 and 3.4. Differences
between MPM [1985] and MPM [1989] is less than 13 % in the frequency range from 0 -1000
GHz. From:::::: 80 GHz on, the difference is decreasing with increasing frequency.
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Figure 3.3: Attenuation due to water vapour, calculated using MPM [1989] and MPM [1985]
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Figure 3.4: Procentual difference between water vapour attenuation, calculated using MPM
[1989] and MPM [1985]
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Attenuation due to liquid water

MPM [1985] and MPM [1989] use different models for the per:mittivity of liquid water, the so
called single and the double Debye model, respectively. Furthermore the single Debye model
of MPM [1985] is valid only for frequencies up to 300 G Hz. For higher frequencies, expression
(2.23) is to be used. This causes the somewhat strange shape of the hydrosol continuum (see
figure 2.5). It is obvious that this has consequences for the liquid water attenuation, as can
be seen from figures 3.5 and 3.6. For frequencies up to 170 GH z, MPM [1989] and MPM
[1985] differ less than 8 %. Between 170 and 300 GH z the procentual difference increases up
to about 30%, thereafter decreasing again to :::::: 15% for frequencies ~ than 300 GH z.
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Figure 3.5: Attenuation due to liquid water, calculated using MPM [1989] and MPM [1985]
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frequency [GHz]

Figure 3.6: Procentual difference between liquid water attenuation, calculated using MP11
[1989] and MPM [1985]
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3.2 MPM [1989] versus CCIR

3.2.1 The line by line equations of the CCIR

41

Attenuation due to oxygen

In chapter 2.2.1, it was noted that there was probably something wrong with the parameter
ap of the dry air continuum: - ap was multiplied by 10-11 , which probably should be 10-12 •

Therefore, the attenuation was calculated using both ap (equation (2.40)) and the so called
'corrected' ap which is equal to ap = 1.4(1 - 1.2.10-511.5)10-12• The result of this exercise
is shown in the figures 3.7 through 3.10, which clearly shows the dramatic decreasing of the
difference between MPM [1989] and CCIR model if the expression for the "corrected" ap

is used. All in all figures 3.7 through 3.10 provide enough evidence to raise serious doubts
towards expression (2.40).
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Figure 3.7: Attenuation due to oxygen, calculated using MPM [1989] and the line by line
equations of the CCIR. The line by line calculations of the CCIR were carried
out using the "uncorrected" expression for ap



42 Chapter 3. Comparing the performance.....

1()31()2101

: , , , :.

/\.", • ; ...•.... ;

/.
_:..

..... ••• . / . ' .
•

.
• I • •

• I· ,
• I

• •
I .

-;-
• /V . ......j;!,-.. ,. ... , ...."-.-<: ,o

l(jO

800

600

100

300

200

500

700

~ 400

frequency [GHz]

Figure 3.8: Procentual difference between oxygen attenuation, calculated using MPU [1989J
and the line by line equations of the CCIR. The line by line calculations of the
CCIR were carried out using the "uncorrected" ap '
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Figure 3.9: Attenuation due to oxygen, calculated using MPM [1989J and the line by line
equations of the CCIR. The line by line calculations of the CCIR were carried
out using the "corrected" expression for ap
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Figure 3.10: Procentual difference between oxygen attenuation, calculated using MP:M
[1989] and the line by line equations of the CCIR. The line by line calcula
tions of the CCIR were carried out using the" corrected" expression for ap
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Attenuation due to water vapour

As can be seen from figures 3.11 and 3.12, the procentual difference between MPM [1989]
and CCIR lies below 10% for most part of the frequency range 1 - 300 GH z. In general, the
CCIR model has a tendency to predict a lower value for attenuation due to water vapour than
MPM. For frequencies around 350 GH z, the difference between MPM and CCIR increases
up to about 40 %
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Figure 3.11: Attenuation due to water vapour, calculated using MPM [1989] and the line
by line equations of the CCIR.
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Figure 3.12: Procentual difference between water vapour attenuation, calculated using
MPM [1989] and the line by line equations of the CCIR.
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Figure 3.14: Procentual difference between oxygen attenuation, calculated using MPM
[1989] and the curvefitted equations of the CCIR. Vertical axis ranges from
-50 to 350 %.
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Figure 3.15: Procentual difference between attenuation due to oxygen, calculated using
MPM [1989] and the curvefitted equations of the CCIR. Vertical axis ranges
from -50 to 55 %.
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3.2.2 The CCIR model based on a curvefitting to MPM*

attenuation due to oxygen

As can be seen in figure 3.14 there is a procentual difference of nearly 350 % for f = 118 CH z
between MPM [1989J and CCIR. This rather large discrepancy between MPM and CCIR may
be caused due to the fact that the specific attenuation 'Yo (equation (2.47)) has its maximum
at 118 CH z whilst the equivalent height ho (equation (2.50)) has its maximum for 118.7
CH z. So one could say there is as disalignment between 'Yo and ho.

frequency [GHz]

Figure 3.13: Attenuation due to oxygen, calculated using MPM [1989J the curvefitted equa
tions of the CCIR.
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attenuation due to water vapour

As clearly can be seen, the procentual difference between CCIR and MPM [1989] less than
25% for nearly the entire frequency range. In general CCIR seems to predict a higher value
for attenuation due to water vapour than MPM [1989].
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Figure 3.16: Attenuation due to water vapour, calculated using the MPM [1989] and the
curvefitted equations of the CCIR.
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Figure 3.17: Procentual difference between attenuation due to water vapour, calculated us-
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(4.1)

Chapter 4

Radiative transfer

For a non-scattering atmosphere in local thermodynamic equilibrium, the brightness temper
ature at ground level is related to the absorptive properties of the medium by the following
solution of the radiative transfer equation:

Tb(O) =100

T(s)a(s)e- fo' a(s')ds'ds +T:xte- fo"'" a(s)ds

In equation (4.1) T(s) [K] is the atmospheric physical temperature at the spatial coordinate
5, a(s) [Np/km] (a(Np/km) :::::: 0.23025· a(dB/km)) is the absorption coefficient of the
atmosphere, Ttxt [K] (:::::: 2.7 [K]) is the brightness temperature contributed by extraterrestrial
sources (cosmic background). Both brightness temperatures and the absorption coefficient n
are functions of frequency. By means of the definition of an 'optical' depth T(O,s):

T(Os) = rs n(s')ds', Jo
and a effective medium temperature Teff:

equation 4.1 can be transformed into:

Which can be solved for T(O,oo), often referred to as the opacity, yielding:

(
Teff - Tb(O))

T(O,oo) = -In T Text
eff - b

(4.2)

(4.3)

(4.4)

(4.5)

The atmospheric attenuation A [dB] can be calculated according to the expression below:

A = -1010g (Teff - Tb(O))
Teff - T:xt
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Chapter 5

Inversion algorithms

5.1 Introduction

The objective of inversion algorithms is the retrieval of the total amount of water vapour V
and liquid water L. The algorithms are derived by investigating the relation between V, L
and the so-called observables: attenuation, brightness temperature and opacity. During the
initial phase of the derivation and testing of the algorithms, V, L and the observables are
calculated from pre-defined atmospheric profiles. This is necessary since not all parameters
like for example L, can be obtained to required accuracy from measurements. During testing
noise is added to the calculated observables. By doing so, it is possible to evaluate the effect
of measurement errors and to gain insight in retrieval accuracy.

5.2 Inversion algorithms according to Gibbins

C.J Gibbins derived several inversion algorithms utilizing the radiometric frequencies 21.25
and 31.5 [GH z]. Calculations of attenuation due to water vapour, oxygen and liquid water·
where carried out using MPM [1989]. For this purpose the atmospheric profiles were divided
into Llz = 200 [m] thick layers and the dry air pressure p, the partial water vapour pressure
e and the temperature T are assumed to be constant for each layer. The total atmospheric
attenuation A [dB] was calculated using the equation below:

(5.1)

where Ai is the attenuation of the ith layer, N is the total number of layers. Calculation of
the brightness temperatures were carried out using equation (4.1) and integrating to a height
of 20 km (at the frequencies chosen, the difference between integrating up to 20 km or 100
km where negligibly small).
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V and L [m] can be calculated from the atmospheric profiles by means of the equations below:

v = J..- fS v(s)ds
aw 10

L = J..- r w(s)ds
aw 10

(5.2)

(5.3)

where aw (=106 g/m3 ) is the specific weight of water. The water vapour density v(s) and
liquid water density w( s) are defined by means of the water vapour profiles and cloud models
respectively (see section 5.2.1). Because the amounts of retrieved water vapour and liquid
water are small, Gibbins expresses V and L in units of centimetre [em].

5.2.1 Atmospheric profile generation

• Two different temperature profiles were considered:

1 : An adiabatic atmosphere with a lapse rate of -6.5 ](1 km, see appendix (B).

2: An atmosphere with a temperature inversion (temperature increasing with increas
ing height) of +20 ](Ikm for the first 600 meter, there after becoming adiabatic.

• Six different surface temperatures where assumed: O°C - 25°C in steps of 5°C.

• Pressure profiles were obtained by integrating equation (B.5). Five different surface
pressures were assumed: 983.25 - 1043 hPa, in steps of 15 hPa.

• Water vapour profiles were obtained using equation (AA), thus assuming an exponential
water vapour distribution. Surface water vapour densities were varied between 2.5 and
19 91m3 in steps of 2.5 91m3

.

• For the derivation of the liquid water retrieval algorithms, two cloud models were de
fined:

1 : A layer of uniform cloud, 1 km thick with a liquid water content of 0.1 to 0.3 em,
in steps of 0.05 em.

2 : A layer of uniform cloud, 2 km thick with a liquid water content of 0.02 to 0.1 em
in steps of 0.02 em.

• To study the effects of clouds on the retrieval of water vapour, a layer of cloud between
1 km and 2 km altitude with a cloud density of 0.5 9/m3 corresponding to a total cloud
liquid content between 0.05 and 0.1 em was included.
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5.2.2 The effective medium temperature Teff

53

By means of the effective medium temperature Teff' it is possible to convert brightness
temperatures to opacity or attenuation, see equations (4.5) and (4.6). Gibbins calculated
Teff by inverting equation (4.6), yielding:

(5.4)

and thereafter applied values for attenuations and brightness temperatures, which were calcu
lated from the atmospheric profiles (using equation (4.1) and MPM [1989]),to equation (5.4).
This procedure resulted in a set of values for Tef f, with an avarage of:

Teff(J = 21.25GHz) = 274.33 [K]

Teff(J = 31.50GHz) = 273.92 [K]

Examination Tef f showed that this parameter depended on the physical temperature of the
atmosphere. Regression analysis to the surface temperature T [K] yielded:

Teff(f = 21.25GH z) = -13.82 +T [K]

Teff(J = 31.50GHz) = -14.23 +T [K]

5.2.3 Inversion algorithms for water vapour retrieval

(5.5)

(5.6)

(5.7)

\Yater vapour retrieval algorithms must be insensitive to liquid water, otherwise water vapour
retrieval would be very unreliable every time liquid water (in the form of clouds) is present.
Staelin [8] showed that attenuation due to liquid water (AL) is proportional to the square
of the frequency. Further work by Derr [9] showed that typical average cloud temperatures
may be -12°. At such temperatures attenuation AL is proportional to f1.8. Using the latter
relation it is possible to convert liquid water attenuation measured at frequency II, say ALl,
to the appropriate attenuation at frequency 12, say AL2' yielding:

(
I ) 1.8

AL2 = f: ALI (5.8)

Referring to equation (2.3), it is obvious that the total attenuation can be expressed as:

(5.9)

where

AL : attenuation due to liquid water.

Av : attenuation due to water vapour.

Aox: attenuation due to oxygen.
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If the total attenuation is determined at two frequencies, say It and 12, the following set of
equations are obtained:

A tot ,fl = AL,fl + Av,fl + A OX ,fl

A tot ,f2 =AL,f2 + AV,f2 + A ox,f2

(5.10)

(5.11)

Multiplying equation (5.10) by (h/ld1.8 and subtracting equation (5.11) (with help of equa
tion (5.8)), results in the following expression:

(
12 ) 1.8 (12 ) 1.8It Atot ,fl - A tot ,f2 = 11 . (AV,fl + Aox,fd - (Av,fl + Aox,fd (5.12)

It should be noted that the influence of liquid water has disappeared. Gibbins uses this
principle to define a so-called liquid water invariant parameter CI> by which it should be
possible to derive water vapour inversion algorithms insensitive to liquid water.

(5.13)

where XI and X 2 are observables (either attenuation or brightness temperature) measured
at frequencies It and 12 (12 > It). It should be noted that in case of using attenuation as
an observable, equation (5.13) is equal to equation (5.12). Whether equation (5.13) performs
satisfactorily if the brightness temperature is used as an observable remains to be seen. For
the frequency pair used (21.25 - 31.50 GH z) the weighting function (12//1)2 is equal to 2.031.
Gibbins assumes a linear relation between CI> and the total amount of water vapour V [em]
yielding:

V=a+b·CI> (5.14)

To represent measurement uncertainty, Gibbins added noise to the calculated brightness tem- .
peratures corresponding to rms uncertainties of 0.25 [K] and 0.85 [K]. Gibbins does not'
explicitly mention whether the added noise is random, gaussian or bias.

Retrieval algorithms based on attenuation

The inversion algorithms are based on equation (5.14) yielding:

(5.15)

where A 21 and A 31 are the calculated zenith attenuations at 21.25 and 31.50 GHz respectively.
Fitting V (obtained from integrating the water vapour profile) in equation (5.15) to A21 and
A31 produced a set of values for a and b. It was found that a and b where both pressure and
temperature dependent. Taking means of these coefficients (thus neglecting the temperature
and pressure dependence) resulted in the following algorithm for water vapour retrieval:

V = -0.08044 + 2.6945(2.031A21 - A 31 ) (5.16)

The overall accuracy of this algorithm is 12% for 0.85 K noise, and ~ 6 % for 0.25 K noise.
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Taking the temperature dependence of a and b into account resulted in the following inversion
algorithm:

V -(270.69.10-3 - 6.66·10-4 T

+ (3.5951 - 3.153·1O-3T)(2.031A21 - A 31 )

(5.17)

where T [K] is the temperature at ground level. Using the temperature-dependent values for
Teff (equations (5.5 and (5.6)), the overall accuracy of the algorithm is estimated to be 11 %
for 0.85 K rms noise and 3% for 0.25 K.

Finally, fitting a and b to both temperature T, and pressure P [hPa] yielded:

v = -138.058.10-3 + 6.66·1O-4T - 1.309·1O-4p

+ (1.4043 - 3.153·1O-3T + 2.162.10-3P)(2.031A21 - A31 )

(5.18)

Using the temperature-dependent expressions for Tell, the overall accuracy of the algorithm
is estimated to be 10% for 0.85 J( and 3% for 0.25 !( noise.
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Retrieval algorithms based on brightness temperatures

Measurement of brightness temperatures is complicated by cosmic background radiation
(~ 2.7 [](]), resulting in a small offset in the measured brightness temperatures. To solve
this problem, a so-called corrected brightness temperature Tt is used, which is determined by
subtracting the magnitude of the 2.7 ]( radiation arriving at the radiometer antenna, from
the measured brightness temperatures.

Again the inversion algorithms were based on equation (5.14) yielding:

(5.19)

were Til and T3l are the corrected zenith brightness temperatures at 21.25 and 31.50 GH z,
respectively. Fitting V in equation (5.19) to Til and T3l produced a set of values for a and b,
which were found to be both pressure and temperature dependent. Taking the global aver
age of a and b (thus neglecting pressure and temperature dependence) yielded the following
equation:

V = -0.1551 + 0.0483(2.031T2l - T;l) (5.20)

The overall accuracy is estimated to be 12% for 0.85 J( and 6% for 0.25 J( noise.
Taking just the temperature dependence of a and b into account yielded the following equation:

V = -0.4123 + 9·1O-4T

+ (0.1186 - 2.46·1O-4T)(2.031T2l - T;d

(5.21)

where T [A'] is the temperature at ground level. The overall accuracy is estimated to be 11 %
for 0.85 ]( and 3% for 0.25 ]( noise.

Examination of the temperature and pressure dependence of a and b resulted in the expression
below:

V -181.79.10-3 + 9.00·1O-4T - 1.01·1O-4p

+ (79.284.10-3 - 2.46·1O-4T + 3.89.10-5P)(2.031T2l - T;l)

(5.22)

were P [hPaJ is the pressure at ground level. The overall accuracy is estimated to be 10% for
0.85 ]( and 3% for 0.25 ]( noise.
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5.2.4 Inversion algorithms for liquid water retrieval

A liquid water retrieval algorithm should be insensitive to water vapour, otherwise the re
trieval algorithms will be unreliable every time water vapour is present. Gibbins tries to
derive a vapour invariant parameter by investigating relations of the form:

(5.23)

where Xi are observables (either attenuation or brightness temperature) at frequency II and
12 (12 > II)· It was found that a and b were both temperature and pressure dependent.
Equation (5.23) is used for the definition of a vapour invariant parameter W:

(5.24)

Gibbins assumes a linear relation between Wand the total amount of liquid water L, yielding:

L = c'W (5.25)

To represent measurement uncertainty Gibbins added 0.25 [K] or or 0.85 [I(] noise to the
calculated brightness temperatures.

Retrieval algorithms based on attenuation

The inversion algorithms are based on the equation (5.25), yielding:

L = C(A31 - bA21 - a) (5.26)

were A31 and A21 represent the zenith attenuation at frequency 31.50 and 21.25 GH z respec
tively. Taking the mean of a and b and thereafter fitting L in equation (5.26) to A 21 and A 31

produces a set of values for c, which were found to be pressure and temperature dependent.
Taking the mean of c (thus neglecting the pressure and temperature dependence) yielded the
following algorithm:

L = 0.1486(A31 - 0.4271A21 - 7.52.10-2 ) (5.27)

The overall retrieval accuracy of this algorithm is ::::::23%, for both 0.85 K and 0.25 K uncer
tainty in brightness temperatures.

Examination of the temperature dependence of a, band c resulted in the expression below:

L = (929.01.10-3 + 3.76·1O-3T) .

( A 31 - (1.553 - 3.94.1O-3T)A21 - 7.178.10-2)

(5.28)

were T [K] is the temperature at ground level. The overall accuracy is 5% for 0.85 K and 3
% for 0.25 K noise.

Retrieval algorithms based on brightness temperatures

The simple inversion algorithm is based on equation (5.25), yielding:

L =c(T31 - aT21 - b) (5.29)
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where T31 and T21 are the corrected zenith brightness temperatures at the frequency 31.50
and 21.25 CH z respectively. Taking the mean of a and b and after that fitting L in equation
(5.29) to T31 and T21 produced a set of values for c which were found to be both pressure and
temperature dependent. Taking the mean of c (thus neglecting the temperature and pressure
dependence) yielded the following expression:

L = 3.067.1O-3(T31 - 0.4510T21 - 4.086)

with an overall accuracy of about 22%.

(5.30)

Considering only the temperature dependence of a, band c resulted in the following expression:

L = (-11.0854 + 0.0488T). 10-3
. T31

(1.6164 - 4.08· 1O-3T)T21 - (-0.5703 + 0.0163T))

The overall accuracy of this equation is about 6%.

(5.31)

However, like the simple algorithm equation (5.30), equation (5.31) underestimates cloud
liquid content for the densest clouds (up to 14%), while overestimating the thinner clouds. To
solve this problem, 2 non-linear algorithms were developed. Using a temperature-dependent
power-law model resulted in the following algorithm:

L (-12.8422 + 0.0513T).1O-3
. [T31 - (1.6164 - 4.08·1O-3T)T21

]

(1.8IS-0.0024T)
(570.35.10-3 + 0.0163T)

(5.32)

yielding an overall accuracy of 6% for 0.85 ]( and about 4% for 0.25 J( noise. This algo
rithm may cause problems when implemented on a computer, since under clear-sky condi
tions the quantity in the square brackets can become negative, producing a complex number
when raised to the non-integral power. A quadratic model based on the linear temperature
dependent algorithm,(5.31), produced the following algorithm:

where

L (14.626 + 0.0598T) .1O-3 y

+ (4.3268 - 23.644·1O-3T + 4.2.1O- ST 2) .1O-Sy2

(5.33)

y = T31 - (1.6164 - 4.08·1O-3T)T2'1 - (-570.35.10-3 + 0.0163T)

The overall accuracy are estimated to be 9% (at 0.85 J( rms) and 3% (at 0.25 J( rms).
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5.2.5 Results
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Inversion algorithms for water vapour retrieval

For water vapour retrieval, Gibbins recommends the temperature-dependent algorithms (5.18)
and (5.22).

Inversion algorithms for liquid water retrieval

The non-linear liquid water retrieval algorithms (equations (5.33) and (5.34)) do not appear
to offer significant improvement on the simpler, linear, temperature-dependent attenuation
algorithm (5.29). Therefore, Gibbins recommends this algorithm for liquid water retrieving.
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5.3 Inversion algorithms according to Johansson et al

Johansson et al, derived several algorithms for liquid water and water vapour retrieval, using
the following radiometric frequencies: 21.3,22.23,23.8 and 31.65 [GHz].Only algorithms based
on 21.3 and 31.65 [GHz] will be considered.

5.3.1 Background physics and definitions

Water vapour retrieval

Brightness temperature and opacity, T(O,oo), are calculated according to chapter 4. In the rest
of this section, the subscript (0,00) will be dropped. The observed opacities at frequencies
!I, 12 can be expressed as:

TJl =100

(OV,fl +Oox,fl +oL,fdds (5.34)

TJ2 = 100

(OV,f2 + Oox,f2 + OL,f2)ds (5.35)

where

OV,fi = the absorption coefficient [dB / km] due to water vapour.

Oox,fi = the absorption coefficient [dB /km] due to oxygen.

OL,Ji = the absorption coefficient [dB /km] due to liquid water.

Water vapour retrieval algorithms must be insensitive to liquid water.
this by defining the following liquid water invariant parameter X:

X. (12)2= !I TJI - TJ2 - Tox

where Tox is defined as:

Johansson achieves

(5.36)

(5.37)Tox =100

[ (~:) 2 Oox,fl - OOX,f2] ds

Equation (5.36) was obtained by multiplying equation (5.34) by (12 /11)2 and thereafter sub
tracting the result from equation (5.35). The inversion algorithms for water vapour retrieval
are based on the following equation:

V=CvX (5.38)

V is expressed in units of [mm] and can be calculated according to equation (5.2), which for
clearness sake is once again listed below:

1 100

V = - v(s)ds
aw 0

The inversion coefficient Cv can be calculated by means of the expression below:

f- Jooo
v( s )ds

Cv = w

Jooo
[ (~ ) 2 OV,fl - OV,f2] ds

(5.39)
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Since the numerator Cv is the total amount of water vapour which of course is not known,
Cv cannot be calculated directly. Therefore Johansson models Cv by means of the following
two expressions, one using ground meteorological data:

(5.40)

the other one using the time of the year:

(5.41)

where n = 21r /365 and t is the time of year since january 1, Zo is the height of the site.
X is the vapour invariant parameter (5.36) cell' al,a2 and a3 are determined by regression
analysis.

Liquid water retrieval

The inversion algorithms for the retrieval of liquid water L [mm] are based on the following
expression:

n

L = Co +I: CiXi
i=l

(5.42)

where Xi are the observables, which may include information other than measured brightness
temperatures, such as surface air temperature, pressure and humidity. It is desirable to use
observables which do not saturate when there are large amounts of water vapour or liquid
water present in the atmosphere, or at low elevation angles. The opacity is a parameter that
fits this requirement.
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5.3.2 Algorithm development technique

Two sets of radiosonde data serve as a basis for the atmospheric models. One set consists
of one year profiles from form sites in the south of Europe; Munich (Germany), Payerne
(Switzerland), Brindisi (Italy) and Madrid (Spain). The other set contains data form sites
in the north of Europe namely; Oslo (Norway), Gothenburg and Karlsborg both in Sweden,
and Copenhagen (Denmark).

Because radiosonde profiles contain no information about liquid water, this information was
added using the liquid water model adapted from Westwater et al [10] [11]. This model
assumes that clouds are present when the relative humidity exceeds 95%. Particle diameters
of droplets inside the clouds are estimated to be in the range 10-50 Jlm.

The attenuation coefficients due to water vapour (aV,fi) are calculated using expressions from
Waters [12], for oxygen (aox,fi) from Meeks and Lilley [13] and for liquid water (aL,fd from
Staelin [8]. Radiometric measurements are assumed to be made by a noise-free pencil beam
radiometer. The performance of the algorithms is tested by adding an assumed instrumental
error to the brightness temperature. The added noise has a Gaussian distribution.

5.3.3 The effective medium temperature, Teff

It is obvious that the attenuation coefficient as well as the total attenuation are dependent of
the elevation of the antenna. Consequently the effective medium temperature Teff ,equation
(4.3), will also vary with the elevation angle. To take this effect into account, Johansson uses
the following expression for Tef f:

Teff = ko(l +kmm)To (5.43)

where ko and k1 are empirical parameters which can be tuned to a site or region using
regression analysis. To [K] is the temperature at ground level, m is the air mass through the
atmosphere which can be calculated according to the formula below:

1
m = . (0 ) 000035

8m e + tan(O.)+0.017
(5.44 )

where Oe is the elevation angle. Using radiosonde profiles the following equations for the mean
radiating temperature are derived:

Teff(J = 21.30GHz) = 0.9468(1 +0.0013m)To,max

Teff(J = 31.65GHz) = 0.9390(1 +0.0012m)To,max

Where TO,max it the daily maximum (noon) ground temperature.

(5.45)

(5.46)
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5.3.4 Inversion algorithms for water vapour retrieval

Northern Europe

using ground meteorological data:

v = 0.9812.10-2 [1 - 0.29·10-3(Po - 996) + 0.29·10-2(To - 281)

- 0.333(X - 0.131))X

without ground meteorological data:

v = 0.9789.102 [1 - 0.97.1O-2sin(f2t) - 0.26·1O-1cos(f2t)

0.307(X - 0.131) + 0.33·1O-4 zo1X
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(5.47)

(5.48)

The overall accuracy is 3% for the algorithm using ground meteorological data, and 4.07 %for
the algorithm without ground meteorological data.

Southern Europe

Using ground meteorological data results in:

1/ 0.9644.10- 2 [1 = 0.1l·1O-2(Po - 971) + 0.14.1Q-2(To - 287)

- 0.333(X - 0.131))X

Without ground meteorological data:

v = 0.1018.103[1 - 0.72'1O-2sin(nt) - 0.1l.1Q-1cos(f2t)

0.143(X - 0.171) +0.14.1Q-3zo)X

(5.49)

(5.50)

Overall accuracy is 2.89% (using ground meteorological data) and 4.03% without meteoro- .
logical data.
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5.3.5 Inversion algorithms for liquid water retrieval

Northern Europe

Using ground meteorological data results in the following formula:

L = 1.3042 - 0.11.10-2Po - O.14·1O-2To

0.290T21.3 +4.520T31.65

Without ground meteorological data:

L = -0.2281 +0.27.1O- 2sin(nt) + 0.24'1O-1cos(nt)

0.222T21.3 +4.489T31.65 + 0.25.10-3

The overall estimated accuracy is 38.7% for both algorithms.

Southern Europe

Using ground meteorological data results in the following formula:

L = 0.4711- O.37.1O-3po - 0.93·1O-3To

1.107T21.3 +5.041 T31.65

Without ground meteorological data:

(5.51)

(5.52)

(5.53)

L -0.1624 + 0.21.10-2sin(nt) + 0.33·1O- 2 cos(nt)

1.326T21.3 +5.160T31.65 + 0.53.10-4 Zo

(5.54)

The overall accuracy is estimated 43.5% for both algorithms.
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5.4 Inversion algorithms according to Battistelli et al

65

Absorption due to liquid water or oxygen is determined by using a combination of the 1985
and 1989 version of the millimeter propagation model [MPM] by Liebe. Absorption due to
water vapour is calculated either using MPM or the Gaut-Reifenstein/Waters model [14] [12].

Although inversion algorithms for liquid water and water vapour retrieval are defined, the
main issue of the Battistelli report is the selection of the optimal set of frequencies for liquid
water (L) and water vapour (V) retrieval. The following inversion algorithms are used:

and for liquid water:

NJ

V = ao +LaiTi
i=l

NJ

L = bo +Lbm
i=i

(5.55)

(5.56)

where NJ are the number of frequencies used, Ti is the opacity calculated according to (4.5)
with Ttxt = 2.75 ]{. The coefficients ai and bi are obtained by applying a statistical regression
analysis to a set of atmospheric profiles.

5.4.1 Atmospheric profile generation

Atmospheric profiles have been generated starting from the mid-latitude summer standard
atmosphere. A random fluctuation with Gaussian distribution has been superimposed to its
value at ground level. Random fluctuations have also been added to the temperature values
at different heights, but with a gamma distribution originating from the projected adiabatic
profile in order to avoid unphysical situations. Ground-based and elevated thermal inversions
have been included for 1/3 of the profiles. Both thickness and strength of the inversions have a
r distribution. The water vapour profiles are constructed by adding random irregularities with
Gaussian distribution to the standard atmosphere profile. Liquid water has been generated
whenever the relative humidity at a given height was larger than 95%. The thickness of the
fog layer was given a r distribution, so that it did not exceed 400 m. The base height of the
clouds had a r distribution also, originating from 400 m. The same r distribution controlled
the statistical generation of cloud thickness, with a limit in the top height at 7 km. The liquid
content of clouds has been assumed to be proportional to the cloud thickness. A mixture of
liquid and ice has been assumed below OOG, while ice is present below -40oG.



Cllapter 6

Derivation of reference inversion
algorithms using a different
approach

6.1 Inversion algorithms based on attenuation

Total atmospheric attenuation can be expressed as:

A tot = Av + AL + Aox (6.1)

where

Av = Attenuation due to water vapour.

AL = Attenuation due to liquid water.

A ox = Attenuation due to oxygen and nitrogen.

(6.2)

(6.3)

The inversion algorithms which are to be derived in this chapter are based on the fact that
attenuation due to liquid water and water vapour are linear functions of V and L, respectively
(see figures (6.1) and (6.2)). So Av and AL can be expressed as:

Av = a.v

AL = b.L

(6.4)
~Av

a=--
~V

where a and b are the sensitivities of the attenuation due to water vapour and liquid water
defined as:

and
b= ~AL

!:!.L
Using relations (6.2) and (6.3), it is possible to transform equation (6.1) into:

(6.5)

Atot = a.V + b.L + A ox (6.6)
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If A tot is measured at 2 frequencies, we obtain a set of two linear equations:

Atot,l = al.V + b1.L + Cl

A tot ,2 = a2.V + b2·L + C2

67

(6.7)

(6.8)

where the indices 1,2 refer to the frequency used (12 > II). The parameters CbC2 represent
the attenuation due to oxygen at the frequency 1,2. From this set of equations it is possible
to determine V and L, yielding:

(6.9)

(6.10)
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Figure 6.1: Attenuation due to water vapour. Calculations were carried out up to a
h('ight of 30 km. using the CCIR standard atmosphere (see appendix A).
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6.2 Inversion algorithms based on brightness temperatures

Derivation of inversion algorithms using brightness temperatures needs a different approach,
since there are no linear relations between the total amount of water vapour and liquid water
and the brightness temperatures. Therefore, inversion algorithms are derived by performing
a best fit (using a least square approach) operation on the calculated brightness temperatures
and the total amount of liquid water and water vapour respectively to obtain relations in the
form of:

v = a· TI + b· T2 + c (6.11)

L = d· TI + e . T2 + I (6.12)

where TI and T2 are the brightness temperatures at frequencies It and 12 (12 > It). The
coefficients a..e are obtained by simple matrix operations, which will be introduced next,
starting with the derivation of a,b and c.

Again brightness temperatures are calculated using atmospheric profiles which define the
height distribution of temperature, pressure, water vapour and liquid water. To investigate
the relation between TI , T2 and V, the amount of water vapour (V) is varied. For each value
of V the brightness temperatures are calculated. By defining a matrix A and a matrix Bas:

VI Tn T2I 1
V2 T12 T 22 1

A= B=

Vn TIn T2n 1

then the coefficient matrix C = [a,b,cV can be calculated as [15]:

AT·BC-- 
- BT ·B (6.13)

where T represents the transpose operation. The coefficients d,e and I are calculated following
a similar procedure but now the total amount of liquid water L is varied, which results in the
following matrices:

L I Tn T21 1
L 2 TI2 T22 1

D= E=

Ln TIn T2n 1

so the coefficient matrix F = [d, e, IV can be expressed as:

DT·EF-- 
-- ET ·E (6.14)



Chapter 7

Comparing the performance of the
inversion algorithms.

7.1 Introduction

In order to gain insight in the performance of the inversion algorithms presented in chapter
6, the algorithms were determined for the frequency pairs chosen by Gibbins and Johansson.
In this way it is possible to compare the performance of the algorithms of chapter 6 and the
ones derived by Gibbins and Johansson, respectively.

The coefficients of the inversion algorithms were calculated using the CCIR standard atmos
phere (see appendix A) enhanced with the following features:

• Ground pressure was varied between 983.25 and 1043.25 hPa in steps of 15 hPa.

• Ground temperature was varied between 0 and 25 °C in steps of 5 °C.

• 'Water vapour density at ground level was varied between 2.5 and 15 91m3 in steps
of 2.5 9Im3 , corresponding to a total amount of water vapour between 0.5 and 3 em
(assuming zenith direction).

Furthermore, the following cloud model was added:

• The liquid water inversion algorithms were derived by assuming a 1 km thick layer of
clouds at 1 km height at -12 °C (as was suggested by Derr [9]) with a liquid water
contents between 0 and 3 91m3 , corresponding to a total liquid water contents between
oand 0.3 em (assuming zenith direction).
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• The water vapour inversion algorithms were derived by assuming a 1 km thick layer of
clouds at 1 km height at -12 0 C with a liquid water contents between 0 and 1 9 / m3 ,

corresponding to a total liquid water contents between 0 and 0.1 em (assuming zenith
direction) .

Attenuation was calculated using MPM [1989]1 whilst brightness temperatures were calculated
using equation 4.1. Calculations were carried out in zenith direction up to a height of 30 km.

1 MPM [1989] uses the double Debye model for the permittivity of water which is valid between -10 and
30°C. Therefore, in principle the single Debye model should be used. Gibbins however uses the double
Debye model, and since the difference between using the single and the double Debye model was found to be
negligible, we adopted the double Debye model too
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7.2 Comparison with Gibbins and Johansson

7.2.1 Inversion algorithms based on attenuation

According to equations (6.9) and (6.10) the inversion algorithms based on attenuation can be
expressed as:

where:

h = bI

a I b2 - a2 bI

. b2
l =-

bI

. CIa2 - C2 a I
J=

bI a 2 - b2aI

k = al

bI a 2 - b2aI

1= a2

al

Al and A2 denote the attenuation at frequency 1 and 2 (12 > fI), respectively. The behaviour
of the water vapour sensitivity ai, oxygen attenuation Ci as a function of ground pressure
and ground temperature is shown in figures 7.1 through 7.4. bi is only a function of cloud
temperature which is assumed to be constant. The resulting coefficients gooh are presented in
table 7.1. Throughout this chapter these algorithms will serve as reference algorithms.

Table 7.1: The coefficients gool for liquid water and water vapour retrieval, derived for the
frequency pairs used by Gibbins and Johansson.

D Gibbins I Johansson I
g 0.0273 0.0249
h 2.9932 2.9083
I 1.9911 1.9982
j 0.0093 0.0094
k -0.1028 -0.1014
1 0.3654 0.3574
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The reference algorithms were compared with the ones derived by Gibbins and Johansson (see
tables 7.2 through 7.6). However, this is not a fair comparison since the algorithms designed
by Johansson and Gibbins were designed to suit a set of data which differed from the set
of data they now had to operate on. Water vapour and liquid water retrievals were carried
out in the presence of 0.05 em (=0.5 91m3 ) liquid water and 1.5 (=7.5 91m3 at ground
level) water vapour, respectively. These amounts of water vapour and liquid water were
recommended by the CCIR. In case of water vapour retrieval, the Gibbins algorithm yielded
an accuracy of approximately 8% (reference algorithm ~ 1 %) whilst the algorithms developed
by Johansson yielded and accuracy between 6 and 10 % depending on the algorithm used
(reference algorithm ~ 3 %). When retrieving liquid water, the Gibbins algorithm yielded
an accuracy of approximately 33 % (reference algorithm ~ 0.3 %). Johansson's algorithms
yielded an accuracy between 20 and 22% (reference algorithm ~ 0.4%).

Table 7.2: \Vater vapour retrievals using the reference algorithms. x and cr denote the av
erage value and standard deviation of the water vapour retrievals. Water vapour
retrievals were carried out in the presence of a liquid water contents of 0.05 em.

Gibbins's frequency pair Johansson's frequency pair
Yin [em] x [em] bias [em] cr [em] x [em] bias [em] cr [em]

0.5 0.5087 0.0087 0.0009 0.5088 0.0088 0.0093
1.0 1.0144 0.0144 0.0183 1.0146 0.0146 0.0189
1.5 1.5174 0.0174 0.0266 1.5177 0.0177 0.0274
2.0 2.0175 0.0175 0.0343 2.0177 0.0177 0.0352
2.5 2.5133 0.0133 0.0417 2.5144 0.0144 0.0429
3.0 2.9987 -0.0013 0.0499 2.9986 -0.0014 0.0513

accuracy ~ 1 % accuracy ~ 3 %



74 Chapter 7. Comparing the performance of the inversion algorithms.

Table 7.3: Liquid water retrievals using the reference algorithms. x and (7 denote the average
value and standard deviation of the liquid water retrievals. Liquid water retrievals
were carried out in the presence of a water vapour contents of 1.5 em.

Gibbins's frequency pair Johansson's frequency pair
Lin [em] x [em] bias [em] (7 [em] x [em] bias [em] (7 [em]

0.10 0.0994 -0.0006 0.0007 0.1024 0.0024 0.0008
0.15 0.1494 -0.0006 0.0007 0.1531 0.0031 0.0008
0.20 0.1994 -0.0006 0.0007 0.2038 0.0038 0.0008
0.25 0.2494 -0.0006 0.0007 0.2545 0.0045 0.0008
0.30 0.2994 -0.0006 0.0007 0.3052 0.0052 0.0008

accuracy::::: 0.3 % accuracy ::::: 0.4 %

Table 7.4: \Vater vapour and liquid water retrieval using algorithms derived by Gibbins. x
and (7 denote the average value and standard deviation of water vapour and liquid
water retrievals. Liquid water retrievals were carried out with a water vapour
contents of 1.5 em. \Vater vapour retrievals were carried out in the presence of
0.05 em liquid water.

Water vapour retrieval using equation (5.16) Liquid water retrieval using equation (5.27)
Yin [em] x [em] bias [em] (7 [em] Lin [em] x [em) bias [em) (7 [em)

0.5 0.5087 0.0087 0.0009 0.10 0.1369 0.0369 0.0012
1.0 1.0144 0.0144 0.0183 0.15 0.2064 0.0564 0.0012
1.5 1.5174 0.0174 0.0266 0.20 0.2759 0.0759 0.0012
2.0 2.0175 0.0175 0.0343 0.25 0.3454 0.0954 0.0012
2.5 2.5133 0.0133 0.0417 0.30 0.4191 0.1191 0.0012
3.0 2.9987 -0.0013 0.0499

accuracy ::::: 8 % accuracy ::::: 33 %
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Table 7.5: Water vapour retrievals using algorithms derived by Johansson. x and (1 denote
the average value and standard deviation of the liquid water retrievals. Water
vapour retrievals were carried out in the presence of a liquid water contents of
0.05 em.

Water vapour retrieval Water vapour retrieval
using equation (5.47) using equation (5.49)

Yin [em] x [em] bias [em] (1 [em] x [em] bias [em] (1 (em]
0.5 0.5937 0.0937 0.0091 0.5875 0.0875 0.0091
1.0 1.0188 0.0188 0.0162 1.0376 0.0367 0.0169
1.5 1.4251 -0.0749 0.0220 1.4941 -0.0059 0.0238
2.0 1.8125 -0.1875 0.0269 1.9567 -0.0433 0.0303
2.5 2.1810 -0.3190 0.0313 2.4515 -0.0485 0.0367
3.0 2.6252 -0.3748 0.0374 2.6853 -0.3147 0.0405

accuracy::::: 10 % accuracy ::::: 6 %

Table 7.6: Liquid water retrievals using algorithms derived by Johansson. x and (1 denote
the average value and standard deviation of the liquid water retrievals. Liquid
water retrievals were carried out in the presence of a water vapour contents of
1.5 em.

Liquid water retrieval Liquid water retrieval
using equation (5.51) using equation (5.53)

Lin [em] x [em] bias [em] (1 [em] x [em] bias [em] (1 [em]
0.10 0.1253 0.0253 0.0008 0.1253 0.0253 0.0009
0.15 0.1841 0.0341 0.0008 0.1867 0.0367 0.0009
0.20 0.2429 0.0429 0.0008 0.2481 0.0481 0.0009
0.25 0.3017 0.0517 0.0008 0.3096 0.0596 0.0009
0.30 0.3605 0.0605 0.0008 0.3710 0.0710 0.0009

accuracy ::::: 20 % accuracy ::::: 24 %
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7.2.2 Inversion algorithms based on brightness temperatures

Johansson did not derive algorithms based on brightness temperatures, therefore only refer
ence algorithms utilizing the Gibbins frequency pair were derived. As it was the case with
the Gibbins algorithms, the reference algorithms were derived to operate on so-called cor
rected brightness temperatures. This means that the contribution due to cosmic radiation is
removed from the calculated brightness temperatures. This can be achieved by omission of
the second part of equation 4.1 when calculating the brightness temperatures. The resulting
algorithms are given below:

v = 0.1140Ti - 0.0663T; +0.1110

L = -4.29· 1O-4Ti +2.37 . 1O-3T; - 0.0379

(7.1)

(7.2)

T1* and Ti are the brightness temperatures at frequency 1 and 2 (12 > It). These algorithms
were compared with the ones developed by Gibbins. The results of this exercise are shown
in tables 7.7 and 7.8. As it was the case with the algorithms based on attenuation, a fair
comparison between the inversion algorithms is not possible. Again this is due to the fact
that the Gibbins algorithms were derived to suit a set of profiles different from the ones they
now had to operate on. Under these conditions the reference algorithms seem to perform
better though, in case of water vapour retrieval, the difference is small (Gibbins 8%, reference
algorithm 5%). When retrieving liquid water, the algorithm developed by Gibbins has an
accuracy of approximately 19% whilst the reference algorithm has an accuracy of approxi
mately 7%.

The effect of retrieving water vapour while there is a large amount of liquid water present
in the atmosphere is shown in figures 7.5 and 7.6. These figures show that algorithms based
on brightness temperature are not particularly suited for water vapour retrieval when there
is a large amount of liquid water present in the atmosphere. This is caused by the fact that
for large amounts of liquid water, there is no longer a linear relation between liquid water
contents and brightness temperature. Under these conditions the brightness-temperature-
based algorithms are not accurate since they assume a linear relation between liquid water
and brightness temperature. The difference between the retrievals shown in figures 7.5 and 7.6
can be explained by the fact that these algorithms were derived asuming a different amount
of liquid water.



7.2. Comparison with Gibbins and Johansson 79

Table 7.7: Water vapour and liquid water retrievals using the reference algorithms. x and (J

denote the average value and standard deviation of the water vapour and liquid
water retrievals. Liquid water retrievals were carried out with a water vapour
contents of 1.5 em. Water vapour retrievals were carried out in the presence of
0.05 em liquid water.

Water vapour retrieval Liquid water retrieval
Vin [em] x [em] bias [em] (J [em] Lin [em] x [em] bias [em] (J [em]

0.5 0.4129 -0.0871 0.0223 0.10 0.1114 0.0114 0.0015
1.0 0.9484 -0.0516 0.0381 0.15 0.1633 0.0133 0.0012
1.5 1.4733 -0.0267 0.0475 0.20 0.2081 0.0081 0.0010
2.0 1.9874 -0.0126 0.0517 0.25 0.2468 -0.0032 0.0008
2.5 2.4903 -0.0097 0.0528 0.30 0.2803 -0.0197 0.0006
3.0 2.9501 -0.0499 0.0619

accuracy ::::: 5 % accuracy ::::: 7 %

Table 7.8: Water vapour and liquid water retrievals using algorithms derived by Gibbins.
x and (J denote the average value and standard deviation of the water vapour
and liquid water retrievals. Liquid water retrievals were carried out with a wa
ter vapour contents of 1.5 em. Water vapour retrievals were carried out in the
presence of 0.05 em liquid water.

Water vapour retrieval using equation (5.20) Liquid water retrieval using equation (5.30)
Vin [em] x [em] bias [em] (J [em] Lin [em] x [em] bias [em] (J [em]

0.5 0.4601 -0.0399 0.0172 0.10 0.1373 0.0373 0.0010
1.0 0.9277 -0.0723 0.0302 0.15 0.1922 0.0422 0.0010
1.5 1.3877 -0.1123 0.0378 0.20 0.2390 0.0390 0.0009
2.0 1.8396 -1.6040 0.0409 0.25 0.2786 0.0286 0.0008
2.5 2.2831 -0.2169 0.0413 0.30 0.3127 0.0127 0.0007
3.0 2.6918 -0.3082 0.0487

accuracy ::::: 8 % accuracy::::: 19 %
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Chapter 8

Inverting radiometric data from
the EDT radiometer

8.1 Introduction

In order to invert radiometric data from the EDT radiometer, the inversion algorithms from
chapter 6 were adapted to fit the frequency pair of the EDT radiometer: 20 - 29.8 GH z.
The coefficients were derived using the same set of profiles as described in chapter 7.1, but
now calculations were carried out assuming an elevation angle of 29.82 degrees which is the
elevation angle of the EDT radiometer.

A total of 17 days of radiometric data was selected. Approximately half the data was measured
during winter (january, december) the rest during summer (june, july).

8.2 Inversion algorithms for the EDT radiometer

Adapting the coefficients of the inversion algorithms based on attenuation resulted in the
following algorithms for water vapour and liquid water retrieval:

v = -0.2388 + 6.1791 . (2.0280 . Al - A2)

L = -0.0188 - 0.1372· (0.6657· Al - A 2)

(8.1)

(8.2)

where Al and A2 denote the atmospheric attenuation at the frequency 20 and 29.8 GH z,
respectively. Similarly, the following brightness-temperature-based inversion algorithms were
obtained:

V :::: 0.1595· T; - 0.1077· T; +2.2425

L 3.5934.10-3
• T; +8.9772.10-4

• Ti - 0.1555

(8.3)

(8.4)

TI* and Ti denote the so-called corrected brightness temperatures measured at 20 and 29.8
GH z, respectively. Again corrected means removing the part of the cosmic radiation arriving
at the radiometer from the measured brightness temperatures.
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This can be achieved by subtracting the following expression from the measured brightness
temperatures,

TCOSi = 2.7. exp-O.23025.A. (8.5)

where i can either be 1 or 2 depending on the frequency used: 20 or 29.8 GHz. Note that
in case of equation (8.4) it seems that the algorithm is more sensible to the 20 GHz channel.
This is caused by the fact that the algorithm was derived assuming a liquid water contents
between 0 and 3 glm3 . In combination with the elevation angle of 26.82 degrees this causes
the 29.8 GH z channel to saturate whilst the 20 GH z channel still shows a nearly linear
relation between brightness temperature and the amount of liquid water. Therefore, when
determining the coefficients of the algorithm, more emphasis is put on the 20 G Hz channel.
Since radiometers cannot measure attenuation directly, the attenuation was calculated using
(4.6). Using equation (5.4) the effective medium temperature Tef f was estimated to be:

Teff(f = 20.0GHz) = 262.84

Teff(f = 29.8GH z) = 261.79

(8.6)

(8.7)

Like in the previous chapter, the performance of the algorithms was tested. The results of this
exercise are shown in tables 8.1 and 8.2. It is obvious that the performance of the algorithms
based on attenuation is superior to the ones based on brightness temperatures.
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Table 8.1: Water vapour and liquid water retrievals using the attenuation-based algorithms.
x and (f denote the average value and standard deviation of water vapour and liq
uid water retrievals. Liquid water retrievals were carried out with in the presence
of 3.3245 em (=7.591m3 ) at ground level) water vapour. Water vapour retrievals
were carried out in the presence of 0.1108 em (=0.5 91m3 ) liquid water.

Water vapour retrieval using equation (8.1) Liquid water retrieval using equation (8.2)
Yin [em] x [em] bias [em) (f [em] Lin [em) x [em) bias [em) (f [em]

1.1081 1.0910 -0.0171 0.0329 0.0000 -0.0011 -0.0011 0.0015
2.2163 2.2428 0.0265 0.0602 0.1108 0.1099 0.0009 0.0015
3.3245 3.4108 0.0863 0.0745 0.2216 0.2210 -0.0006 0.0015
4.4327 4.5954 0.1613 0.0755 0.3324 0.3322 -0.0002 0.0015
5.5409 5.7969 0.2560 0.0633 0.4432 0.4435 0.0003 0.0014
6.6490 7.0160 0.3670 0.0381 0.5540 0.5549 0.0009 0.0015

0.6649 0.6664 0.0015 0.001.5
accuracy ~ 3 % accuracy ~ 0.25%

Table 8.2: Water vapour and liquid water retrievals using the brightness-temperature-based
algorithms. x and (f denote the average value and standard deviation of water
vapour and liquid water retrievals. Liquid water retrievals were carried out in the
presence of 3.3245 em (=7.591m3) water vapour. Water vapour retrievals were
carried out in the 'presence of 0.1108 em (=0.5 91m3 ) liquid water.

Water vapour retrieval using equation (8.3) Liquid water retrieval using equation (8.4)
Yin [em] x [em] bias [em] (f [em] Lin [em) x [em] bias [em] (f [em)
1.1081 1.4260 0.3171 0.0227 0.0000 -0.0021 -0.0021 0.0019
2.2163 2.0828 -0.1355 0.0394 0.1108 0.1349 0.0241 0.0017
3.3245 2.7197 -0.6048 0.0476 0.2216 0.2661 0.0445 0.0015
4.4327 3.3367 -1.0960 0.0482 0.3324 0.3761 0.0437 0.0013
5.5409 3.9338 -1.6071 0.0428 0.4432 0.4687 0.0255 0.0012
6.6490 4.5111 -2.1379 0.0343 0.5540 0.5469 -0.0071 0.0011

0.6649 0.6133 -0.0516 0.0010
accuracy ~ 23 % accuracy ~ 12 %
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8.3 Retrieving water vapour and liquid water

Generally it will be very difficult to verify the water vapour and liquid water retrievals. How
ever, in case of water vapour a crude estimate of the total water vapour contents can be
obtained by using the water vapour density at ground level measured at EUT and assuming
an exponential water vapour distribution with a 2 km (CCIR) scale height. But this approach
yields at best information on the 'shape' of the water vapour retrievals, and not on the level,
at least not to the required level of accuracy. Verification of liquid water retrievals is even
more difficult since there is no information whatsoever on the total amount of liquid water.
The only thing known from liquid water retrievals is that during clear-sky conditions, the
total amount of liquid water retrieved should be equal to O.

During winter there was a general agreement between the liquid water retrieval algorithms,
though the attenuation-based algorithm predicted somewhat larger amounts of liquid wa
ter. Retrieving liquid water using the algorithm based on attenuation resulted in a clear-sky
bias between 0.02 and 0.06. Similarly, retrievals carried out with the brightness temperature
algorithm had a clear-sky bias between 0.02 and 0.05 em. During summer, however, the
attenuation and the brightness temperature algorithms no longer agreed. Even when radio
metric data indicated a clear-sky situation, this did not show up on the retrievals obtained by
using the brightness temperature algorithm. (compare figures 8.10 and 8.15). This might be
caused by the fact that the algorithms were derived assuming a cloud temperature of -12°C,
an assumption which might no longer hold during summer. Evidence of this supposition can
be found in figure 8.11 where liquid water is retrieved using an inversion algorithm based on
brightness temperature of which the coefficients were derived assuming a cloud temperature
of ooe.

It seems that during summer, or to be more precise: during the summer period from which.
radiometric data was selected, a cloud temperature of 0 °e is more appropriate. Therefore
the algorithms were adapted to fit these new conditions. In order to be complete, the set of
algorithms for retrieval during the summer period is given below:

V -0.2939 +5.8006· (2.1307 . Al - A 2 )

L = -0.0256 - 0.1875· (0.6485· Al - A 2 )

V = 0.2188· TI* - 0.1320· T; +1.1360

L = 0.1015.10-3 • T; +0.3729.10- 2 • T; - 0.1414

Also a new effective medium temperature was derived, yielding:

Teff(f = 20.0GHz) = 270.65

Teff(f = 29.8GHz) =270.95

(8.8)

(8.9)

(8.10)

(8.11)

(8.12)

(8.13)
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As can be seen from figures 8.10 and 8.11 the algorithms based on attenuation seem to be
relatively insensitive to cloud temperature variations. Liquid water retrievals during summer
show a bias between approximately 0.02 and 0.05 em for the algorithms based on attenuation
and between 0.01 and 0.03 em for the ones based on temperature. As it was the case during
winter, the algorithms based on attenuation predict a somewhat larger amount of liquid water
compared with the algorithm based on brightness temperature.

In case of water vapour retrievals, there was a general consensus between the attenuation and
the brightness temperature algorithm though there was a small difference in level between
the retrievals. Both algorithms predict larger amounts of water vapour than was calculated
using EDT meteorological data. It was found that water vapour retrievals were sensitive to
liquid water, resulting in occasional negative retrievals. As can be seen from figures 8.8 and
8.9 the differences between either using the attenuation based algorithm assuming a cloud
temperature of -12°C or the algorithm assuming a cloud temperature of 0 °C were small.
This in contrast to the brightness temperature algorithms were differences up to a few em are
possible (compare figures 8.13 and 8.14). Note that when comparing figure 8.11 with figure
8.16 it seems that figure 8.16 is more credible.

.'
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Figure 8.1: 3 january 1992: 20 GH z and 29.8 GH z attenuation.
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(equation (8.1)), assuming a cloud temperature of -12 ce.
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Figure 8.5: 3 january 1992: Water vapour retrieval using the algorithm based on brightness
temperature (equation (8.3)), assuming a cloud temperature of -12 cG.
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Figure 8.8: 29 july 1991: Water vapour retrieval using the algorithm based on attenuation
(equation (8.1)), assuming a cloud temperature of -12°C.
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Figure 8.9: 29 july 1991: Water vapour retrieval using the algorithm based on attenuation
(equation (8.8)), assuming a cloud temperature of 0 °C.
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Figure 8.10: 29 july 1991: Liquid water retrieval using the algorithm based on attenuation
(equation (8.2)), assuming a cloud temperature of -12°C.
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Figure 8.11: 29 july 1991: Liquid water retrieval using the algorithm based on attenuation
(equation (8.9)), assuming a cloud temperature of 0 °C.
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Figure 8.13: 29 july 1991: Water vapour retrieval using the algorithm based on brightness
temperature (equation (8.3)), assuming a cloud temperature of -12 ac.
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Figure 8.15: 29 july 1991: Liquid water retrieval using the algorithm based on brightness
temperature (equation (8.4)), assuming a cloud temperature of -12°C.
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Figure 8.16: 29 july 1991: Liquid water retrieval using the algorithm based on brightness
temperature (equation (8.11)), assuming a cloud temperature of 0 °C.
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8.4 Radiometer uncertainty

It remains to be seen whether it is possible to determine radiometer uncertainty from the
inverted data. Some insight might be gained by looking at the clear-sky error E cs when
retrieving liquid water. Clear sky-error is made up out of several parts: error caused by
radiometer uncertainty (Erdm), error introduced by the inversion algorithms (Ealg ) and a part
which includes error due to several external factors (Eext ) such as the use of an inappropriate
effective medium temperature, or other deteriorating effects caused by the used atmospheric
model. Thus E cs can be expressed as:

E cs = Ealg + Erdm + E ext (8.14)

The problem lies with Eext , which is unknown, so in principle it is impossible to calculate
Erdm. Therefore no radiometer uncertainty can be calculated. However, by making the (in
correct) assumption E ext = 0, some insight in the behaviour of Erdm can be gained. In order
to calculate Erdm, a day (3 january 1992) was selected which offered long clear-sky periods
combined with an almost constant amount of water vapour. Using equation (8.2), E cs was
found to be approximately -0.02 em (see figure 8.3), whilst at same time water vapour re
trieval showed a water vapour contents of approximately 4.5 em (see figure 8.2). Simulations
assuming a water vapour contents between 3.3 and 4.4 em yielded a Ealg between -0.001 and
-0.0005 which is small compared with E cs . This yielded an Erdm of approximately 0.02 em.
Using equation (8.2) it was found that it is possible to correct for Erdm by adding 5 K to the
30 GHz channel and at the same time subtracting 5 !( from the 20 GHz channel. This is
in accordance with work done by Wittekamp [16] showing that radiometer uncertainty could
reach values up to 5 K.

Using a different approach it is possible to approximate Eext . Using equation (8.2), the
radiometric uncertainty of 5 K resulted in an Erdm between 0.02 and -0.02 em. Neglecting
Ealg (Ealg ~ Erdm) yielded a value for E ext between 0 and -0.04 cm.



Chapter 9

Conclusions and recommendations

9.1 Conclusions

Part of the graduation work dealt with the comparison of several models for the calculation
of attenuation from an atmospheric model. To be more specific, comparison of the 1989 ver
sion of the Millimeter wave Propagation Model with the CCIR models revealed some major
differences due to flaws in the CCIR models.

An attempt was made to compare the inversion algorithms derived in this report with other
inversion algorithms known from literature. This proved troublesome since each algorithm
was designed to fit a specific atmospheric model which differed from the model used here.
Therefore a fair comparison was not possible. However simulations showed that water vapour
retrieval becomes inaccurate when large amounts of liquid water are present in the atmosphere.
Furthermore it was found that the algorithms based on attenuation are more accurate than
the ones based on brightness temperatures.

Inverting data measured at EUT showed there was general concensus between the inversion
algorithms based on attenuation and the ones based on brightness temperatures. Furthermore
is was shown that algorithms based on attenuation are more robust, since they were not very
sensitive to cloud temperature in contrast to the brightness temperature algorithm where
changes in cloud temperature led to incorrect retrievals. Calculation of radiometer uncertainty
from the liquid water retrievals was found to be impossible. Calculations showed that the
bias due to the use of CCIR profiles varied between 0 and -0.04 em. Finally it was shown
that liquid water retrieval during clear-sky periods resulted in negative retrievals. By adding
5 J( to the 30 GHz radiometric channel whilst at the same time subtracting 5 J( from the
20 GH z radiometric channel it was possible to compensate for this effect and thus ensuring
positive retrievals at all times.
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9.2 Recommendations

The on attenuation based algorithms are best for retrieval operations. It would be preferable
to derive seperate algorithms for retrieval during summer and winter thus ensuring maximum
accuracy at all time. Furthermore, is should be recommended to gather information on the
water vapour distribution since then it should be possible to verify water vapour retrievals.
Then, the accuracy of the water vapour retrievals can serve as a measure of quality for the
liquid water retrievals.



Appendix A

The CCIR atmospheric model

A.I Temperature and pressure

In the reference standard atmosphere, the temperature profile is divided into seven successive
layers, given by the linear equation:

(A.l)

where Li is the temperature gradient of the i th layer starting at altitude Hi and is given in
the following Table:

Table A.l:Temperature gradients, Li

Subscript Altitude, Hi Temperature
1 (km) gradient, Li

(Kjkm)
0 0 -6.5
1 11 0.0
2 20 +1.0
3 32 +2.8
4 47 0.0
5 51 -2.8
6 71 -2.0
7 85

When the temperature gradient Li '" 0, pressure [hPaJ is given by the equation:

(A.2)
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when the temperature gradient Lj = 0, pressure is obtained from the following equation:

(A.3)

The ground-level standard temperature and pressure are:

To = 288.15 [K]

Po = 1013.25 [hPa]

A.2 Partial water vapour Pressure

The distribution of water vapour in the atmosphere is generally highly variable, but may be
approximated by the equation:

v(h) =voexp(-0.5h) glm3 (AA)

and the standard ground-level water vapour density is Vo = 7.5 glm3 • The partial water
vapour pressure is obtained from the density using the equation below:

e(h) = v(h)T(h)
216.7

(A.5)

Water vapour density decreases exponentially with increasing altitude, up to an altitude where
the mixing ratio e(h)1P(h) = 2.10- 6 , and is constant at that values at higher altitudes.



Appendix B

Calculation of the adiabatic
lapse-rate

B.l Principles

A crude estimate of the mean temperature Tm of a planet's surface may be made by equating
the solar radiation it absorbs to the infrared radiation it emits as follows:

(B.1)

where (T is the Stefan-Boltzmann constant, a is the radius of the planet at distance R (astro
nomical units) from the sun. F(=1370 Wm2 ) is the solar flux on a surface near earth (i.e.
when R=l) normal to the solar beam. A is the albedo, Le. the ratio of reflected to incident
solar energy for the whole planet.

If p is the density and p is the pressure of the atmosphere at altitude z measured vertically
upwards from surface we have

dp = -gpdz

where 9 is the heigth-dependent accelleration of gravity.p can also be expressed as:

(B.2)

(B.3)

where R is the gas constant per mole, M r is the molecular weight. T is the temperature [K).
Substitution of equation (B.3) in equation (B.2) yields:

dp/p = -dz/H (B.4)

where H = RT/Mrg, known as the scale height, is the increase in altitude necessary to reduce
the pressure by a factor e. Integrating equation (B.4 yields:

p = poexp { -1% dz/ H }
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B.2 The adiabatic lapse rate

The simplest model of a planetary atmosphere, is an atmosphere that is transparent to all
radiation which contains no liquid particles and that the temperature of the lower boundary is
that of the planet's surface whose mean temperature is determined by the simple calculation
of equation (B.1). Consider the vertical motion of a 'parcel' at pressure p, temperature T and
of specific volume V within such an atmosphere.

Assume that the atmosphere is in hydrostatic equilibrium described by (B.2). Gravitational
forces and buoyancy forces are, therefore, balanced and neither need be included explicitly in
the expression for the first law of thermo-dynamics which is therefore:

dq = cvdT + pdV (B.6)

where Cv is the specific heat at constant volume. Providing no heat enters or leaves the parcel,
the motion is adiabatic and the quantity of heat dq is zero. Differentiation of equation (B.3),
and using l/V = p gives:

pdV +Vdp = RdT/Mr = (cp - cv)dT (B.7)

since for a perfect gas cp - Cv = R/Mr where cp is the specific heat at constant pressure. After
substituting pdV from equation (B.7) into equation (B.6) we have,

cpdT - V dp = dq = 0

which gives, on substituting equation (B.2):

(B.8)

(B.9) .dT 9
- = -- = -rd
dz cp

r d is known as the adiabatic labsrate, i.e the temperature gradient of an adiabatic temperature
profile.
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