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Chapter 1

Introduction

The impact of clouds on the global radiation budget and its influence
on climate have been discussed widely during the last three decades.
[Hartmann and Short , 1980; Herman et al., 1980; Ramanathan et al., 1989;
Kinne et al., 1997; Norris, 2005]. Cirrus clouds significantly modify the solar
and thermal radiation within the atmosphere. Cirrus clouds reflect a signif-
icant part of the incoming solar flux depending on their coverage, position,
thickness, and ice crystal size distribution and shape. The reflection of solar
radiation results in a surface cooling effect. On the other hand, they absorb
upwelling thermal radiation emitted by the surface and lower atmosphere
and emit at much lower temperatures than the surface, thus they reduce
the thermal energy escaping the Earth-atmosphere system and eventually
cause a warming. The prevalence of the solar albedo effect versus the ther-
mal greenhouse effect determines the gain or loss of radiative energy which
leads to a warming or a cooling [Liou, 1986; Seinfeld , 1998]. Low and middle
clouds are known to have a net cooling effect on the earth’s radiation budget,
where the magnitude of the cooling depends on cloud optical thickness and
cloud-top height [Poetzsch-Heffter et al., 1995; Hartmann and Short , 1980;
Herman et al., 1980]. On the other hand, for cirrus clouds, for the same
optical thickness or ice water path, the forcing can be positive or negative
depending on the ice crystal shape and size [Liou, 2005; Zhang et al., 1999].
Another important issue is the feedback between ice water path and tem-
perature and how this feedback is influenced by the cirrus microphysical and
optical properties [Stephens et al., 1990; Stephens , 2005].

Although General Circulations Models (GCMs) do have cirrus parameteri-
zations, they are not properly constrained with observations. The lack of an
ice water path climatology is evident in the work of Rasch and Kristjansson
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[1998], where the global ice water path from three representative gcms (giss,
csu gcm, ccm3) differ by almost an order of magnitude among the mod-
els. For example, the global climatology of cirrus produced by the isccp
[Rossow and Schiffer , 1991] is generally incapable of detecting cirrus clouds
if the optical thickness is below 0.1 [Liao et al., 1995].

Satellite infrared measurements can be used to measure low iwc clouds in-
cluding small particles (<50 � m), because they saturate at moderate optical
depths. Solar reflection methods can also be used to measure cloud proper-
ties. A problem is that it is not possible to distinguish ice from underlying
water cloud optical depth. Furthermore for optical thicker clouds it is only
possible to retrieve particle sizes near the cloud top. Large uncertainties in
the retrieval are related to assumptions made for the particle shape, because
measurements in the visible region are much more sensitive to the shape
compared to microwave of infrared measurements.

The interaction of ice particles with radiation depends strongly on the ratio
of particle size and wavelength. Measurements at different frequencies can be
used to sample the particle size distribution. To make accurate measurements
of iwc or iwp, it is important that a significant part of the size distribution is
sampled, significant here meaning a part that contains a significant fraction
of the total mass of ice. Parts of the size distribution that are not sampled
will lead to errors in iwc, because the mass of ice hidden in particles of
that size must be estimated from assumptions on the size distribution. This
is the reason why neither IR measurements (seeing only small particles),
nor radar measurements (seeing only very large particles) can provide very
accurate estimates of iwc. Only sub-mm measurements, combined with IR
measurements for the small ice particles can provide a reasonable coverage of
the size distribution. Microwave radiation interacts with ice particles primar-
ily through scattering so that cloud emission and temperature are relatively
unimportant. The radiative transfer tends to occur in a linear regime, which
means that the signal is proportional to the average cirrus properties in a
field of view, and the effects of cloud inhomogeneity are minimized.

This has also been an important motivation for the proposed Earth Ex-
plorer Mission Cloud Ice Water Submillimeter Wave Imaging Radiometer
(CIWSIR) [Buehler et al., 2005b]. The water vapour absorption being rela-
tively strong in the sub-mm frequency range, the lower atmosphere is opaque
so that the effect of surface and lower clouds on the upwelling radiation can
be negligible. Moreover, at these frequencies ice particles are weak absorbers,
which makes the physical temperature of cirrus clouds unimportant.

To make such retrievals practical, it is first desired to develop a radiative
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transfer model that can simulate the radiances by properly taking into ac-
count the ice particle multiple scattering in this frequency range. A review of
the existing polarized radiative transfer models that can be used in the mi-
crowave range is presented in Chapter 2. The requirements for such a model
are presented in Chapter 4 and the main focus of this study is the develop-
ment of a RT (radiative transfer) model that can meet these requirements so
that it can be used for sensor characterisation studies. The extension of the
ARTS (Atmospheric Radiative Transfer System) model which will be used
for this purpose is discussed in Chapter 5. The chapter also presents some
simulation results using ARTS.

A realistic radiative transfer calculation requires that the single scatter-
ing calculation is accurate. Because we want to solve the radiative trans-
fer equation including the effect of scattering due to non-spherical parti-
cles, Mie theory cannot be used as an appropriate model. The most widely
used methods in the microwave range are the T-matrix (Transition ma-
trix) [Mishchenko et al., 1996] and DDA (Discrete Dipole Approximation)
[Draine, 2000] both of which can be used for non-spherical particles. Both
these models have their own merits and demerits which make them useful for
particular applications. The study developed single scattering tools based on
both these methods and a comparison between them is presented in Chapter 6
and 7. A single scattering database created using DDA is also presented.

The ARTS radiative transfer model was validated in three different ways.
In the first approach, the brightness temperature from ARTS were directly
compared to that from another RT model, MWMOD (MicroWave MODel)
for selected frequencies in the range 50-800 GHz. In the second approach,
the ARTS brightness temperatures were compared to AMSU-B observa-
tions using input field atmospheric and cloud fields from the UK Mesoscale
model. Another RT model, RTTOVSCATT was also run for the same case
study and thus a three-way comparison was made, namely, AMSU-ARTS-
RTTOVSCATT. In the third approach, the ARTS brightness temperatures
have been compared with satellite (AMSU) and aircraft data.

A prototype inversion code using two different techniques has been devel-
oped for the inversion tests. The first technique uses a neural network (NN)
to model the a posterior pdf of the retrieved state, given a measurement,
while the second technique approximates the a posterior pdf by a Monte-
Carlo integration (MCI) over the sampling space. An example describing
the first technique for an application to atmospheric retrievals can be found
in Jimenez et al. [2003], the second technique can be found applied to the
retrieval of cloud properties in Evans et al. [2002]. The code has been devel-
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oped in Matlab and is available from the repository of Chalmers University
of Technology.
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Task I



Chapter 2

User requirements

2.1 Introduction

Microwave radiometers have been in use in low-earth orbit (LEO) meteo-
rological satellites since 1972. For sounding applications frequencies below
200 GHz have been widely exploited for meteorology, most notably for Ad-
vanced Microwave Sounder Unit (AMSU), which exploits the oxygen band
between 50 and 60 GHz for temperature and the water vapour lines at 22.225
and 183.31 GHz for water vapour. The impact of AMSU on the accuracy of
numerical weather prediction exceeds that from HIRS, a similar infra-red in-
strument, despite the microwave instrument having slightly inferior vertical
resolution and accuracy. This is because HIRS typically has cloud in 95% of
its fields of view - and 85% of the fields of view are unuseable in numerical
weather prediction models [English et al., 1999]. Currently use of frequen-
cies between 200 GHz and 1000 GHz has been restricted to a few missions
dedicated to observation of specific trace gases. The sensitivity to cloud,
particularly ice cloud, increases above 200 GHz. Therefore for temperature
and humidity sounding the use of these frequencies will offer a solution part
way between that of millimetre wave instruments like AMSU and infra-red
instruments like HIRS. However a more interesting aspect to the changing
sensitivity to ice cloud through the sub-miilimetre wavelength region is the
ability to retrieve cloud parameters, either vertically integrated quantities or
in deep layers corresponding to the temperature or water vapour weighting
functions. The use of sub-millimeter observations for trace gases has been es-
tablished by missions such as Odin. The use of frequencies between 200 and
1000 GHz has two other potential applications, in addition to the established
use of these frequencies for trace gases, firstly, the analysis of ice cloud and
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secondly, temperature and humidity sounding. However this latter capability
will be hampered by cloud. To illustrate Figure 1 contrasts the impact of
AMSU data on 500 hPa geopotential height compared to that of HIRS for
the regions 20N-90N and 20S to 90S. The impact of AMSU is very large
(RMS errors rise by as much as 60% for AMSU) where the impact is broadly
neutral for HIRS. Figure 1 used level 1D ATOVS data in the Met Office 3D-
var data assimilation system. As the information content for HIRS is slightly
higher than for AMSU in cloud free views [Eyre, 1991], the difference in im-
pact must arise from the lower sensitivity of AMSU to cloud. Therefore the
potential impact of temperature and humidity information from sub-mm will
probably be lower than microwave, but higher than infra-red, but the exact
level of impact is difficult to determine. This also emphasizes an important
but sometimes neglected fact, that sensitivity to the parameter of interest is
a necessary but not sufficient condition for its retrieval. This review of user
requirements will focus on parameters to which sub-mm observations have
some sensitivity, but the limitations of sub-mm for temperature and humid-
ity sounding must be kept in mind. Note that due to the strength of the
water vapour continuum absorption above 200 GHz there is no sensitivity to
the surface or lower troposphere from 200-1000 GHz, and user requirements
in these areas are not considered further.

Section 2.2 defines the terms that will be used. The recent ESA MEO/GEO
[Golding and Atkinson, 2002] study used the same terms and dealt with the
possibility of using a sub-millimetre instrument on MEO/GEO orbit, and re-
viewed thoroughly the user requirement for a range of meteorological fields.
This study is not limited to MEO/GEO, but this will form a very useful start-
ing point, because the user requirement itself is not technology dependent.
In section 2.2 some of the outcomes of the recent workshop on Post-MSG
instruments will also be discussed, again considering a wider remit than geo-
stationary orbit.

Section 2.3 summarizes which requirements across a wide range of applica-
tions (global and regional NWP, now-casting, climate, atmospheric chem-
istry) may be met more fully if observations between 200 and 1000 GHz were
available.

2.2 Discussion of approach adopted

In this section we first define ’user requirement’ and ’product requirement’,
and then recall the tables of user requirements from the ESA MEO/GEO
study which contains information on possible future user requirements. Sec-
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Figure 2.1: Comparison of the impact of AMSU and HIRS on 500 hPa geopo-
tential height in the northern hemisphere (NH) and southern hemisphere
(SH) for forecast ranges of 1, 2 and 3 days for May 11 to June 19 2003.

tions 2.2.1 and 2.2.2 are as presented by Golding and Atkinson [2002], but
are repeated for convenience and completeness.

2.2.1 Definition Of User Requirement And Product
Requirement

The user requirement is independent of technology and costs. It is a statement
of the range of meteorological fields required for each different application
and the resolution, accuracy and timeliness required. The user requirement
will be different for every different application (flood warning, aviation ter-
minal warning, fire weather warning etc.). This can be contrasted with the
product requirement. The product requirement is a statement of what pro-
cessing should be applied to the measurements in order to meet the user
requirement. For example radiance measurements at 50-57 GHz will nor-
mally be directly assimilated in an NWP model; the user requirement is for
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temperature profile information but the product requirement is for accurate
radiances. The user requirement will change as models gain the capability to
utilize higher resolution, more accurate or novel information. The product
requirement may change very rapidly (e.g. as techniques develop for retriev-
ing data or incorporating it into models). The relationship between the user
requirement and product requirement is often complex and it should never
be assumed that the best way to meet the user requirement is to produce
products which match each element of the user requirement. The definition
of user requirement also means it is independent of costs and availability of
other observations. It is an absolute statement of requirement. The process
of defining system requirements from a user requirement must take account
of many things but most importantly: maximum cost:benefit; availability of
other observations; implied product requirements.

2.2.2 Definition Of Minimum And Maximum Limits
In User Requirement

For each application, there is usually no abrupt transition in the utility of an
observation as its quality changes; improved observations (in terms of resolu-
tion, frequency, accuracy, etc.) are usually more useful while degraded obser-
vations, although less useful, are rarely useless. Moreover, the range of utility
varies from one application to another. The requirements for each parame-
ter are expressed in terms of two values, an upper boundary ”maximum” or
”objective”, and a lower boundary ”minimum” or ”threshold” requirement.
The ”maximum” requirement is the value which, if exceeded, does not yield
significant additional benefits. Maximum requirements are likely to evolve; as
applications progress, they develop a capacity to make use of better observa-
tions. The ”minimum” requirement is the value below which the observation
does not yield any significant benefit for the application in question. However,
as a system that meets only minimum requirements is unlikely to be cost-
effective, it should not be used as a minimum target level (for an acceptable
system).

Assessment of minimum requirements for any given observing system is com-
plicated first by assumptions concerning which other observing systems are
likely to be available, and second because some characteristics (e.g. spatial
remoteness and sampling frequency) need to be combined when determining
thresholds of usefulness. Also the very existence of a given application relies
on the existence of a basic observing capability. Within the range between
the minimum and maximum requirements, the observations become progres-
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sively more useful. The ”max/min” method necessarily oversimplifies many
aspects of the problems of stating user requirements; however, it has been
adopted by the WMO as a simple and workable approach for achieving high
level statements of requirements.

In now-casting and very short range forecasting applications, the use of these
concepts is complicated by the presence of a large range of applications rather
than just one or two. The result is similar in the sense that a threshold and
objective can still be defined. However, as capability improves between these
two, the gain in benefit typically occurs in small jumps as thresholds are
passed for individual applications. Thus one application of rain rate obser-
vations may need reliable identification of small areas where the rain rate
exceeds 10mm/hr, another may need to identify rain/no rain areas, and a
third may need to know hourly accumulations over catchments to within a
factor of two. Developments in observing technology will address these dif-
ferent requirements at different times, and as each is met, the benefit will
jump.

At very low capability, below the threshold, no applications will benefit from
use of the observations, and so there is no justification for the cost of im-
plementation. As capability grows, more applications could benefit using the
observations. At this stage the decision as to which observing method or
methods to deploy has to be based on the relative merits and costs. This
can be very complex as different applications may be best met by different
solutions. However, if a very demanding application requires and justifies a
surface based solution, this may remove the justification of other applica-
tions for a space-based solution. Finally, as technology is enhanced, neither
the additional benefit to the applications, nor cost savings from changing
the mix of observation solutions, can justify further investment. This is an
over-simplified picture of most cost:benefit situations but it provides a useful
framework in which to judge whether a new observing system is under or
over-specified and whether it is likely to be cost-effective. It is worth com-
menting that demands for observational data in support of warning services
are currently far in excess of technical capabilities.

The benefit of a new observing system has, of course, to be taken in the
context of other observations which will be available. If this is not done then
a new observing system may appear to offer high benefits for relatively little
cost, but benefits will be small if the new observing system is redundant in the
context of another observing system which meets the same user requirement.

In summary in preparing for evaluation of any potential new observing sys-
tems there are several important stages:
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1. Identify the user requirement for all relevant applications

2. Perform a critical review of existing and planned observing systems
against this user requirement

3. Identify where the user requirement is not being met

Then for the new observing system:

• Can it meet the minimum requirement?

• Can it meet the maximum requirement?

• What design and cost would maximise the cost:benefit ratio (as opposed
to maximising the benefit).

2.2.3 The ESA MEO/GEO study conclusions

The MEO/GEO ESA study defined a consolidated list of user requirements
relevant to a potential future MEO/GEO mission. As a starting point the
tables as presented in Golding and Atkinson [2002] are reproduced in Fig-
ures 2.2 and 2.3 shows tables for nowcasting and NWP/climate respectively.
These tables are reproduced in full, but some of these entries are not rele-
vant to a system operating exclusively above 200 GHz, and some are revised.
The ”How met” section in particular could consider a wider range of in-
struments e.g. GPS. The final tables are presented in Figures 2.10 and 2.11.
In section 2.3 the user requirement list from the MEO/GEO study will be
reviewed in the context of the present study.

The MEO/GEO study concluded that the consolidated user requirements for
nowcasting based on WMO, but taking in input from the Met Office, ESA,
EUMETSAT and the post-MSG workshop held in Darmstadt in Novem-
ber 2001, was a significant update from the WMO database. The resulting
tables 2.2 and 2.3 reflect a significant increase in demand for observations
in support of warnings which can reliably be used as the basis for plan-
ning capability for post 2015. The proposed changes to the WMO tables
by Golding and Atkinson [2002] are therefore adopted by this study also.
Where requirements were not addressed by Golding and Atkinson [2002] the
WMO tables are taken as a starting point (e.g. for trace gases). I n the
MEO/GEO study tables many of the parameters have very wide-ranging
maximum/minimum requirements, indicative of the fact that models are (or
will be) capable of making some use of even low-resolution data. However,
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there is an expectation that the future Global Observing System should be
at least as good as the system it replaces - which effectively modifies the min-
imum requirement. The MEO/GEO tables attempt to identify the system
most likely to deliver closest to the maximum. For many requirements this is
microwave systems. In section 2.3 an attempt is made to consider if there is
a particular role for sub-millimetre observations. However it must be borne
in mind that just because sub-millimetre may offer potential in an area, it
may not be the most cost-effective solution.

2.3 Review of user requirements

2.3.1 Review of MEO/GEO Study consolidated user
requirement

The MEO/GEO ESA study considered carefully the actual values for each
user requirement, and discussed in depth the differences between nowcast-
ing, NWP and climate requirements. It is unnecessary to repeat this detail
from so recent a study, but instead we focus on which user requirements are
relevant to 200-1000 GHz, to derive a shorter summary table of user require-
ments to guide later development in this project. Tables shown in Figures 2.2
and 2.3 listed the MEO/GEO user requirement final table for nowcasting and
NWP/climate respectively. Tables shown in Figures 2.5, 2.6, 2.7, 2.8 and 2.9
list the WMO [2001] user requirements for global NWP, regional NWP, now-
casting, atmospheric chemistry and climate. Those user requirements where
200-1000 GHz may have sensitivity are listed, but for some of these other
bands which are exploited by existing systems may already be meeting the
user requirement sufficiently. In this section the MEO/GEO user requirement
is reviewed, and is added to from the WMO user requirement where appro-
priate, to arrive at a consolidated list of user requirements which are likely
to be the main drivers for 200-1000 GHz measurements.

One issue relevant to many of the user requirements is the strong absorption
by water vapour above 200 GHz. For a US standard atmosphere at nadir view
surface to space transmittance is only 8% at 210 GHz, and the absorption
increases rapidly with increasing frequency. For a conical scanning radiometer
(or a cross track scanner at the edge of the scan) this falls to less than 1%. For
a tropical atmosphere the figure is less than 1% even at nadir. So the only near
surface sensitivity is near nadir for polar atmospheres, and even then only
close to 200 GHz. So noting these few exceptions it is reasonable to say that
observations between 200 and 1000 GHz will not meet user requirements for
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Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-
liness

Priority
User MEO GEO

How met

Temp profile 0.1-100 km 0.1-2 km 0.5-2 K 10-60 min 5-30 min VH 3 3 MW radiances
Temp profile –
boundary layer

0.1-100 km 0.01-0.5 km 0.5-2 K 10-60 min 5-30 min VH 3 4 MW radiances

Specific humidity
profile 

1-100 km 0.1-2 km 1-20 % 15-60 min 5-30 min VH 3 3 MW radiances

Horizontal wind
profile

0.1-20 km 0.1-5 km 0.1-2 m/s, 5-20o 5-60 min 5-30 min VH 4 2 atmospheric motion vectors derived from
MW imagery.

Wind speed over
sea

0.1-50 km - 1-5 m/s 15-180 m 5-30 m VH 3 3 MW radiances

Wind direction over
sea

0.1-50 km - 5-20o 15-180 m 5-30 m VH 3 4 Microwave polarimetry

Cloud ice profile &
cloud snow profile 

1-5 km 0.1-0.5 km 0.1-0.2 g/kg 10-30 min 5-30 min H 3 3 MW/sub-mm  radiation  in  absorption
bands.

Cloud water profile
<100 mµ

0.2-50 km 0.03-10 km 0.1-1 g/kg 1-60 min 1-30 min H 3 2 Sub-mm emission in absorption bands.

Cloud water profile
>100 m µ

1-50 km 0.1-10 km 0.1-1 g/kg 5-60 min 5-30 min VH 3 2 Sub-mm emission in absorption bands.

Precip rate (liquid) 0.1-50 km - 0.1-10 mm/h 1-120 min 5-30 min VH 3 2 MW radiances
Precip rate (solid) 0.1-50 km - 0.1-1 mm/h 10-60 min 5-30 min VH 3 2 MW radiances

Sea & lake surface
bulk temp

1-50 km - 0.5-2 K 1-24 h 1-6 h VH 4 4 Thermal emission in MW.

Sea & lake ice cover 1-10km - 5-20 % 3 - 24 h 1-24 h VH 3 4 MW radiances
Snow cover 1-50 km - 5-50 % 10min – 24h 5–180

min
VH 3 4 In situ, Vis+MW radiances

Snow water
equivalent

0.1-10km - 1-200 mm 15min – 24h 5-180
min

VH 4 4 MW radiances (CMIS/AMSR)

Land surface
temperature

0.01-10km - 0.2-10 K 1-360 min 1-30 min VH 3 4 MW radiances

Soil temperature 0.1-10 km 2-5 layers 0.5-2 K 0.5-6 h 5-180
min

H 3 4 Emitted MW radiation

Soil moisture 0.1-50 km 1-5 layers 10-50 g/kg 1-24 h 5-180
min

VH 3 4 Emission in low-frequency MW
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Geophysical
parameter

Horizontal
resolution

Vertical
resolution

Accuracy Obs.
Cycle

Delay Priority
User LEO MEO GEO

How met

Sea surface temp 10-250 km N/A 0.1-0.5K
(Climate)
0.5-1K
(NWP)

1-12 h 1-24 h M 2 4 4 Clear: I/R radiances (surface temperature),
supplemented by M/W radiances.
Cloudy: C-band M/W radiances

Sea Ice temp 10-200 km N/A 0.5-2K 1-7 h 1-4 h M 2 2 4 I/R radiances, supplemented by M/W
Sea ice cover 10-250 km N/A 5-50% 1-15 d 1-7 d M 1 1 4 M/W imagery, supplemented by Vis/IR
Sea-ice type 10-250 km N/A 10-2 classes 1-7 d 1-7 d L 2 2 4 Vis/IR + M/W imagery
Sea surface salinity 100-250 km N/A 0.1-0.3 psu 30-60 d 9-120 d L/M 3 4 4 L-band M/W radiances (SMOS)
Snow cover 10-250 km N/A 10-50% 0.5-7 d 0.25-1 d M 2 2 4 Vis/IR imagery, supplemented by M/W
Snow water content 10-250 km N/A 5-20 mm 0.5-7 d 0.25-1 d M 2 4 4 In-situ + M/W imagery (CMIS/AMSR)
Snow surface state
(melting conditions)

10-25 km N/A 6-2 classes 1-3 d 2-3 d L 2 3 4 In-situ + M/W imagery

Land surface temp 10-250 km N/A 0.5-2K 1-12 h 1-4 h M 1 2 2 I/R + M/W radiances.
Soil moisture 10-250 km N/A 10-50 g/kg 1-7 d 0.25-1 d L/M 2 4 4 L-band M/W radiances (SMOS).

CMIS may have some capability. 
Temperature profile 10-500 km 1-3 km

(0.3-3 km in
lower trop.)

0.5-2K 1-12 h 1-4 h VH 1 1 2 Clear: I/R radiances from advanced sounders
(e.g. IASI), supplemented by M/W radiances.
Geostationary I/R soundings.
Cloudy: M/W radiances.
Radio occultation (upper trop and stratosphere)

Humidity profile 10-500 km 0.3-3 km 5-20% 1-12 h 1-4 h VH 1 1 2 Clear: I/R radiances from advanced sounders,
supplemented by M/W radiances and radio-
occultation
Cloudy: M/W radiances + radio-occultation

Total column water
vapour

10-500 km N/A 1-5 kg/m2 1-12 h 1-4 h H 1 1 2 M/W radiances + Ground-based GPS

Cloud cover 10-250 km N/A 5-10% 1-12 h
(NWP)
1-3 h
(clim.)

1-4 h L 3 3 3 I/R imagery, including geostationary

Cloud ice total
column

10-250 km N/A 10-200 g/m2 1-12 h 1-4 h M 2 2 2 M/W radiances

Cloud ice profile 10-250 km 0.3-3 km 5-20% 1-12 h 1-4 h L/M 3 3 3 M/W sounding channels?
Cloud water total
column (<100 m)µ

10-250 km N/A 10-100 g/m2 1-12 h 1-4 h M 2 2 3 M/W radiances
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Cloud water profile 10-250 km 0.5-3 km 5-20% 
(5-50%
clim.)

1-12 h 1-4 h L/M 3 3 3 M/W sounding channels?

Cloud rain water
total column
(>100 m)µ

10-250 km N/A 10-100 g/m2 1-12 h 1-4 h M 2 2 3 M/W radiances

Precipitation rate,
liquid

10-100 km N/A 0.1-1 mm/h 1-12 h 1-4 h M 2 2 3 Rain radar + M/W radiances

Precipitation rate,
solid

10-100 km N/A 0.1-1 mm/h 1-12 h 1-4 h M 2 2 3 Rain radar + M/W radiances

Precipitation index 10-100 km N/A 0.5-5 mm/d 1-12 h 1-30 d M 2 2 2 Rain radar + M/W and I/R radiances
Sea surface wind –
speed

10-250 km N/A 0.5-3 m/s 1-12 h 1-4 h M 2 2 4 Scatterometer + M/W radiances

Sea surface wind –
direction

10-250 km N/A 10-20° 1-12 h 1-4 h M 2 3 4 Scatterometer + M/W polarimetery

3D wind profile 10-500 km 0.5-3km 1-8 m/s 1-24 h 1-4 h M - - 2 Atmospheric motion vectors
Total ozone column 10-250 km N/A 5-20 DU 1-6 h 1-4 h M 4 4 4 I/R and/or backscattered U/V
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Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-
liness

How met

Temp profile high
stratosphere

50-500 km 1-3 km 0.5-5 K 1-12 h 1-4 h MW radiances 

Temp profile low
stratosphere and
high troposphere

50-500 km 1-3 km 0.5-3 K 1-12 h 1-4 h MW radiances

Specific humidity
high troposphere

50-250 km 1-3 km 5-20 % 1-12 h 1-4 h MW radiances

Specific humidity
stratosphere

Not specified in WMO table Not used.

Cloud ice profile &
cloud snow profile
higher troposphere

50-250 km 1-10 km 5-20 % 1-12 h 1-4 h MW radiances

Cloud water profile
higher troposphere
for any size drops

50-250 km 1-10 km 5-20 % 1-12 h 1-4 h MW radiances

Precip rate (liquid
and solid)

50-250 km 1-10 km 0.1 - 1 mm/hr 1-12 h 1-4 h MW radiances

Ozone lower
stratosphere and

higher troposphere

50-500 km 1-10 km 5-20 % 1-12 h 1-4 h Vis/IR
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Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-
liness

How met

Temp profile high
stratosphere

50-500 km 1-3 km 0.5-5 K 0.5-12 h 0.5-2 h MW radiances

Temp profile low
stratosphere and
high troposphere

50-500 km 1-3 km 0.5-3 K 0.5-12 h 0.5-2 h MW radiances

Specific humidity
high troposphere

50-250 km 1-3 km 5-20 % 0.5-12 h 0.5-2 h MW radiances

Specific humidity
stratosphere

Not specified in WMO table Not used.

Cloud ice profile &
cloud snow profile
higher troposphere

50-250 km 1-10 km 5-20 % 0.5-12 h 0.5-2 h MW radiances

Cloud water profile
higher troposphere
for any size drops

50-250 km 1-10 km 5-20 % 0.5-12 h 0.5-2 h MW radiances.

Precip rate (liquid
and solid)

50-250 km 1-10 km 0.1 - 1 mm/hr 0.5-12 h 0.5-2 h MW radiances

Ozone lower
stratosphere and

higher troposphere

50-500 km 1-10 km 5-20 % 0.5-12 h 0.5-2 h Vis/IR

F
igu

re
2.6:

T
ab

le
sh

ow
in

g
u
ser

req
u
irem

en
ts

from
W

M
O

(2001)
for

region
al

N
W

P
for

relevan
t

p
aram

eters
to

a
200-1000

G
H

z
m

ission
.



1
8

C
H

A
P

T
E

R
2
.

U
S

E
R

R
E

Q
U

IR
E

M
E

N
T

S

Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-liness How met

Temp profile high
troposphere

5-200 km 1-3 km 1-2 K 0.25-1 h 0.08-0.5 h MW radiances

Cloud type 5-200 km 1-10 km 10 – 5 classes 0.25-1 h 0.08-0.5 h Vis/IR
Specific humidity
high troposphere

5-200 km 1-3 km 5-20 % 1-12 h 1-4 h IR/MW radiances

Cloud ice profile &
cloud snow profile
higher troposphere

No entry in WMO database Vis/IR, limited use of MW

Cloud water profile
higher troposphere
for any size drops

No entry in WMO database MW radiances

Precip rate (liquid) 5-200 km - 0.1-1.0 mm/hr 0.08-1 h 0.08-0.5 h Radar/MW radiances/IR
Precip rate (solid) 5-200 km - 0.1-1.0 mm/hr 0.25-1 h 0.5-0.5 h Radar/MW radiances/IR
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Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-
liness

How met

O3 high stratosphere
and mesosphere

100-500 km 1-5 km 5-25 % 3-48 h 72-168 h Vis/IR/MW/sub-mm

O3 low stratosphere
and high

troposphere

100-500 km 1-5 km 3-20 % 3-48 h 72-168 h Vis/IR/MW/sub-mm

BrO 100-500 km 1-3 km 5-10 % 6-24 h 72-168 h Sub-mm radiances
ClO Not specified in WMO table Sub-mm radiances
CO 100-500 km 1-4km 5-10 % 6-24 h 72-168 h Sub-mm radiances

HCl stratosphere
and mesosphere

100-500 km 1-4 km 2-5 % 3-48 h 72-168 h Sub-mm radiances

HCl high
troposphere

100-500 km 1-1.5 km 2-5 % 3-48 h 72-168 h Sub-mm radiances

HNO3 100-500 km 1-4 km 5-10 % 3-48 h 72-168 h Sub-mm radiances
N2O 100-500 km 1-3 km 2-10 % 3-48 h 72-168 h Sub-mm radiances
NO 100-500 km 1-4 km 5-10 % 3-48 h 72-168 h Sub-mm radiances
NO2 100-500 km 1-4 km 5-10 % 3-48 h 72-168 h Sub-mm radiances
ClO2 Not specified in WMO table Sub-mm radiances
HO2 Not specified in WMO table Sub-mm radiances
H2O2 Not specified in WMO table Sub-mm radiances
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Parameter Horizontal
resolution

Vertical
resolution

Accuracy Obs cycle Time-liness How met

Temp profile high
stratosphere

50-500 km 0.5-10 km 0.5-3 K 3-72 h 24-1440  h MW radiances

Temp profile low
stratosphere and
high troposphere

50-500 km 0.5-10 km 0.5-3 K 3-72 h 24-1440  h MW radiances

Specific humidity
high troposphere

50-500 km 0.5-10 km 2-20 % 3-72 h 24-1440  h MW radiances

Specific humidity
stratosphere

50-500 km 0.5-10 km 2-20 % 3-72 h 24-1440  h MW radiances

Cloud ice profile &
cloud snow profile
higher troposphere

50-250 km 1-5 km 5-20 % 3-12 h 720-1440 h Vis/IR/MW radiances

Cloud water profile
higher troposphere
for any size drops

50-250 km 1-10 km 5-20 % 3-12 h 720-1440 h MW radiances

Precip rate (liquid
and solid)

50-500 km 0.05 - 2 mm/hr 3-6 h 3-12 h MW radiances

Ozone lower
stratosphere and

higher troposphere

50-500 km 1-2 km 5-10 % 3-6 h 24-168 h Vis/IR/MW/sub-mm
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surface or near surface quantities, and thus also for total column atmospheric
quantities (e.g. total column water vapour) where a significant contribution
to the total column is from near the surface.

A general observation is that the WMO user requirement, and the
MEO/GEO study user requirements both use a maximum timeliness of one
hour for NWP. It has recently been noted that the user requirement of one
hour should be tightened even for global NWP to 30 minutes. This has
driven new applications like the EUMETSAT ATOVS Retransmission Ser-
vice (EARS)., which is providing EARS data to users in less than 30 minutes,
and NPOESS will provide data to users within 30 minutes. Therefore for the
purposes of this study a maximum NWP timeliness requirement of 30 min-
utes for most parameters is a sensible assumption, and anticipates a future
update of the WMO requirements which has already been requested (Eyre,
pers. comm.).

Cloud fields

The nowcasting user requirement for cloud variables specifies snow, cloud
ice, cloud water (< 100 µm) and cloud water (>100 µm). It is interesting to
note that the table is quite specific in separating cloud water by particle size
as two separate requirements, but the requirement for ice cloud and snow is
separate and is less specific on the definition of snow and ice cloud. As such
the requirement for snow fields is more demanding in terms of spatial and
temporal resolution than cloud water (> 100 µm) fields, but the requirement
for ice cloud fields is less demanding than for cloud water(< 100 µm). Also
particle size is important in the user requirement for liquid phase clouds, but
not for ice phase clouds. This arises because two quite separate requirements
were combined in the MEO/GEO report. One is for forecasting fog stratus
clearance, and the other is for forecasting aviation icing. The first requires
fine scale information on liquid water content (i.e. how much is there to clear)
and ice content (when will it precipitate out), but no requirement for large
droplet information. The second requires coarser scale information on liquid
water, in both ranges of drop size. This shows that even when we break user
requirements down to the level of nowcasting, NWP, climate etc. we are still
looking at the merger of many user requirements within each category.

As noted by Golding and Atkinson [2002] sub-mm observations are an at-
tractive potential source of information to at least partly meet these require-
ments. These variables can be included in a list relevant to this study.

Comparing the table from Golding and Atkinson [2002] the WMO table lists
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but fails to state a requirement for cloud profile information for Nowcasting.
However the WMO table does additionally list cloud type. Therefore this
additional requirement is retained. The NWP and climate user requirement
for cloud profile information was tightened by Golding and Atkinson [2002]
compared to WMO (2001).

3D humidity fields

The 3D humidity field user requirements are simpler. Ignoring total column
water vapour we have specific humidity profile. As would be expected the
temporal and spatial requirements for nowcasting are more demanding than
for NWP/climate, but the minimum accuracy requirement is the same for all
applications. The maximum accuracy requirement is given as 5% for NWP
climate, which is taken from WMO [2001] for NWP. The nowcasting require-
ment is 1%. At the ECMWF/GEWEX Workshop [Ballard , 2002] the working
group recommended to WMO,

”That the requirement for absolute error in relative humidity from radioson-
des should be tightened to 2% (rather than the 5% currently).”

This important recommendation, arising from a detailed study of the re-
quirement for NWP and climate, is accepted here and in the NWP summary
table the maximum user requirement for humidity is set at 2%. This actually
brings the NWP user requirement into line with the climate user requirement,
which was already set at 2%.

The MEO/GEO study did not list sub-mm as a main source of information
on water vapour profile, but water vapour profile information above 3-4 km
can be readily obtained from sub-mm observations, so it is reasonable to
retain the profile user requirement for this study.

3D temperature fields

For both NWP and nowcasting Golding and Atkinson [2002] separate user
requirement for temperature profile in the boundary layer, and the rest of the
atmosphere. The WMO requirement has a slightly less demanding minimum
requirement for higher stratospheric temperature. Clearly the boundary layer
user requirement is irrelevant to sub-mm observations, but due to presence
both of oxygen spectral lines, and indeed to the combined use of water vapour
spectral lines for humidity and temperature, sub-mm can at least attempt
to meet the minimum requirements for upper tropospheric and stratospheric
temperature. However it should be noted that lower frequency techniques
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are far better suited to analysing temperature. Golding and Atkinson [2002]
give a minimum requirement which is more demanding than WMO (2 K,
as opposed to 3 K) bringing the NWP/climate minimum requirement to
the same value as the Nowcasting requirement. This is appropriate for the
troposphere and lower stratosphere. However the less demanding requirement
given by WMO for the higher stratosphere is relevant to sub-mm remote
sensing, and is retained for this study.

3D wind fields

There is no direct sensitivity to windspeed using sub-mm observations. The
MEO/GEO table proposes that atmospheric motion vectors could be derived
from microwave observations, but whilst this is technically possible, it seems
quite unlikely to improve upon the information available from visible and
infra-red instruments such as SEVIRI and MODIS. Therefore for the purpose
of this study the user requirement for 3D wind fields can be ignored.

Precipitation

In Golding and Atkinson [2002] the nowcasting and NWP/climate user re-
quirement tables give liquid and solid precipitation rates at the ground.
The NWP/climate additionally gives a requirement for a precipitation in-
dex, which is a daily accumulation as opposed to an instantaneous rainfall
rate. It must be accepted that there is no direct sensitivity to precipitation
in sub-mm observations. This is because the scattering and absorption from
cloud layers above the precipitation and the water vapour absorption will
make precipitation invisible to the satellite. It is of course well known that
there is a strong correlation between deep ice cloud, especially that with large
ice/snow hydrometeors, and surface precipitation. Because of the importance
of precipitation we retain the precipitation user requirement in this study, be-
cause assimilation of sub-mm observations in an analysis or retrieval scheme
may improve the analysis of surface precipitation.

The user requirement presented by Golding and Atkinson [2002] is very simi-
lar to WMO and there is no evidence to propose changes to the specifications
in the user requirement tables for precipitation.
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Trace gases

Sub-mm observations have been used in space for many years for analy-
sis of trace gas concentrations, some of which are unique to the sub-mm.
However no trace gases appear on Golding and Atkinson [2002] nowcasting
user requirement, and only ozone total column appears on the NWP user
requirement. For ozone the tropospheric contribution is small, so total ozone
can refer to total stratospheric column, and can therefore be analysed from
space. There is clearly a requirement in the field of atmospheric chemistry
to monitor other trace gases, whereas Golding and Atkinson [2002] only con-
sidered the user requirement for nowcasting, NWP and climate. The WMO
table for trace gases for atmospheric chemistry is presented in Table 2.8, but
is misleading (many important species are missing). The ongoing ESTEC
study ”CAPACITY” has the aim to derive requirements and evaluate pos-
sible chemistry mission concepts. Chemistry observation requirements are
therefore considered to be beyond the scope of this RT study. However it
should be noted that air quality is becoming an increasingly important is-
sue and the user requirement for ozone, carbon monoxide is becoming more
demanding. However as this is primarily a tropospheric requirement, it is
unlikely to be met by sub-mm observations.

2.4 Summary of requirements

Section 2.3 identified which user requirements are relevant in the context
of 200-1000 GHz. For most 200-1000 GHz is unlikely to be the sole source
of information. The user requirements relevant to 200-1000 GHz have been
summarised in Tables 2.10 for nowcasting and 2.11 for NWP/climatology.

2.5 Conclusions

In Nowcasting and Very Short Range Forecasting, the EUMETSAT exercise
has developed a significant update from the WMO database. The result-
ing tables are the best current estimate of user requirements, presented in
a manner consistent with the WMO philosophy. Several important user re-
quirements could be met through 200-1000 GHz observations. Almost all
require improvements in radiative transfer modelling, or more particularly in
the application of radiative transfer models to this problem.

Many of the parameters have very wide-ranging maximum/minimum require-
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ments, indicative of the fact that models are (or will be) capable of making
some use of even low-resolution data. However, there is an expectation that
any post-2015 observation system should be at least as good as the system it
replaces - which effectively modifies the minimum requirement. The require-
ment for microwave sensors could be reduced if other techniques are shown
to be more cost effective.



Chapter 3

RT model review

3.1 Introduction

The basic equation used in radiative transfer models for the microwave region
including scattering is the vector radiative transfer equation.

For a medium with thermal emission comprising sparsely and randomly dis-
tributed arbitrarily oriented particles the VRTE (Vector Radiative Transfer
Equation) is according to Mishchenko et al. [2002] and Sreerekha et al. [2002]

dI(n, ν)

ds
= −〈K(n, ν)〉I(n, ν) + 〈a(n, ν)〉B(ν) +

∫

4π
dn′〈Z(n,n′, ν)〉I(n′, ν) (3.1)

where I is the Stokes vector, 〈K〉 the ensemble-averaged extinction matrix,
〈a〉 the ensemble-averaged absorption vector, B the Planck function and
〈Z〉 the ensemble-averaged phase matrix. Furthermore ν is the frequency of
the radiation, ds a path-length-element of the propagation path and n the
propagation direction. Eq. (3.1) is valid for monochromatic radiative transfer.
We can use this equation for simulating microwave radiative transfer through
the atmosphere, as the scattering events do not change the frequency of the
radiation.

The four-component Stokes vector I = (I,Q, U, V ) fully describes the radia-
tion and it can directly be associated with the measurements carried out by
a radiometer used for remote sensing. The first component is the intensity
of the radiation. The other components are connected to the polarization
state of the radiation. Q is the difference between the intensities of the hor-
izontally polarized and the vertically polarized part of the radiation. U is
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also related to linear polarization and V describes the circular polarization
Bohren and Huffman [1998].

Eq. (3.1) is an inhomogeneous differential equation. The three terms on the
right hand side of the equation describe physical processes in radiative trans-
fer. The first term corresponds to the total extinction of the radiation along
the path-length element ds. Total extinction includes absorption by gases
and particles in the atmosphere and also the amount of radiation scattered
away from the propagation direction n into other directions n′. The second
term, which is a radiation source term, describes the thermal emission. It
is given by the product of the total absorption coefficient including gas and
ensemble integrated particle absorption and the Planck function. Another
source is radiation scattered from all directions n′ into the propagation di-
rection n. This contribution is expressed in the scattering integral given by
an integration over all incoming directions n′. To evaluate this integral at
a given point we need the radiation field, i.e., the Stokes vectors for all in-
coming directions and the ensemble averaged phase matrix Z. The phase
matrix gives the information how the radiation is redistributed in space by
a scattering event.

It is not possible to solve the VRTE (3.1) analytically without any approx-
imations. The radiative transfer equation can be simplified by calculating
only the first component of the Stokes vector, the intensity. There are several
models using this simplified equation which is often referred to as scalar ra-
diative transfer equation (RTE). These kinds of models neglect polarization
due to particle scattering or surface reflection. A further common approxima-
tion is to take a plane-parallel atmosphere. In this case it is assumed that all
profiles, i.e., profiles of gaseous atmospheric constituents and cloud profiles,
are homogeneous in horizontal extent. Gaseous profiles usually do not change
much on a small scale but cloud fields are strongly inhomogeneous in the hor-
izontal. Especially in limb-sounding geometry, where the propagation path
through clouds can be several hundred kilometers in horizontal direction, the
plane-parallel atmosphere approximation is not valid. However, for nadir-
sounding geometry, plane-parallel models are very practical. Advantages of
the plane-parallel approximations are that it is possible to find (with some ad-
ditional approximations) analytical expressions for the solution of the RTE,
for example the Eddington approximation. In principle it is possible to solve
the VRTE for the full Stokes vector in spherical geometry. Commonly used
numerical methods are the discrete ordinate method and the Monte Carlo
method. Computation time and memory requirements of the numerical solu-
tions depend very much on the considered geometry of the atmosphere. The
fastest solutions can be obtained for a one-dimensional plane-parallel model.
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For a three-dimensional spherical model a lot of memory is needed, depend-
ing strongly on grid discretizations, and the computation time can become
very large. In the following chapters several articles describing different kinds
of models applicable for the microwave region are discussed with focus on the
solution method for the radiative transfer equation.

3.2 MWMOD

MWMOD (MicroWave MODel) Simmer [1994], is one-dimensional radiative
transfer model for the microwave region. It has been extended to a fully
polarized model capable of handling non-spherical hydro-meteors with non-
random orientation Czekala and Simmer [1998], Czekala [1999]. The model
assumes a plane parallel, azimuthally isotropic, and horizontally homoge-
neous atmosphere.

Solving the VRTE (3.1) requires upper and lower boundary conditions in
terms of reflection, scattering and absorption of microwave radiation. The
upper boundary condition is obtained by assuming a cosmic background
temperature of 2.7 K. Reflection and absorption of microwave radiation at
land surface cannot be calculated with sufficient accuracy at lower frequencies
whereas over calm water surfaces reflection can be computed quite accurately
using Fresnel’s laws. More detailed information on the treatment of surface
reflection taking into account the polarization effects is given in Czekala
[1999]. MWMOD solves the VRTE equation by two methods, the Iterative
method and Successive Order of Scattering (SOS) method. The initial field
for both methods is the same. The initial field is calculated by setting the
scattering source term to zero and then solving the RT equation for all layers
and directions.

In the iterative method, the scattering source function is calculated by us-
ing 〈Z〉 and the radiation field from the initial field which is considered as
the first iteration field. The RT equation is then solved exactly in the same
way as for the initial field except that the source function is calculated from
the result of the previous iteration. Emission, absorption and reflection con-
tributions remain the same but the scattering source term is adjusted after
each iteration. After each iteration the new radiation field is compared to its
predecessor and if the maximum difference at all layers and all directions is
below a certain value the iterations are stopped.

In the SOS method, the scattering source term is calculated as in the iterative
method, but then is distributed through the atmosphere, i.e. without the
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main contribution from the initialization. The resulting radiation field from
the second iteration is added to the first result. The following iterations
simple calculate the amount of scattered radiation from the previous iteration
and add it, after transfer through the atmosphere, to the previous results.
The convergence check is the same as for the iterative method.

For multiple scattering solutions, the above algorithms assume single scat-
tering within each layer and include multiple scattering by the number of
iterations performed. As long as the assumption of single scattering within
each layer is justified, the obtained multiple scattering results are correct.
This is checked by using optical thickness as an indicator for the probability
for a scattering process taking place in a layer. If the total optical thickness
of a layer is above a threshold value, say 0.01, the layer is divided into sublay-
ers. This makes sure that even in a non-absorbing medium, the probability
of two scattering processes within the layer is only one percent.

3.3 RTTOV

Assimilation of observed radiance in the presence of clouds and precipitation
requires accurate and fast radiative transfer models. For clear sky conditions,
RTTOV (Radiative Transfer (A) TOVS) is a fast model that is widely used
in the global modeling community for this purpose Eyre [1991]. RTTOV was
extended to cover non-scattering cloud profiles at IR and microwave wave-
lengths English and Hewison [1998] and Chevallier et al. [2001]. The most
recent version of RTTOV solves the problem of microwave radiative transfer
in scattering atmospheres.

RTTOV assumes a plane-parallel and azimutally symmetric atmosphere.
Simplifications as well as numerical approaches are necessary to solve Eq.
3.1 because layer interaction cannot be solved analytically in the case of
scattering. The integration in the scattering source term is replaced by a
summation using Gaussian quadrature formula which provides an accurate
means for integration in the interval [-1,1]. At microwave wavelengths, usu-
ally less than 16 discrete angles provide enough accuracy. The azimuthal
dependance is mostly neglected because the diffuse radiation component is
much less anisotropic. The vertical layers are discretised assuming that the
optical properties do not change through the layer. The layer temperature
is taken to be the average between the bounding levels. This assumption is
valid only for optically thin media.

RTTOV employs the Doubling-Adding Method and the Eddington approx-
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imatin to solve the radiative transfer equation. A comparison between the
two methods is discussed in Moreau et al. [2002].

3.3.1 Eddington approximation

In Eddington Approximation [Liou, 2002], the phase matrix and the inten-
sity are decomposed in legendre polynomials. Approximating the Legendre
expansion of the phase matrix Z and the intensity I to the first order gives

Z(µ, µ′) = 1 + 3gµµ′

I(z, µ) = I0(z) + I1(z)µ

and two simultaneous equations

dI0(z)

dz
= −k[1− ω0g]I1(z) (3.2)

dI1(z)

dz
= −3k[1− ω0][I0(z)−B(T (z)) (3.3)

Here µ and µ′ denotes the cosines of the outgoing and incoming directions,
g denotes the asymmetry parameter and z denotes the atmospheric level at
which the intensity is calculated. I0(z) and I1(z) represent the two streams
of radiation, ω0 is the single scattering albedo and k is the square-root of the
eigenvalues obtained when equation 3.3 is differentiated w.r.t dz. B(T (z))
represents the Planck function and this term comes from the emission term
in the RT equation.

Differentiating (3.3) w.r.t z and substituting into (3.3) gives a differential
equation with general solution

I0(z) = D+exp(Λz) +D−exp(−Λz) +B[T (z)] (3.4)

where
Λ = 3k2z[1− ω0][1− ω0g] (3.5)

The coefficients D± are obtained from the boundary conditions, i.e, space
backgroud, surface emission and reflection and the flux continuity require-
ment at the layer boundaries. The second harmonic I1 also can be obtained
following a similar procedure.

3.3.2 Optical properties

The microwave properties of water and ice clouds are based on two major as-
sumptions. a) The particles size is well below the wavelength so that Rayleigh
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approximation is valid in which case the shape of the particle has negligible
effect b) scattering is negligible and the optical depth depends only on cloud
absorption. The absorption coefficients are calculated based on the Rayleigh
approximation assuming a monodisperse particle distribution Bauer [2002].
However, for ice clouds at higher frequencies, the small difference between
Mie and Rayleigh calculation due to the temperature dependent real part of
the complex permitivity can affect the scattering contribution and can give
rise to inaccurate results.

For precipitation, the size spectra are calculated from the water/ice contents
depending on the hydrometeor type, rain, snow or graupel.

3.3.3 Mie tables

Tables of hydrometeor optical properties are calculated for the relevant fre-
quencies, environmental temperatures, and hydrometeor contents. For the
sake of computational efficiencs only the Henyey-Greenstein phase function
has been implemented so that only extinction coefficient, single scattering
albedo, and asymmetry parameter need to be included in the tables. The
tables use the follwoing discretisation

• 25 frequencies covered by currently available passive microwave ra-
diometers assuming monochromatic center frequencies

• 6 hydrometeor types: rain, snow, graupel, hail, cloud liquid water and
cloud ice.

• 70 temperature indices: for liquid particles i = T - 233 K thus T ∈ [234,
303 K], for frozen particles i = T - 203 K thus T ∈ [204, 273 K]

• 401 liquid/ice contents: j = 10.dB(wx) or j = 100.log10(wx) thus wx ∈
[0.001, 10 gm−3]

3.4 SHDOM

The Spherical Harmonics Discrete Ordinate Method (SHDOM) can be used
for modeling radiative transfer in inhomogeneous three-dimensional scatter-
ing media. The algorithm is described in Evans [1998].
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3.4.1 Spherical harmonics angular representation

The spherical harmonics angular representation is used to reduce memory
requirements and computation time for the calculation of the source function.
If the scattering depends only on the scattering angle, which is the case for
randomly oriented particles, the source function in spherical harmonics is
just a multiplication:

Jscatlm =
ωξl

2l + 1
Ilm (3.6)

where Jlm and Ilm are the source function and the radiation field in spherical
harmonics representation respectively, ω is the single scattering albedo and
ξl are the coefficients of the Legendre phase function. Inside the program the
source function is stored on each grid point which is equivalent to storing the
radiation field, as this can be obtained from the source function by integrat-
ing the radiative transfer equation. The advantage is, that less memory is
required. An adaptive spherical harmonic truncation is implemented, which
can save computer memory for smooth source functions.

3.4.2 Discrete ordinate method

Discrete ordinates are used for integrating the source function. An adaptive
grid approach for the spatial resolution depending on the change of the source
function across a grid cell is implemented in order to increase the accuracy of
the computations. Finer grid resolution is included only where it is needed.

3.4.3 Picard iteration method

The solution method of the radiative transfer equation is a Picard iteration,
which consists of four steps:

1. The spherical harmonics source function is transformed to discrete or-
dinates,

2. the source function is integrated to obtain the radiance field

3. the radiance field is transformed to spherical harmonics, and

4. the source function is computed from the radiance field in spherical
harmonics.
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In step (2) the integral form of the (scalar) radiative transfer equation is
used:

I(s) = exp

[
−
∫ s

0

k(s′)ds′
]
I(0) +

∫ s

0

exp

[
−
∫ s

s′
k(t)dt

]
J(s′)k(s′)ds′ (3.7)

where s is the length of the propagation path and k the extinction coeffi-
cient. The integration in (3.7) is approximated for k and Jk linear in s by a
formula that is accurate for small optical path and for constant extinction.
The Picard iteration scheme converges slowly for optically thick, conserva-
tive scattering media. To speed convergence a sequence acceleration method
based on geometrical convergence is performed. Each iteration is done for
one frequency at a time. For broadband calculations the correlated k- distri-
bution approach is implemented. In this case there is a loop over successive
monochromatic radiative transfer calculations in the k-distribution, starting
with the most absorbing k. Strong gas absorption causes the iterations to
converge quickly and the previous k is used to initialize the next. Instead
of using 3D discrete ordinates one can also use the independent pixel (IP)
mode. Here the 3D radiation field is calculated as separate columns in a 1D
plane parallel model or as separate planes in a 2D model.

3.4.4 Validation

Verification is shown for solar and thermal radiative transfer in three situa-
tions:

1. independent columns in a linearly increasing optical depth field

2. a 3D Gaussian extinction field with a Mie phase function

3. a 2D fractal extinction field

Validation is provided with doubling-adding [Evans and Stephens , 1991] and
backward Monte Carlo [o’Brian, 1992] models. The error decreases with in-
creasing angular and spatial resolution. When many radiative quantities are
required for a 3D transfer simulation, SHDOM should be much faster than
Monte Carlo models. Several examples are calculated to show the model’s
computational efficiency and performance characteristics, both in order to
demonstrate its usefulness and to understand the best way to operate the
model.
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3.5 PolRadTrans

A plane-parallel polarized radiative transfer model is described in
Evans and Stephens [1991]. The model is used to calculate the radiance ex-
iting a vertically inhomogeneous atmosphere containing randomly oriented
particles. Thermal and solar sources are considered. The model can be used
for monochromatic radiative transfer.

3.5.1 Doubling-adding method used for modeling po-
larized RT

Inside the model the radiation field is represented with a Fourier series in az-
imuth angles and the zenith angles are discretized using a numerical quadra-
ture. The number of quadrature angles and Fourier modes depends on the
desired accuracy. Randomly oriented particles of all shapes having a plane of
symmetry can be handled. The phase matrix being defined in the so called
scattering frame is used as model input. The scattering matrix depends only
on the scattering angle, i.e., the angle between incoming and outgoing direc-
tion. The scattering matrix needs to be transformed to the phase matrix for
the RT calculation, which is one of the major complications in the polarized
model compared to scalar models.

The vector radiative transfer equation is integrated using the doubling and
adding method. The key concept is the interaction principle which is also
applied in the RTTOV model (cf. Section 3.3). There are two parts to the
solution method:

1. convert single scattering information into a form suitable for applying
interaction principle

2. use doubling and adding method to compute the properties of the whole
atmosphere from the local (infinitesimal layer) properties.

The details of the method are described in sections 3 and 4 of
Evans and Stephens [1991]. In order test the model, three example simu-
lations have been performed. The first case is a Rayleigh atmosphere illumi-
nated by sunlight, the second is a Mie atmosphere in sunlight and the third
case is microwave transfer through a precipitating atmosphere. The results
for the radiative transfer with solar source has been compared with former
simulations.
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3.6 Hybrid Eddington - single scattering RT

model

In Deeter and Evans [1998] a radiative transfer model for computing radi-
ances emerging from a plan-parallel scattering and emitting layer is described.
For the development efficiency was of utmost importance.

3.6.1 Eddington’s second approximation

The model combines the “Eddington’s second approximation” with a single
scattering model. The Eddington approximations are

IE(τ,±µ) ≈ 1

2

[
(2± 3µ)I+(τ) + (2∓ 3µ)I−(τ)

]
(3.8)

and

PE(µ, µ′) ≈ 1 + 3gµµ′ (3.9)

where IE(τ, µ) is the approximated radiance, τ the optical depth, µ the cosine
of the radiance’s zenith angle, F+(τ) and F−(τ) are the up- and down-welling
fluxes and g is the asymmetry parameter associated with the phase function.
As the Eddington approximation incorporates only two degrees of freedom
(namely, the up- and down-welling fluxes) to model the full radiation field,
and only one parameter for the directionality of the phase function (i.e., the
asymmetry parameter), large errors occur when the actual radiance field is
highly asymmetric.

3.6.2 Single scattering approximation

Alternatively to the Eddington solution the radiative transfer equation can
be solved iteratively. A single scattering model has been developed which is
based on an approximation to the zeroth-order up-welling and down-welling
radiance fields described by

I0
S(τ, µ) = L0±(τ) + µL1±(τ) (3.10)

where (L0± and L−±) are determined from the actual zeroth-order radiance
field at two up- and down-welling ordinates (±µ1 and ±µ2). This approxi-
mation to the zeroth-order radiance field allows an analytical determination
of the first-order scattering source function provided an exact representation
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of the source function. The single scattering model makes less restrictive as-
sumptions regarding the nature of the radiance field and the scattering source
function but it does not incorporate higher-order scattering.

Since multiple scattering leads to an increasingly smoothed radiance field,
the multiply scattered radiance field will generally exhibit less structure than
the singly scattered radiance field and should therefore more closely resemble
the form of the radiance field assumed in the Eddington model. The hybrid
model should retain the relative advantages of each model. The first-order
scattering term of the Eddington model can be identified and replaced with
the single scattering solution.

3.6.3 Validation

To test the accuracy of the model, it is compared to the “exact” doubling-
and-adding model by Evans (cf. Sec. 3.5). Brightness temperature differences
are in the order of 1 to 2 K, depending on the simulated cloud particle size.
The model is also compared to a no-scatter model, to a single-scatter model
and to an Eddington model. The comparison shows that the hybrid model is
more accurate than the other models.

3.7 DISORT

3.7.1 Numerically stable algorithm for the discrete-
ordinate-method

Stamnes et al. [1988] have developed a radiative transfer model for vertically
inhomogeneous, plane-parallel scattering media. It can be applied from the
UV to the microwave region of the electromagnetic spectrum. The physical
processes included are thermal emission and absorption. Moreover bidirec-
tional reflection and emission at the lower boundary is included.

The discrete ordinate method (DOM) is commonly ascribed to
Chandrasekhar [1960]. But there have been too many numerical difficulties
so that researchers made only little use of it until the 80ies. It took many
years for Stamnes and collaborators to develop the stable algorithm described
in Stamnes et al. [1988]. In this article the radiative transfer equation for
a plane-parallel medium with thermal and solar source is introduced. By
expanding the source functions in Legendre polynomials and the intensity
in a Fourier series, the radiative transfer equation can be replaced by in-
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dependent equations, one for each Legendre polynomial. The discrete order
approximation is applied to all equations. The phase function is discretized
using the Gaussian Quadrature method. The discretized equation can not
be solved analytically for inhomogeneous scattering media. Therefore it is
solved for adjacent homogeneous layers in which the single scattering albedo
and the phase function are taken to be constant. For each layer a system of
coupled ordinary differential equations has to be solved. This is achieved by
well-known methods of linear algebra.

An important part of the solution is the eigenvalue decomposition. The
Stamnes/Swanson-method and the Cholesky-method are compared. The first
turned out to be more accurate and has been implemented for this reason.

One advantage of DOM compared to the doubling and adding method, which
has been popular for a long time, is, that the computation time of individ-
ual layers does not depend on the optical depth of the scattering medium.
The discrete-ordinate solution is analytic. By using the iteration-of-source-
function method, intensities can be obtained at arbitrary angles and optical
depths, unrelated to the computational meshes of these quantities.

3.8 VDISORT

3.8.1 Generalized discrete ordinate method for polar-
ized (vector) radiative transfer

Weng has extended the DISORT model to solve the vector radiative transfer
equation for the complete set of Stokes parameters Weng [1992]. The new
model (VDISORT) can be applied for polarized radiative transfer in plane-
parallel vertically inhomogeneous scattering media consisting of spherical
particles. The approach to the solution of the problem for the vector case is
completely analogous to that for the scalar case.

Schulz et. al. have tested VDISORT for both, Rayleigh and Mie scattering
matrices Schulz et al. [1999]. A few errors in the implementation of the model
that had a serious impact on the model output were found and corrected.
Furthermore the model has been extended to non-spherical particles which
are randomly oriented. The phase matrix for randomly oriented non-spherical
particles can not be decomposed in Legendre polynomials. Therefore in the
improved version of VDISORT the scattering matrix is expanded in general-
ized spherical functions.
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The discrete ordinate method provides a solution that is “exact” in the sense
that it yields the radiation field at a number of discrete polar quadrature an-
gles. Increasing the number of angles improves accuracy but also it requires
more computation time. In Schulz and Stamnes [2000], a method, which cal-
culates analytically the Stokes vector at arbitrary angles and optical depths
from a given vector discrete ordinate solution, is presented. Standard inter-
polation methods, such as the spline procedure, are known to produce poor
results when the function to be interpolated has discontinuities or changes
rapidly. To overcome this problem in scalar radiative transfer, the “iteration-
of-source-function method” has been implemented in DISORT Stamnes et al.
[1988]. Schulz has implemented a similar method in the vector model VDIS-
ORT and tested it for Rayleigh scattering.

3.9 Gasiewski Model

A numerical radiative transfer model as well as its comparison to 118 GHz ob-
servation in the presence of precipitation is discussed in Gasiewski and Stalin
[1990]. Because this report is a review of the forward models, details of the
retrieval discussed in the article will not be a part of this.

3.9.1 Solution method

The numerical model uses an iterative method for solving the radiative trans-
fer equation for a planar stratified atmosphere consisting of precipitation cells
situated over a specularly reflecting surface. The perturbation method also
known as iterative method, interprets the scattering source term in the RT
equation as a perturbation to the non-scattering RT equation. The pertur-
bation series expansion for the brightness temperature is written as

Tb(θ, ν) =
∞∑

n=0

T
(n)
b (θ, ν)

where the unperturbed brightness vector T
(0)
b (θ, ν) satisfies the non-

scattering RT equation and the nth order correction uses T
(n−1)
b (θ, ν) in the

scattering source term. For a maximum brightness temperature error of ∆Tb
the required number of terms can be calculated from

N ≥
ln[( ∆Tb

Tmax
)(1− ωmax)]

ln(ωmax)
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where Tmax is the maximum profile temperature and ωmax is the maximum
value of the single scattering albedo.

The model assumes azimuthal symmetry and hence requires only the first
two components of the modified Stokes vector (Iv and Ih) to describe total
intensity. The azimuthally independent phase matrix P is calculated from
Henyey-Greenstein approximation which depends on asymmetry factor and
scattering angle.

3.9.2 Comparison

The simulated brightness temperature based on inputs of weather radar
observation of a convective precipitation cell during the COHMEX (Co-
operative Huntsville Meteorological Experiment), 1986 was compared to
MTS (Massachusetts Institute of Technology’s millimeter-wave temper-
ature sounder) aboard the NASA ER-2 aircraft [Gasiewski and Stalin,
1989]. For the calculation of hydrometeor absorption and scattering co-
efficients Marchall-Palmer(MP) [Marshall and Palmer , 1948] and Sekhon-
Srivastava(SS) [Sekhon and Srivastava, 1970] size distributions were used for
liquid and ice respectively. Hydrometeor profiles and size distribution were
derived from the equivalent volume radar reflectivity measurements while
temperature and humidity profiles were obtained from radiosonde measure-
ment done approximately ten minutes prior to the flight. The hydrometeor
phase at each level is classified as either liquid, ice or a mixture based on the
temperature. The comparison shows that the brightness temperature pertur-
bation for nadir viewing are close to those observed in the convective regions
of the storm. The transparent channel perturbation discrepancies fall within
10 % of the observed perturbation amplitudes except for the anvil region. A
modified anvil size distribution involving larger ice particles gave a reason-
able comparison with observation suggesting that larger ice particles than
those given by SS may be present in anvil regions.

3.10 Accuracy of Eddington approximations

In Kummerow [1993] two different kinds of Eddington approximations are
described. These approximations are compared to the the discrete ordinate
method as implemented by Stamnes et. al (cf. section 3.7.1). Radiation prop-
agating through a plane-parallel medium is considered.
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3.10.1 Analytical and finite differences Eddington so-
lution

In the plane-parallel Eddington approximation, radiances are expanded in
Legendre series and the phase function is similarly expanded in Legendre
polynomials. Only the first two terms of the Legendre series are used. Then
the scattering integral can be written simply as multiplications. The radia-
tive transfer equation becomes a second order differential equation which
can be solved analytically for homogeneous layers, i.e., the extinction, single
scattering albedo and asymmetry factor of the phase function are constant
inside that layer. The boundary conditions are the down-welling flux at the
upper boundary of the layer and the up-welling flux at the lower bound-
ary. The analytical Eddington approximation has initially been developed
by Weinman and Davies [1978]. In the finite differences Eddington solution,
which is due to Wu and Weinman [1984], the Legendre approximations are
used to obtain a pair of first-order differential equations. In this solution
the atmosphere is stratified into N layers. The differential equations can be
rewritten in a finite difference form and solved numerically.

3.10.2 Comparison

Different model comparisons have been performed using a simple three-
layered cloud model. The cloud is assumed to consist of two layers of liquid
water and above those one ice cloud layer. Comparisons are done for various
extinction coefficients, single scattering albedos and asymmetry parameters.
The considered frequency range is 6.6 to 183.0 GHz.

The comparison between the two Eddington models shows extremely large
discrepancies. The difference increases with increasing optical depth. The
explanation is that the finite differences Eddington solution is only valid in
the regime of optically thin clouds. To assure this condition the cloud-layers
need to be subdivided in very thin layers which causes a four-fold increase in
CPU time and memory compared to the analytical Eddington approximation.

The analytical Eddington approximation is compared to the DISORT model.
Although model discrepancies are complicated functions of cloud con-
stituents, the differences were generally small, ranging from 0 to 3 K. The
multiple scattering component of the up-welling radiation is a function of the
phase function and the single scattering albedo. When the single scattering
albedo is small the Eddington approximation reproduces brightness temper-
atures very well. On the other hand, if the phase function does not have a
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very strong forward peak and the scattering cross-section is large, then the
diffuse radiance within the cloud quickly becomes nearly isotropic and in this
case again, the Eddington approximation gives very good results. Disagree-
ments exist only in those regions where the optical thickness is large and
single scattering albedo and asymmetry parameter are both close to unity.

3.11 3D backward Monte Carlo model by

Roberti

A 3D backward Monte Carlo model is described in Roberti et al. [1994].
This is compared to the discrete ordinate method developed by Haferman
et. al. and to different plane-parallel independent pixel approximations as
implemented by Kummerow.

3.11.1 Monte Carlo method

The Monte Carlo method makes use of the reciprocity theorem to consider
only photons which ultimately escape the cloud in a specified direction. The
photons are back-traced through the medium following probabilistic inter-
action laws. The interactions are scattering, absorption or emission events.
There are different kinds of emission events: atmospheric element emission,
surface emission, cosmic background radiation and multiple scattering. The
atmosphere is divided into grid cells. Temperature is assumed to vary linearly
inside the cells and extinction coefficient, absorption coefficient and scatter-
ing albedo are assumed to be constant in each cell. The Monte Carlo method
includes the following steps:

1. Determination of the distance of collision dc :

dc =
| ln(r)|
ke

(3.11)

where r is a random number between zero and one and ke is the ex-
tinction coefficient.

2. A random value r is used to select the nature of collision. For collision
inside a cell the absorption coefficient a is taken as criterion. If r < a
a scattering event takes place and if r > a an absorption event. For
scattering events a new propagation direction is determined by the
phase function. In the case of collision with the surface the emissivity
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ε is taken as criterion. If r > ε the photon is absorbed and if r > ε it is
scattered.

3.11.2 Plane-parallel methods

A plane parallel model using an independent-pixel approach is used for com-
parison. Here each sub-cloud is considered to be plane-parallel. A variation
of this method is the modified independent pixel approach. Here from one
point of view all clouds are taken into account at the same time. The path
of a given ray is then traced through the 3-D structure and a new plane par-
allel cloud is constructed based upon the intercepted layers. The approach is
a better representation of the geometry of the clouds. For all plane-parallel
calculation the Eddington radiative transfer code by Kummerow (cf. 3.10 has
been used. Using the plane-parallel approximation causes two different types
of error. The first is that energy can not leak out of dense areas into surround-
ing areas. This error is small at emission dominated frequencies (37 GHz and
below) and large at scattering frequencies (85 GHz and above). The second
error is due to the geometry of the problem. The horizontal boundary con-
ditions are missing. This error is of the same amount in the whole frequency
range.

3.11.3 Results of comparisons with DOM and plane-
parallel models

The discrete ordinate model, which is also used for comparison with the
Monte Carlo model, is described in Sec. 3.12. Results obtained with the 3-
D codes were found to be in good agreement. The mean deviation was less
than 5 K. While the solutions are not identical the difference maps show
little organization of discrepancies. Therefore it is probable that the discrep-
ancies are rooted in numerical problems of the discrete ordinate method with
additional noise in the ±1 K range due to the Monte Carlo solution. The ad-
vantage of the Monte Carlo Method is that it has low memory requirements.
The comparison with the classical independent pixel approach gives good
results only in the case of specular surface and nadir viewing angle. When
the emerging radiation crosses more than one sub-cloud, it was found that
the modified independent pixel method gave far superior results.
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3.12 VDOM

3.12.1 Multidimensional DOM for polarised RT

A polarised multidimensional radiative transfer model that uses the Discrete
Ordinate Method to solve the vector radiative transfer equation in the mi-
crowave region is described in Haferman et al. [1997]. The importance of
using a 3-D polarised radiative transfer model as well as its validation is pre-
sented in this work. It is possible to use the same model to solve 1-,2-, and
3-dimensional problems.

In the VDOM method, similar to DOM, the vector radiative transfer equation
is replaced by a set of partial differential equations for discrete directions.
Here the total number of discrete directions per octant, K = N(N+2), where
N is the order of the discrete-ordinates quadrature set. The VDOM essentially
consists of 4 times 8K equations. Each Stokes parameter is assigned to a single
processing unit so that each unit considers 8K discrete directions. Because
the equations are coupled, the partial results are communicated to the other
nodes before obtaining a complete result. The partial derivatives are written
using finite difference approximations and the intensity is assumed to vary
linearly within a cell. The linear variation of intensity is described by a finite-
differencing factor, α

The one-dimensional polarisation results were compared to the RT3 polarised
radiative transfer code [Evans and Stephens , 1991]. The up- and downwelling
radiation is calculated at 85 GHz for an atmosphere where the bottom half
is modeled as rain and top half is modeled as ice cloud. The results are in
good agreement except in the case for upwelling radiation where the VDOM
results are slightly lower than RT3. Increasing the vertical discretisation from
10 grid points(used in this calculation) to 20 changes the result by less than
a factor of 10−4. But use of more angles, i.e. using the LSO-8 quadrature
set instead of LSO-6 quadrature set (used in this calculation) gives excellent
agreement with the RT3 results.

The multidimensional vector radiative transfer code was validated in two
ways. In the first case, the validation is done by calculating the radiative
transfer on multi-dimensional systems that are homogeneous in one(for 2-D)
or two (for 3-D) directions. These results should agree with the 1-D results as
long as the same inputs are used. The computational time required is much
higher for higher dimensions. In the second case, the 3-D polarised radia-
tive transfer model is validated by considering an isothermal enclosure which
contains atmospheric gaseous species, spheres, and spheroids at a uniform
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temperature of 1400 K. The dimensions of the enclosure are 0.5 m by 0.5 m
in the z- and y- directions are 1.0 m in the x-direction and the wavelength
considered is 0.6328 µm. The absorption coefficients for gases and particles
are set to constant values such that the optical thickness remains constant
i.e 1.0 in x-direction and 0.5 in the y- and z-directions. The radiation field
computed with 3D VDOM is unpolarised as is expected because radiation
inside an isothermal enclosure is blackbody radiation and is isotropic and
unpolarised regardless of the contents of the enclosure or the optical charac-
teristics of the surface (Kirchoff’s law).

About the case of accuracy and computational time, it turns out that both
of them depend very much on the finite-difference weighting factor α. Setting
α = 0.5(second order finite-difference scheme) gives solutions that agree with
the reference results much better than setting α to higher values regardless
of the dimensionality of the problem. As far as CPU time is concerned, the
value of α has little effect on 1-D cases. However for 2-D and 3-D cases α <
0.51 causes a dramatic increase in the CPU time.

3.13 ARTS

3.13.1 ARTS - DOIT

The Atmospheric Radiative Transfer System (ARTS) was initially a clear sky
RT model developed at the University Of Bremen, Germany in close collab-
oration with the Chalmers University of Technology, Sweden. This model is
now extended to include the effect of scattering due to ice particles in cirrus
clouds. The model can be used to simulated up-, limb- and down-looking
measurements. The VRTE for a three-dimensional spherical atmosphere al-
lowing the treatment of scattering due to non-spherical oriented particles. It
is also possible to run the model in 1-D or 2-D (2-D only clear sky) mode.
The number of Stokes components to be considered can also be specified, for
example, by setting number of Stokes component to be solved to one, the
model calculates only the scalar intensity.

The single scattering properties are calculated and stored outside ARTS
which are read in as input to the radiative transfer calculation. In ARTS, a
hydro-meteor species is defined by its single scattering properties; the species
can be an ensemble of particles, for example a size and aspect ratio distribu-
tion of ellipsoids.

The radiative transfer calculation in ARTS is divided into parts: a clear sky
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Radiation field in cloud box

Figure 3.1: Flowchart describing schematically the DOIT method.

calculation part and a scattering calculation part. The scattering calculations
are restricted to a sub-domain of the total spatial domain called ”scattering
box”. For the clear sky part, the scattering source term is set to zero and an
analytical solution can be found. For the scattering box, the scattering source
term cannot be neglected and the equation has to be solved using numerical
methods. The solution method used in ARTS is the Discrete Order ITerative
(DOIT) method. Figure 3.1 describes schematically the DOIT method. In
the current version of arts, the first guess field for this calculation is obtained
from the clear sky field obtained at a discrete set of angular and spatial grids.
Details of this method and preliminary results can be found in Emde et al.
[2004a].

3.13.2 ARTS-MC: The Reversed Monte Carlo Scatter-
ing Module in ARTS

Introduction

The ARTS Monte Carlo scattering module offers an efficient method for sin-
gle viewing direction radiative transfer calculations in arbitrarily complex
3D cloudy cases. When simulating the observation of detailed 3D cloudy sce-
narios, reversed Monte Carlo algorithms have several advantages over other
methods, such as discrete ordinate and Forward Monte Carlo methods. These
features include:

• All computational effort is dedicated to calculating the Stokes vector
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at the location of interest and in the direction of interest. This is par-
ticularly relevant for space-borne remote sensing, where we are only
interested in a narrow field of view. This is contrast to DOM methods
where the whole radiation field is calculated.

• CPU and memory cost scales more slowly than other methods with
grid size. so that large or detailed 3D scenarios are not a problem. This
stems from the suitability of Monte Carlo Integration (MCI) for eval-
uating integrals over highly dimensioned spaces. As well as CPU cost
increasing dramatically in 3D DOM applications with the number of
grid-points in each dimension, the memory requirements becomes pro-
hibitive at moderate grid sizes due to the requirement that the radiance
in every direction must be stored at each grid point.

• Optically thick media are no problem. A feature of reversed Monte
Carlo algorithms is that only parts of the atmosphere that actually
contribute to the observed radiance are considered in the computation.
So where the medium is optically thick due to absorption or scatter-
ing, only the parts of the atmosphere closest to the sensor are visited
by the algorithm. This contrasts with DOM methods, where, as men-
tioned above, the whole radiation field is computed. Also, a requirement
of DOM methods is that the optical thickness between adjacent grid
points must be <= 1, which increases the grid-size, and hence cost, of
the method.

• Simple concept resulting in rapid development.

Algorithm Principles

The ARTS-MC algorithm is described in detail in Davis et al. [2005]. Briefly,
the algorithm solves the integral form of the Vector Radiative Transfer Equa-
tion (VRTE):

I(n, s0) = O(u0, s0)I(n,u0)+∫ s0
u0

O(s′, s0)
(
Ka(n)Ib(T ) +

∫
4π

Z(n,n′)I(n′)dn′
)
ds′,

(3.12)

where O(s′, s) is the evolution operator defined by 3.12. u0 is the point where
the line of sight intersects the far boundary of the scattering domain, and
s0 is the exit point where the outgoing Stokes vector is calculated. Eq. 3.12
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is solved using Monte Carlo integration with importance sampling, where a
multi-dimensional integral is approximated by

∫
fdV =

∫
f

g
gdV ≈

〈
f

g

〉
±
√
〈f 2/g2〉 − 〈f/g〉2

N
, (3.13)

where g is the probability distribution function for sampling the multi-
dimensional volume V , which for maximum efficiency, is chosen to be as
close as possible to being proportional to the integrand f . In this case the
dimensions of V are “photon” path-lengths, propagation directions, and a
variable representing the choice between emission and scattering. Thus, an
alternative picture of the algorithm to the mathematical description above,
is the physical picture of tracing a large number of photons backwards from
sensor, in randomly selected multiply scattered propagation paths to either
their point of emission, or entry into the scattering domain. Davis et al. [2005]
gives a full description of the probability density functions used to determine
these propagation paths.

Recent Developments

Recently, a new ARTS-MC workspace method (WSM) has been imple-
mented, MCGeneral. The purpose of this development was to account for
surface reflection and antenna field of view (FOV) characteristics. MCGen-
eral is a simple extension of the algorithm described in Davis et al. [2005].
Radiation from the surface is now expressed as an integration of emission and
reflected contributions, which is naturally evaluated using MCI. Similarly the
desired radiance is now integrated over an antenna function, again using MCI.
Surface reflection has already been implemented (and used in the NWP case
study), but work on FOV characteristics is ongoing. The original ARTS-MC
WSM, ScatteringMonteCarlo, has been retained because it includes signif-
icant speed-ups for pencil beam simulations, and also for cases where the
atmosphere outside the cloud-box can be considered one dimensional.

Examples of Use

Capabilities of the ARTS-MC algorithm in Davis et al. [2005], which
demonstrated the importance of 3D effects on limb sounding observa-
tions. There have been significant efficiency improvements since the sub-
mission of that paper. A demonstration of the code’s current capabili-
ties is shown in Figure 3.13.2. The first row of plots shows ARTS-MC
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Figure 3.2: A comparison between ARTS-MC simulations and AMSU-B ob-
servations

(MCGeneral) simulations of AMSU-B channels 16 to 20, using MetOffice
Mesoscale model output for the atmospheric fields. The grid dimensions are
220(lat.)×180(lon.)×60(pressure). These simulations were performed with a
MCI std. err. of 1K, and each simulation, one for each pixel, took between
10 and 30 seconds. The second row of the plot shows the actual AMSU-B
observations the same time and location. There is general qualitative agree-
ment between the main cloud features of the simulations and observations.
Differences arise due to simplifications in the treatment of surface emissivity,
and also errors due to the treatment of cloud microphysics. These simulations
illustrate the capability of ARTS-MC to perform timely detailed simulations
of mm/sub-mm observations for detailed cloudy scenarios.
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3.14 Intercomparison of microwave RT mod-

els

Smith et al. [2002] presents an intercomparison of microwave multiple scat-
tering radiative transfer models used in the retrieval of satellite based rainfall
estimates. The aim is to ensure that the errors in the retrieval do not arise
from the different radiative transfer codes used for forward modeling. Since
most of the models which participated in this intercomparison are reviewed
in the earlier sections, it will be of interest to this report to see how they
compare to each other. The models which participated in the intercomparison
are

Model Main author Specifications
1. CU K.F. Evans two-stream Eddington (Sec. 3.6)
2. CU K.F. Evans two-stream Eddington, δ scaling
3. FSU E.A Smith two-stream Sobolev, δ scaling
4. FSU E.A Smith two-stream Sobolev, δ scaling
5. IFA F.S. Marzano 16-stream discrete ordinate
6. NASA C.D. Kummerow two-stream Eddington (Sec. 3.10)
7. NASA L. Roberti reverse Monte Carlo (Sec. 3.11)
8. ECMWF P. Bauer two-stream Eddington (Sec. 3.3.1)
9. ECMWF P. Bauer matrix operator (Sec. 3.3.1)

Upwelling microwave radiation was calculated by each model for 4 measure-
ment cases for four different cloud conditions. The four measurement cases
correspond to

• SSM/I over land

• SSM/I over ocean

• AMPR over land and

• AMPR over ocean

Accordingly, the channel center frequencies considered were 10.7, 19.4, 37
and 85.5 GHz and satellite zenith angles 53.1 (SSM/I) and 0◦ (AMPR). The
surface temperature was given to be 300 K and surface emission was given to
be 0.85 over land and 0.4 over ocean. Models 4 and 5 assumed Lambertian
surfaces while all other models assumed Fresnel surfaces. All calculations
were polarisation independent. The four cloud conditions considered were
taken from a mesoscale non-hydrostatic cloud model simulation of a conti-
nental storm system during the COHMEX experiment in 1986. Profiles of
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temperature, height, pressure, specific humidity, vertical velocity, cloud and
rain liquid water content, graupel, pristine ice crystal, snow and aggregate ice
water contents correspond to conditions of (a) low water and low ice content
(b) low water and high ice content (c) high water and low ice content and
(d) high water and high ice content cases. For rain, graupel, snow and ice
aggregates an exponential drop size distribution was assumed and for cloud
droplets and pristine ice monodisperse distributions with diameter 0.01 mm
and 0.1 mm were assumed.

Results were discussed only for window regions where gaseous absorption
is relatively small compared to hydrometeor concentration. One main con-
clusion is the treatment of surface especially over ocean. The assumption
of isotropic reflection (Lambertian) over ocean, which is specularly reflect-
ing gives brightness temperatures about 20 K higher than Fresnel reflection.
Multiple scattering and Monte Carlo models (models 5 and 7) agree very well
for opaque and strongly scattering conditions.

Over land and at low frequencies all models using Fresnel reflection showed
identical results. Cases where scattering was important(cloud case 2 and 4
(high ice content) and 85 GHz (high frequency) ) the influence of multi-
ple scattering effects overrode surface effects. Two-stream models without
δ scaling produce higher brightness temperatures because they do not take
into account the extreme peak of the phase function in forward direction.
The differences between the multiple stream (model 5) and Monte Carlo
(model 7) was below 1 K for all cases except when surface effects dominate
because model 5 assumes a Lambertian surface and model 7 assumes a Fres-
nel surface. The reason is that the Monte Carlo and multiple stream models
better represent the angle dependence of the phase function leading to more
accurate multiple scattering solutions.

Going from two stream to sixteen-stream for Lambertian boundary condi-
tions (models 4 and 5) produce worst case difference at 85.5 GHz of around
2.5 K for SSM/I case and 1K over land and 3.5 K over ocean for nadir
incidence. The differences between 16 stream and reverse Monte Carlo are
smaller (always below 1K) than the differences between 2-stream and reverse
Monte Carlo (worst differences are 2.5 K at SSM/I incidence and half of that
for nadir incidence). This indicates that a 2-stream model is not sufficient to
accurately model radiances in the presence of scattering.
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3.15 Summary

The properties of the models that are discussed in this review are summa-
rized in Table 3.1. Atmospheric geometries being used by the models and
the applied methods for solving the radiative transfer equation are listed.
Furthermore the table shows, which models can calculate the full Stokes vec-
tor, i.e., the polarization state of scattered radiances. The last column of the
table includes the particle types the models are able to handle.

Most of the reviewed models use a plane-parallel atmosphere. Only SHDOM,
VDISORT and the Monte Carlo model, which are three-dimensional models,
use an atmosphere which is discretized using a Cartesian coordinate system.
In these model the atmosphere does not consist just of plane-parallel layers,
but of cuboidal grid cells. None of the models has used a spherical geome-
try which is necessary to simulate limb radiances. This is the major deficit.
The new version of ARTS includes a spherical atmosphere. Simulated limb
radiances using ARTS are shown in Emde et al. [2004b].

Methods for 1D plane-parallel atmospheres are the Eddington approxima-
tions and the doubling-and-adding method. The advantage of the Eddington
approximations is, that they give analytical expression as solution and there-
fore the Eddington models are very fast, but they can only be applied for
spherical particles. The doubling-and-adding method is a simple numerical
method which is also quite fast and can be used for modeling all kinds of
particle types.

The model deficits are summarized in Table 3.2. Although half of the mod-
els that are reviewed can handle polarization due to non-spherical randomly
oriented particles, only two among them can handle oriented particles (MW-
MOD and ARTS).
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Name Atmosphere Method for Pol. Particles
solving the RTE handled

MWMOD plane- Iterative y spherical,
parallel non-sph. or.

RTTOV plane- D-A, n spherical
parallel Eddington

SHDOM 3D- DO n spherical
Cartesian SOS

PolRadTrans plane- D.-A. y spherical
parallel non-sph. rand. or.

Hybrid plane- Eddington + n spherical
Model parallel Single Scat.
DISORT plane- DO n spherical

parallel Iterative
VDISORT plane- DO y spherical

parallel Iterative non-sph. rand. or.
Gasiewsky plane- Perturbation y spherical
Model parallel method non-sph. rand. or.
Eddington plane Eddington n spherical
Models parallel
Monte Carlo- 3D- Monte n spherical
Roberti Model Cartesian Carlo
VDOM 3D- DO y spherical

Cartesian non-sph. rand. or.
ARTS 3D- Iterative y spherical

spherical non-sph. or.

Table 3.1: Properties of the reviewed microwave radiative transfer
models for cloudy atmospheres
Abbreviations: Pol. - polarization, DO - Discrete-ordinate method, SOS - successive

order of scattering method, D.-A. - Doubling-and-adding method, Single Scat.

- Single scattering approximation, non-sph. rand. or - non spherical randomly

oriented, non-sph. or. - non spherical oriented.
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Property Model(s) showing a
deficit for this property

RTTOV
Polarisation and SHDOM
non-spherical DISORT
particles Hybrid model

Eddington model
Monte Carlo-Roberti model

MWMOD, RTTOV
PolRadTran

3D Geometry Hybrid model
DISORT, VDISORT

Gasiewsky model
Eddington models

Spherical All models EXCEPT
atmospheric layers ARTS

Table 3.2: A list of model deficits generated based on 3.1
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Chapter 4

Model requirements and
development plan

4.1 Model requirements

The transparency of cirrus clouds in the mm - sub-mm wavelength range
offers a great potential for getting information about them. The brightness
temperature depression due to cirrus clouds can give information on cirrus
cloud properties like ice water path as well as particle size and shape. A
more accurate retrieval of temperature and humidity also can be achieved by
a better representation of cirrus clouds in the forward model.

Cirrus clouds, as opposed to liquid clouds, mostly scatter in the mm-submm
wavelength range. This requires that the radiative transfer equation is solved
taking into account multiple scattering. The model review report gives an
overview of the existing radiative transfer (RT) models that can take into
account multiple scattering due to cirrus clouds. Cirrus clouds consist of
various particle size and shape distributions [Heymsfield and McFarquahar ,
2002]. For a realistic simulation, RT models should be able to include the ef-
fect of non-spherical particles in preferred orientations. An effect of including
oriented non-spherical particles is that they polarize the up-welling radiation.
In order to solve for polarized radiation, the RT equation has to be solved
not just for the scalar intensity but for the full Stokes vector. Surface effects,
which are boundary conditions in the solution of the RT equation can also
polarize radiation even in clear sky conditions.

The radiative transfer equation in the full Stokes vector formalism for
a medium with thermal emission comprising sparsely and randomly dis-
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tributed, spherical or arbitrarily oriented non-spherical particles can be writ-
ten as Mishchenko et al. [2002]

dI(n, ν)

ds
= −〈K(n, ν)〉I(n, ν) + 〈a(n, ν)〉B(ν) +

∫

4π
dn′〈Z(n,n′, ν)〉I(n′, ν) (3.1)

The Vector Radiative Transfer Equation (VRTE) explains the change in Stokes
vector when it traverses a path length element ds along the propagation direction
n. The interaction of radiation with gases as well as particles in the atmosphere is
described by three terms, namely, extinction, thermal source and scattering source
term. The ensemble-averaged extinction matrix (4×4), the ensemble-averaged ab-
sorption vector (4×1) and the ensemble-averaged phase matrix (4×4) are denoted
as 〈K(n, ν)〉 , 〈a(n, ν)〉 and 〈Z(n,n′, ν)〉 respectively.

Numerical methods implemented in different RT models to solve the VRTE with
special relevance to microwave range are also discussed in WP 1.2 report. This
report will focus on the requirements of a radiative transfer model that are crucial
with respect to the retrieval of cirrus microphysical properties as well as to the
comparison with observations.

The requirements of an accurate reference radiative transfer model are listed here,
based on the discussion in the previous sections. A description of where ARTS,
the radiative transfer model selected for this study, stands with respect to these
requirements is also stated. The work that was planned to be done as part of the
study is given in a separate paragraph under each bullets.

• Multiple Scattering due to non-spherical ice particles:

ARTS uses a discrete order iterative method for solving the RT equation
for multiple scattering. A Monte Carlo method is also implemented within
ARTS for this purpose. The first component of the Stokes vector computed
using ARTS for multiple scattering due to spherical ice particles has been
compared to the results from a model developed by RAL for limb measure-
ments. The results suggest that the simulations are realistic. The comparison
with the Monte Carlo model which is implemented within ARTS is also done
and is published in Emde [2005b].

Further comparisons with other models and with inputs from in-situ mea-
surement for non-spherical particles has been done as part of this study.

• Higher Stokes components:
The presence of non-spherical particles can polarize the up-welling mi-
crowave radiation. ARTS solves the VRTE to obtain the solution for all
four Stokes components.
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The polarization simulation from ARTS-DOIT is compared to that of ARTS-
MC for non-spherical oriented particles and the polarization signal is also
compared to the EOS-Aura MLS polarization measurements and is pub-
lished in Davis et al. [2005]. An attempt was made as part of this study to
interpret the polarization signal Q (5.2.7).

• Three Dimensional Geometry:
A three dimensional radiative transfer model is necessary to handle the
horizontal inhomogeneities in a cloud structure.

ARTS assumes three-dimensional spherical atmospheric layers. The DOIT
version of ARTS can also be run in the 1D mode, and 3D DOIT calcula-
tions are computationally expensive. It is concluded that when doing 3D
calculations the Monte Carlo version of ARTS is used.

• Single Scattering Properties:
For accurate radiative transfer simulations, it is necessary that the single
scattering model chosen is accurate. Because we want to solve the radia-
tive transfer equation including the effect of scattering due to non-spherical
particles, Mie theory cannot be used as an appropriate model.

The T-matrix method or DDA can be used for calculating single scattering
properties of randomly oriented and oriented non-spherical particles parti-
cles. The DDA method can give single scattering properties for anisotropic
inhomogeneous ice crystals of any shape that are typical for cirrus clouds.

As part of this study, a single scattering database which holds the single
scattering properties for a variety of particle types are calculated using DDA
and stored in a MySQL database and can be accessed publicly. The results
obtained using DDA was compared to T-matrix and Mie calculations for
rotationally symmetric particles and spherical particles respectively.

• Surface effects : The absorption spectrum in the range 200 - 1000 GHz is
dominated by the water vapor continuum and line spectrum. The surface
effects are not going to play a major role in this range except in very dry
conditions. In a tropical atmospheric scenario, beyond 200 GHz the effect of
surface is negligible. In a dry sub-arctic winter scenario, the effect of surface
reflection in the region 200 - 400 GHz cannot be neglected.

As part of this study, routines for calculating specular surface reflection are
implemented in ARTS. FASTEM, an emissivity model is also implemented
within ARTS which can be used to compute surface emissivity values over
ocean.

• Continuum absorption: In order to ensure an accurate clear sky background
for cirrus retrievals, a precise absorption coefficient calculation including the
continuum absorption is essential in the sub-mm range.
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In ARTS, gaseous absorption is stored in look-up tables. Line-by-line as well
as continuum absorption is taken into acccount to create the lookup-table.
Appropriate continuum models have to be used for each species for different
frequency regions.

• Accuracy and Speed: An optimum practical requirement for an RT model is
that it can give accurate results reasonably fast to compute radiances.

ARTS does not fall into the category of a fast model, but the one-dimensional
version of ARTS is considered fast enough to generate the retreival data
base for a variety of different atmospheric and cloud scenarios. The three
dimensional version of ARTS requires a lot of memory and is very slow, so
the 3D Monte Carlo version is preferred.

In this study, speed improvement was also given priority and the improve-
ments in this directiion is discussed in Section 5.2.1.

4.2 Approach for the study

The study was split into three main Tasks. The first task was the establishment
of user requirements for the post MSG and post Metop time frame. This task also
included a review of all the existing models that are used in the microwave range.
The review examined the methods different models use for solving the scattering
problem and brought out the deficits of the current models.

Task 2 established the model requirements and development plan. The capabilities
required by a radiative transfer model so that it can perform retrieval of cloud
properties was outlined in this task. Also, a detailed plan on the Task 3 activity
was proposed.

Task 3 formed a major part of the whole study. It included three main activities.

• Forward model development

The aim was to make the model suitable to be used for the retrieval. Al-
though the model was available at the beginning of the study it was not
optimised for speedy calculations. The major development was towards im-
proving the calculation speed without affecting the accuracy. The surface
reflection part was also planned to be implemented within this project.

A Tmatrix Tool and a DDA tool was to be developed and a single scattering
database holding the single scattering properties for ice particles having
different sizes, aspect ratios, and orientations at selected frequencies (which
correspond to existing/planned instruments) will be made available.

• Validation of the forward model. The model was supposed to be validated
in three different ways
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– comparison with other microwave models, for eg., MWMOD

– comparison with AMSU-B data using in-situ measurements

– comparison with AMSU-B data using NWP model fields

• Prototype retrieval code development The objective was to ensure that the
forward model development fits the final application of retrievals for cases
including scattering. The inversions would be using Bayesian framework. A
pure Monte Carlo Integration method will be developed and compared to
a Neural Network approach.An inversion characterisations based on OEM
will be performed which will give valuable insights in the observations, such
as the attainable retrieval performance of a CIWSIR-like mission.



Part III

Task III
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Chapter 5

ARTS development work

5.1 ARTS radiative transfer model - An

overview

ARTS development work was shared between the Bremen and Chalmers universi-
ties, with Bremen being largely responsible for the overall program architecture and
the absorption part, Chalmers being largely responsible for the radiative transfer
part and the calculation of Jacobians. The project was put under a GNU general
public license [Stallman, 2002], in order to give the right legal framework for such
a true collaboration.

The program, along with extensive documentation, is freely available on the In-
ternet, under http://www.sat.uni-bremen.de/arts/. The stable 1-0-x branch
of the program is described in Buehler et al. [2005a]. Stable means that there will
be only bug fixes, no additions of new features. The current ARTS version in this
branch at the time of writing is arts-1-0-188. A great part of the development
the new branch of ARTS-1-1-x, which can handle scattering in the atmosphere
was done in the framework of a previous ESA Study ”Consideration of mission
studying chemistry of the UTLS”. The aim was to make this version of ARTS as
general as possible. Therefore, the model treats the full Stokes vector, thus solving
the VRTE in a three-dimensional atmosphere with realistic clouds having oriented
non-spherical particles. Nevertheless, the model can be run in several approxima-
tions that might be necessary from a practical point of view. For example, it is
possible to solve only for the first component of the Stokes vector or just for the
first two components. It is also possible to restrict the model atmosphere to 1D.
The model initially used a Discrete Ordinate ITerative (DOIT) method to solve
the VRTE.

The development team has been later joined by C. Davis from the University of

http://www.sat.uni-bremen.de/arts/
http://www.sat.uni-bremen.de/arts/
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Edinburgh, who has used the ARTS model as a platform for the implementation
of a Monte Carlo (MC) scattering module in addition to the DOIT module. A
short description of the MC model can be found in the model review presented in
Chapter 2.

The source function for scattering is complicated compared to the thermal source
function because the scattering source term is influenced by the directional de-
pendance of the radiation field and the phase matrix as well as the polarization
elements of the phase matrix. Mathematically too, the scattering source function
makes the radiative transfer equation complicated because it involves the intensity
both on the left hand side and under the integral on the right hand side. Because
the scattering calculations are computationally expensive, they are restricted only
to a particular region of the atmosphere defined as the cloudbox. The cloudbox is
defined to be rectangular with the limits at the grid points. For example, in the
vertical, the upper and lower limits are the pressure levels. For three-dimensional
cases, the horizontal limits can be given in terms of the latitude and longitude
grids. The first guess field for the iterative method is the clear sky field at the
boundaries of the cloudbox which is then interpolated on to all grid points inside
the cloudbox. The scattering problem is solved inside the cloudbox using the it-
erative solution method. The details of this method can be found in Emde et al.
[2004a]. The resulting solution, which is the Stokes vector field, is interpolated
back to the cloud box boundaries. It has to be noted that the Stokes vector field
is a function of zenith and azimuth angles grids in addition to the spatial grids
inside the cloud box. Therefore angular interpolation of the field on to the propaga-
tion direction is also required. Interpolations are required because of the spherical
geometry. Unlike the plane parallel geometry, the propagation direction changes
along the path. Therefore at every grid crossing points, the radiation field and the
coefficients are to be interpolated angularly. From the cloud box boundary, the
clear sky radiative transfer equation is integrated up to the sensor. In the absence
of any clouds, a clear sky radiative transfer calculation can be performed by setting
the cloudbox off. More technical description on ARTS can be found in the ARTS
User Guide Eriksson et al. [2004].

As mentioned earlier, a fully functional scattering version of ARTS existed at the
start of the study. Therefore, the rest of the report documents the development
achieved after this project started.

5.2 ARTS model extensions

This section is organised as follows:

Section 5.2.1 deals with the new grid optimizations and interpolation methods im-
plemented in ARTS, which were intended to improve the speed of ARTS-DOIT
calculations. Section 5.2.2 explains a change in the storage of ARTS single scat-



5.2. ARTS MODEL EXTENSIONS 65

tering properties, where now temperature dependence of these properties are also
taken into account. Section 5.2.3 explains the surface reflection implementation
and the inclusion of FASTEM emissivity model in ARTS. Section 5.2.4 shows the
magnitude of error associated with a scalar solution of the RT equation compared
to a vector solution. Section 5.2.5 explains the implementation of a local Carte-
sian approximation inside the cloudbox. Section 5.2.6 presents a sensitivity study
showing the effect of ice clouds at AMSU-B frequencies and Section 5.2.7 presents
an analysis of polarization results using ARTS.

5.2.1 Grid optimization and interpolation methods

The domain of the scattering calculations is very large. In addition to the three
spatial grids, there are the zenith and azimuth angular grids for the incoming and
scattering direction. Therefore the development of an accurate and time-efficient
model requires optimization techniques. The accuracy of the DOIT method de-
pends very much on the discretization of the zenith angle. The reason is that
the intensity field strongly increases at about θ = 90◦. For angles below 90◦

(“up-looking” directions) the intensity is very small compared to angles above
90◦ (“down-looking” directions), because the thermal emission from the lower at-
mosphere and from the ground is much larger than thermal emission from trace
gases in the upper atmosphere. Figure 5.1 shows an example intensity field as a
function of zenith angle for different pressure levels inside a cloud box, which is
placed from 7.3 to 12.7 km altitude, corresponding to pressure limits of 411 hPa
and 188 hPa respectively. The cloud box includes 27 pressure levels. The frequency
of the sample calculation was 318 GHz. A midlatitude-summer scenario including
water vapor, ozone, nitrogen and oxygen was used. The atmospheric data was
taken from the FASCOD [Anderson et al., 1986] and the spectroscopic data was
obtained from the HITRAN database [Rothman et al., 1998]. For simplicity this
1D set-up was chosen for all sample calculations in this section. As the intensity
(or the Stokes vector) at the intersection point of a propagation path is obtained
by interpolation, large interpolation errors can occur for zenith angles of about 90◦

if the zenith angle grid discretization is too coarse. Taking a very fine equidistant
zenith angle grid leads to very long computation times. Therefore a zenith angle
grid optimization method is required.

For the computation of the scattering integral it is possible to take a much coarser
zenith angle resolution without losing accuracy. It does not make sense to use the
zenith angle grid, which is optimized to represent the radiation field with a certain
accuracy. The integrand is the product of the phase matrix and the radiation field.
The peaks of the phase matrices can be at any zenith angle, depending on the
incoming and the scattered directions. The multiplication smoothes out both the
radiation field increase at 90◦ and the peaks of the phase matrices. Test calculations
have shown that an increment of 10◦ is sufficient. Taking the equidistant grid saves
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the computation time of the scattering integral to a very large extent, because much
less grid points are required.
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Figure 5.1: Intensity field for different pressure levels.

Zenith angle grid optimization

As a reference field for the grid optimization the DOIT method is applied for
an empty cloud box using a very fine zenith angle grid. The grid optimization
routine finds a reduced zenith angle grid which can represent the intensity field with
the desired accuracy. It first takes the radiation at 0◦ and 180◦ and interpolates
between these two points on all grid points contained in the fine zenith angle
grid for all pressure levels. Then the differences between the reference radiation
field and the interpolated field are calculated. The zenith angle grid point, where
the difference is maximal is added to 0◦ and 180◦. After that the radiation field is
interpolated between these three points forming part of the reduced grid and again
the grid point with the maximum difference is added. Using this method more and
more grid points are added to the reduced grid until the maximum difference is
below a requested accuracy limit.

The top panel of figure 5.2 shows the clear sky radiation in all viewing directions
for a sensor located at 13 km altitude. This result was obtained with a switched-off
cloud box. The difference between the clear sky part of the ARTS model and the
scattering part is that in the clear sky part the radiative transfer calculations are
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Figure 5.2: Interpolation errors for different grid accuracies. Top panel: Clear
sky radiation simulated for a sensor at an altitude of 13 km for all view-
ing directions. Bottom left: Grid optimization accuracy for limb directions.
Bottom right: Grid optimization accuracy for down-looking directions.

done along the line of sight of the instrument whereas inside the cloud box the
RT calculations are done as described in the previous section to obtain the full
radiation field inside the cloud box. In the clear sky part the radiation field is not
interpolated, therefore we can take the clear sky solution as the exact solution.

The interpolation error is the relative difference between the exact clear sky cal-
culation (cloud box switched off) and the clear sky calculation with empty cloud
box. The bottom panels of figure 5.2 show the interpolation errors for zenith angle
grids optimized with three different accuracy limits (0.1%, 0.2% and 0.5%.). The
left plot shows the critical region close to 90◦. For a grid optimization accuracy of
0.5% the interpolation error becomes very large, the maximum error is about 8%.
For grid accuracies of 0.2% and 0.1% the maximum interpolation errors are about
0.4% and 0.2% respectively. However for most angles it is below 0.2%, for all three
cases. For down-looking directions from 100◦ to 180◦ the interpolation error is at
most 0.14% for grid accuracies of 0.2% and 0.5% and for a grid accuracy of 0.1%
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it is below 0.02%.

Interpolation methods

Two different interpolation methods can be chosen in ARTS for the interpolation
of the radiation field in the zenith angle dimension: linear interpolation or theree-
point polynomial interpolation. The polynomial interpolation method produces
more accurate results provided that the zenith angle grid is optimized appropri-
ately. The linear interpolation method on the other hand is safer. If the zenith
angle grid is not optimized for polynomial interpolation one should use the sim-
pler linear interpolation method. Apart from the interpolation of the radiation field
in the zenith angle dimension linear interpolation is used everywhere in the model.
Figure 5.3 shows the interpolation errors for the different interpolation methods.
Both calculations are performed on optimized zenith angle grids, for polynomial
interpolation 65 grid points were required to achieve an accuracy of 0.1% and for
linear interpolation 101 points were necessary to achieve the same accuracy. In the
region of about 90◦ the interpolation errors are below 1.2% for linear interpolation
and below 0.2% for polynomial interpolation. For the other down-looking direc-
tions the differences are below 0.08% for linear and below 0.02% for polynomial
interpolation. It is obvious that polynomial interpolation gives more accurate re-
sults. Another advantage is that the calculation is faster because less grid points
are required, although the polynomial interpolation method itself is slower than
the linear interpolation method. Nevertheless, we have implemented the polyno-
mial interpolation method so far only in the 1D model. In the 3D model, the grid
optimization needs to be done over the whole cloud box, where it is not obvious
that one can save grid points. Applying the polynomial interpolation method us-
ing non-optimized grids can yield much larger interpolation errors than the linear
interpolation method.

Error estimates

The interpolation error for scattering calculations can be estimated by comparison
of a scattering calculation performed on a very fine zenith angle grid (resolution
0.001◦ from 80◦ to 100◦) with a scattering calculation performed on an optimized
zenith angle grid with 0.1% accuracy. The cloud box used in previous test calcula-
tions is filled with spheroidal particles with an aspect ratio of 0.5 from 10 to 12 km
altitude. The ice mass content is assumed to be 4.3·10−3 g/m3 at all pressure levels.
An equal volume sphere radius of 75 µm is assumed. The particles are either com-
pletely randomly oriented (p20) or azimuthally randomly oriented (p30). The top
panels of figure 5.4 show the interpolation errors of the intensity. For both particle
orientations the interpolation error is in the same range as the error for the clear
sky calculation, below 0.2 K. The bottom panels show the interpolation errors for
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Figure 5.3: Interpolation errors for polynomial and linear interpolation.

Q. For the randomly oriented particles the error is below 0.5%. For the horizon-
tally aligned particles with random azimuthal orientation it goes up to 2.5% for a
zenith angle of about 91.5◦. It is obvious that the interpolation error for Q must
be larger than that for I because the grid optimization is accomplished using only
the clear-sky field, where the polarization is zero. Only the limb directions about
90◦ are problematic, for other down-looking directions the interpolation error is
below 0.2%.

5.2.2 Temperature dependance of single scattering
properties

In ARTS, the single scattering data was stored only for one temperature, and
the dependance of single scattering properties on temperature was not taken into
account. A recent implementation allows the storage of single scattering proper-
ties on a temperature grid and the interpolation of the cross-sections and phase
matrices on to the atmospheric temperatures.

The single scattering properties calculated at different temperatures are interpo-
lated onto the atmospheric temperature grid points. The results indicate that the
impact is relatively small, about 1 K for a typical limb simulation at 318 GHz and
about 0.06 for a typical nadir simulation at 190 GHz. However, the temperature
is an important parameter for the cirrus size parameterization. The inclusion of
the temperature grid in ARTS is therefore physically more meaningful for such
applications.
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Figure 5.4: Interpolation errors for a scattering calculation. Left panels: In-
terpolation errors for limb directions. Right panels: Interpolation errors for
down-looking directions. Top: Intensity I, Bottom: Polarization difference Q
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5.2.3 Surface emissivity

The up-welling radiation depends on the value of surface emissivity which varies
depending on surface characteristics like surface type, roughness and temperature.
The effect of surface on the up-welling brightness temperature is very important
in the microwave window regions below 200 GHz. Inn the range 200 - 1000 GHz,
the absorption spectrum is dominated by the water vapor continuum and the
absorption line spectrum. The surface effects are not going to play a major role
in this range except in very dry conditions. For a wet tropical scenario, beyond
200 GHz the effect of surface emissivity is negligible whereas for dry and cold sub-
arctic winter scenario, the effect of surface emissivity in the region 200 - 400 GHz
cannot be neglected.

In ARTS, the upwelling radiation from the surface is calculated as

Iu = Ie +
∑

l

RlI
d
l (5.1)

where Iu is the upwelling Stokes vector, Ie is the surface emission vector and Rl is
the reflection matrix for all downwelling radiations indicated by l. For every prop-
agation path that hits the ground, the direction l is determined and downwelling
radiation is calculated. This is multiplied by the reflection matrix (4 X 4). When
surface polarization effects are not considered, the reflection matrix is assumed to
be diagonal, with the diagonal elements equal to 1 - e, where e is the surface emis-
sivity. When the polarization effects are to be considered, the reflection matrix is
not diagonal.

In this case surface reflection can be equated to a scattering event where the
reflected radiation is linearly dependent on the incident radiation. The vertical
and horizontal reflection coefficients Rv and Rh can be treated analogous to the
amplitude matrix.

S11 = Rv, (5.2)

S22 = Rh, (5.3)

S12 = S21 = 0. (5.4)

The off-diagonal elements are zero for a Fresnel surface which is an ideal surface
that is perfectly smooth.

The vertical and horizontal components of the reflection coefficient Rv and Rh
respectively, for a flat surface are given by the Fresnel equations [Mishchenko et al.,
2000]

Rv =
n2 cos θ1 − n1 cos θ2

n2 cos θ1 + n1 cos θ2
(5.5)

Rh =
n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
(5.6)

(5.7)
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where n1 is refractive index of the medium where the incoming radiation is propa-
gating, and n2 is the refractive index of the reflecting medium.The angle θ1 is the
incident angle (measured from the local surface normal) and θ2 is the propagation
direction for the transmitted part.

According to Snell’s law,

<(n1) sin θ1 = <(n2) sin θ2. (5.8)

This leads to the reflection matrix for a specular surface reflection (analogous to
the phase matrix)[Tsang et al., 1985; Mishchenko et al., 2000].

R =




|Rv |2+|Rh|2
2

|Rv|2−|Rh|2
2 0 0

|Rv |2−|Rh|2
2

|Rv|2+|Rh|2
2 0 0

0 0
RhR

∗
v+RvR∗h

2 i
RhR

∗
v−RvR∗h

2

0 0 i
RvR∗h−RhR∗v

2
RhR

∗
v+RvR∗h

2


 . (5.9)

or the scalar case, the emission term is obtained by multiplying the surface emissiv-
ity by the Planck function corresponding to the surface temperature. The emission
vector has the form

Ie = B(TG)




1− |Rv|2+|Rh|2
2

− |Rv |2−|Rh|22
0
0


 . (5.10)

Here, B(TG) is the Planck function corresponding to the surface temperature TG.

The Fresnel reflectivities can be calculated as a function of frequency and viewing
angle if the permitivity of the surface is known. An emissivity model should be
able to calculate the emissivity depending on the surface characteristics, instru-
ment viewing angles and observation frequencies. The FASTEM emissivity model
[English and Hewison , 1998] calculates the permitivity over ocean surfaces using
laboratory measurement of the Debye parameters. The reflectivity is multiplied
by a small scale roughness factor which is parameterized depending on the wind
speed. Roughness which has a scale larger compared to the wavelength is also mod-
eled based on the wind speed which is added to the the horizontal and vertical
reflectivities. The FASTEM model implemented in ARTS calculates the surface
emissivity based on the frequency, incidence angle, surface temperature and sur-
face wind. Figure 5.5 shows the surface emissivity as a function of frequency at
a satellite incidence angle of 0◦ at surface temperatures 272, 285, 300 K and the
reflectivities as a function of satellite incidence angle at 89 GHz and a surface tem-
perature of 272 K. (A 0 ◦ satellite incidence angle corresponds to nadir viewing.)
At 0 ◦ incidence angle, |Rv|2 = |Rh|2, and the emissivity is obtained as 1− |Rv|2.
The surface emissivity increases as the frequency increases at all temperatures.
At a particular frequency the emissivity decreases as the temperature increases.
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Figure 5.5: The left plot shows the variation of ocean surface emissivity as
a function of frequency at 272, 285, 300 K. The satellite incidence angle is
zero. The right plot shows the Fresnel reflectivities as a function of satellite
incidence angle for 89 GHz.

For a 2-D and 3-D atmosphere, the propagation path does not necessarily hit the
ground at the latitude and longitude grid points. In this case the emissivity has to
be interpolated onto the grid crossing points.

When the calculations are done in the presence of clouds, in order to get the
clear sky field at the boundaries of the cloudbox for scattering calculations, clear
sky radiative transfer calculations are performed with a switched off cloudbox.
This is to avoid cases in which the radiation entering the cloudbox depends on
the radiation from the cloudbox. This is the case that can happen when surface
reflection has to be considered, where the radiation leaving the cloudbox can be
reflected back into the cloudbox by the surface. Therefore, to be formally correct,
the cloudbox has to be extended to the surface. In this way, the surface also can
be treated as a scattering object.

There are some special cases where the cloudbox does not have to be extended to
the surface. One is when the surface is treated as a blackbody in which case there
is no reflection from the surface. The second case is when the optical thickness of
the atmosphere between the surface and the cloudbox is high. In both these special
cases, the gain is that the cloudbox is smaller and the scattering calculations are
faster.
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Figure 5.6: Difference between vector RT and scalar RT calculations for com-
pletely randomly oriented spheroidal particles (aspect ratio 2.0) for 318 GHz
at 13 km altitude.

5.2.4 Scalar simulations

In order to save CPU time and memory one can use the scalar version of the model,
i.e. solving only for the first Stokes component. Figure 5.6 shows the differences
between the scalar and the vector calculations for completely randomly oriented
particles with different effective radii. The maximum difference for limb directions
is 0.01 K and for down-looking directions 7·10−4 K. These small differences show,
that it is not necessary to use the fully polarized vector version to model the
radiative transfer through scattering media with completely randomly oriented
particles. Figure 5.7 shows the equivalent results for horizontally aligned particles.
For down-looking directions the difference is below 0.02 K, but for limb-cases it
can go up to 1.5 K.

5.2.5 Local Cartesian approximation inside the cloud-
box

An approximation in the radiative transfer model that can be used for nadir-
viewing is to consider the atmosphere to be plane parallel. ARTS assumes a spher-
ical atmospheric geometry. This involves the calculation of propagation path at
all grid points, whereas in plane-parallel case, the path length element can be cal-
culated in a very simple way. This can also save computational time, especially
in a 3-D atmosphere. At present, we have a plane-parallel approximation for 1-D
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atmosphere. The accuracy of the plane-parallel approximation is tested for a clear
sky case here. Figure 5.8 shows the difference between spherical and plane-parallel
calculations at different satellite viewing angles.

As expected, the agreement is very close towards nadir directions and maximum
difference between plane-parallel and spherical is found at the largest off-nadir
angle.

As the cloud particles are added, the difference between the plane-parallel and
spherical are about 0.04 K at the nadir itself and at the largest off-nadir about
0.15 K. This is for a cloud particle having an ice water content of 0.04 g/m3

and containing spherical particles following gamma distribution with an effective
radius of about 100 µm. The speed improvement with this method was also not
considerable, therefore the spherical version is used in the retrieval.
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Figure 5.7: Difference between vector RT and scalar RT calculations for hor-
izontally aligned spheroidal particles (aspect ratio 2.0) for 318 GHz at 13 km
altitude.
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Figure 5.8: The difference in brightness temperature between a spherical and
plane parallel calculation at different viewing angles.
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imc (g/m3) reff (µm) cloud height emissivity los

0.05 - 2.8 100 8 - 10 0.7 180
0.4 30 - 200 8 - 10 0.7 180
0.4 100 1 - 3 to 12 - 14 0.7 180
0.4 100 8 - 10 0.4 - 1.0 180
0.4 100 8 - 10 0.7 130 - 180

Table 5.1: The different cloud cases considered in the study

5.2.6 Effect of cirrus clouds on AMSU - B radiance.

Simulation set up

The atmospheric scenarios chosen for this study correspond to tropical and mid-
latitude winter atmospheric conditions taken from FASCOD [Anderson et al.,
1986]. The gaseous species considered are water vapor, oxygen and nitrogen. The
absorption coefficients are calculated according to Rosenkranz [1998] for water
vapor and oxygen and Rosenkranz [1993] for nitrogen.

In the simulations presented here, the cloud properties are varied over a wide
range of possibilities which enables to study the effect of changing a particular
cloud property while all other factors remain constant. The influence on AMSU-B
brightness temperature (TB) due to the change of surface emissivity and different
viewing angles in the presence of clouds is also discussed here. A summary of the
different cases that will be considered is shown in Table 5.1. For all the simulations,
we have considered only one frequency to represent a single AMSU-B channel. The
reason is that the single scattering properties of ice particles do not vary much
within the frequency band.

Effect of ice water path

In this subsection, the effect of ice water path (IWP), which is the integrated
ice mass content (IMC) on the up-welling brightness temperature (TB) will be
discussed. Apart from IMC, all other cloud as well as atmospheric parameters are
kept constant. This case corresponds to the first row of Table 5.1. The IMC is
varied from 0.04 g/m3 to 2.8 g/m3. The cloud is 2 km thick and is placed at an
altitude of 8 - 10 km. The cloud is assumed to be homogeneous in the vertical
direction. It is assumed to consist of spherical ice particles following gamma size
distribution:

n(r) = arαexp(−br) (5.11)
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Figure 5.9: Effect of ice water path on AMSU-B TB for nadir viewing geome-
try. The left plot shows the brightness temperature and the right plot shows
the difference between cloud and clear case. The solid line is for 89 GHz, the
dotted line for 150 GHz, the dashed line for 184 GHz, the dash-dotted line
for 186 GHz, and the dash-dot-dotted line for 190 GHz.

where α is related to the width of the distribution. Here, we have assumed α = 1.
The coefficients a and b are related to the physical quantities effective radius and
IMC. The effective radius, reff is defined as the ratio of the third moment of the
size distribution to the second moment. The value of reff is taken to be 100 µm.
The radius of the ice particles range from 20 to 2000 µm. The surface emissivity
is assumed to be 0.7 and the simulations are done for nadir viewing geometry.
Figure 5.9 shows the effect of increasing ice water path for tropical case. The left
panel shows the brightness temperature and the right panel shows the brightness
temperature depression (∆TB = TB

clear - TB
cloud) for each IWP.

From Figure 5.9 it can be seen that TB decreases almost linearly with IWP for
all the frequencies from 0 kg/m2 up to about 1.0 kg/m2. Thereafter, the decrease
becomes shallow and tends to saturate for higher IWPs. The decrease in TB is due
to the increased scattering by ice particles. The right panel of Figure 5.9 shows that
190 GHz shows the highest ∆TB throughout reaching about 100 K at the highest
IWP considered here. The frequency least affected by change in IWP is 89 GHz.
The maximum ∆TB is about 10 K. The source of radiation for the surface sensitive
frequencies 89 GHz and 150 GHz is the surface emission. This source is larger for
tropical scenarios because of its warm surface temperature. Since the scattering
of radiation in the presence of clouds is proportional to the source, tropical TBs
are more attenuated by clouds compared to a dry mid-latitude winter case. The
maximum ∆TB at 184, 186 and 190 GHz are 55 K, 93 K and 110 K respectively.
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Figure 5.10: Effect of particle size on AMSU-B TB for nadir viewing geometry
for fixed IMC = 0.4 g/m3. The left plot shows the TB and the right plot the
∆TB. The solid line is for 89 GHz, the dotted line for 150 GHz, the dashed
line for 184 GHz, the dash-dotted line for 186 GHz, and the dash-dot-dotted
line for 190 GHz.

The difference between the scenarios for a particular frequency can be explained
with the help of the water vapor Jacobian for channels located at 184,186, and
190 GHz. The channel located at 190 GHz has greater path through the cloud
compared to the ones located at 184 and 186 GHz. The channel located at 184
GHz does not see much of the cloud which explains the low brightness temperature
depression by this channel.

Effect of particle size

The effect of cloud particle size on up-welling TB is discussed in this subsection.
Again all the other parameters are kept constant which corresponds to second row
of Table 5.1. The cloud is assumed to be homogeneous in the vertical with an IMC
of 0.4 g/m3. The cloud is 2 km thick and is placed at an altitude of 8 - 10 km. The
cloud is assumed to consist of gamma distributed spherical particles as explained
in Subsection 5.2.6. The calculations are done for different effective radii ranging
from 30 µm to 200 µm.

Figure 5.10 shows the effect of increasing particle size for the tropical scenario.
From the figure it is clear that increasing the particle size decreases the brightness
temperature. The brightness temperature depression, ∆TB also shows that for all
frequencies ∆TB has a maximum at the maximum particle radius considered here,
200 µm. This is due to increased scattering due to ice particles as the radius of
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Figure 5.11: Effect of cloud altitude on AMSU-B TB for nadir viewing geom-
etry and IMC = 0.4 g/m3. The left plot shows the TB and the right shows the
∆TB. The solid line is for 89 GHz, the dotted line for 150 GHz, the dashed
line for 184 GHz, the dash-dotted line for 186 GHz, and the dash-dot-dotted
line for 190 GHz.

the particle increases. For a given frequency, the scattering cross-section increases
with increasing radius.

Effect of cloud altitude

In this subsection, the effect of cloud altitude on up-welling TB is discussed. All
the other parameters are assumed to be constant as can be seen from the third
row of Table 5.1. For all calculations, the cloud is assumed to consist of gamma
distributed spherical particles with an effective radius of 100 µm. The cloud is
assumed to be homogeneous in the vertical with an IMC of 0.4 g/m3. The cloud
is 2 km thick and is placed at different altitudes as shown in Figure 5.11.

The figure shows the effect of different cloud altitudes for the tropical scenario and
the TB depression. The figures clearly show that 190 GHz is the most sensitive
to different cloud altitudes and 89 GHz is the least sensitive. The figures shown
here are in a way indicative of the altitude each frequency is sensitive to. For the
tropical case, the TB of 184 GHz remains a constant equal to the clear sky case for
cloud base heights up to 6 km. The reason for this is that the lower clouds are not
visible at this frequency. Above this cloud height, it exhibits a TB depression with
a maximum of 27 K when the cloud is placed at the highest altitude considered
here, 12 -14 km (Figure 5.11). For 186 GHz, up to cloud height 3 - 5 km, there is
no change in TB for changes in cloud altitude as this frequency is sensitive only
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Figure 5.12: Effect of surface emissivity on AMSU-B TB for nadir viewing
geometry for IMC = 0.4 g/m3. The left plot shows TB and the right shows
the ∆TB. The symbols ’+’, ’∗’, ’�’, ’♦’, and ’4’ represent the frequencies
89 GHz, 150 GHz, 184 GHz, 186 GHz, and 190 GHz respectively. For cloudy
cases, the symbols are joined by lines.

above about 5 km for the tropical case. Beyond this, there is a steeper depression
up to cloud altitude 9 - 11 km. Thereafter, the TBs tend to a constant value
because the clouds are above the sensing altitude and they have more or less the
same background. Therefore for cloud altitudes above the Jacobian peak, the TBs
remain constant irrespective of the position of the cloud. The maximum depression
is about 30 K at the highest cloud altitude as can be seen from Figure 5.11. For
190 GHz, the depression starts already at the first cloud altitude 1 - 3 km itself.
The steep depression behavior extends up to the cloud altitude of 7 - 9 km. The
maximum depression is about 34 K at the highest cloud altitude. Also for 150
GHz, the TB depression starts with the first cloud altitude (1 - 3 km). The steep
depression behavior extends up to cloud altitude 3 - 5 km and thereafter the TBs
tend to saturate. The maximum depression is about 16 K. For 89 GHz, the effect
of changing cloud altitude is negligible on up-welling TB.

Effect of surface emissivity in the presence of ice clouds

In addition to cloud specific parameters, there are some other atmospheric and
surface properties which affect the up-welling TB. The modification of TB in the
presence of cirrus clouds for different surface emissivity values is investigated here.
All the cloud parameters are kept constant. This case correspond to the fourth
row of Table 5.1.



82 CHAPTER 5. ARTS DEVELOPMENT WORK

For all calculations, the cloud is assumed to consist of gamma distributed spherical
particles with effective radius 100 µm. The cloud is assumed to be homogeneous
in the vertical with an IMC of 0.4 g/m3. The cloud is 2 km thick and is placed
between 8 km and 10 km. All simulations are done for nadir viewing angles.

Figure 5.12 represents the effect of changing surface emissivity on up-welling TB

for the tropical scenario. The symbols ’+’, ’∗’, ’�’, ’♦’, and ’4’ represent the
frequencies 89 GHz, 150 GHz, 184 GHz, 186 GHz, and 190 GHz respectively.
Open symbols represent clear sky simulations and symbols joined by lines represent
simulations in the presence of clouds. 89 GHz and 150 GHz are the only frequencies
affected by the surface. Therefore, the inert behavior of 184 GHz, 186 GHz and
190 GHz is quite the expected one. For both clear and cloudy cases, the TBs do
not vary with varying emissivity values. The effect of cirrus clouds is higher for
these three frequencies, 190 GHz being the most sensitive one.

For 89 GHz and 150 GHz, it can be seen from Figure 5.12 that the TB increases
linearly with the surface emissivity values. The slope is steeper for 89 GHz as
it is more affected by the surface than 150 GHz. The TB depression shows that
the effect of cirrus clouds is smallest for 89 GHz. It is however interesting to note
that the TB depression increases with increasing surface emissivity. The brightness
temperature depression increases from about less than 1 K at an emissivity value of
0.4 to about 3 K for a blackbody ground. For 150 GHz, the TB depression increase
from about 14 K at an emissivity value of 0.4 to about 16 K for a blackbody
ground. The contribution of the surface to 150 GHz is smaller for the wet tropical
scenario compared to the dry the mid-latitude winter scenario.

Modification of limb effect in the presence of ice clouds

The presence of clouds can modify the scan angle dependence of AMSU-B TB.
The simulations for zenith angles from 130◦to 180◦are done for clear as well as
cloudy conditions for mid-latitude and tropical scenarios. This range of zenith
angles covers the AMSU-B scan angles. The cloud is assumed to consist of gamma
distributed spherical particles with effective radius 100 µm and is assumed to be
homogeneous in the vertical with an IMC of 0.4 g/m3. The cloud is 2 km thick
and is placed between 8 km and 10 km. The surface emissivity is set to 0.7.

Figure 5.13 shows the TB at 89 GHz and 150 GHz as a function of zenith angle
for the tropical scenario. The solid line represents the clear sky simulation and
the dashed line represents the simulation in the presence of clouds. From the clear
sky case, it can be seen that as one moves towards off-nadir angles TB increases
which is referred as limb brightening. Though this channel is less sensitive to atmo-
spheric water vapor, the water vapor emission against the cold surface background
increases for longer paths along the atmosphere. In the presence of clouds, the
limb effect is modified. For the tropical scenario, under clear sky conditions, the
difference in TB between nadir and 130◦is 18 K whereas under cloudy conditions,
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Figure 5.13: Limb effect on 89 GHz (left panel) and 150 GHz (right panel)for
clear and cloudy cases. The IMC for cloud case is 0.4 g/m3. The solid line
represents the clear sky case and the dashed line represent the cloudy case.

the difference is reduced to 15 K. The TB depression due to clouds is strongest at
the extreme off-nadir position because of the longer path length through the cloud
which increases the scattering effect.

For 150 GHz under clear sky conditions, as the zenith angle goes from nadir towards
the off-nadir position, TB increases slightly in the beginning, but beyond 140◦, TB

decreases. The simulations in the presence of clouds also show limb darkening. The
limb darkening is only 1K for the clear sky case while it is 15 K for the cloud case.
This case is similar to the water vapor frequencies which will be discussed in the
next paragraph. For the tropical case, 150 GHz does not behave like a pure surface
channel as can be seen from the weighting functions.

All the water vapor frequencies show limb darkening under clear and cloudy con-
ditions. For the clear sky case, this is due to an increase in water vapor absorption
for longer path lengths. For the cloud case, this is due to the combined increase in
water vapor absorption and particle extinction for off-nadir angles. This explains
the increased limb darkening for cloud cases compared to the clear sky cases. The
table 5.2 summarizes the limb darkening effect for the three frequencies, 184 GHz,
186 GHz, and 190 GHz.
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184 GHz 186 GHz 190 GHz

Tropical clear 6.13 6.61 6.4
Tropical cloud 11.78 23.75 30.34

Table 5.2: Limb darkening effect (in K) on 184 GHz, 186 GHz, and 190 GHz
for clear and cloudy cases for a tropical scenario.
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5.2.7 Analysis of polarization using ARTS

The goal of our simulations is to better understand the origin of the polarization
difference Q inside the cloud. As polarization of light evolves from scattering with
small particles, we investigate the effect of changing particle properties on the
polarization difference. Here we look at the dependence of Q on aspect ratio and
sensor height inside the cloud.

Simulation setup

The atmosphere In our calculations, properties and constituents of both at-
mosphere and cloud only vary with altitude (1D atmosphere). This corresponds
to a totally cloud covered earth, which is of course non-realistic. Nevertheless the
scenario is not too different from a largely extended cloud and permits us to in-
vestigate the upper limit of the polarization effect.

The implemented species are H2O, O3, N2 and O2 with profiles taken from
FASCOD-data [Anderson et al., 1986] for midlatitude-summer scenarios. Also the
temperature profile is taken from FASCOD-data. Gas absorption is calculated
using the ARTS-1-0 scalar model based on the HITRAN [Rothman et al., 1998]
molecular spectroscopical database.

The cloud Our calculations are performed with a 1D cloud which extends from
10.6 to 12.3 km altitude and has an ice mass content of 0.05 g

m2 . At the upper
and lower limit of the cloud the IMC decreases linearly to zero. The choice of a
rather high and strong cloud was motivated by the aim to investigate a possible
maximum of polarization signal. The aim of a better understanding of the polar-
ization inside the cloud justifies the assumption of spherical ice particles and a
mono-size-distribution. The radius of the ice particles is fixed at 68.5 µm

Observation setup As we don’t use a pattern for a specific sensor, all quan-
tities shown in this article can be thought of measured by an ideal sensor. It can
be situated in the cloud-box and look into all possible directions.

Calculations are done for two frequencies: 318, 500 GHz.

Numerical issues The calculations presented in this article were performed
with the ARTS-1-1 model [Emde et al., 2004a]. It is a polarized discrete ordinate
scattering model using spherical geometry. The scattering calculations are per-
formed inside a predefined volume named “cloud-box”. Inside this volume the
radiative transfer equation is solved by a Discrete Ordinate ITerative method
(DOIT) [Emde et al., 2004a] . Obviously the cloud-box should surround the re-
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gion where scattering particles, e.g., a cloud, are situated. Outside the cloud-box,
clearsky radiative transfer is performed.

The radiation field inside the cloud-box is represented by a set of Stokes vectors.
In the general case, they are situated on grid points of three predefined grids:
pressure, longitude and latitude. As in the 1D case the radiation depends neither
on longitude nor on latitude, we only need to store a set of Stokes vectors for each
altitude level.

Furthermore Stokes vectors at a certain altitude only depend on the vertical looking
direction, denoted as zenith angle. Due to the anisotropy of the radiation field and
the strong gradient in limb direction, an optimized grid for the calculation of the
scattering integral is needed. The density of grid points is highest around 90◦ zenith
angle.

We used a cloud-box extending from 6 to 16 km. The single scattering proper-
ties of the ice particles are calculated using PyARTS which is using the T-matrix
code from Mishchenko [Mishchenko and Travis , 1998]. The refractive index of ice,
which is used by the T-matrix code is computed using a code developed by War-
ren [Warren , 2000].

Definitions The first component I and the second component Q of the Stokes
vector are defined as:

I = Iv + Ih (5.12)

Q = Iv − Ih (5.13)

I is the intensity of the radiation. Q – the polarization difference – is the difference
between the vertically and the horizontally polarized part of the radiation.

We used two different types of particle orientation. The case of totally randomly
oriented particles is denoted in the following as p20. The case of only azimuthally
randomly oriented particles is denoted as p30.

Results

Consistency Figure 5.14 shows a consistency check for 318 GHz. We calculated
the I and Q field for different particle orientations (p20 and p30) and plotted the
difference. As we are using spherical particles, the I and Q fields are expected
to be the same in both cases and so the difference should be zero. The non-zero
difference shown in the plots can be related to numerical errors.

In figure 5.15 we see the consistency check for 500 GHz. Also in the case of 500 GHz
the numerical errors are negligible. Nevertheless one can observe that the highest
difference occurs for zenith angles around 90◦ in both cases. Above the cloud, the
region of highest inconsistency moves towards zenith angles above 90◦, whereas
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Figure 5.14: Consistency check for 318 GHz. The differences in brightness
temperature of I and Q between the two particle types p20 and p30 are plotted as
a function of height in the atmosphere and zenith angle for 318 GHz

below the cloud, this region is below 90◦ zenith angle. In both cases, the higher
inconsistency can be related to long path-lengths inside the cloud.

Being several orders of magnitude smaller than the values we expect for I and Q,
we assume that our calculations are consistent for both frequencies.

Q dependence on aspect ratio In Figure 5.16 the impact of aspect ratio
on Q is shown for spheroidal particles at 318 GHz for two different looking angles:
91◦ and 93◦. In both cases we observe a varying impact of aspect ratio, with
changing height. The dependency of Q on aspect ratio has the same shape in both
cases. For spherical particles, i.e., an aspect ratio of 1.0, we have always a minimum
of Q. With higher deformation of the particles, Q rises.

In the case of 91◦ the magnitude of Q is higher than for 93◦.

For 91◦ one can see small Q values at heights of 10 and 10.2 km altitude. Here we
see the cloud from below and the impact of particle shape on Q is very small.

With increasing height inside the cloud, both Q and the impact on aspect ratio
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Figure 5.15: Consistency check for 500 GHz. The differences in brightness
temperature of I and Q between the two particle types p20 and p30 are plotted as
a function of height in the atmosphere and zenith angle for 500 GHz

are increasing. A maximum of Q is reached in the middle of the cloud at 11 km
altitude. Nevertheless, we have a maximum of aspect ratio impact near the top of
the cloud at altitudes of about 12 km. Here Q changes sign and we have negative
brightness temperatures of about the same magnitude as the positive values in the
middle of the cloud.

In the case of 93◦, we see the same dependency on aspect ratio for the highest
values of Q again at about 11 km altitude. The smallest values of Q are observed
above the cloud, where we have a relatively strong dependency on aspect ratio.

In figure 5.17 we see the same scenario for the case of azimuthally randomly ori-
ented particles (p30). Here we observe a different dependency of Q on aspect ratio
to the p20 case. The order of magnitude of Q is higher in case of p30. Also the
behavior of Q changes for the different looking angles.

Again the highest polarization difference is found in the middle of the cloud at
11 km altitude for 91◦ zenith angle. In contrast to the p20 case, we also have a
dependency on aspect ratio at altitudes of 10 km, where the sensor is situated
below the cloud. The strongest absolute values we find at 13 km altitude above
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Figure 5.16: Impact of aspect ratio for 318 GHz and p20. The polarization
difference Q in BT is plotted over the aspect ratio. The different lines correspond
to different heights inside the cloud. In the left panel the zenith angle is 91◦ and
in the right panel it is 93◦
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Figure 5.17: Impact of aspect ratio for 318 GHz and p30. The polarization
difference Q in BT is plotted over the aspect ratio. The different lines correspond
to different heights inside the cloud. In the left panel the zenith angle is 91◦ and
in the right panel it is 93◦



90 CHAPTER 5. ARTS DEVELOPMENT WORK

6 7 8 9 10 11 12 13 14 15

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

height [ km ]

BT
 [ 

K 
]

Q za: 90.1° 

318 Ghz
500 Ghz

Figure 5.18: Impact of height on Q for p20. The polarization difference Q
in BT is plotted over the height in the cloud. The different lines correspond to
the frequencies 318 (red line) and 500 GHz (blue line). The dotted vertical lines
represent the cloud

the cloud. Here Q is negative.

For 93◦ zenith angle, one observes only positive Q values. Here the magnitude of
the maximum absolute value of Q is about the same as for the 91◦ case.

There is not the same symmetry in the p30 cases for prolate and oblate particles
as we see in the p20 cases. The absolute value of Q increases differently with
increasing deformation for prolate particles than for oblate particles.

Q dependence on height In Figure 5.18 the polarization difference is plot-
ted versus the sensor height in the cloud for a zenith angle of 90.1◦. As we saw
before, the sign of Q changes inside the cloud. The order of magnitude is higher
for 500 GHz than for 318 GHz.

Below the cloud the polarization difference grows from zero to a maximum value
of Q just below the cloud. The maximum occurs at the same height for both
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frequencies. Then Q decreases and changes sign inside the cloud. The sign-change
occurs for 318 GHz at about 11 km and for 500 GHz at about 11.5 km. Q reaches a
minimum at about 12 km height for both frequencies. Above the cloud Q is equal
to zero, as there are no scattering and thus polarizing particles for a looking angle
of 90.1◦.

A possible explanation for the change of sign can be found by a simple model:
We assume scattering at the sensor inside the cloud at a scattering angle of about
90◦between the direction of the incoming radiation and the looking direction. At
this angle we suppose that the scattered radiation is fully polarized. The electric
field vector of the scattered radiation is perpendicular to the scattering plane.

Furthermore we assume that there are four main directions contributing to the po-
larization difference: incident radiation from above, below, and from the two sides.
Radiation coming from below and above leads to horizontally polarized radiation,
whereas radiation coming from the sides leads to vertically polarized radiation.

In this simple model, the polarization difference evolves from different magnitudes
of two contributions: incident radiation from above and below and incident radia-
tion from the sides.

We will have a positive Q if more radiation comes from the sides as Iv will be
bigger than Ih (see Eq. 5.13). In the case that we have more radiation coming from
above and below, Q will be negative.

In figure 5.19 we plotted the difference between incoming radiation from the sides
and incoming radiation from below and above. The solid angle was fixed at 0.1 sr
for each direction.

We observe a good qualitative agreement inside the cloud where the scattering
occurs. The sign-change happens at about the same altitude as for Q for both
frequencies. Also the higher polarization difference in the case of 500 GHz is re-
produced by a higher magnitude of the difference of the contributions in figure
5.19.

From the difference to the clearsky cases we see that the cloud changes the amount
of incoming radiation significantly. In both cases (318 and 500 GHz), in the lower
part of the cloud, the radiation coming from the sides is higher for the cloudy
cases than for the clearsky cases. In the upper part of the cloud, scattering leads
to a higher contribution from above and below than from the sides. Therefore an
explanation in the simple model is only possible with the incoming radiation of
the cloudy cases.

Outside the cloud the simple model is not valid, as there are no scattering particles.
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Summary and Outlook

We observed a relatively weak dependence of Q on aspect ratio in the case of totally
randomly oriented particles (p20). In the case of azimuthally randomly oriented
particles (p30) the dependence of Q on aspect ratio is higher.

In addition the magnitude of Q depends strongly on the sensor height. Inside
the cloud the origin of Q is explicable by a simple model in the case of spherical
particles and for a looking angle of about 90◦.

Further investigations are needed to better understand the formation of polariza-
tion difference inside the cloud. The dependency of Q on frequency, particle size
(and therefore Mie-parameter), gas absorption, particle orientation and ice mass
content will be investigated.



5.3. SUMMARY 93

The investigation of the validity of the simple model for polarization difference will
be performed for these cases.

5.3 Summary

ARTS is a modular program and can be run in different modes. The computation
(CPU) time depends very much upon the chosen set-up, whether one uses the 1D-
or the 3D-mode, or selects the polarized or the unpolarized mode. The DOIT-3D
model however is very inefficient for 3D cloud domains, so that for such cases the
3D-Monte Carlo algorithm should be used. ARTS-MC is capable of simulating
observations of ”large” detailed 3D scenarios (e.g. 220x180x60), in a matter of
seconds. CPU time can also be reduced by calculating two instead of all four Stokes
components. The accuracy of the results is not affected, as long as U and V are
negligible. Grid optimization is very important for both accuracy and computation
time. Overall, the 1D model, with or without polarization is rather efficient and
can be used for example to calculate full frequency spectra. This model is used for
generating the database for the retrieval of cloud properties.

The developments achieved during the study can be summarised like this

• Both DOIT and MC scattering modules are successfully implemented in
ARTS

• Considerable speed improvement for the ARTS-DOIT 1D

• ARTS can be used for non-spherical oriented particle types

• Polarisation due to these particle types can also be studied using ARTS

• For 3D calculations ARTS-MC has to be used

• ARTS is ready to be used for retrieval purposes

• Updated User Guide, Documentations and control file examples

The ARTS package, which includes besides the scattering tools (Monte Carlo and
DOIT) various functions for clear sky radiative transfer and sensor modeling, is
freely available under the Gnu General Public License and can be downloaded from
http://www.sat.uni-bremen.de/arts/. The ARTS User Guide is also available
with the package and can also be downloaded from the above webpage.

http://www.sat.uni-bremen.de/arts/


Chapter 6

T-matrix single scattering tool:
PyARTS

6.1 Introduction

The T-matrix scattering property tool referred to in the study proposal is provided
with a broader suite of python modules called PyARTS. The contents of the PyARTS
package is introduced in section 5.2. In the subsequent sections, to save space,
only the components of PyARTS that are closely related to the original WP 3.1.3
definition will be described in detail. i.e. ARTS single scattering data generation
via the T-matrix method. More information on the rest of PyARTS can be found
in the PyARTS user guide.

6.1.1 Why Python?

The following are some of the reasons that make Python an attractive language
for scientific computing

• straightforward incorporation of FORTRAN code

• elegant syntax

• Fully object oriented

• Interactive

• comprehensive standard library
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• powerful, and freely available third-party scientific packages
(SciPy, matplotlib)

• platform independent

• straightforward package distribution

• FREE

In the case of PyARTS, the choice of Python was primarily based on the first
point, which was very important given the reliance upon pre-existing FORTRAN
code, and also the last point, which removes an important obstruction in the
sharing of code between scientists. Interactivity, and the availability of high level,
well documented libraries, contributed to the rapid development of the PyARTS
package.

6.1.2 Downloading PyARTS

The package is available via anonymous CVS from the ARTS web-
site. To check out the package, follow the instructions given at
http://www.sat.uni-bremen.de/arts/download.php, but give “PyARTS” in-
stead of “arts” as the module name.

Although getting PyARTS by cvs is recommended, an up-
to-date but untested source distribution can be found at
http://www.met.ed.ac.uk/˜cdavis/PyARTS/latest

6.1.3 Prerequisites

• Python 2.3, <http://www.python.org> (you will probably have
this already)

• Numeric Python <http://www.numpy.org/>

• A fortran compiler

• f2py <http://cens.ioc.ee/projects/f2py2e/>

• scipy <http://www.scipy.org>

• matplotlib <http://matplotlib.sourceforge.net/>

http://www.sat.uni-bremen.de/arts/download.php
http://www.met.ed.ac.uk/~cdavis/PyARTS/latest
http://www.python.org
http://www.numpy.org/
http://cens.ioc.ee/projects/f2py2e/
http://www.scipy.org
http://matplotlib.sourceforge.net/
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6.1.4 Installation

Once all of the above prerequisites installed, and PyARTS has been downloaded,
typing.

python setup.py install --home=˜

in the PyARTS case directory will install the package in ˜/lib/python and also
it will but some scripts in ˜/bin. If the --home argument is omitted python will
try and install the modules in the standard 3rd party location (something like
/usr/lib/python2.2/site-packages.

6.1.5 Unit testing

There are several unit tests in the test/ folder of the distribution. These test both
both the functionality and accuracy of the software. To run them all, and check
that your installation is OK, type

python testall.py -v

PyARTS has been developed with the stipulation that these tests all pass before
changes are committed to CVS. This ensures the functionality of the CVS version
of the package.

6.1.6 Examples

Some example scripts are provided in the examples/ folder. These all should work
as they only depend on data provided in the data/ folder. The testall.py script
described above actually verifies that the examples run without error.

6.1.7 Documentation

Most modules in the package have reasonably complete docstring documentation.
This means that in an interactive python session, online help on a given PyARTS
class or function can be obtained by typing

>>> help(PyARTS_function_or_class)

.
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The docstring documentation can also be viewed in easily navigatable html docu-
ments by doing the following:

<wherever your python stuff is>/pydoc.py -p 1234

and open http://localhost:1234 in your web browser.

There is a user guide in the doc/ folder of the distribu-
tion. A recent version of this document can be found at
http://www.met.ed.ac.uk/˜cdavis/PyARTS/userguide.pdf.

6.2 PyARTS package contents

6.2.1 Introduction

PyARTS is a python package, which has been developed to complement the Atmo-
spheric Radiative Transfer System - ARTS (http://www.sat.uni-bremen.de/arts/).
Although ARTS is very flexible software, it’s primary function currently is to per-
form radiative transfer simulations for a given atmospheric state. PyARTS simpli-
fies the process of creating these atmospheric scenarios, and also provides a front-
end to the ARTS software for convenient configuration and execution of ARTS
radiative transfer calculations.

PyARTS includes two high-level modules that provide most of the functionality
needed for the preparation and execution of ARTS simulations:

clouds produces arbitrarily complex multi-phase multi-habit cloud fields for arts
simulations. This includes the generation of single scattering properties of
non-spherical ice particles and the generation of particle number density
fields for given ice and liquid water content fields. clouds also provides con-
venience functions for producing simple 1D and 3D box cloud scenarios.

arts contains classes and functions that actually perform ARTS simulations. The
ArtsRun class provides general functionality for configuring, performing, and
managing the output of ARTS simulations.

There are several lower-level modules that, as well as serving the arts and cloud
modules, are also useful in their own right:

arts scat provides functions and classes for the calculation of single scattering
properties of ice and liquid water hydrometeors.

http://www.met.ed.ac.uk/~cdavis/PyARTS/userguide.pdf._
http://www.sat.uni-bremen.de/arts/
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arts types provides support for the manipulation, loading, and saving in ARTS
XML format of some ARTS classes, e.g, ArrayOfGriddedField3, Gridded-
Field3, and also the generation of gaseous absorption lookup tables

artsXML provides general XML input and output that can be used for all ARTS
objects.

arts math provides several interpolation, quadrature, and grid creation func-
tions.

general a general purpose module that includes simplified pickling/unpickling
functions for saving arbitrarily complex python objects, and functions for
performing multi-threaded calculations.

sli contains the SLIData2 class which generates almost optimal grids for 2D se-
quential linear interpolation. SLI can be used by the ARTS-MC algorithm
for the rapid calculation of incoming radiation at the cloudbox boundary.

plotting general purpose plotting functions and functions for plotting ARTS re-
lated quantities (requires matplotlib)

6.3 The clouds module

This module includes functions and classes representing 3D clouds and cloud mi-
crophysics. This module has all you need for the generation of scattering data files
(via the arts scat module) and particle number density fields, which enable the
representation of 3D cloud fields in ARTS simulations

Example of use: a 3D ice and liquid cloud field.

1. load iwc and lwc fields from TRMM data

>>> from PyARTS import *

>>> iwc_field=arts_types.GriddedField3().load(’../016/iwc_field.xml’)

>>> lwc_field=arts_types.GriddedField3().load(’../016/lwc_field.xml’)

2. load temperature field I prepared earlier

>>> t_field=arts_types.GriddedField3().load(’t_field.xml’)

3. Define hydrometeors
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>>> ice_column=clouds.Crystal(NP=-2,aspect_ratio=0.5,ptype=30,npoints=10)

>>> water_droplet=clouds.Droplet(c1=6,c2=1,rc=20)

4. Create cloud field

>>> a_cloud=clouds.Cloud(t_field=t_field,iwc_field=iwc_field,lwc_field=lwc_field)

5. add hydrometeors

>>> a_cloud.addHydrometeor(ice_column,habit_fraction=1.0)

>>> a_cloud.addHydrometeor(water_droplet,habit_fraction=1.0)

6. generate (or find existing) single scattering data

>>> a_cloud.scat_file_gen(f_grid=[200e9,201e9],num_proc=2)

7. generate pnd fields

>>> a_cloud.pnd_field_gen(’pnd_field.xml’)

8. save cloud object for later

>>> quickpickle(a_cloud,’Cloud3D.pickle’)

6.3.1 Cloud objects

A high level class for the generation of ARTS cloud field data. A Cloud object is
initialised with up to three arts type.GriddedField3 objects representing 3D tem-
perature, ice water content, and liquid water content fields. The temperature field
is compulsory but either IWC or LWC may be omitted. Droplet or Crystal objects
can then be added to the Cloud Object using the addHydrometeor method. The
user is encouraged to create their own Hydrometeor classes (all that is required is
that they have scat calc and pnd calc methods with the same input/output argu-
ments). The scat file gen and pnd field gen methods create the single scattering
data files and particle number density files required to represent the cloud field in
ARTS simulations.
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Selected methods

clouds.Cloud.addHydrometeor (self, hydrometeor, habit fraction =1.0): Adds
a hydrometeor (e.g. a Droplet or Crystal object) to the cloud object. The
habit fraction argument allows the implementation of multi-habit ice clouds.
The habit fractions for all of the added Crystal objects should add up to 1.0.
Otherwise the specified iwc field will not be reproduced.

clouds.Cloud.pnd field gen (self, filename =): Calculates the pnd data re-
quired to represent the cloud field in an ARTS simulation. This produces an
arts types.ArrayOfGriddedField3 object, which has the same number of ele-
ments as the scat files data member. This is stored in the pnd data member
and output to filename in ARTS XML format.

clouds.Cloud.scat file gen (self, f grid, za grid =[ 0, 10, 20 ...], aa grid =[
0, 10, 20 ...], num proc =1): Calculates all of the single scattering data
files required to represent the cloud field in an ARTS simulation. The
file names are stored in the scat files data member. The input arguments
are f grid,T grid,za grid, and aa grid: numpy arrays determining the corre-
sponding data in the arts scat.SingleScatteringData objects. The optional
argument num proc determines the number of processes used to complete
the task.

6.3.2 Hydrometeor objects

Crystal

produces scattering data and pnd fields for ice clouds The size distribution is
the McFarquhar- Heymsfield 1997 distribution (see clouds.mh97, as used in the
EOSMLS cloudy-sky forward model. A Crystal object is initialised with the par-
ticle parameters ptype, aspect ratio, NP, which have the same meaning as in
arts scat.SingleScatteringData objects. equivalent particle radii and pnd values
are determined from the abscissas and weights for an npoints Laguerre Gauss
quadrature, to give npoints arts scat.SingleScatteringData objects, and a pnd field
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corresponding to these particles. The methods scat calc and pnd calc are called by
the parent Cloud object

Droplet

produces scattering data and pnd fields for liquid water clouds. The size distri-
bution is the modified gamma distribution of Nioku, as used in the EOSMLS
cloudy-sky forward model. A Droplet object is initialised with the distribution
parameters c1, c2, and rc. Some suggested values for these parameters are:

• Stratus (rc=10 micron, c1=6, c2=1)

• Cumulus Congestus (rc=20 micron, c1=5, c2= 0.5).

Scattering properties are integrated over the size distribution using an npoints
Laguerre Gauss quadrature, to give a one arts scat.SingleScatteringData

object. T grid is an optional initialisation argument which overides the default
temperature grid ([260,280,300,320]) for scattering data file generation. The pnd
field is then simply scaled by the lwc field. The methods scat calc and pnd calc
are called by the parent Cloud object

Gamma

produces scattering data and pnd fields for a gamma distribution of either ice or liq-

uid water clouds. The size distribution function is given by n(r) = N0
( r
β

)γ−1 exp(− r
β

)

βΓ(γ)

,where γ is the shape parameter, and β =
reff
γ+2

A Gamma object is initialised with the distribution parameters r eff (effective ra-
dius), and shape parameter g(γ). T grid is required, as is the phase argument
(’ice’,’liquid’). These two arguments need to be consistent. Scattering properties
are integrated over the size distribution using an npoints Laguerre Gauss quadra-
ture, to give a one arts scat.SingleScatteringData object. The pnd field is then
simply scaled by the iwc field (or) lwc field. The methods scat calc and pnd calc
are called by the parent Cloud object

MonoCrystal

produces scattering data and pnd fields for ice clouds with particles of only one
size
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6.3.3 Selected functions

clouds.boxcloud (ztopkm, zbottomkm, lat1, lat2, lon1, lon2, cb size, zfile,
tfile, IWC =None, LWC =None): Return a box shaped Cloud object.
ztopkm,zbottomkm,lat1,lat2,lon1,lon2, IWC, LWC are Numeric values,
cb size is a dictionary with keys ’np’,’nlat’, and ’nlon’

clouds.gamma dist (r, CWC, r eff, g, phase =ice): Gamma distribution. Re-
turns an array of particle number densities, for an array of particle radii, r,
according to the Gamma size distribution,

n(r) = N0

( rβ )γ−1 exp(− r
β )

βΓ(γ)

,where γ is the shape parameter, and β =
reff
γ+2 . Arguments: r, array of

particle radii; CWC, cloud water content gm−3; r eff, effective radius; g (γ),
shape parameter

clouds.mh97 (IWC, r, TK ): MH97 McFarquhar and Heymsfield 1997’s particle
size distribution Usage: n,integrated n=mh97(IWC,r,TK). Arguments:
IWC, ice water content in gm−3; r, Array of radii in microns; TK, tempera-
ture in Kelvin; n, number density in l−1mm−1 (or m−3µm−1); integrated n,
integrated number density in each size bin in m−3. Equation: The MH97
size distribution is given by the sum of a gamma distribution for small par-
ticles and a log-normal distribution for large particles. The small particle
gamma component is

N(Dm) =
6IWC<100α

5
<100Dm

πρiceΓ(5)
exp (−α<100Dm)

, and the large particle lognormal component is

N(Dm) =
6IWC>100

π1.5ρice
√

2 exp
(
3µ> 100 + 4.5σ2

>100

)
Dmσ>100D3

0

exp


−1

2

(
log Dm

D0
− µ> 100

σ>100

)2



For details see McFarquhar and Heymsfield [1997].
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clouds.nioku (LWC, r, rc, c1, c2 ): The modified gamma size distribution for wa-
ter droplets as given in the MLS cloudy sky ATBD. The units are l−1mm−1

(or m−3µm−1)
n(r) = Arc1 exp (−Brc2)

, where

A =
3LWCc2B

c1+4.0
c2 imes1012

4πΓ
(
c1+4.0
c2

)

,and B = c1
c2r

c2
c

Arguments: LWC, ice water content in gm−3; r, Array of

radii in microns; rc,c1,c2, size distribution paramaters. Some suggested val-
ues for these parameters are: Stratus (rc=10 micron, c1=6, c2=1), Cumulus
Congestus (rc=20 micron, c1=5, c2= 0.5).

6.3.4 Algorithm description and theoretical basis

How Cloud and Hydrometeor objects interact

The Cloud class, and the various hydrometeor classes (see Hydrometeor objects),
aim to make it easy to construct arts scenarios from IWC/LWC fields, such as
those obtained from NWP/GCM model output, and to be flexible and simple in
the application of different microphysical regimes.

Examination of the Cloud source code reveals a very simple class. A Cloud object
contains a data member hydrometeors which is a list of hydrometeor objects. The
Cloud.scat file gen and Cloud.pnd field gen methods simply iterate through this
list, calling the scat calc, and pnd calc methods of each hydrometeor object. This
results in a list of scattering data files, and the particle number density field for
the scenario. The only requirement for the hydrometeor objects is that they have
the methods scat calc, and pnd calc methods, which have the same arguments as
e.g. Crystal objects...

clouds.Crystal.scat calc (self, f grid, za grid =[ 0, 10, 20 ...], aa grid =[ 0, 10,
20 ...], num proc =1): produces npoints scattering data objects, and returns
a list (length=npoints) of scattering data files

clouds.Crystal.pnd calc (self, LWC field, IWC field, T field): Returns a list
(length=npoints) of pnd fields (GriddedField3), given LWC, IWC and tem-
perature fields (all GriddedField3)
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This system should allow for the straightforward implementation of new user-
defined microphysical regimes.

Using Laguerre - Gauss Quadrature to represent scattering prop-
erties of particle polydispersions

Previously the method for calculating particle number densities (PND) has been
sub-optimal. We arbitrarily chose a set of particle sizes, and took bin boundaries
between them to give our size bins. The particle size distribution function was then
integrated over the size bin to give the particle number density for each size. These
PNDs were then all scaled so that IWC was conserved. This method is inelegant :
there is no satisfactory way of determining the sizebins / bin points, which led to
the choice of a large number (40) of size bins for safety, and is unnecessarily costly.

The theory of Gaussian quadrature states that for an N point method, the ap-
proximation,

∫ ∞

0
xa exp(−x)f(x)dx ∼=

N∑

i=1

wif(xi) (6.1)

, is exact if f(x) is a polynomial of order up to 2N−1. The weighting function on the
left is closely related to Gaussian distribution and modified Gaussian distributions
often found in cloud particle size distributions. The xa term can accommodate
some of the radial dependency (eg r2, r3, r6) of single scattering properties.

Given that our particle number densities are used to calculate some single scat-
tering property Φ, for a polydisperion with some size distribution function n(r),
then in ARTS we will be calculating

∫ ∞

0
n(r)Φ(r)dr =

∫ ∞

0

n(r)

xa exp(−x)
xa exp(−x)Φ(r)

dr

dx
dx (6.2)

∼=
N∑

i=1

win(ri)

xai exp(−xi)

(
dr

dx

)

i

Φ(ri)

, where r and x are related by a simple transformation, the exact form of which
is determined by the size distribution. The method will be most successful if

n(r)
xa exp(−x)

dr
dxΦ(r) can be well approximated by a polynomial. Eq. 2 suggests that

we represent the polydispersion using a set of N particles with sizes given by the
Gauss-Laguerre abscissa, xi, and for each particle, i, the particle number density
is given by

PNDi =
win(ri)

xai exp(−xi)

(
dr

dx

)

i

(6.3)

Calculation of abscissas and weights for Gauss-Laguerre quadrature is done using
the scipy function special.laguerre
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A demonstration

Figure 6.1 indicates that 3 quadrature points (and hence particle types in ARTS)
is sufficient for calculating the single scattering properties of liquid water clouds
obeying a modified gamma distribution. Reducing the number of particles needed
in ARTS simulations improves performance of both ARTS-MC and ARTS-DOIT
scattering modules.

Implementation in Droplet and Gamma objects

Gamma hydrometeors, and Droplet hydrometeors, which use a modified gamma
size distribution, are economical because the non-linear factors in the size dis-
tribution function are considered independent of the atmospheric field variables
(IWC, LWC, and T ). This means clouds have the same normalised size distribu-
tion at all positions, where size distribution is then scaled to give the correct LWC
or IWC. This allows us to use a single particle type, with the scattering properties
corresponding to an IWC/LWC of 1 gm−3. The PND field is then identical to the
IWC/LWC field.

Implementation in Crystal objects

Crystal hydrometeor objects use the MacFarquhar and Heymsfield (1997) size dis-
tribution which was obtained from aircraft measurements in tropical cirrus. This
correlation (see clouds.mh97) is clearly more complicated than the exponential
form best suited for Laguerre Gauss quadrature. However Laguerre Gauss quadra-
ture still seems a good choice given MH97’s use of the gamma distribution for small
particles. For ARTS we require a finite, and as small as possible, number of particle
types. In Eq. 2 we use the transformation x = 2αr. Since the exponential term
in the MH97 gamma component depends on IWC we have to choose a suitable
value for α, that will give accurate quadrature for the range of IWC encountered,
using a minimum number of quadrature points (particle types). The likely range
of values for α<100 in MH97, led to the choice of α = 0.02. A simple test, involv-
ing calculating IWC using Laguerre Gauss quadrature for a range of input IWC,
showed that α = 0.02 resulted in errors of 1% for IWC=1 gm−3 and N=4, and 1%
for IWC=0.1 gm−3 and N=7. By default the Crystal class uses N =10 quadrature
points (particle types).
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Figure 6.1: The scattering matrix for liquid spheres, with a liquid water
content of 1 gm−3, using a modified gamma size distribution. The x- axes
represent the number of quadrature points, and the different lines on each
plot are for different scattering angles.
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6.4 The arts scat module

Implementation of the ARTS Single Scattering Data class. Although this module
is used as a back-end to the clouds module, it can be used to easily generate single
scattering properties for single hydrometeors.

This example generates single scattering properties for a randomly oriented ice
spheroid and saves them in an ART XML File

>>> from PyARTS import arts_scat

>>> #define the scattering parameters

>>> scat_params={’ptype’:20,’equiv_radius’:300,’aspect_ratio’:0.3,

’f_grid’:[230e9,240e9],’T_grid’:[220,250],’NP’:-1,

’phase’:’ice’}

>>> #show off by doing everything in one line

>>> arts_scat.SingleScatteringData(scat_params).calc().save(’a_scattering_data_file.xml’)

If you wanted to manipulate the data you would do something like ...

>>> a=arts_scat.SingleScatteringData(scat_params).calc()

...and the scattering properties are in a.pha mat data, a.ext mat data and
a.abs vec data.

6.4.1 SingleScatteringData objects

The class representing the arts SingleScatteringData class. The data members of
this object are identical to the class of the same name in ARTS; it includes all the
single scattering properties required for polarized radiative transfer calculations:
the extinction matrix, the phase matrix, and the absorption coefficient vector.
The angular, frequency, and temperature grids for which these are defined are
also included. Another data member - ptype, describes the orientational symmetry
of the particle ensemble, which determines the format of the single scattering
properties. The data structure of the ARTS SingleScatteringData class is described
in the ARTS User Guide.
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The methods in the arts scat SingleScatteringData class enable the calculation
of the single scattering properties, and the output of the SingleScatteringData
structure in the ARTS XML format (see example file).

Selected methods

arts scat.SingleScatteringData. init (self, params ={}): A SingleScatter-
ingData object is initialised with a dictionary of {keyword :value} parame-
ters. If this dictionary is omitted, or if any required parameters are missing
from the dictionary, default parameters are used. This is a little danger-
ous - I might disable the defaults. After initialisation these parameters (eg:
equiv radius, aspect ratio,...) can be changed by modifying the params mem-
ber dictionary, although I prefer to create a new SingleScatteringData object
for each set of parameters.

arts scat.SingleScatteringData.calc (self, precision =0.001): Calculates the
extinction matrix, phase matrix, and absorption vector data required for an
arts single scattering data file

arts scat.SingleScatteringData.generate (self, precision =0.001): performs
calc() and save with a filename generated from particle parameters

arts scat.SingleScatteringData.load (self, filename, parse params =False):
loads a SingleScatteringData object from an existing file. Note that this
can only import data members that are actually in the file - so the scatter-
ing properties won’t be consistent with the params data member, unless you
specify the optional parse params argument to be True (default = False).
This will extract the params dictionary that was printed in the description
field when the file was created This will only work with a file that was created
with the arts scat module

arts scat.SingleScatteringData.save (self, filename): Writes single data to
<filename> in an arts readable XML format

6.4.2 Selected functions

arts scat.batch generate (argdict, num proc): This function takes a dictionary
with keys: [’T grid’, ’aa grid’, ’NP’, ’equiv radius’, ’aspect ratio’, ’f grid’,
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’ptype’, ’za grid’] (just like the SingleScatteringData parameters). How-
ever in this case the values for [’T grid’, ’NP’, ’equiv radius’, ’aspect ratio’,
’f grid’,’ptype’] are lists. batch generate cascades through these settings gen-
erating scattering data files for each combination. The order of calculation
is according to the hierarchy: [’f grid’,’T grid’, ’ptype’, ’NP’, ’aspect ratio’,
’equiv radius’] with ’equiv radius’ changing the fastest. These calculations
can be done in num proc parallel processes. A list of filenames (with an order
corresponding to the above hierarchy) is returned

arts scat.combine (scat data list, pnd vec): Returns a single SingleScattering-
Data object obtained by summing over a list of SingleScatteringData ob-
jects, each one multiplied by the corresponding element in a vector of par-
ticle number densities. Currently this function requires that all members of
scat data list have the same value of ptype, and the same angular grids

arts scat.refice (freq, temp): A wrapper for the REFICE fortran program - this
time with frequency and temperature as the arguments, and a python ex-
ception is raised if inputs are out of range. freq in Hz, temp in K

arts scat.refliquid (freq, temp): Calculates the refractive index of liquid water,
according to a model based on those of Liebe and Hufford, as used in the
EOSMLS scattering code. This has been checked with Table C-1 in the
cloudy ATBD. freq in Hz, temp in K

arts scat.tmat fxd (equiv radius, aspect ratio, NP, lam, mrr, mri, precision,
use quad =0): A simplified interface to the tmatrix.tmatrix function

arts scat.tmat rnd (equiv radius, aspect ratio, NP, lam, mrr, mri, precision,
nza, use quad =0): A simplified interface to the tmd.tmd function

arts scat.phasmat (LAM, THET0, THET, PHI0, PHI, BETA, alpha): Calcu-
lates the phase matrix and returns it in m2. This requires that the Tmatrix
has already been calculated. See arts scat.extmat for argument descriptions

arts scat.extmat (NMAX, LAM, THET0, PHI0, BETA, alpha): Calculate the
extinction matrix for a given wavelength (LAM), and a propagation di-
rection given by zenith angle (THET0) and azimuthal angle (PHI0) ,
both in degrees. BETA and alpha give the particles orientation (These
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angles are defined as in Mishchenkos paper Mishchenko [2000]). The out-
put is a 1D array with the 7 independent extinction matrix elements
[KJJ,K12,K13,K14,K23,K24,K34] in m2. To call this method you must first
call tmat fxd

6.4.3 Algorithm and theoretical basis

Single Scattering Properties

The single scattering data is calculated using the T -matrix method. For details
of the T -matrix method, please consult the references mentioned in the following
sections.

ptype=20

In the ptype=20 case, where we have completely random orientation, we use
a slightly modified version of Mishchenko’s random orientation T-matrix code
[Mishchenko and Travis , 1998]. Mischenko’s source code has been altered to pro-
vide a python extension module, tmd.so, which contains the function tmd. This
function returns the scattering cross-section, Csca, the extinction cross-section,
Cext, and the scattering matrix elements, F11, F22, F33, F44, F12, F34. This func-
tion is called by the SingleScatteringData.calc() method, and it is not intended for
tmd.tmd to be called directly by the user. SingleScatteringData.calc() calls
tmd.tmd with arguments suitable for a monodispersion of particle sizes, as this
allows a consistent interface for both ptype=20 and ptype=30. Size distributions
of both these particle types can be handled by the clouds module. However, if you
want to use the size distribution capabilities of Mishchenko’s code, the tmd.tmd

function can be called directly. See the pydoc documentation for the argument list
and Mishchenko and Travis [1998] for the argument definitions.

ptype=30

For ptype=30, where there is horizontal alignment, but random azimuthal ori-
entation, we use a modified version the fixed orientation code of Mishchenko
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Mishchenko [2000]. Mischenko’s source code has been altered to provide a python
extension module, tmatrix.so, which contains the functions tmatrix and ampld.
tmatrix.tmatrix calculates the T -matrix for given particle and radiation pa-
rameters, and stores this in the data structure tmatrix.tmat. The function
tmatrix.ampl, uses the T -matrix data to calculate the scattering amplitude func-
tion S(n,n′, α, β), for given incident, n, and scattered, n′, directions, and ori-
entation angles α, and β. This arrangement makes use of the fact that the T -
matrix need only be calculated once for a given particle and frequency, to get
single scattering properties for a range of directions and particle orientations.
From S(n,n′, α, β), it is straightforward to get the extinction matrix K(n), and
phase matrix Z(n,n′); for details see Mishchenko [2000]. Again, the tmatrix mod-
ule is not intended for the user; the functions mentioned above are called within
SingleScatteringData.calc().

The purpose of the ptype=30 case in the SingleScatteringData python class is to
represent scattering by horizontally aligned particles. This means that oblate par-
ticles (aspect ratio > 1) have their rotation axis parallel to the local zenith. In
the notation of Mishchenko [2000], this corresponds to an orientation angle β = 0,
which makes the orientation angle α irrelevant due to the rotational symmetry of
the particle. Conversely, prolate particles have the axis of rotation perpendicular to
the local zenith. This means that in the case of horizontally aligned prolate parti-
cles, scattering properties must be averaged over all possible azimuth orientations,
α, with β = π/2.

Orientation Averaging

This section only applies to horizontally aligned prolate particles. The orientation-
ally averaged extinction matrix is obtained from the averaged T -matrix, which can
be calculated ‘exactly’ from a single T -matrix calculation according to the ana-
lytic method described in Mishchenko [1991]. This is implemented in the function
tmatrix.avgTmatrix. Unfortunately the orientationally average T -matrix is not
useful for calculating the orientationally averaged phase matrix. In short this is
because unlike the extinction matrix, phase matrix elements can not be expressed
as linear expansions of T -matrix elements. Therefore 〈Z(n,n′)〉 must be obtained
by numerical integration.

〈
Z(n,n′)

〉
=

1

π

∫ π

0
Z(n,n′, β = π/2, α)dα

Several quadrature routines have been trialed for this integration. To date, by
far the best in terms of accuracy and speed has been Gauss Legendre quadrature
Press et al. [1992]. In this case we use a 10 point quadrature. This is implemented
by the gauss leg function in the arts math module.
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Calculation of the absorption coefficient vector

Calculation of the absorption coefficient vector is the most taxing part of the
arts scat.SingleScatteringData calculations, particularly for prolate p30 particles.
For p20 particles we have simply the absorption cross-section, Ka1 = Cext − Csca,
where the values on the RHS are obtained directly from tmd.tmd

However, for p30 particles, the absorption coefficient vector is given by

Kai = 〈Ki1(n)〉 −
∫

4π
d(n′)

〈
Zi1(n,n′)

〉
(6.4)

= 〈Ki1(n)〉 − 2

∫

π
d∆φ

∫

π
dθ′
〈
Zi1(θ,∆φ, θ′)

〉
sin(θ′)

The integration is performed using multi-dimensional Gauss-Legendre quadrature,
which is implemented as the multi gauss leg function in the arts math module. In
the case of prolate particles, the evaluation of 〈Zi1(θ,∆φ, θ′)〉 requires integration
over azimuthal orientation. For this reason, the integration in Eq. 4 is done using
6 point Gaussian quadrature, whereas for oblate particles we use the 10 point
method.

Refractive Index of Ice and Liquid Water

The calculation of single scattering properties for ice and liquid hydrometeors
requires knowledge of the complex refractive index of the material in question. For
both ice and liquid water the complex refractive index is a function of temperature
and frequency.

PyArts incorporates the fortran code, REFICE.f of Stephen Warren, Warren Wis-
combe, and Bo-Cai Gao to calculate the refractive index of ice at a given frequency
and temperature. This is most easily accessed by the function refice (see above) in
the arts scat module. This function looks up tables based mainly on the tabulated
data of Warren [2000]. REFICE.f has incorporated data published since Warren’s
paper, but this is not in the mm-submm range. Stephen Warren has suggested
that the data of Maetzler and Wegmueller [1987], be consulted for the microwave
region. This has not been implemented in the REFICE extension model.

Figure 2 was generated by the script plot refr ind.py, which is in the “examples”
directory of the PyARTS distribution.

For liquid cloud droplets, the complex refractive index is calculated according to
the model described in the EOS-MLS Cloudy-Sky ATBD, which is based on the
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Figure 6.2: Output of examples/plot refr ind.py

empirical model of Liebe et al. [1989] and Hufford [1991]. This is implemented in
the arts scat.refliquid function described above.

6.4.4 The range of convergent size parameters and as-
pect ratios for ice crystal optical property gen-
eration

The original T -matrix fortran codes have been modified to call subroutines in the
LAPACK library. This gives the same extended range of convergent size parameters
and aspect ratios as the optional NAG enhancements described in Mishchenko’s
papers.

Figure 3 shows the minimum integer size parameters, for a range of aspect ratios,
that cause convergence failures in the PyARTS implementation of the T-matrix
codes. Here the complex refractive index is given by ...

>>> from PyARTS.arts_scat import *

>>> T=240 #temperature

>>> f=300e9 #frequency

>>> m=refice(f,T) #refractive index of ice using Warren(1984)

>>> print m

(1.78117084503+0.00504761422053j)

The convergence failure parameters shown in Figure 3 were obtained by the script
tmat limits.py, which resides in the test folder of the PyARTS dsitribution. For
size parameters and aspect ratios on or above the curves in Fig. 3, the T -matrix
code will fail to converge.

http://www.netlib.org/lapack
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Figure 6.3: T -matrix convergence failure parameters for
m=(1.78117084503+0.00504761422053j)
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6.5 The artsXML module

The artsXML module deals with the creation and loading of data files in the ARTS
XML format.

For XML output, the main class is XMLfile. An XMLfile object is initialised with
a filename.

>>> from PyARTS import artsXML

>>> testfile=artsXML.XMLfile(’a_test_file.xml’)

Arts data objects are then added to the file with the add*** methods.

>>> a_tensor=ones([3,5,6],Float)

>>> testfile.addTensor(a_tensor)

For Tensor type objects, the tag name (eg. Tensor3) and the size attributes are
determined automatically by the shape of the numpy array. The file must then be
closed with the close() method.

>>> testfile.close()

Some shortcut save*** functions are available. Using saveTensor the above is
achieved in one line.

>>> artsXML.saveTensor(a_tensor,’a_test_file.xml’)

Some more complicated structures, like SingleScatteringData objects, have their
own save methods which utilize this module.

The load function is a general purpose function that returns a dictionary structure
reflecting the structure of the XML file. As far as far as I know, this works with
every data type exported by ARTS.

Elsewhere in the PyARTS package there are classes with load methods for more
specialised types such as GriddedField3, or SingleScatteringData. All of these will
use artsXML.load as a backend.

6.5.1 XMLfile objects

arts XML output class. Initialise with a filename
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Selected Methods

artsXML.XMLfile.addArray (self, arraylist): takes a list of python arrays of
the same rank and writes an XML ArrayOfTensor<n>n structure

artsXML.XMLfile.addArrayOfArray (self, data): takes a list of lists of
python arrays of the same rank and writes an XML ArrayOfArrayOfTensorn
structure

artsXML.XMLfile.addArrayOfString (self, data): takes an array of Strings
and writes an ArrayOfTensor structure

artsXML.XMLfile.addString (self, data): adds a String

artsXML.XMLfile.addTensor (self, data): This method takes a numpy array
argument and stores it in the arts XML format with the appropriate Tag
(eg Vector Matrix , ...

artsXML.XMLfile.close (self ): This must be called to finalise the XML file

6.5.2 Selected functions

artsXML.saveTensor (data, filename): saves a python array in the appropriate
arts xml format (eg Vector, Matrix etc)

artsXML.saveArray (data, filename): saves a list of python arrays in the ap-
propriate arts xml format (eg ArrayOfVector,ArrayOfMatrix etc)

artsXML.saveString (data, filename): saves Strings in the appropriate arts xml
format (e.g. String or ArrayOfString)

artsXML.load (filename, use names =True): This general purpose function re-
turns a dictionary structure reflecting the structure of the XML file. If there
is only one object in the structure, then that single object is returned. As far
as far as I know, this works with every data type exported by ARTS Usage:
data struct=load(filename)
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DDATool and single scattering
database

The existing DDA source code package (DDSCAT.6.0) [Draine and Flatau , 2003];
available via http://www.astro.princeton.edu/∼draine/DDSCAT.6.0.html
has been adapted to develop a DDA single scattering tool environment for fill-
ing a single scattering database in the millimetre/sub-millimetre range. Pub-
lic access to the database is possible via a MySQL query or a web-interface
http://falke.meteo.physik.uni-muenchen.de/∼mario/scatter db.html

7.1 Existing DDA source code

DDSCAT.6.0 has been used to create the input for the DDA single scattering
data base (see below). This software package is well documented in a User Guide
[Draine and Flatau , 2003] and is written in Fortran77, thus highly portable. It
was successfully installed at MIM (Meteorologischen Instituts Muenchen). In its
original version it calculates the independent elements of the Mueller (phase) ma-
trix in addition to integrated scattering quantities such as extinction, scattering
and absorption efficiencies and asymmetry parameter for a given particle type
and wavelength. Draine and Flatau [2003] point out that DDA computations are
valid up to a size parameter (SP) of 15 (with SP = 2πreff/λ, reff the equivalent
sphere volume radius and λ the wavelength). Within a parameter file the user
has to specify the following parameters (only parameters relevant for or study are
listed below):

• pre-described particle types (i.e. sphere, spheroids, cylinders, rectangular
shapes, hexagonal columns, hexagonal plates)

• number of electric dipoles

http://www.astro.princeton.edu/~draine/DDSCAT.6.0.html
http://falke.meteo.physik.uni-muenchen.de/~mario/scatter_db.html
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• dielectric properties (complex refractive index)

• wavelength

• effective radius (sphere volume equivalent)

• 3 angles describing particle orientation

• 2 angles defining the scattered directions

7.2 Description of DDATool

In order be able to fill the data base easily and semi-automatically with the de-
sired scattering properties, a DDA environment (DDATool) has been developed
(Figure 7.1). DDATool currently operates on a LINUX platform and consists of
a script-based environment including specially developed Fortran and PERL rou-
tines.

In a first step of DDATool, the routine c dda par.f90 (“create dda parameters”)
enables the user to determine the parameters for which the DDA shall be run and
creates the input files in the DDSCAT6.0 compatible format. After performing
the DDSCAT6.0 calculations, the routine make output.f90 creates output files for
further processing. In case of totally randomly oriented particles, make output.f90
calculates the single scattering absorption, extinction and asymmetry parameters,
as well as the phase matrix. These are then directly transferred to the MySQL data
base using a PERL script called data base charger for randomly oriented particles.

In case of randomly oriented, but horizontally aligned particles, make output.f90
performs the necessary coordinate transformations from the local scattering
(ASMDDA) to the global frame (ASMglobal) of reference and creates output files
containing the complex amplitude scattering matrix (ASM) for all specified combi-
nations of incoming and scattering directions. These ASM calculations contain all
necessary information for calculating the desired single scattering properties for a
randomly oriented, but horizontally aligned particle. The necessary integrations of
the ASM for calculating the orientationally averaged phase matrix, extinction ma-
trix and absorption vector are performed within the existing PyARTS environment
(C. Davis, UE). For this a PyARTS extension object (DDASingleScatteringData)
was created. Because the DDA calculations are performed on a regular grid, the
single scattering quantities are interpolated to the grid (Gauss angles) prior to
integration procedure.

Once the single scattering quantities have been determined either for totally ran-
domly oriented or horizontally aligned particle, these are loaded into a MySQL
data base via the data base charger. The transfer is performed via a PERL-script
that extracts the single scattering properties for each parameter configuration from
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Figure 7.1: DDATool - DDA environment for data base charging

the PyARTS output (or directly from the make output-f90 output) and passes it
directly into the tables of the data base (see following section Single scattering
data base).

The DDATool is publicly available, additionally a documentation and a “User
Guide” are available through MIM. However, the primary function of DDATool is
to perform massive DDA calculations to fill the single scattering data base, a task
which will be continuously be performed by MIM in the future. Users interested
in extending the data base with certain particle types are asked to stay in tight
contact with MIM, since the data base is maintained here.

The DDA calculations are computationally expensive. To optimally exploit the
existing computation facilities (LINUX PCs) at MIM distributed processing is
used. The tool publicly provided by the “sun grid engine development team”
(http://gridengine.sunsource.net) was implemented and could significantly speed
up the calculation time of the DDATool for a defined parameter set-up. The factor
of speed up depends on the available cpu resources and may equal up to 15-20
compared to a single cpu.

DDA calculation accuracy strongly depends on the amount of dipoles chosen to es-
timate the single scattering properties of a given particle. However, as the number
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Fig. 2: Convergence towards stable values of absorption (left column) and 
scattering (right column) coefficient as a function of dipole number. The colors 
indicate different size parameters SP. Top row for high SP, bottom row for low 
size parameters. All calculations for a horizontally aligned hexagonal column, 
incident zenith angle 45°. 

Figure 7.2: Convergence towards stable values of absorption (left column)
and scattering (right column) coefficient as a function of dipole number. The
colors indicate different size parameters SP. Top row for high SP, bottom row
for low size parameters. All calculations for a horizontally aligned hexagonal
column, incident zenith angle 45◦.

of dipoles increases the calculation time increases and the accuracy improves only
marginally above a certain number of dipoles. In this sense, an “optimal” number
of dipoles should be found. In this respect we have performed sensitivity calcula-
tions with respect to the absorption and scattering coefficient for a horizontally
oriented hexagonal column (Figure 7.2). The sensitivities studies were performed
as a function of size parameter (SP) and angle of illumination. The results lead us
to choose the following number of dipoles (N) when regarding horizontally aligned
particles (conservative estimation):

• SP < 0.1 → N = 5*104

• SP > 0.1 → N = 105

Taking into account this relation and applying distributed processing, DDATool
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calculation yielding the ASM on an angle grid of 10◦ (Azimuth 0-360◦, Zenith
0-180◦) (for one particle type (horizontal alignment), one aspect ratio, one size
parameter, one refractive index) takes approximately 10 min on average. Increasing
the angle resolution to 1 would increase computing time by a factor of 100. Taking
into account the other necessary dimensions, calculation time for one particle is
on the order of weeks-months. This is why we decided on an angle resolution of 3◦

for the final data base setup, reducing computation time of about a factor of 10
with respect to the 1◦ resolution.

7.3 Validation of single scattering properties

DDA single scattering properties have been validated against Mie calculations for
perfect spheres and against T-matrix calculations using the publicly available code
from Mishchenko. This validation is crucial to the quality of the data stored in the
DDA single scattering data base.

7.3.1 Validation of integrated single scattering prop-
erties (spheres)

Absorption and scattering efficiencies calculated with the DDA single scattering
tool developed in this study have been compared to Mie calculations for different
frequencies and phases of water. Typical refractive indices for water and ice have
been assumed. The quantity ”efficiency” is defined as the scattering, respectively
absorption cross section divided by the geometrical cross section. The comparisons
are carried out ranging from size parameters 1 to 15 (Figure 7.3). Here we discuss
results for ice and for the frequency 300 GHz, located in the region between the
classical microwave and the sub-millimetre frequencies. The size parameter is de-
fined 2πreff/λ, whereby reff denotes the general radius of the equivalent volume
sphere and λ the wavelength. The authors of the DDA code (Draine and Flatau,
2003) note that accurate calculations of electromagnetic scattering are possible
for size parameters less than 15 and when the complex refractive index m of the
scattering medium is not large compared to unity (| m−1 |< 1). These criteria can
be transformed into the so-called mkd-criterion, where k is the wave number and
d the dipole separation within the target. If accurate calculations of the scattering
phase function are to be performed | m | kd should be no larger than 0.5. If refrac-
tive index, wavelength and particle dimension are given, the mkd-criterion yields a
minimum number of required dipoles for accurate scattering calculations. This can
be observed in the ”cut-off points” shown in Figure 7.3, e.g. in case of the given m,
the minimum number of dipoles required for accurate scattering calculations is 523
at a size parameter of ∼0.5. This makes clear that scattering calculations for larger
particles and smaller wavelengths can only be carried out using an increasing num-
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Figure 7.3: Scattering efficiencies and absorption efficiencies as a function
of size parameter. The relative errors are given w.r.t. to the Mie-reference
calculation. The right diagram was calculated for a higher resolution in size
parameter range than in the left diagram, however the left diagram shows
accuracies up to size parameter ∼15

ber of dipoles. Figure 7.3 (left) nicely shows the Mie resonances in the scattering
and absorptions efficiencies and that the DDA calculations can follow these trends
within an accuracy of better than 10 % in all cases. If high precision calculations
(N >∼30000) are carried out, the scattering and absorption efficiencies are better
than ∼5% if the size parameters are not too large (Figure 7.3, right). In other
comparisons carried out (i.e. liquid water, lower frequency) accuracies of similar
magnitude were observed.

7.3.2 Evaluation of scattering phase matrix compo-
nents (homogeneous cylinders)

In order to evaluate the DDA calculation of all four Stokes parameters selected
components of the DDA scattering phase matrix calculated for a homogeneous
cylinder have been evaluated against corresponding T-matrix calculations. For
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Figure 7.4: Evaluation of DDA phase matrix (Z) components relative to the
T-matrix component Z11 as a function of size parameter. The upper left case
shows the evaluation for ”all” cases for the phase matrix elements Z11, Z21,
Z31, Z41, Z22, Z33 and Z44. The remaining plots show the DDA performance
for cases where significant ”interaction” between the first Stokes parameter
I and the corresponding parameter (Q,U or V) was observed. See text for
details.

these calculations we determined the number of dipoles for | m | kd < 0.5. The
calculations were carried out for 16 size parameters ranging from 0.01 to ∼4, rep-
resenting the four frequencies 183.3, 380, 640 and 874.4 GHz and sphere volume
equivalent radii from 5 to 230 microns. Due to its perfect rotational symmetry,
the homogeneous cylinder is well suited for the T-matrix calculations. Here we
compared components of the scattering phase matrix for a perfectly horizontally
aligned cylinder (i.e. the longest axis is aligned with the horizontal plane) for nu-
merous sets of discrete incoming and scattering angles. The angle resolution chosen
is 10◦ with 0-180◦ and 0-360◦ representing the range of the evaluated incoming and
scattered angles in zenith, respectively azimuth. Within this comparison we have
evaluated DDA performance concerning all four Stokes-vector components (I, Q,
U, V). Here I denotes total intensity, Q and U intensity in two different (perpen-
dicular to each other) linear polarization planes and V intensity of the circular
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polarization We have chosen to evaluate the phase matrix elements Z11, Z21, Z31,
Z41, Z22, Z33 and Z44. Z11 describes change of I from a discrete incoming to
the scattered direction. Z21, Z31 and Z41 describe the interaction between the
corresponding Stokes components (i.e. Z41 describes how much of the total in-
tensity is conveyed into circular polarization during the scattering process). The
relative accuracies of the parameters Z11-Z41 calculated with the DDA tool are
given relative to the Z11 component as calculated by the T-matrix code, since
Z11 determines the magnitude of intensity and thus the magnitude of the later
calculated brightness temperature. We have performed these statistics for the an-
gle resolution mentioned above and have then derived a mean relative error for
all possible incoming/outgoing angle combinations as a function of size parame-
ter (Figure 7.4). Almost all relative accuracies are within the ∼10% region, an
exception being the accuracy around the size parameter around ∼1. In order to
evaluate the DDA calculation performances of Z21-Z41 more explicitly, only the
angle combinations with significant interaction between I and the corresponding
second (Q), third (U) and fourth (V) Stokes component were analyzed (Figure 7.4).
Especially the values Z31 and Z41 now differ significantly from zero, are however
mostly within the ∼5% margin. The same accuracy margin holds true if cases with
significant Q, U and V components (Z22, Z33 and Z44) are analyzed (not shown).

7.4 Single scattering data base

The single scattering data base contains the following single scattering properties

• phase matrix

• extinction matrix

• absorption vector

In the global frame of reference (i.e. z-axis in zenith direction). The data sets are
transferred via PERL script to a MySQL data base, which is the most common,
publicly available open-source data base server. In order to guarantee the largest
form of generality the data base is structured into the following sub-levels:

a. crystal type

b. aspect ratio

c. frequency

d. temperature

e. complex refractive index



7.4. SINGLE SCATTERING DATA BASE 125

Tab. 1: Geometrical dimensions (a=radius, c=length) of hexagonal columns and plates used 
for data base generation given in m-6, c/2a denotes the aspect ratio. 

radius interval 1 2 3 4 5 6 

columns a 10 22 41 60 80 110 

 c 30 60 130 300 600 1300 

 c/2a 1.5 1.4 1.6 2.5 3.8 5.9 

        

plates a 15 30 65 150 300 650 

 c 9 12 17 24 33 47 

 c/2a 0.3 0.2 0.13 0.08 0.055 0.036 

 
 f. angle of incidence (for horizontally aligned particles)

g. scattering angle

Currently the data base available on-line publicly includes the following crystal
types

• hexagonal columns, totally randomly oriented

• hexagonal plates, totally randomly oriented

• sector like snowflakes, totally randomly oriented

The parameterization for the aspect ratio of the hexagons is based on ice crys-
tal geometrical dimensions supplied within the COP (Cirrus Optical Properties)
project (http://www.lrz-muenchen.de/∼uh234an/www/cirrus/cop/cop.html).

The sector like snowflakes consist of 3 identical, overlapping ellipsoids, which are
rotated 60 to each other around the vertical axis (see Figure 7.5)

In this case the aspect ratio is defined as the maximum dimension in the xy-plane
divided by the maximum thickness of the snowflake in the xz plane. The relations of
the three semi-major axes were defined using the method proposed by Liu [2004].
We have currently included 4 snowflake sizes with maximum xy dimension 50, 250,
500 and 2500 microns, corresponding to reff of approximately 55 to 405 microns.

The following frequency sets (in GHz) are currently included in the data base:

http://www.lrz-muenchen.de/~uh234an/www/cirrus/cop/cop.html
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Figure 7.5: Example of the sector-like snowflake in xy view (left) and xz view
(right)

CIWSIR: 183.31 ± 2.4, 220.5 ± 3.0, 462.64 ± 3.0, 682.95, 874.38 ± 6.0

AMSU A: 23.8, 31.4, 50.3, 52.8, 53.6, 54.4, 54.9, 55.5, 57.2, 57.3(center), 89.0

AMSU B: 89.0, 150.0, 183 ± 1, 183 ± 3, 183 ± 7

EGPM: 118.75 ± 1.0, 118.75 ± 1.5, 118.75 ± 2.0, 118.75 ± 4.0

MIR: 89, 150, 183.3 ±1, 183.3 ±3, 183.3 ±7, 220, 325 ± 1, 325 ± 3, 325 ± 8

CoSSIR: 183.31 ± 1, 183.31 ± 3, 183.31 ± 6.6, 220, 380 ± 0.8, 380 ± 1, 380
±3.3, 380 ± 6.2, 487 ± 0.7, 487 ±1.2, 487 ± 3.3, 640.0

ORA-MIS 205.0, 230.0

The single scattering parameters have been calculated on a temperature grid with
10K spacing starting at 220 and ending at 270K. For each temperature a distinction
between two models for the complex refractive index can be made. The common
approach according to Warren [1984] can be chosen, as well as the recent approach
byMaetzler [2005].

The general angle resolution for incoming and outgoing angles is 3◦.
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Chapter 8

Validation of ARTS RT model -
Model Intercomparison

8.1 Comparison of ARTS to other radiative

transfer models

In order to evaluate the performance of ARTS, radiative transfer calculations in
the microwave and sub-millimetre range have been carried out with three different
radiative transfer models. The following models have been employed in this study:

• ARTS

• MicroWave MODel (MWMOD at MIM/MIUB, according to C. Simmer)

• Monte Carlo model (MC at MIUB, model according to A. Battaglia)

Inter-comparisons between these models have been carried out using identical at-
mospheric input from dedicated measurement campaigns. Data were taken from
three different cases from the CRYSTAL-FACE campaign in southern Florida and
the SHEBA site (Tab. 1), both campaigns with a focus on ice clouds of different
origin (i.e. high-level tropical cirrus anvils, respectively arctic mid and low level
mixed/ice clouds). In order to account for the variability of the surface and because
the actual surface emissivity is hard to assess, we have performed all calculations
with surface emissivities at 0.7, 0.85 and 1.0 over ice, respectively 0.9 and 1.0 over
land. However the aspect becomes less important if low level liquid clouds are
present and the comparisons are carried out for frequencies higher than 150 GHz.
Both ARTS and MWMOD assume a specular, wavelength independent reflection
at the surface.
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In addition to extensive flight operations based in Key West Florida, CRYSTAL-
FACE had two areas of ground operations: one in the Miami area and the other on
the west coast of Florida near Everglades City. During CRYSTAL-FACE Scientists
from ETL (Enviromental Technology Lab) deployed the NOAA Portable Cloud
Observatory (NPCO) to the Miami site to provide continuous, high-resolution
profiles of cloud boundaries, characteristic particle sizes (mean particle diameter)
and water contents of both liquid and ice clouds. The NPCO employs a millimetre-
wave, cloud-profiling radar (MMCR), a 3-channel (21 GHz, 31 GHz, and 90 GHz)
microwave radiometer that measures the total amount of liquid condensate and
water vapour above the site, an infrared thermometer and surface meteorological
measurements. Atmospheric profiles of pressure, humidity and temperature are
available from the close by Miami radiosonde site.

The Surface Heat Budget of the Arctic Ocean SHEBA was a US National Sci-
ence Foundation program designed to study Arctic atmospheric, sea-ice and ocean
processes through a full annual cycle. In September of 1997, the Canadian ice-
breaker DesGroseilliers was frozen into the Arctic ice pack 570 km northeast of
Prudhoe Bay, Alaska. A comprehensive suite of atmospheric, ocean and ice sen-
sors were deployed from the DesGroseilliers and the surrounding frozen ice floe.
For this purpose NOAA-ETL developed an automated, semi-attended cloud radar
and depolarization lidar systems that ran for the duration of the program. The
year long radar and lidar data sets were used in conjunction with radiometers op-
erated by the Department of Energy ARM program to develop year-long retrievals
of cloud properties, including crystal/droplet sizes, optical depths, water contents,
and cloud boundaries through the depth of the troposphere. Additional frequent
(∼4 times daily) radiosondes gave a picture of the thermodynamic profiles.

The data from these two campaigns were used as input to the three radiative
transfer models. The size distributions assumed are mono-modal with respect to



8.1. COMPARISON OF ARTS TO OTHER RADIATIVE
TRANSFER MODELS 129

the retrieved effective radius. This is due to the fact that no particle size distri-
butions are available from the ground based remote sensing arrays. All radiative
transfer calculations have been performed from the satellite point of view (∼800km,
polar-orbiter) assuming the above mentioned variability in surface emissivity. Un-
less explicitly mentioned in the following, ARTS calculations have been carried out
using Mie-theory for determining the single scattering parameters.

For validation purposes different types of ice cloud scenarios have been chosen
(Tab. 1, Figure 8.1) with typical particle radii ranging from 10 - 120 microns and
ice water densities from 0 - 0.4 gm−3. The ice water path (IWP) values range
from 0.01 to 0.86 kgm−2. Ice clouds are located in different altitudes and vary in
thickness.

In a first consistency check ARTS and MWMOD are compared for Case1 assuming
clear-sky conditions (Figure 8.2, top two panels) and a surface emissivity of 1.
The calculations match well in the microwave region, whereas deviations up to
a magnitude of 5 K in the sub-millimetre range can be attributed to differences
in the absorption model. Here MWMOD uses the model according to Liebe et al.
[1993] whereas ARTS accesses the HITRAN catalogue. If the thin ice and water
clouds of Case1 are included in the calculations (Figure 8.2, bottom two panels),
the agreement between all 3 models is satisfactory within 1-3 K on average. If
the surface emissivity values are additionally set to possible realistic values of 0.7
and 0.85, the deviations in the window regions between MWMOD and ARTS are
clearly higher than in case of the black-body surface. Especially, the frequencies
at 89 and 150 GHz show differences of 5-15 K. Due to the rather low amounts
of water vapour in the Arctic, these channels are still influenced by the ground.
Sophisticated models of surface emissivity (e.g. FASTEM) should be applied to
both models to guarantee the same surface effects. Frequencies above 200 GHz are
not influenced by the ground and the brightness temperatures show an agreement
as in the clear-sky case.

In a second comparison ARTS and MWMOD calculations of brightness temper-
atures (TB) have been compared for Case4. Here ice particle effective radii were
relatively small (13-27 microns) with a IWP of 0.27 kgm−2. Both models show
very similar results assuming either 0.9 or 1.0 as surface emissivity (Figure 8.4 top
two and bottom two panels, respectively ). The overall agreement between the two
radiative transfer models is very satisfactory with deviations seldom larger than
2 K up to frequencies of 400 GHz. Although the cloud has a considerable amount of
IWP, the brightness temperature depression (compared to the clear-sky case, not
shown) is rather small (<3.5 K) in both models below 400 GHz. This is due to the
relatively small radii, which are not very efficient concerning the scattering pro-
cess. However, both models show different orders of magnitude in TB-depression
in the 400–800 GHz range, e.g. ARTS shows a TB depression of about 12 K and
MWMOD only of 0.1 K at 880 GHz
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Figure 8.1: Time series of the ETL Cloud Mask derived from ground based
remote sensing array. The four plots depict the days chosen for validation
during SHEBA and CRYSTAL-FACE. The classes indicate what type of
retrieval algorithm can be applied to the corresponding part of the profile.
Classes are differentiated in rain, snow, liquid (sliq, fliq), drizzle, ice (sice,
mice), mixed and uncertain. The differentiations sliq and sice indicate regions
where simple empirical retrieval algorithms must be applied whereas fliq
and mice indicated regions of more sophisticated, physically based retrieval
algorithm types (data obtained from NOAA-ETL, Arctic Research Group)
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Nadir viewing, SHEBA 980602 22:39, surface emiss.=1.0, clear sky
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Nadir viewing, SHEBA 980602 22:39, surface emiss.=1.0
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Figure 8.2: Model inter-comparison and evaluation with MIR instrument on
June 2, 1998 (SHEBA)
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Nadir viewing, SHEBA 980602 22:39, surface emiss.=0.7
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Nadir viewing, SHEBA 980602 22:39, surface emiss.=0.85
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Figure 8.3: Model inter-comparison and evaluation with MIR instrument on
June 2, 1998 (SHEBA)
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Nadir viewing, CFACE 020729 16:51, surface emiss.=0.9
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Nadir viewing, CFACE 020729 16:51, surface emiss.=1.0
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Figure 8.4: Model inter-comparison and evaluation with CoSSIR instrument
on July 29, 2002 (CRYSTAL-FACE)
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Case3 consists of a higher and thicker ice cloud with a very high IWP of 0.86
kgm−2 and effective radii of up to 95 microns. The difference between ARTS and
MWMOD shows a good agreement in the area below 200 GHz, however larger
negative deviations of up to 15 K (317 and 330 GHz) in the frequency range 200-
500 GHz can be observed in Figure 8.5. In this region (as in the former case),
ARTS shows tendencies to higher TB depressions than MWMOD with respect to
the clear sky case. Above 500 GHz, the absolute differences between the two mod-
els are relatively small (<4 K), however these differences are masked by a positive
clear-sky bias, e.g. +8 K at 880 GHz. Additionally shown in Figure 8.5 are TB
calculations using the DDA single scattering parameters for randomly orientated
hexagons and sector-like snowflakes. The effective radius used for the mono-modal
scattering calculations at each height was found by choosing the ”nearest neigh-
bour” data base entry. Compared to the Mie calculations of ARTS and MWMOD,
the DDA calculations produce more scattering in the range 200-500 GHz and thus
produce a higher TB depression (especially in the more transparent channels),
whereby the depression is mostly largest for the sector-like snowflake. For example
in the window regions at 317 and 330 GHz the sector-like snowflakes produce TB
depressions that are up to about 25 K higher than the ARTS Mie calculations.
This signal originates from the larger particles in the lower to middle parts of
the cloud. The scattering signals do not differ significantly at the more opaque
channels above 400 GHz because the signal originates from the higher parts of the
cloud, where the particles are smaller and the form of the snow crystals are closer
to a sphere.

A fourth comparison (Case2) shows results obtained for another thick ice cloud,
however within an Arctic environment, i.e. low amounts of integrated water vapour.
This case shows a relatively low, but thick ice cloud with an IWP of 0.3 kgm−2

and effective radii in the range between 23 and 120 microns. Again, mainly in the
window channels, the differences between ARTS Mie calculations and MWMOD
can be as high as -6 K up to 800 GHz, even as high as -12 K at 880 GHz (Figure 8.6
top two panels). The TB depressions here clearly show that the ARTS modelling is
more sensitive towards scattering than MWMOD. For this case, we have also com-
pared the Mie TB calculations with DDA TB calculations for hexagonal columns
and sector-like snowflakes (Figure 8.6 bottom two panels). Here, the low amounts
of water vapour above the cloud in combination with the large amounts of ice water
content give rise to large TB-depressions at the high frequencies. Additionally, the
large radii give rise to the highest TB-depressions from the sector-like snowflakes.
The larger these particles, the more oblate or aspherical they become.

In future, the single scattering parameters from the data base should be interpo-
lated to reduce possible systematic effects and to make possible the usage of simple
particle distributions. A further step will also be to increase the DDA radius in-
crements (currently 6) by performing more calculations.
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Nadir viewing, CFACE 020723 16:00, surface emiss.=0.9

200 400 600 800
Frequency /GHz

-100

-50

0

50

100

TB
AR

TS
-T

B o
th

er
 / 

K

ARTS_MIE-MWMOD

ARTS_MIE-ARTS_DDA_HEX

ARTS_MIE-ARTS_DDA_SNO

TB Depressions

200 400 600 800
Frequency /GHz

-100
-80
-60
-40
-20

0

TB
CL

O
UD

Y-T
B C

LE
AR

SK
Y /

 K

ARTS_MIE
ARTS_DDA_HEX
ARTS_DDA_SNO
MWMOD

Figure 8.5: Model inter-comparison and comparison with ARTS-DDA calcu-
lations on July 23, 2002 (CRYSTAL-FACE)

8.2 Discussion and Conclusions

The level of agreement that was achieved between the different RT models in the
previous section was judged sufficient for a consistency check. However, it is sig-
nificantly poorer than the level of agreement between ARTS and other RT models
that has been demonstrated in the literature. The reason for this is that errors in
model intercomparisons are mainly driven by discrepancies in model setup. Making
the setups entirely consistent requires considerable effort and was not attempted
in the present study. We will thus base our conclusions not only on the work pre-
sented in the previous section, but also on other intercomparison exercises outside
of the present study.

Concerning the clear-sky RT part, Melsheimer et al. [2005] present a comparison
of ARTS with seven other line-by-line clear-sky RT models. Differences in the
absorption coefficient with identical spectroscopic parameters were found to be well
below 1% in most cases. Differences in simulated clear-sky brightness temperatures
with identical absorption coefficients were well below 1 K in most cases. Similarly
good agreement was found by Buehler et al. [2006] between ARTS and RTTOV
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for AMSU frequencies. We conclude that for clear-sky RT the uncertainties are
dominated by uncertainties in the underlying spectroscopy, including continuum
parametrizations. This has also been found by other studies [Perrin et al., 2005;
Verdes et al., 2005; Demaison et al., 2004].

Concerning RT in the presence of clouds, intercomparison studies must take into
account even more model parameters than in the clear-sky case. Models can only
be expected to agree if they make consistent assumptions on the distributions
of particle size, shape, and orientation, and similar assumptions on the refractive
index of ice and liquid water. Even if all those are given, the methods to calculated
atmospheric single scattering properties from these inputs (mostly the T-Matrix
method or the DDA method) have uncertainties. Last but not least, it is essential
that the models compared agree on the clear-sky RT, otherwise the simulated
cloud signal will also be different.

Some intercomparison studies of ARTS with other scattering models, that take
the above points into account, are summarized in Emde [2005a]. The ARTS scat-
tering algorithms themselves were validated by comparing the DOIT and the MC
algorithm inside the ARTS framework, which ensures consistent inputs. The com-
parison was done with a 3D model geometry in the limb looking direction, which
is the case most difficult to model. For a layered cirrus cloud with an IWP of
150 g/m2 the two 3D algorithms were found to agree to approximately .5 K at
122 GHz, and to approximately 2 K at 230 GHz. The cloud signal for this cloud at
230 GHz in limb geometry is approximately 50 K, so the relative difference in the
cloud signal predicted by the two algorithms is approximately 4%.

Emde [2005a] also presents a comparison with the limb scattering model FM2D,
which was developed at the Rutherford Appleton Laboratories in the context of an
ESA study on a future limb chemistry mission [Kerridge et al., 2004]. The model
agreement ranges from 0.004 K to 3.6 K, depending on cloud ice water content.
Frequencies for this study ranged from 318 to 325 GHz. For the strongest clouds,
which had the largest model differences, the cloud signal exceeded 100 K in this
case study, so that again the relative agreement of the two models on the predicted
cloud signal (better than 4%) is excellent.

Within the present study, it was not attempted to achieve consistent scattering
input parameters and consistent clear-sky absorption for the two models studied,
hence the model differences are significantly larger, exceeding 10 K in some cases.
Taking these results, together with the intercomparison exercises performed out-
side of the study, we conclude that scattering model differences are dominated by
uncertainties in the assumed single scattering properties. Single scattering differ-
ences arise from both different ice particle microphysics (size, shape, orientation)
and from differences in the single scattering calculations.

The overall conclusion of this chapter is that ARTS is in reasonable agreement
with MWMOD, and hence suitable for sensor development studies. Nevertheless,
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further and more thorough intercomparison studies are scientifically interesting,
and will be undertaken in the context of future community activities.
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Figure 8.6: first and second row - Model inter-comparison and evaluation
with MIR instrument on 4 June, 1998 (SHEBA), thrid and fourth row - Com-
parisons between ARTS-Mie, MWMOD and 2 different ARTS-DDA calcula-
tions, HEX: mono-modal particle distribution, randomly orientated hexag-
onal column, SNO: mono-modal particle distribution, randomly orientated
sector-like snowflake. DDA calculations are based on the ”nearest neighbour”
radius contained in the data base.
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Chapter 9

NWP model case study

9.1 Introduction

The performance of ARTS is evaluated through comparison with another radia-
tive transfer model (RTM), RTTOV. RTTOV uses a two-stream approximation to
scattering and so runs much faster than ARTS, while ARTS with its multi-stream
approximation should be more accurate. Six cases were selected for comparison
covering a range of meteorological and cloud conditions. RTTOV was run for each
of these cases and the output brightness temperatures compared with observa-
tions from the AMSU-B instrument having 5 channels at 89 GHz (channel 16),
150 GHz (channel 17), 183,1±1 GHz (channel 18), 183,1±3 GHz (channel 19), and
183,1±7 GHz (channel 20). Interesting cases were then selected for further com-
parison with ARTS. ARTS and RTTOV agree well with observations in all cases
examined, with ARTS performing better than RTTOV in modeling the ice scat-
tering signal in AMSU channel 20. Both RTMs are very sensitive to the ice cloud
microphysics assumed in the scattering calculations.

Section 2 outlines the case studies; section 3 briefly describes the RTTOV radiative
transfer model and how it differs from ARTS. Section 4 presents the results of a
three way comparison between ARTS, RTTOV and AMSU-B observation for case
study 1 and Section 5 presents the same results for case study 2. Section 6 considers
the importance of the assumptions made about the microphysics in ice clouds.
Section 7 presents initial results for comparisons between RTTOV and observations
for cases 3-6. Section 8 gives the conclusions drawn from the comparisons

9.2 Case Studies

Six case studies were selected for the comparisons.
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1. 25th January 2002, 13UTC, Frontal system with heavy rain and ice cloud

2. 1st April 2003, 13UTC, Front and scattered convection

3. 13th November 2003, 12UTC, Cirrus, convection and precipitation

4. 20th October 2004, 22UTC, Organised deep convection

5. 12th January 2005, 12UTC, Cold front with mixed snow and rain

6. 7th September 2004, 21UTC, Low stratus and widespread mist

All cases are over the UK and the RTM input fields are obtained from the Met
Office Mesoscale forecast model with a horizontal resolution of 12 km.

9.3 RTTOV

RTTOV [Saunders et al., 2001] is a fast radiative transfer model developed for
use with nadir viewing satellite instruments. Version 8 of RTTOV includes mul-
tiple scattering calculations for use in cloudy areas in the microwave region of
the spectrum [Bauer et al., 2005]. The scattering calculations are solved using the
delta-Eddington approximation [Wu and Weinman , 1984]. Ocean surface emissiv-
ity is calculated using FASTEM-3 [English et al., 2003]. Originally RTTOV used a
Marshall-Palmer particle size distribution (PSD) for precipitation and a modified
gamma distribution for ice cloud and the density of snow and ice were set to con-
stants, 0.1 g/cm3 for snow and 0.9 g/cm3 for ice. This has been changed to more
accurate parameterisations for these variables in order to better model scattering
by ice particles. The results presented here were generated using an ice PSD for
both ice and snow calculated from the IWC and temperature [Field et al., 2005]
and a relationship between ice density and particle diameter (ρ = 0.132xD−1) that
is taken from the MetOffice unified model (UM) [Cullen, 1993].

The main differences between RTTOV and ARTS in this study are that ARTS uses
the McFarquhar-Heymsfield [McFarquhar and Heymsfield , 1997] size distribution
for ice and a constant density for ice particles of 0.91 g/cm3. For surface emissivity
ARTS uses FASTEM-1 [English and Hewison , 1998] over ocean and a constant
emissivity of 0.95 over land and 0.7 over coast. Also the scattering calculations
which are done for multiple streams in ARTS and only two streams in RTTOV.

9.4 Case 1 Results

Case 1 is a frontal system over the UK on the 25th January 2002 at 13 UTC. The
AMSU-B observations used are from 1332 UTC and the mesoscale model fields
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Figure 9.1: AVHRR IR image for case 1 showing strong frontal system across
the UK

are from 13 UTC, so there is a discrepancy of 32 minutes between observed and
simulated brightness temperatures (TB).

The corresponding AVHRR IR (channel 4) image is shown in Figure 9.1 and the
radar image is shown in Figure 9.2.

Both ARTS and RTTOV simulated the AMSU-B measurements reasonably well
for case 1. The AMSU-B observations for case 1 are shown in the first column of
Figure 9.3, ARTS brightness temperatures are shown in the second column and
RTTOV brightness temperatures in the third column.

From the qualitative comparison in Figure 9.3 it can be seen that both ARTS and
RTTOV give a reasonable approximation of the observed brightness temperature.
Difference plots of observed minus simulated brightness temperature for each of the
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Figure 9.2: Radar image for case 1 showing heavy rain across the UK

models are shown in Figure 9.4, left column shows ARTS TB differences and right
column shows RTTOV TB differences. It is difficult to draw consistent conclusions
from Figure 9.4 as in some areas RTTOV agrees better with observations (e.g.
channels 18-20 in the TB depression off the east coast of Scotland) and in other
instances ARTS agrees better (such as for most of channel 16 and in the south
west corner of the channel 18 plot). RTTOV is more likely to give warmer TB
than observation (negative values), while ARTS TB is likely to be cooler (positive
values). Overall ARTS appears to give slightly better agreement than RTTOV
although the difference between the models is small.

An easier way to compare the fit of each of the simulations is by looking at a
histogram of brightness temperatures for the RTMs and the observation. This also
allows the data to be examined without the bias introduced by any collocation
errors or by the time difference between the forecast model fields and the AMSU
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Figure 9.3: AMSU-B observations and simulations for case study 1.
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Figure 9.4: ARTS (left column) and RTTOV (right column) differences from
observed AMSU-B brightness temperatures for AMSU channels 16-20
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observations. Figures 9.5-9.9 shows the histograms for each of the AMSU-B chan-
nels, dotted lines are the ARTS TBs, dashed lines are the observed TBs and solid
lines are the RTTOV TBs.

Figure 9.5: Brightness temperature histograms for AMSU-B observations,
ARTS and RTTOV simulations. Channel 16

Figures 9.5- 9.9 shows again that in general both ARTS and RTTOV outputs agree
well with observed brightness temperatures. Channels 16 and 17, which have the
largest contribution from the surface, are the noisiest of the histograms and there-
fore show the greatest disparity between the observed and simulated brightness
temperatures. For channel 16 ARTS is generally in better agreement than RT-
TOV, matching both the highest and the lowest TBs better and, although not
picking up all the features of the histogram, showing a better match to the two
peaks at either end and the dip in the middle than RTTOV does. The two peaks at
this frequency are probably due to the distinction between land and sea points with
higher and lower surface emissivity respectively. Since both models use FASTEM
over the sea this suggests that ARTS is better at modelling the liquid water ab-
sorption/emission which obscures the surface signal.

In channel 17 neither of the models manages to get down to the lowest brightness
temperatures seen in the observations, RTTOV comes closest with a minimum
of 211 K compared to the observation minimum of 200 K. The lowest brightness
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Figure 9.6: Channel 17

Figure 9.7: Channel 18
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Figure 9.8: Channel 19

Figure 9.9: Channel 20
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Figure 9.10: ARTS versus observed TB (left) and ARTS versus RTTOV TB
(right) for each of the AMSU-B channels. Colours represent different ice water
contents, with dark green being 0.0 g/m2, light green up to 100 g/m2 light
blue up to 500 g/m2, dark blue between 500 and 1000 g/m2, pink between
1000 and 2000 g/m2 and red greater than 2000 g/m2.
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temperature for ARTS is 220 K. The overall shapes of the histograms are the same
for both models and for the observations, with neither model being significantly
better. Around 260-280 K both models show a double peaked feature that is not
seen in the observations, perhaps suggesting a surface contribution that is not seen
in reality, and at the top end of the TB range ARTS is in exact agreement with
observations until ∼277 K where it fails to reproduce the very highest brightness
temperatures and RTTOV actually overestimates them.

The channel 18 histogram is very narrow for both RTMs and observation the only
significant differences are seen at the upper end of the TB range. RTTOV begins
to deviate from observations at about 245 K and ARTS at about 248 K. This is
the highest peaking of the AMSU-B sounding channels so the difference at the
upper end of the TB range could indicate an error in the high cloud fields from
the forecast model.

Channel 19 has another very narrow histogram, this time with RTTOV agreeing
better with observations and ARTS giving slightly lower brightness temperatures
(bias of about 2 K). This channel is sensitive to scattering by high cloud, which
causes a brightness temperature depression, so ARTS is overestimating the effect
of ice at this frequency.

For channel 20 ARTS is in better agreement with observation at the edges and
RTTOV agrees better near the central peak of the histogram. At the edges though
RTTOV is consistently too high while ARTS manages to reproduce the lowest
brightness temperatures seen in observations. This suggests that ARTS is mod-
elling the brightness temperature depression due to ice cloud scattering better than
RTTOV at this frequency.

The final way in which the three sets of brightness temperatures were examined
is through a scatter plot. Figure 9.10 shows the ARTS TBs plotted against ob-
servation in the left hand column and against RTTOV output in the right hand
column.

Figure 9.10 shows that for all channels ARTS is in very good agreement with
RTTOV. The difference in the treatment of ice scattering between the two models
can be seen clearly in the channel 20 comparison between the models where the
higher ice water content (IWC) points have a much lower TB for ARTS than for
RTTOV and agreement between the lower IWC points is much better. This can
be seen to a certain extent in the same plot for channel 19, but in channel 20 we
know from the histograms that ARTS is closer to the observation while in channel
19 RTTOV is closer. The comparison with observations at channels 19 and 20 also
shows the widest scatter for the highest IWC points. See Sreerekha et al. [2005]
for a more detailed comparison of ARTS and observations for case 1.

Channels 16 and 17 show the widest scatter, both in comparisons between the
models and comparisons with observations. This is due, as stated before, to the
signal detected from the surface at these frequencies. Both models have very high
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sensitivities to any misalignment in the mapping, poor treatment of coastal points
or mistakes in the land mask. There is no correlation with IWC for channel 16 be-
cause this frequency is more sensitive to the liquid water content of the atmosphere
than the ice.

Channel 18, the highest peaking channel, is sensitive to the thinnest layer of at-
mosphere and shows the best agreement between the models. Agreement with ob-
servation is reasonably good as well, with a mean difference between observation
and simulation of 0.7 K, and a maximum difference of 11.5 K.

9.5 Case 2

Case 2 is a frontal system over the southern part of the UK, this time with scattered
convection present behind the front. The date for this case is the 1st April 2003 at
13 UTC. There is only a 19 minute difference between the time of the AMSU-B
overpass (at 1241 UTC) and the model fields used for input to the RTM. The
AVHRR images for case 2 are shown in the top panel of Figure 9.11 and the radar
image in the bottom panel.

Figure 9.12 shows the AMSU-B brightness temperatures for case 2 with the obser-
vations in the left column, ARTS brightness temperatures in the middle column
and RTTOV brightness temperatures in the right hand column.

As for case 1 Figure 9.12 shows that both models do a good job of reproducing
the large scale brightness temperature features. The lower resolution of the NWP
data means that a lot of the convective signals are lost, but in general agreement
is good. Figure 9.13 shows the observed minus simulated brightness temperatures
for ARTS on the left and RTTOV on the right.

For channels 17-20 RTTOV and ARTS show very good agreement. The treatment
of coastal points emerges as an issue when examining Figure 9.13. For case 1 deep
cloud covered almost all coastal points over the UK, but in case 2 this is not
the case and in channel 17, for both ARTS and RTTOV, large differences can be
seen between observed and simulated brightness temperature for coastal points.
RTTOV treats coastal points as sea, ARTS assigns them an emissivity value of
0.7.

As was seen in the first case ARTS tends to underestimate brightness temperatures
compared to observations (positive values in Figure 9.13) while RTTOV tends to
overestimate them (negative values in Figure 9.13).

The histograms for case 2 are shown in Figures 9.14- 9.18. ARTS TBs are given
by the dotted lines, observed TBs by the dashed lines and RTTOV TBs by the
solid lines.

Figures 9.14- 9.18 reiterate what was seen in the other figures good agreement is
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Figure 9.11: AVHRR (top) and Radar (bottom)images for case 2.
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Figure 9.12: AMSU-B Brightness temperatures from Observations (left col-
umn), ARTS simulation (middle column)and RTTOV simulation (right col-
umn)
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Figure 9.13: ARTS (left column) and RTTOV (right column) differences from
observed brightness temperature for Case 2.
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Figure 9.14: Histograms of brightness temperatures for observations and
ARTS and RTTOV simulations for AMSU channel 16.

Figure 9.15: Histograms of brightness temperatures for observations and
ARTS and RTTOV simulations for AMSU channel 17.
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Figure 9.16: Histograms of brightness temperatures for observations and
ARTS and RTTOV simulations for AMSU channel 18.

Figure 9.17: Histograms of brightness temperatures for observations and
ARTS and RTTOV simulations for AMSU channel 19.
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Figure 9.18: Histograms of brightness temperatures for observations and
ARTS and RTTOV simulations for AMSU channel 20.

obtained for both models in all channels. In general ARTS matches observations
better than RTTOV, but in some cases RTTOV is marginally closer (such as
highest TBs in channel 20, and for channel 17).

Finally for case 2 scatter plots of ARTS TB against observations and ARTS TB
against RTTOV TB simulations are shown in Figure 9.19.

Similar to case 1 the scatter plots show good agreement between the models in the
higher peaking sounding channels (18-20) and reasonable agreement in the channel
that is most sensitive to the surface (17). The discrepancy between the scattering
signal in the models for channel 20 is less for this case, probably because there
is less ice cloud present. The comparisons with observations also show that for
some points with very high ice water content ARTS overestimates the brightness
temperature depression due to scattering by as much as 10 K in channel 20.

9.6 Importance of ice microphysical assump-

tions

Initial comparisons between ARTS and RTTOV for case 1 used older versions of
both models. ARTS used a gamma ice particle size distribution and a constant
surface emissivity of 0.5 for ocean surface as well as the constant emissivity of 1.0
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Figure 9.19: Scatterplots of ARTS simulated brightness temperatures against
observations (left) and against RTTOV simulations (right)



158 CHAPTER 9. NWP MODEL CASE STUDY

Figure 9.20: Brightness temperature histograms a) for the old models with
original ice microphysics, b) for the new models with more realistic ice micro-
physics. The new microphysics in RTTOV greatly improves agreement with
observation, for ARTS agreement is also improved, though not as dramati-
cally.

for land. RTTOV used the original constant ice particle densities mentioned in
the introduction: 0.9 for ice and 0.5 for snow and a modified gamma distribution
for ice particles and a Marshall-Palmer distribution for snow. Figure 9.20 shows
brightness temperature histograms for channel 20, which is the most sensitive to
scattering by ice particles. The dashed line is the observed TB, the dotted line is
ARTS TB and the solid line is RTTOV TB. This figure shows the distribution
of brightness temperatures before and after the changes made to the ice cloud
microphysics assumptions, it shows how very sensitive the scattering signature
generated by the models is to the microphysics assumed. So much so that the
microphysical assumptions can effectively be used to tune the models to agree
better with observation for a particular case.

While analysing the results, it has to be kept in mind that one of the big uncertain-
ties in the simulations presented above is associated with the assumptions on cirrus
microphysical properties. This includes the uncertainties in the size distribution,
shape and orientation of ice crystals. For oriented particles, the contribution of po-
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larisation also has to be taken into account. It is well known that ice particles are
not spherical and that they are not randomly oriented [Chepfer et al., 1999, 2001;
Breon and Dubrulle , 2004]. Here we try to give an estimate of the error that can
be introduced by the assumptions related to particle size distribution, shape and
orientation.

In all the simulations, the size distribution of ice particles was according to the pa-
rameterization by McFarquhar and Heymsfield [1997], developed mainly for tropi-
cal cirrus. In the microwave range, increasing the size of the particle while keeping
the ice water content constant, leads to a higher brightness temperature depression
[Sreerekha et al., 2005]. This is because, the extinction and scattering coefficients
increase with particle effective size. In order to understand the impact of size dis-
tribution on AMSU-B radiances, two simulations were done. In the first simulation
for all profiles, ice particles at all atmospheric layers follow a gamma distribution
with effective radius of 50 µm and all the particles were spherical. The maximum
brightness temperature depression for channel 20 was 9 K. Increasing the particle
effective radius to 100 µm, while keeping the same ice water content, the maxi-
mum brightness temperature depression was 33 K. These maximum depressions
were found at the region of maximum IWP, about 3 kgm−2. The difference be-
tween the BTs in the two simulations is plotted as a function of IWP in Fig. 9.21.
The mean increase in brightness temperature was 3.5 K and the root mean square
difference was 5.5 K. This is because the number of profiles that have low IWPs
where the size effect is less than a few K is much larger than the number of profiles
that have high IWPs.

For estimating the impact of the asphericity of ice particles, a simulation was done
assuming randomly oriented ice particles of aspect ratio four; all other parameters
remaining the same. Results are shown only for channel 20, which showed the
largest sensitivity to the degree of asphericity of the ice particles. It was found
that for this channel, the mean BT difference between this simulation and the
simulation assuming spherical particles is about 0.26 K and the RMS value is
about 0.4 K.

In order to determine the impact of oriented ice particles on AMSU-B radiances,
a simulation where the non-spherical particles were horizontally aligned but az-
imuthally randomly oriented, was also performed. This simulation was also done
to estimate the polarisation signal due to the oriented ice particles. The difference
in brightness temperature between the previous simulation of randomly oriented
non-spherical particles and this new simulation was calculated. For channel 20,
the mean difference was about 3 K and the RMS was about 5.2 K. Here also,
like in the case of size distribution, at very high IWPs, the difference between the
simulations is very high. For the profile corresponding to the highest IWP, the
difference was about 18 K. The results indicate only the extent of error that can
be introduced by the assumption of randomly oriented spherical particles because
there is no possibility to have any information on the shape of the particle or their
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Figure 9.21: The difference in BT between simulations where the effective
radii are 50 µm and 100 µm as a function of IWP.

orientation. Maximum differences are associated with regions of very high IWP.

It is not possible to compare the polarisation signal of the RT model with the
observation since AMSU-B does not measure polarisation, it measures a mixed
polarisation. It is shown in Emde et al. [2004a] that the linear polarisation com-
ponent Q of the Stokes vector, is not very significant for down-looking angles and
that it increases for non-spherical particles compared to spherical particles. Also,
Q is higher for horizontally aligned particles than for randomly oriented particles.
Therefore, here the result from the previous simulation assuming cylinders having
an aspect ratio of four which are horizontally aligned and azimuthally randomly
oriented, are used to calculate the linear polarisation, Q. The particles follow the
McFarquhar and Heymsfield [1997] size distribution.

The maximum value for Q obtained is about 8 K. The sign of Q is always positive
and is consistent with the results presented in Emde et al. [2004a] for horizontally
aligned particles observed at down-looking angles. At nadir, Q is zero and increases
towards the maximum off-nadir viewing angle, 50◦. The maximum values of Q
depend also on IWP. If the line of sight is highly off-nadir, a small increase in
IWP can lead to a large increase in Q. This is demonstrated in the left panel
of Fig. 9.22. The information on the zenith angle associated with each pixel is
used to sort Q accordingly. For example, the points corresponding to nadir were
chosen considering only those pixels whose viewing angles are between nadir and
1◦ off-nadir.



9.6. IMPORTANCE OF ICE MICROPHYSICAL
ASSUMPTIONS 161

190 GHz

0.0 0.5 1.0 1.5 2.0 2.5 3.0
IWP [kg/m2]

0

2

4

6

8
 Q

 [K
]

nadir
30
50

0.0 0.5 1.0 1.5 2.0 2.5 3.0
IWP [kg/m2]

-1

0

1

2

3

TB
po

l -
 T

B u
np

ol
 [K

]

nadir
30
50

Figure 9.22: The left plot shows the polarisation difference Q as a function of
IWP for channel 20. The right plot shows the difference Imix−I as a function
of IWP. The symbols represent the viewing angles indicated in the legend.

The contribution of Q to the total intensity measured by AMSU-B can be calcu-
lated, if the total intensity I and the polarisation difference Q are known.

Imix = (I +Q)sin2θp + (I −Q)cos2θp. (9.1)

Figure 9.22 shows the difference, Imix − I, where I is the unpolarised radiation.
When Q is zero, Imix = I. At angles very close to nadir, Q is zero. Therefore the
differences are zero, as indicated by the ’4’ symbols in the plot. The difference
Imix − I can be conveniently written as

Imix − I = −Qcos2θp, (9.2)

As the viewing angle becomes more off-nadir, Q increases. If AMSU-B were a limb-
viewing instrument, then exactly at limb, θp is equal to zero and the difference Imix
- I is -Q. As the viewing angle moves away from nadir (θp = 90◦), the difference
Imix - I increases up to a viewing angle of 45◦off-nadir. The difference Imix - I
is positive as well. This is shown by the ’∗’ symbols in Fig. 9.22. Exactly, at
45◦off-nadir viewing angle, the difference should be again zero, because here θp
in Equation 9.2 is 45◦. Beyond 45◦, the difference becomes negative as is seen by
the ’+’ symbols. This is because Q increases and the second term in Equation 9.1
starts dominating. At viewing angles beyond 45◦, the polarisation increases the
brightness temperature, i.e., decreases the brightness temperature depression. The
maximum difference is about 3 K.
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To conclude, the influence of polarisation on the measured AMSU-B TBs is up
to 3 K for very intense clouds. This is not negligible. However, it has to be taken
into account, that for these intense clouds the total cloud signal is up to 33 K, so
that the polarisation uncertainty is only approximately 10 % of the cloud signal.
Although this is not insignificant it has to be weighed against the uncertainties
that are associated with the assumptions on particle size and shape distributions.

9.7 RTTOV comparison for additional case

studies

This section presents comparisons between RTTOV TBs and observations for cases
3-6 for which ARTS TBs are not yet available.

Case 3 brightness temperatures are shown in Figure 9.23. Observations on the left
and RTTOV simulations on the right. This figure demonstrates the poor agreement
that can result from poor input fields to the RTM. In this case the NWP forecast
model has failed to give a realistic representation of the conditions and neither ice
or water fields are represented correctly. As a result the simulated and observed
brightness temperatures are very different in this case.

Figure 9.24 shows the same plots for case study 4. This is a case where the NWP
fields do pick up the features seen in the observations, but the strength of the
signal is not reproduced in the RTTOV simulations. This may be due to less ice
and liquid water in the NWP forecast than in reality, or due to microphysical
assumptions reproducing weaker absorption and scattering signals than are seen
in reality. This case will be interesting to examine using ARTS.

Figure 9.25 shows the same plots for case study 5. This is another interesting case
where the feature to the north of the British Isles although very cold shows little
scattering in observed brightness temperatures suggesting it contains supercooled
water. RTTOV does not pick up what little scattering there is in this feature. This
case should also be examined using ARTS to see if this is a problem with the ice
microphysics assumed by RTTOV as seen when it failed to reproduce the coldest
TBs in case 1, or with the IWC supplied by the NWP model.

Figure 9.26 shows the same plots for case 6, the last of the selected case studies.
This case was chosen as a control. There should be very little signal in any of the
AMSU-B channels in these conditions (low stratus and widespread mist). Therefore
it is a check on the non-scattering part of the RTM and we expect the very good
agreement between observations and simulations seen in Figure 9.26.
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Figure 9.23: Observed (left) and RTTOV simulated (right) TB for case 3.
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Figure 9.24: Case 4 brightness temperatures. Observed (left) and RTTOV
simulated (right).
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Figure 9.25: Case 5 brightness temperatures. Observed (left) and RTTOV
simulated (right).
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Figure 9.26: Case 6 brightness temperatures. Observed (left) and RTTOV
simulated (right).
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9.8 Conclusions

ARTS and RTTOV give very similar results for all channels for the two case studies
examined in detail here. Maximum disagreement between the models is 22 K for
channel 16 in case 1. Agreement with observation is also reasonable in both cases.
Coastal points in channels that see the surface and points with high ice water
content in channels sensitive to scattering present the greatest challenge to ARTS,
but in these conditions it generally performs better than RTTOV.

For cases 1 and 2 differences between ARTS, RTTOV and observed brightness
temperatures are shown in Table 1.

Table 1: Statistics for differences between ARTS and observation, ARTS and RT-
TOV and RTTOV and observations.

Mean diff (K) Std of diff (K) Maximum diff (K)

Obs-ARTS Case1 Case2 Case1 Case2 Case1 Case2

Ch 16 -0.5 2.2 10.5 11.4 41.9 50.9
Ch 17 -2.3 0.0 8.8 6.8 35.2 33.0
Ch 18 0.7 -0.3 2.7 2.4 11.5 11.5
Ch 19 1.1 0.7 3.7 2.3 20.6 10.5
Ch 20 1.0 0.8 6.7 3.6 38.9 24.3

RTTOV-ARTS

Ch 16 0.3 2.9 5.3 9.4 22.1 41.1
Ch 17 0.3 1.4 4.0 5.1 12.6 20.2
Ch 18 1.1 1.1 1.0 1.0 4.6 3.0
Ch 19 1.6 1.2 1.0 0.8 10.9 2.7
Ch 20 2.7 1.9 2.7 1.1 20.0 11.2

Obs-RTTOV

Ch 16 -0.9 -0.7 11.1 12.4 65.7 71.4
Ch 17 -2.6 -1.4 9.0 7.4 31.2 39.7
Ch 18 -0.4 -1.3 3.0 2.7 11.1 8.7
Ch 19 -0.4 -0.4 3.6 2.4 11.7 9.2
Ch 20 -1.7 -1.2 5.8 3.4 21.0 15.6

Since agreement with RTTOV is so good, this faster radiative transfer model can
be used to select cases where interesting results for ARTS might be found, rather
than running the slower model for many uninteresting cases.

RTTOV results were presented for the four case studies for which ARTS calcula-
tions have not yet been done. These show that RTMs do not always agree as well
with observations as might be suggested by case studies 1 and 2. In some cases
(e.g. case 3) this is due to poor input fields from the NWP model. In other cases
the ice microphysics may not realistically represent the conditions in the clouds
for those particular cases (e.g. case 5).
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ARTS simulations will be carried out for cases 4 and 5. It would also be interesting
to compare the two RTMs with both models using the same ice microphysics.
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Chapter 10

Validation of ARTS using site
case studies

In this part of the study ARTS brightness temperatures have been compared with
satellite (AMSU) and aircraft data. The cases described in Tab. 1 of chapter 8 are
- additionally to being suited for model inter-comparison - especially chosen for
evaluation with aircraft and satellite measurements.

The July 23 CRYSTAL-FACE case is ideally suited for AMSU comparison be-
cause a persisting ice cloud from 5-18UTC can be observed in heights ranging
from 6-13 km. AMSU data allows brightness temperature evaluation up to ∼183
GHz. NOAA 15 and 17 (carrying the AMSU sensors) overpasses over the Miami
east coast site took place at ∼8 and 16 UTC. This ice cloud can be identified
in the Figure 10.1 (i.e. 16 UTC at frequencies 150 and 176.3 GHz) by brightness
temperature depression. Additionally to the MWMOD and ARTS calculations,
Figure 10.2 shows AMSU measurements from the 16UTC overpass. The vertical
bars on the AMSU measurements indicate minimum and maximum of all AMSU
pixels within a 50km radius of the Miami east coast site. Large over estimations
of the radiative transfer models and AMSU occur in the microwave window chan-
nels. Although a realistic surface emissivity of 0.9 (over land) has been chosen, we
assume that due to the large AMSU pixel size and the proximity of the measure-
ment site to the ocean, ocean surface effects make no sensible comparison possible.
However, at the optically thick temperature and water vapour absorption lines, the
agreement between models and measurements is satisfactory. On July 29 (16:51)
during CRYSTAL-FACE, the ER2 aircraft with the COSSIR instrument on board
flew directly over the Miami east coast site. CoSSIR is a new airborne total-
power microwave radiometer. Its widely separated groups of frequencies are well
suited for cirrus cloud properties and water vapour profiles. The instrument has
fifteen channels; nine of them at the frequencies of 183.31, 183.33, 183.3±6.6, 220,
380±0.8, 380±1.8, 380±3.3, 380±6.2, and 640 GHz are horizontally polarized, and
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5

Figure 10.1: Six selected AMSU channels for overflights over the Miami east
coast site (lat: 25.7, lon: -80.4) during CRYSTAL-FACE on July 23, 1998.
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Figure 10.2: Model inter-comparison and AMSU comparison on July 23,
2002 (CRYSTAL-FACE) at slant viewing angles (ARTS 40◦, MWMOD 41◦,
AMSU 37◦)

the remaining six are dual-polarized at three frequencies of 487±0.7, 487±1.2, and
487±3.3 GHz. CoSSIR is programmed to scan across-track over an angular swath
of about 54. The beam width for each channel is about 4 at 20-km ER-2 cruising
altitude, and the ground resolution is about 1.5 km at nadir. During this specific
case, the uncertainty concerning the surface emissivity is not relevant due to the
low-level liquid cloud (drizzle) layer present which has been accounted for in the
radiative transfer simulation. CoSSIR-ARTS comparisons look quite reasonable in
the 183 and 220 GHz regions (Figure 8.4 top and bottom panels). However, at
higher frequencies the CoSSIR sensor has an unreasonable high amount of vari-
ability, which leads to the conclusion that for this flight comparisons should not
be carried out with channels above 220 GHz due to unstable receiver behaviour.
This becomes clear when regarding Figure 10.3 where the brightness temperatures
vary by ∼150K within very short time legs.

The Millimetre-wave Imaging Radiometer (MIR) was flown on board the ER-2
aircraft during the FIRE-ACE (May-July 1998) experiment. It is a seven-channel
scanning radiometer with channels at 89, 150, 183 ±1, 183 ±3, 183 ±7, 220, and
340 GHz. The nominal antenna beam width for each channel is 3.5 deg., and the
swath scanned is 100 deg. It flew directly over the SHEBA site on June 2 (Fig-
ure 8.2 (two panels at the bottom), Figure 8.1 (lower figure of the top panel and
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Figure 10.3: CoSSIR flight tracks on July 29, 2002

bottom two panels) and June 4, 1998 (Figure 8.6),where a mixed phase cloud,
respectively a thick ice cloud were present above a boundary layer liquid water
layer. On June 2, varying surface emissivities of 0.7, 0.85 and 1.0 lead to a large
TB variability in the microwave window frequencies meaning the ground influence
is not canceled out by the water cloud below. A surface emissivity of 0.7 is too
low compared to the MIR measurements, whereas 1.0 leads to a TB overestima-
tion. The value somewhere between 0.85 and 1.0 would probably lead to the best
agreements with the measurements. As mentioned above, realistic comparisons are
thus only reasonable if a sophisticated sea ice emissivity model is available. Apart
from the window frequencies deviations between the radiative transfer models and
MIR are on the order than about 5-10K. Such differences are most probably due to
systematic instrument or model offsets, which are not possible to evaluate unless
instrument characteristics and problems are known in detail. Here it is important
to note, that measurements and models agree within the range of 10K.
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Chapter 11

Prototype Retrieval code

In order to be able to perform retrieval simulations on ice cloud properties using
neural nets and a Monte Carlo integration method a large training data set of
atmospheric and cloud parameters profiles and corresponding simulated radiance
is needed. Such a training data set has been generated, and the generation scheme
is here presented. Further, the retrieval package code consisting of neural nets and
a Monte Carlo integration method is presented in the following section. The train-
ing data set has been used as input for retrieval simulations using the described
neural nets and Monte Carlo integration method, and the retrieval performance is
presented in the following section. Also inversion characterisation by the special
version of Bayesian inversions denoted as OEM has been performed on observation
of CIWSIR type. That, in order to get insights in the observations, such as the
attainable retrieval performance.

11.1 Ice cloud training data set

An ice cloud training data set consisting of cloud and atmospheric states and
simulated radiance has been generated, in order to be able to perform retrieval
simulations on ice cloud properties using neural nets and a Monte Carlo integration
method. The main source for generation of cloud profiles is Cloudnet radar data
and ECMWF data. It was judged by using cloud radar data, to give most realistic
cloud profiles.

11.1.1 Generation of a cloud training data set

The microphysical properties of ice clouds strongly influence the cloud sub–mm
radiative properties. In a simplified way, when performing neural nets and Monte
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Carlo integration retrievals, the “observed“ radiance are “compared“ to the at-
mospheric profiles in the database that has similar simulated radiance to “find a
best match“. The atmospheric and cloud states in the training data set should be
varied in a realistic manner to cover all possible states, and the states should also
be distributed according to the prior probability. This training data set is based
upon radar reflectivity measurements from Cloudnet radar data. The three mid-
latitude radar stations are located in Chilbolton (UK), Palaiseau (France), and
Cabauw (The Netherlands). The flow scheme of the generation of the atmospheric
and cloud profiles is

1. Generation of atmospheric profiles (from ECMWF and FASCOD)

2. Assign shapes and orientation to the cloud particles (from Korolev and Isaac
[2003] and assumptions)

3. Generate size distribution profiles (from Heymsfield [2003])

4. Generate dBZ profiles (from Cloudnet radar data)

5. Generate ice water content profiles (consistent with 1 to 4)

In this way the ice cloud profiles are consistent with Cloudnet radar data, i.e. the
ice clouds generated, have the same backscatter as observed from radar data. This
was chosen to obtain as realistic profiles as possible. The training data set consists
of both cloud and clear sky situations. Using the radar backscatter data will give
the statistics of cloud and clear sky conditions, since when there is no cloud there
will be no backscatter, and these cases are also included in the training data set.

11.1.2 Atmospheric profiles

The pressure, temperature, H2O vmr, and wind speed are taken from ECMWF
integrated forecast system for the time and location of the radar measurements.
The temperature and H2O profiles are perturbed assuming a standard deviation
of 2 K for the temperature profile and 20% of its value for the H2O vmr profile,
assuming a correlation to decrease exponentially with a e−1-length of 1-3 km, this
in order to mirror the uncertainty in ECMWF model data. O2, O3, and N2 profiles
are taken from Fascod midlatitude winter or summer scenario, depending on the
season of the radar measurements.
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11.1.3 Microphysical assumptions

Particle shape distribution

For each cloud scenario in the data set, the cloud has a mixture of three particle
types (spheres, ellipsoids, and columns). These shapes were chosen because the
scattering properties of these shapes can be calculated inside ARTS. The relative
amount of each shape ( in terms of ice water content) is fixed for each case, (i.e
it doesn’t vary with height). The relative amount was randomly chosen between
0 and 1 for each particle type. For example, in one specific case, 20% of the ice
water content may consist of spheres, 30% of ellipsoids, and 50% of columns.
There have been a variety of shapes observed in-situ inside ice clouds, and the
shape distribution of ice particles inside clouds have been observed to be highly
variable. The shape assumptions in the training data set are not really based on
any observation, more than that the shape distribution is highly uncertain.
The ellipsoids and columns have aspect ratios of 0.75, 1.05, ..., 2.25, but is fixed
for each scenario. The aspect ratios of the ice particles are in the same order as
observed in-situ as in Korolev and Isaac [2003]. The aspect ratio of ellipsoids and
columns does not have to be equal. That is, for example, all of the ellipsoids in a
generated ice cloud have an aspect ratio of 2.25 and the columns 1.05.
The density of the particles were assumed to be the density of solid ice (ρ=0.917
g/cm3). This is a crucial parameter, since observed ice particles are not solid
perfect shaped ellipsoids and cylinders, as assumed in this training data set, but
the scattering properties of the ice particles were calculated for this. Assuming a
lower density of ice particles than the density of solid ice will effectively produce
more ice particles for equal ice water content, and effect the dielectric properties
of the ice particles. Due to lack of knowledge how these properties will change for
a lower density, assumption was made that the density of the ice particles were
that of solid ice.

Particle orientation

The orientation of the particles in the training data set is either randomly ori-
entated or horizontally aligned particles. For each ice cloud generated all particle
types have equal orientation. The distribution of randomly orientated or horizon-
tally aligned particles is equal in the data set. This was chosen, because no reliable
information about the amount of orientation of ice particles seems to exist.
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Particle size distribution

The ice cloud microphysical properties are partly taken from a paper from
Heymsfield [2003]. A single gamma particle size distribution is assumed

N(D) = N0D
µ exp(−λD) (11.1)

where λ is the the slope of the distribution, µ is the width of the distribution, and
N0 is the intercept parameter determined by the ice water content. The µ and
λ parameters are shown by Heymsfield to be correlated to temperature, and the
variation shown in the paper has been tried to be mimicked, as can be seen in
figure11.1.

Figure 11.1: Scatter plot of λ vs. temperature, to the left from Heymsfield
[2003], and to the right from the data set generated.

Here also a correlation decreasing exponentially with a e−1-length of 1-3 km has
been assumed.
The radar profiles from Cloudnet are snapshot in time, with very fine horizontal
resolution. Under the assumption that the clouds follow the wind speed, the dBZ
profiles from the radar measurements are integrated over time, taking into account
the wind speed at 6 km height, so that the horizontal resolution of the obtained
profiles is 10 km. The one dimensional profiles obtained in this way, have then
a comparable resolution to a footprint of a radiometric measurement. The N0

parameter is a scaling factor and can now be inverted from the dBZ profiles, since
all other parameters has been assumed and generated. In this way the particle
size and shape distribution are consistent with the backscattering observed from
radar data. The median mass diameter Dmed is the diameter of the ice particles
that divides the ice water content into two equal parts and has been shown by
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Evans et al. [2002] to be a suitable particle size retrieval parameter. Dmed can be
found analytically for a gamma distribution

Dmed =
β + µ+ 0.67

λ
(11.2)

where β is the exponent in the mass versus diameter relationship, β=3 for the
particles in this dataset. Another possible size retrieval parameter, which is part
of the retrieval database is the mass mean diameter Dmean,

Dmean =

∫
D4n(D)dD∫
D3n(D)dD

(11.3)

which is the size of the particles which contribute most to the overall ice mass.
Dmed and Dmean does not differ significantly from each other.
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11.1.4 Simulations

The simulations were performed using ARTS DOIT module. The 1-dimensional
simulations were done for the first two Stokes components (Intensity and difference
between vertical and horizontal polarisation) for a zenith angle of 135◦, orbit alti-
tude of 830 km, and 12 frequencies ( 184.81, 186.81, 190.31, 243.20, 326.65, 328.65,
334.65, 449.14, 451.00, 455.20, 664.00, and 874.40 GHz), i.e the CIWSIR setup.
These frequencies are optimised to measure ice water path of ice clouds, since the
water vapour absorption makes that they are sensitive down to about the same
altitude and different frequencies are sensitive to different part of the particle size
distribution. The surface was assumed to be a blackbody at 0 m (sea surface alti-
tude) with a temperature of the lowermost temperature in the temperature profile.
In total the new dataset includes 20141 profiles, and corresponding simulations.
The profiles have a vertical resolution of around 150 m. What can be expected to
be retrieved from the simulations performed here, is the column ice water content,
with some vertical resolution, and mass median diameter of the particles, which is
a measure of the the size of the particles. The shape of the particles give rise to
a polarisation effect. Since the shape of the particles has been varied and Stokes
dimension 2 has been used, it should in principle also be possible to obtain some
shape information.
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11.1.5 Summary

A cloud training data set consisting of around 20000 atmospheric and cloud pa-
rameters profiles have been obtained. The cloud profiles are based on Cloudnet
radar profiles and ECMWF data and assumptions, partly from relevant articles,
to obtain as realistic profiles as possible. The size of a training set like this should
be very large, in order to achieve good retrieval simulations performance, and it
may be that this data set is too small. The simulations are time consuming, and
to obtain a training data set of one million cases, that may be necessary, would
require longer computation time.
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11.2 Develop prototype retrieval code

A prototype inversion code using two different techniques has been developed for
the inversion tests. The first technique uses a neural network (NN) to model the a
posterior pdf of the retrieved state, given a measurement, while the second tech-
nique approximates the a posterior pdf by a Monte-Carlo integration (MCI) over
the sampling space. An example describing the first technique for an application to
atmospheric retrievals can be found in Jimenez et al. [2003], the second technique
can be found applied to the retrieval of cloud properties in Evans et al. [2002].
The code has been developed in Matlab and is available from the repository of
Chalmers University of Technology.

From the beginning of the project the MCI method was considered as the natural
choice. This was the case as (1) it has already been used for cloud properties
retrievals, and (2) its implementation is much more straight forward than the NN
method. Nevertheless, the NN method has been very valuable as an independent
test to compare the results of the MCI retrievals. Only the more satisfying dataset
was presented in the previous section, but inversions of different datasets were
performed during the study. As expected, both methods have been performing
very close inversions for all these datasets, this being the consequence of both
methods approximating the same a posterior pdf. However, some differences could
be expected related to different practical aspects of the inversions, such as the size
or representativeness of the datasets. In this context, there was some expectations
concerning the capacity of the NNs to able to produce better results than MCI for
smaller datasets, but the tests carried out with the datasets inverted during the
study have not been conclusive.

Next section will highlight the main results of the retrievals of column ice water
content and mass mean diameter of the particles. Other cloud parameters, such
as cloud altitude and vertical extension, have been attempted at different stages
in the study with some of the different datasets. These other inversions proved
problematic, a combination of the inherent difficulty to extract these parameters
from the information contained in the radiance and how realistic these mappings
were simulated in the datasets, and will not be reported here.

11.3 Retrieval performance

Here demonstration of retrieval performance using the described generated training
data set and inversions methods is presented. Retrieval performance of ice water
path (IWP) and mean mass diameter is presented.
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11.3.1 Demonstration of retrieval performance

The prototype retrieval code developed in WP 3.3.3 has been applied to the ice
cloud training data set. From the generated data set consisting of around 20000
cases, cases with an IWP between 10-1000 g/m2 were selected. After this reduction
of the data set, around 4000 cases remained. This training data set were divided
into a training set with 2/3 of the cases and a validation set with the remain-
ing cases. The training dataset was employed to setup the weights of the neural
networks (NNs) during the training phase, and to provide the states needed to nu-
merically integrate the aposteriori pdf by a Monte Carlo Integration (MCI). The
radiance of the validation dataset were then inverted by both algorithms and the
retrieved values were compared with the true values for an estimation of the inver-
sion performance. The retrieval were performed by using as input radiance for the
frequencies described in the generation of the data set, assuming that the instru-
ment could measure power for both vertical and horizontal polarisations. Gaussian
random noise with 1 K of standard deviation was added to all radiance. As output
parameters, there has been an attempt to retrieve IWP in g/m2, the mean mass
diameter in um, and the median mass diameter in um. The results are given in the
form of correlation plots. A plot showing the histogram for each retrieval variable
is also given, displaying the standard deviation of the variable. The correlation
plots also display the standard deviation of the retrieval error. The error being
smaller than the original variability of the cloud parameter would be an indication
that the retrieval has extracted some information from the measurements.

11.3.2 Retrieval of ice water path

The retrievals for IWP can be seen in Figure 11.2. The NNs seems to do a better
retrieval of IWP (smaller scatter in the correlation plots). The NNs seem able
to derive the approximated mapping more successfully from the same number of
cases. The total retrieval error is smaller for the NNs retrievals. Comparing with
the original variability of the data, the retrieval error has decreased the uncertainty
in the original IWP values for more than half, showing that both NNs and MCI
are effective in extracting a good degree of information from the radiance.

11.3.3 Retrieval of particle diameter

Retrievals of mass mean and median diameter were performed by the MCI and
the NNs. The result of mass mean diameter is plotted in figure 11.3. The top
panel shows the histogram of the mass mean diameter in the ice clouds in the
validation dataset to be retrieved, i.e. the histogram just shows a subset of the
training dataset. It can be seen that there is a dip of number of cases with mass
mean diameter around 500 µm. The particle size distribution parameters has been
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Figure 11.2: Histogram of true IWP and correlation plots for the retrieved
IWP by the NNs and MCI methods. The top panel shows the histogram of
the true IWP to be retrieved. The centre panel shows the correlation of true
IWP and IWP retrieved by the NNs algorithm. The bottom panels shows
the correlation for the MCI retrievals.
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Figure 11.3: As previous figure, but for mean mass diameter.
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observed to be correlated to temperature, for clouds at low temperatures (high
clouds) the particles are smaller than for clouds at warmer temperatures. Clouds at
warmer temperatures also tends to have higher ice water content. The mass mean
diameter is a measure of the sizes of particles in the whole cloud, and the clouds can
be a few km thick, so the variation of particle sizes in a specific cloud can be large.
High clouds will have a small mass mean diameter, and low clouds will have a large
mass mean diameter. The mass mean diameter of a cloud depends on where most
of it’s ice mass is. If the cloud is vetrically thick, it is most likely that the most ice
mass is at a high temperature, so the mass mean diameter tends to be large. The
double peaked distribution shown in the histogram may come from the way the
dataset is generated, or that the dataset includes a limited number of cases, but it
may also be that this variable is double peaked in nature, as discussed above. It is
not easy to varify this, since to measure the distribution of mass mean diameter
in clouds in-situ, is very difficult. The NNs performed slightly better inversions,
correlations can be seen in the plots. Comparing with the original variability of
the data, the retrieval error has decreased the uncertainty in the original mass
mean diameter values for more than half for NNs and and about one third for
MCI, showing that both methods extracting a good degree of information from
the radiance. Regarding the choice between mean and median mass diameters as
retrieval variable for particle size, the correlation plots seem to show very similar
relative results (not shown here).

11.3.4 Summary

Both NNs and MCI were able to extract a good degree of information from the
radiance for retrieving ice water path and mass mean diameter. The NNs seems
to do a slightly better job for both retrieval parameters. Even if, in principle,
both methods should be performing very similarly, it seems that the NNs are
better at extracting information from these challenging mappings between radiance
and variables. No general conclusions can be made, about which method is best,
because of the limited data set used.
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11.4 Inversion characterisation by OEM

The special version of Bayesian inversions denoted as OEM can not be practically
applied to observations of the CIWSIR type, for several reasons not discussed here.
On the other hand, inversion characterisations based on OEM can give valuable in-
sights in the observations, such as the attainable retrieval performance. The results
of such a characterisation is only valid inside some region around the linearisation
point chosen for the particular simulations. This section summerises some first
results obtained by OEM.

11.4.1 Overall simulation conditions

The instrument is assumed to have 12 channels. The simulations are performed
by selecting a single frequency representing each channel, and any spectral differ-
ence between the two side-bands is neglected. The following frequencies are used:
184.81, 186.81, 190.31, 243.20, 326.65, 328.65, 334.6500, 449.14, 451.00, 455.20,
664.00 and 874.40 GHz. The simulations consider only the first Stokes component,
which should be an acceptable simplification if the instrument measures a ±45◦

polarisation. The orbit altitude is set to 820 km and the observation direction is
135◦ from zenith (surface incidence angle of 53◦).

A 1D atmosphere is assumed, where clear sky conditions are equal to the sum-
mer mid-latitude FASCOD climatology scenario. The surface is treated to be a
blackbody at 0 m (sea surface altitude). Compared to assuming e.g. a flat water
surface, the blackbody assumption decreased the retrieval response (at least for
humidity, but most likely for all retrieval quantities) close to the surface. This is
the case as then there is a very low emission contrast between the surface and
the atmosphere closest to the surface. The retrieval response for the lowermost
few kilometres should anyhow be low, caused by the uncertainty in surface emis-
sivity. This uncertainty is here neglected, and it was the judged that assuming a
blackbody surface gives more realistic results.

The retrieval state vector includes the vertical profile of four quantities:

Humidity that must be retrieved. The a priori uncertainty is set to 0.4. The
correlation is assumed to decrease linearly with a e−1-length of 2 km.

Temperature is not expected to be a retrieval product. It is here included to
consider the uncertainty in the temperature information available (assumed
provided by some met offices). A 2 K uncertainty with a 2 km correlation
length is assumed.

Ice water content (IWC) is the main cloud ice variable. An a priori uncertainty
of 0.025 g/m3 was selected (corresponds to 225 g/m2 distributed over 9 km,
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which is the height of the retrieval domain as explained below). A correlation
length of 1 km is assumed. The a priori IWC state was set to a constant value
of 0.001 g/m3 inside the retrieval domain, and zero outside, (not a realistic
assumption, but the simplest option here). The a priori state was set to
larger than zero, since it is not possible to calculate Jacobians for particle
size for clear sky conditions (since there exist no particles). The a priori
uncertainty for IWC is set to relatively high values, to put emphasis on the
measurement information, and not a priori assumptions.

Particle size (Dm) is here used as the only variable to describe the particle size
distribution. The size parameter selected is the mean mass diameter. Beside
this size variable, a gamma distribution with µ = 1 is assumed. Particles are
assumed to be spheres. A priori uncertainty is 200µm and the correlation
length is 3 km. As for IWC, the a priori assumption is no vertical variation
in Dm.

The a priori uncertainty for IWC and Dm is set to relatively high values, to put
emphasis on the measurement information, and not a priori assumptions. The
retrieval grid has a spacing of about 1 km, and the correlation is decreasing linearly,
for all quantities.

It assumed that ice particles are not found above the tropopause, and for alti-
tudes with a temperature > 275 K. This means that the vertical retrieval domain
for cloud ice variables is 3.7 - 12.8 km. The particle size distribution and shape
follow the retrieval assumptions. That is, spherical particles following a gamma
distribution with µ = 1. Only IWC and Dm are varied.

Scattering calculations are done by DOIT. Jacobians are calculated by pure nu-
merical perturbations, using code implemented by Mattias Ekström.
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Figure 11.4: Particle size distributions for near clear sky conditions. Nominal
values and size of disturbances are given in the figure legend.

11.4.2 Near clear sky conditions

Nominal values

Jacobians for humidity and temperature are calculated for completely clear sky
conditions. It is not possible to calculate Jacobians for Dm for clear sky conditions.
Without any particles changes in Dm have no impact and the Jacobians are then
just zeros. For this reason, the a priori IWC state was set to a constant value of
0.001 g/m3 (inside the retrieval domain, and zero outside). A first value of 200µm
(also constant with altitude) was selected for Dm. The disturbances applied when
calculating the Jacobians by perturbations were set to 0.005 g/m3 and 100µm,
respectively. Nominal and perturbed size distributions are shown in Figure 11.4.

The humidity retrieval performance for the assumed conditions is displayed in Fig-
ure 11.5. The left panel of the figure shows the observation and total (observation
+ smoothing) errors. The observation error corresponds to thermal noise, while
the smoothing error is caused by the limited vertical resolution. The centre panel
shows the averaging kernels (rows of A) and the sum of these, here denoted as the
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measurement response. The right panel displays the full width at half maximum
(FWHM) of the averaging kernels, as a coarse measure of the vertical resolution.

The observations give some humidity information (at least for clear sky conditions).
The measurement response approaches 1 only in a small altitude range around
8 km. The vertical resolution is poor, 4 - 5 km, and accordingly the total retrieval
error is completely dominated by the smoothing component.

Figure 11.5 shows the same retrieval characteristics for temperature. The measure-
ment response is here consistently below 0.3, which in this case is good news as
it indicates a relatively small influence of temperature uncertainties. In short, if a
quantity can not be retrieved, this signifies that the quantity has a small impact on
the measurement, and then also a small influence on the other retrieval variables.

The IWC retrieval performance is reported by Figure 11.7. The measurement re-
sponse is around 1 from 6 km and above (the drop above 12 km is just an edge ef-
fect). Below 6 km the measurement response drops with decreasing altitude, which
should be connected to that the particle scattering is increasingly screened out
by gaseous absorption and the particles become more and more “invisible”. The
simulations indicate that it is possible to retrieve a vertical profile of IWC. The ver-
tical resolution (in kernel FWHM) is 2 - 3 km, which is significantly better than for
humidity. The retrieval errors are dependent on a priori assumptions as discussed
below. The error due to thermal noise is here around 0.005 g/m3. By summing
up the retrieved IWC profile, the IWC column is obtained1. The measurement re-
sponse for column value is here 0.88, and the retrieval error is 32 g/m2. This error
is dominated by smoothing effects, this including the non-perfect response below
6 km.

Finally, the Dm retrieval performance is given in Figure 11.8. The main message of
the figure is that it is not possible to retrieve a vertical profile of Dm, or any other
size parameter. This is clear by the fact that all averaging kernels have basically
the same shape. The sensitivity to the particle size peaks around 11 km, where it
reaches a measurement response of 1. This should be explained by the fact that
the highest frequencies are not operational at lower altitudes. These observations
should have influences for how the inversions are best set up, but for simplicity
reasons the inversions here will be include the complete Dm profile.

Changed nominal Dm

It is clear that the capability to retrieve IWC and Dm, and to separate the vari-
ables, is connected to that the particle size distribution changes for changes in
IWC and Dm. As defined here, a change in IWC means a scaling of the complete
size distribution, while a change in Dmchanges the shape of the distribution. How

1According to the Rodgers book, this is the best way to obtain the column value.
Calculation procedure and error mapping is also described in the book.
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Figure 11.5: Retrieval performance for humidity, at near clear sky conditions.
The content of the figure is explained in the text.
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Figure 11.6: Retrieval performance for temperature, at near clear sky condi-
tions.
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Figure 11.7: Retrieval performance for IWC, at near clear sky conditions.
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Figure 11.8: Retrieval performance for Dm, at near clear sky conditions.
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Figure 11.9: Particle size distributions for near clear sky conditions, but with
changed assumption on nominal Dm.

large this latter change will be in the part of the size distribution affecting mm
and sub-mm scattering depends on nominal Dm value. To investigate this effect,
the calculations were repeated with nominal Dm changed to 600µm. Figure 11.9
shows new particle size distributions.

Interestingly, the measurement response for Dm is here lower (Figure 11.11). The
maximum value is only about 0.45. Earlier simulations have shown that the im-
portant particle size range is between 200 - 500µm. Figures 11.4 and 11.9 show
that a change in Dm with a nominal value of 200µm gives a higher change in the
particle size distribution in the important size range, than when the nominal value
is 600µm. A basic reason to this is that for a constant disturbance, the relative
change is larger for a nominal value of 200µm.

The lower sensitivity to Dm changes for a higher nominal value makes the IWC
retrieval simpler (Figure 11.10), which is manifested in lower retrieval errors and
better vertical resolution. The column retrieval error is decreased by almost a
factor of 2, down to 18 g/m2(measurement response of 0.96).



192 CHAPTER 11. PROTOTYPE RETRIEVAL CODE

0 0.005 0.01 0.015 0.02
0

2

4

6

8

10

12

14

Error [g/m3]

Al
tit

ud
e 

[k
m

]

0 0.2 0.4 0.6 0.8 1
Response

Ice water content (IWC)

1 1.5 2 2.5 3
Vert. resolution [km]

Figure 11.10: Retrieval performance for IWC, at near clear sky conditions
and Dm= 600µm.
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Figure 11.11: Retrieval performance for Dm, at near clear sky conditions and
Dm= 600µm.
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Figure 11.12: Retrieval performance for IWC, at near clear sky conditions
and an a priori uncertainty double as high as standard value.

Impact of assumed a priori uncertainty

Obtained retrieval performance is sensitive to assumed a priori uncertainties, and
the associated correlation variables. This effect is highest for IWC. As an illustra-
tion Figure 11.12 shows the retrieval performance when the a priori uncertainty is
increased with a factor of 2. The effect is higher retrieval errors, but a somewhat
better vertical resolution. When it comes to the column retrieval, the measurement
response is 0.93 and the error is 46 g/m2. That is, the column error is here higher,
but the increase is not as high as the increase in a priori uncertainty (44% com-
pared to 100%). The column retrieval error is basically unchanged if the correlation
length is varied (values between 0.5 and 2.0 kmwere tested).

11.4.3 Test inversions

As a simple demonstration that these results will make some kind of sense, it is
here shown that for simplified conditions, inversions can be made by OEM, even in
a linear mode. To avoid non-linearity, the a priori and true states can not deviate
strongly. The selected test case is an ice cloud centred at 8 km, 2 km thick and with
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a constant IWC of 0.01 g/m3(column value of 20 g/m2). IWC at other altitude is
set to 0. All other parameters follow a priori assumptions.

The retrieval result is summarised in Figure 11.13. The box cloud is not perfectly
resolved, as expected with a vertical resolution somewhat higher than the vertical
extent of the cloud. The maximum value is anyhow placed at the correct altitude.
The profile outside the cloud goes towards the correct value of 0. Retrieved Dm is
off by less than 10µm, and the induced humidity error is in the order of 1 %. If
a non-linear solution would have been applied, the result could maybe be slightly
better, but the results must anyhow be judged as acceptable.

A somewhat more complicated inversion case is shown in Figure 11.14. To decrease
the impact of non-linearities the IWC value is lowered to 0.005 g/m3. Here also the
Dm profile is changed, where the “true” profile is 250µm(compared to 200µmin
a priori profile). The Dm profile can not be retrieved perfectly and a side effect
of this is an additional error in the IWC profile. The Dm measurement response
is too low at lower altitudes, and the IWC profile is also mainly affected in this
altitude region. Applying a non-linear version of OEM could improve the result,
but to what extent is not known.

11.4.4 Summary

The main aim of the CIWSIR mission is to retrieve the ice water content. The
simulations here indicate that it shall be possible to retrieve a vertical profile of
IWC, at least for situations with low IWC. The main issues to accurately estimate
the retrieval performance for IWC are the a priori uncertainty and particle sizes
to assume.
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Figure 11.13: Test inversion, where only IWC profile has been changed com-
pared to a priori assumptions. More comments in text.
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Chapter 12

Summary and Future work

12.1 Summary

ARTS is a modular program and can be run in different modes. The computation
(CPU) time depends very much upon the chosen set-up, whether one uses the
1D- or the 3D-mode, or selects the polarized or the unpolarized mode. CPU time
can also be reduced by calculating two instead of all four Stokes components. The
accuracy of the results is not affected, as long as U and V are negligible. Grid
optimization is very important for both accuracy and computation time. Overall,
the 1D model, with or without polarization is rather efficient and can be used for
example to calculate full frequency spectra. This model is used for generating the
database for the retrieval of cloud properties.

The ARTS package, which includes besides the scattering tools (Monte Carlo and
DOIT) various functions for clear sky radiative transfer and sensor modeling, is
freely available under the Gnu General Public License and can be downloaded
from http://www.sat.uni-bremen.de/arts/.

Because the single scattering properties are computationally expensive, especially
for non-spherical particles, it was planned to have a database of these properties
that can be accessed for the ARTS user. Such a single scattering database based
on DDA method is maintained at MIM, Munich which generates ARTS specific
single scattering inputs. The database now stores them for a range of frequencies
that are part of current and planned mm/submm instruments.

In order to evaluate the performance of ARTS, radiative transfer calculations in
the microwave and sub-millimetre range have been compared to MWMOD and
MOnte carlo model calculations. Inter-comparisons between these models have
been carried out using identical atmospheric input from dedicated measurement
campaigns, like CRYSTAL-FACE and SHEBA. For the clear sky case, the calcu-
lations match well in the microwave region, whereas deviations up to a magnitude

http://www.sat.uni-bremen.de/arts/
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of 5K in the sub-millimetre range can be attributed to differences in the absorp-
tion model. For the other comparison cases including clouds containing different
ice particles and having different IWP the models agree well for most of the cases
where the differences are within 3 K on average, however for certain cases, above
300 GHz the differences are up to 15 K. Furthermoe it is shown that the BT de-
pression due to the cloud signal are much higher in ARTS simulations than in
MWMOD simulations.

The comparison between AMSU-B observation and ARTS an MWMOD showed
that at the optically thick temperature and water vapour absorption lines, the
agreement between models and measurements is satisfactory. Large overestima-
tions of the radiative transfer models and AMSU occur in the microwave window
channels. One reason could be the uncertainity regarding surface emissivity. An-
other comparison, namely, the CoSSIR-ARTS comparisons look quite reasonable
in the 183 and 220 GHz regions, but at higher frequencies the CoSSIR sensor has
an unreasonable high amount of variability, which leads to the conclusion that for
this flight comparisons should not be carried out with channels above 220 GHz
due to unstable receiver behaviour. The comparison with MIR suggested that the
deviations between the radiative transfer models and MIR are on the order than
5-10K. Such differences are most probably due to systematic instrument or model
offsets, which are not possible to evaluate unless instrument characteristics and
problems are known in detail. Here it is important to note, that measurements
and models agree within the range of 10K.

Comparison with AMSU-B observation using mesoscale model input showed that
for the selected case studies, the agreement with observation is reasonable. Coastal
points in channels that see the surface and points with high ice water content
in channels sensitive to scattering present the greatest challenge to ARTS. The
comparison with RTTOVSCATT and ARTS for the same case studies was also
very good, although ARTS performs better than RTTOV in the above mentioned
specific situations.

For the retrieval part, a cloud training data set consisting of around 20000 atmo-
spheric and cloud parameters profiles has been obtained. The cloud profiles are
based on Cloudnet radar profiles and ECMWF data and assumptions, partly from
relevant articles, to obtain as realistic profiles as possible. The size of a training
set like this should be very large, in order to achieve good retrieval simulations
performance, and it may be that this data set is too small. The simulations are
time consuming, and to obtain a training data set of one million cases, that may
be necessary, would require longer computation time.

The retrieval performance shows that both Neural Network (NN) and Monte Carlo
Integration (MCI) were able to extract a good degree of information from the
radiance for retrieving ice water path and mass mean diameter. The NNs seems
to do a slightly better job for both retrieval parameters. Even if, in principle,
both methods should be performing very similarly, it seems that the NNs are
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better at extracting information from these challenging mappings between radiance
and variables. No general conclusions can be made, about which method is best,
because of the limited data set used.

All the developments achieved in this study have provided the necessary tools
to study the CIWSIR mission concept and will be used in the currently running
ESA-ESTEC Study ”Establishment of Mission and Instrument Requirements to
Observe Cirrus Clouds at Sub-millimetre Wavelengths”

12.2 Recommendations for future work

• Part of the work described here continues in the frame of the ongoing ESA
study, ’Establishment of mission and instrument requirements to observe
cirrus clouds at sub-millimetre wavelenght’, in particular the development
of the retrieval code.

• The RT model and the retrieval code can be used in the remote sensing
measurement of cloud ice. The retrieval tool presented here has until now
been tested only on synthetic data in the sub-mm range. Although sub-mm
satellite measurements are not yet available, it is worthwhile to apply this on
the available AMSU-B data. However, one major issue with retrieval from
real data is the size of the training data set. The generation and storage of a
large dataset has to be efficient. Also there needs to be an efficient look up
in the retrieval. We thus recommend a dedicated satellite study quantifying
IWP retrieval accuracy from AMSU data, compared to mesoscale model
fields.

• We recommend a dedicated study to investigate the potential of polarisation
measurements for atmospheric research in the sub-mm range.

• Further recommendation is a model-to-observation approach for the evalu-
ation of atmospheric models. Simultaneous simulation/comparison of satel-
lite/ground based observations in different spectral regions- active and
passive- to better constrain the hydrometeor distributions and properties.

• An aircraft prototype should be developed for sub-mm wave cloud sensor.

• Another possible future work can be aircraft measurements of cloud ice
in the sub-mm range (the new German HALO research aircraft should be
available in 2009). This will give a verification of the performance of the IWP
and Dme retrieval. This requires simultaneous in-situ measurements of IWC
and particle size distribution and sub-mm radiane measurements above the
clouds.
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• Further validation activities using ground based observations at atmospheric
observatories (Cloudnet, ARM stations, ...) could be considered.

• Furthermore, it could be checked whether campaign data (AMMA, COPS,
...) can be used for further RT model validation.
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Chapter 13

List of acronyms

Acronym Meaning

1-2-3-D 1-2-3-Dimension
AMMA African Monsoon Multidisciplinary Analysis
AMPR Advanced Microwave Precipitation Radiometer
AMSU Advanced Microwave Sounding Unit
AMSR Advanced Microwave Scanning Radiometer
ARM Atmospheric Radiation Measurement
ARTS Atmospheric Radiative Transfer System
ASM Amplitude Scattering Matrix
ATBD Algorithm Description and Theoretical Background
ATOVS Advanced Tiros Operational Vertical Sounder
AVHRR Advanced Very High Resolution Radiometer
BT Brightness Temperature
CCM NCAR Community Climate Model
CEOS Committee on Earth Observation Satellites
CEPEX The Central Equatorial Pacific Ocean Experiment
CIWSIR Cloud Ice Water Submillimeter Imaging Radiometer
CMIS Conical scanning Microwave Imager/Sounder
COHMEX Cooperative Huntsville Meteorological Experiment
COP Cirrus Optical Properties
COPS Convective and Orographically-induced Precipitation

Study
COSSIR Compact scanning Submillimeter Imaging Radiometer
CPU Central Processing Unit
CRYSTAL-
FACE

Cirrus Regional Study of Tropical Anvils and Cirrus
Layers- Florida Area Cirrus Experiment

CSUGCM Colorado State University General Circulation Model
CVS Concurrent Versions System
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Acronym Meaning

CWC Cloud Water Content
D.-A Doublind-and-Adding method
DDA Discrete Dipole Approximation
DISORT DIScrete Ordinate Radiative Transfer model
Dm Mean Mass Diameter
DO Discrete-Ordinate method
DOIT Discrete Order ITerative
DOM Discrete ordinate Method
EARS EUMETSAT ATOVS Retransmission Service
ECMWF European Centre for Medium-Range Weather Forecasts
EOS Earth Observing System
Eq. Equation
ESA European Space Agency
ESTEC European Space research and TEchnology Centre
ETL Environmental Technology Laboratory
EUMETSAT EUropean organisation for the exploitation of METeoro-

logical SATellites
FASCOD FASt CODe for atmospheric transmission
FASTEM FAST Emissivity Model
FOV Field Of View
FWHM Full Width at Half Maximum
GCM Global Climate Model
GEO Geosynchronous Equatorial Orbit
GEWEX Global Energy and Water cycle EXperiment
GISS Goddard Institute for Space Studies
GNU GNU’s Not UNIX
GPS Global Positioning System
HALO High Altitude and LOng Range Research (aircraft)
HIRS High resolution Infrared Radiation Sounder
HITRAN HIgh-resolution TRANsmission molecular absorption

database
I Stokes vector
I First component of the Stokes vector, intensity of the ra-

diation
Ih Intensity of the horizontally polarised part of the radiation
Iv Intensity of the vertically polarised part of the radiation
IMC Ice Mass Content
IR InfraRed
ISCCP International Satellite Cloud Climatology Project
IWC Ice Water Content
IWP Ice Water Path
LEO Low Earth Orbit
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Acronym Meaning

LWC Liquid Water Content
MC Monte Carlo
MCI Monte Carlo Integration
MEO Medium Earth Orbit
MIM Meteorologischen Instituts Mnchen
MIR Millimeter-Wave Imaging Radiometer
MIUB Meteorologisches Institut der Universitt Bonn
MLS Microwave Limb Sounder
MMCR MilliMeter wave Cloud profiling Radar
MODIS Moderate Resolution Imaging Spectroradiometer
MSG Meteosat Second Generation
MTS Massachusetts institute of technology millimeter wave

Temperature Sounder
MW MicroWave
MWMOD MicroWave MODel
NASA National Aeronautics and Space Agency
NH Northern Hemisphere
NN Neural Networks
NOAA National Oceanic and Atmospheric Administration
NPCO NOAA Portable Cloud Observatory
NPOESS National Polar-orbiting Operational Environmental Satel-

lite System
NWP Numerical Weather Prediction
OEM Optimal Estimation Method
PC Personal Computer
PND Particle Number Density
Pol. Polarisation
PolRadTrans Polarized Radiative Transfer Model
Q Second component of the Stokes vector, Polarisation dif-

ference: difference between the intensities of the horizon-
tally polarised and vertically polarised part of the radia-
tion

RAL Rutherford Appleton Laboratory
rand. or random orientation
RHS Right Hand Side
RMS Root Mean Square
RT Radiative Transfer
RT3 PolRadTrans for solar or thermal radiation in a medium

of randomly oriented particles
RTE Radiative Transfer Equation
RTM Radiative Transfer Model
RTTOV Radiative Transfer for TOVS
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Acronym Meaning

RTTOVSCATT RTTOV SCATTering
SEVIRI Spinning Enhanced Visible and Infra-Red Imager
SHDOM Spherical Harmonics Discrete Ordinate Method
SHEBA Surface HEat Budget of the Arctic ocean
Single Scat Single Scattering approximation
SMOS Soil Moisture and Ocean Salinity
SOS Successive Order Scattering
SP Size Parameter
sph sperical
SSMI Special Sensor Microwave/Imager
Sub-mm Sub-millimeter
TB or TB Brightness Temperature
TIROS Television InfraRed Observation Satellite program
TOVS tiros-n Operational Vertical Sounder
TRMM Tropical Rainfall Measurement Mission
U Third component of the Stokes vector, describes the linear

polarisation
UTC Coordinated Universal Time
UTLS Upper Troposphere/Lower Stratosphere
UV Ultra Violet
V Fourth component of the Stokes vector, describes the cir-

cular polarisation
VDISORT Vector DIScrete-Ordinate Radiative Transfer method
VDOM Vector Discrete Ordinate Method
VRTE Vector Radiative Transfer Equation
Vis Visible
WMO World Meteorological Organization
WP Work Package
WSM WorkSpace Method



BIBLIOGRAPHY 205

Bibliography

Anderson, G. P., S. A. Clough, F. X. Kneizys, J. H. Chetwynd, and E. P. Shet-
tle, AFGL atmospheric constituent profiles (0–120 km), Tech. Rep. TR-86-0110,
AFGL, 1986.

Ballard, S. P., Working Group 2: Consistency between model and observations. In
Proceedings of an ECMWF/GEWEX Workshop held at ECMWF on humidity
analysis, 8-11 July 2002, ECMWF, Shinfield Park, Reading, RG2 9AX, UK,
2002.

Bauer, P., Microwave radiative transfer modeling in clouds and precipitation part 1:
Model description, Tech. rep., NWP SAF Document No. NWPSAF-EC-TR-005,
2002.

Bauer, P., E. Moreau, F. Chevallier, and U. O’Keeffe, Multiple-scattering mi-
crowave radiative transfer for data assimilation applications, Quarterly Journal
of the Royal Meteorological Society, 60, in press, 2005.

Bohren, C., and D. R. Huffman, Absorption and Scattering of Light by Small
Particles, Wiley Science Paperback Series, 1998.

Breon, F.-M., and B. Dubrulle, Horizontally oriented plates in clouds., J. Atmos.
Sci., 61, 2888–2898, 2004.

Buehler, S. A., P. Eriksson, T. Kuhn, A. von Engeln, and C. Verdes, ARTS, the
atmospheric radiative transfer simulator, J. Quant. Spectrosc. Radiat. Transfer,
91 (1), 65–93, doi:10.1016/j.jqsrt.2004.05.051, 2005a.

Buehler, S. A., N. Courcoux, and V. O. John, Radiative transfer calculations for
a passive microwave satellite sensor: Comparing a fast model and a line-by-line
model, J. Geophys. Res., in press, 2006.

Buehler, S. A., et al., Cloud ice water sub-millimetre imaging radiometer, proposal
submitted to ESA call for Earth Explorer Missions in Spring 2005, 2005b.

Chandrasekhar, S., Radiative Transfer, Dover, New York, 1960.



206 BIBLIOGRAPHY

Chepfer, H., G. Brogniez, P. Goloub, F. M. Breon, and P. H. Flamant, Observations
of horizontally oriented ice crystals in cirrus clouds with POLDER-1/ADEOS-1,
J. Quant. Spectrosc. Radiat. Transfer, 63, 521–543, 1999.

Chepfer, H., P. Goloub, J. Riedi, J. F. D. Haan, J. W. Hovenier, and P. H. Flamant,
Ice crystal shapes in cirrus clouds derived from polder/adeos-1, J. of Geophys.
Res., 106, 7955–7966, 2001.

Chevallier, F., P.Bauer, G. Kelly, C. Jalob, and T. McNally, Model clouds over
oceans as seen from space: Comparison with HIRS/2 and MSU radiances, J.
Climate, 14, 4216–4229, 2001.

Cullen, M. J. P., The unified forecast climate model, Meteorological Magazine, 122
(1449), 81–94, 1993.

Czekala, H., Microwave radiative transfer calculations with multiple scattering
by nonspherical hydrometeors, Ph.D. thesis, Rheinische Friedrich-Wilhems-
Universitt Bonn, 1999.

Czekala, H., and C. Simmer, Microwave radiative transfer with nonspherical pre-
cipitating hydrometeors, J. Quant. Spectrosc. Radiat. Transfer, 60 (3), 365–374,
1998.

Davis, C. P., D. L. Wu, C. Emde, J. H. Jiang, R. E. Cofield, and R. S. Har-
wood, Cirrus induced polarization in 122 GHz Aura Microwave Limb Sounder
radiances, Geophys. Res. Lett., 32, L14806, doi:10.1029/2005GL022681, 2005.

Deeter, M. N., and K. F. Evans, A hybrid Eddington-single scattering radiative
transfer model for computing radiances from thermally emitting atmospheres,
J. Quant. Spectrosc. Radiat. Transfer, 60 (4), 635–648, 1998.

Demaison, J., et al., Characterization of millimetre-wave spectroscopic signatures,
Final Report, Contract No 16377/02/NL/FF, ESTEC, Noordwijk, 2004.

Draine, B. T., The Discrete Dipole Approximation for Light Scattering by Irregular
Targets, in Light Scattering by Nonspherical Particles: Theory, Measurements
and Applications, edited by M. I. Mishchenko, J. W. Hovenier, and L. D. Travis,
pp. 131–144, Academic Press, 2000.

Draine, B. T., and P. Flatau, User Guide to the Discrete Dipole Approximation
Code DDSCAT.6.0, http://arxiv.org/abs/astro-ph/0300969, 2003.

Emde, C., A polarized discrete ordinate scatterig model for radiative transfer sim-
ulations in spherical atmospheres with thermal source, Ph.D. thesis, University
of Bremen, ISBN 3-8325-0885-4, 2005a.



BIBLIOGRAPHY 207

Emde, C., A polarized discrete ordinate scattering model for simulations of limb
and nadir long-wave measurements of cloudy atmospheres, Ph.D. thesis, Uni-
versity of Bremen, 2005b.

Emde, C., S. A. Buehler, C. Davis, P. Eriksson, T. R. Sreerekha, and C. Te-
ichmann, A polarized discrete ordinate scattering model for simulations of limb
and nadir longwave measurements in 1D/3D spherical atmospheres, J. Geophys.
Res., 109 (D24), D24207, doi:10.1029/2004JD005140, 2004a.

Emde, C., S. A. Buehler, P. Eriksson, and T. R. Sreerekha, The effect of cirrus
clouds on microwave limb radiances, J. Atmos. Res., 72 (1–4), 383–401, doi:
10.1016/j.atmosres.2004.03.023, 2004b.

English, S., and T. Hewison, A fast generic millilmeter wave emissivity model, in
Microwave Remote Sensing of the Atmosphere and the Environment, Proceedings
of SPIE, vol. 3503, edited by Y. J. T. Hayasaka, D.L. Wu and J. Jiang, pp. 22–30,
SPIE, 1998.

English, S., A. Jupp, B. Candy, D. Bobbington, and A. Holt, Capability and re-
quirements for polarimetric radiometery in numerical weather prediction, First
progress report for ESA contract reference number CAO/CB/02.1025, 2003.

English, S. J., J. Eyre, and J. A. Smith, A cloud-detection scheme for use with satel-
lite sounding radiances in the context of data assimilation for numerical weather
prediction, Quarterly Journal of the Royal Meteorological Society, 125 (559),
1999.

Eriksson, P., S. A. Buehler, C. Emde, T. R. Sreerekha, C. Melsheimer, and
O. Lemke, ARTS-1-1 User Guide, University of Bremen, 308 pages, regularly
updated versions available at www.sat.uni-bremen.de/arts/, 2004.

Evans, K. F., The spherical harmonics discrete ordinate method for three-
dimensional atmospheric radiative transfer, J. Atmos. Sci., 55, 429–466, 1998.

Evans, K. F., and G. L. Stephens, A new polarized atmospheric radiative transfer
model, J. Quant. Spectrosc. Radiat. Transfer, 46 (5), 412–423, 1991.

Evans, K. F., S. J. Walter, A. J. Heymsfield, and G. M. McFarquhar,
Submillimeter-wave cloud ice radiometer: Simulations of retrieval algorithm per-
formance, J. of Geophys. Res., 107, 2.1–2.21, 2002.

Eyre, J., A fast radiative transfer model for satellite sounding systems, Tech. rep.,
ECMWF Tech. Memo. No. 176, 1991.

Field, P. R., R. J. Hogan, P. R. A. Brown, A. J. Illingworth, T. W. Choularton, and
R. J. Cotton, Parametrization of ice particle size distributions for mid-latitude



208 BIBLIOGRAPHY

stratiform cloud, Quarterly Journal of the Royal Meteorological Society, 131,
1997–2019, 2005.

Gasiewski, A. J., and D. H. Stalin, Statistical precipitation cell parameter esti-
mation using passive 118.75-GHz oxygen resonance, J. of Geophys. Res., 94,
18,367, 1989.

Gasiewski, A. J., and D. H. Stalin, Numerical modeling of passive microwave o2

observations over precipitation, Radio Science, 25 (3), 217–235, 1990.

Golding, B. W., and N. C. Atkinson, Study of Future Microwave Sounders on
Geostationary and Medium Earth Orbits. Task 1 Report: Review of Preliminary
List of Products and Corresponding Requirements, Tech. rep., ESA, ESA study
STN/PR72/002, MGO-MET-RP-001, 2002.

Haferman, J. L., T. F. Smith, and W. F. Krajewski, A multi-dimensional discrete-
ordinates method for polarised radiative transfer. Part 1: Validation for ran-
domly oriented axisymmetric particles, J. Quant. Spectrosc. Radiat. Transfer,
58, 379–398, 1997.

Hartmann, D. L., and D. A. Short, On the use of earth radiation budget statistics
for studies of clouds and climate, J. Atmos. Sci., 37, 1233–1249, 1980.

Herman, G. F., M.-L. Wu, and W. Johnson, The effect of clouds on the Earth’s
solar and infrared radiation budgets, J. Atmos. Sci., 37, 1251–1261, 1980.

Heymsfield, A. J., Properties of tropical and midlatitude ice cloud particle ensem-
bles, part II: Applications for mesoscale and climate models, J. Atmos. Sci., 60,
2592–2611, 2003.

Heymsfield, A. J., and G. M. McFarquahar, Cirrus, chap. Mid-latitude and Trop-
ical Cirrus, pp. 78–101, Oxford University Press, 2002.

Hufford, G., A model for the complex permittivity of ice at frequencies below
1 THz, Int. J. Infrared Millimeter Waves, 12, 677–682, 1991.

Jimenez, C., P. Eriksson, and D. Murtagh, First inversions of observed sub-
millimetre limb sounding radiances by neural networks, J. of Geophys. Res.,
108(D24), 4791, doi:10.1029/2003JD003826, 2003.

Kerridge, B., et al., Consideration of mission studying chemistry of the UTLS,
final report, Tech. rep., ESTEC Contract No 15457/01/NL/MM, 2004.

Kinne, S., et al., Cirrus Cloud Radiative and Microphysical Properties From
Ground Observations and In Situ Measurements During Fire 1991 and Their
Application to Exhibit Problems in Cirrus Solar Radiative Transfer Modeling,
JAS, 54, 2320–2344, 1997.



BIBLIOGRAPHY 209

Korolev, A., and G. Isaac, Roundness and aspect ratio of particles in ice clouds,
J. Atmos. Sci., 60, 1795–1808, 2003.

Kummerow, C., On the accuracy of the eddington approximation for radiative
transfer in the microwave frequencies, J. of Geophys. Res., 98 (D2), 2757–2765,
1993.

Liao, X., W. B. Rossow, and D. Rind, Comparison between SAGE II and ISCCP
high-level clouds. part I: Global and zonal mean cloud amounts, J. of Geophys.
Res., 100, 1121–1135, 1995.

Liebe, H. J., T. Manabe, and G. A. Hufford, Millimeter-wave attenuation and delay
rates due to fog/cloud conditions, IEEE Trans. Ant. Prop., 37, 1617–1623, 1989.

Liebe, H. J., G. A. Hufford, and M. G. Cotton, Propagation modeling of moist
air and suspended GHz, Proceedings of AGARD 52nd Specialists Meeting
of the Electromagnetic Wave Propagation Panel, Palma de Mallorca, Spain,
ftp://ftp.its.bldrdoc.gov/pub/mpm93/, 1993.

Liou, K., An introduction to Atmospheric Radiation, 2 ed., Academic Press, 2002.

Liou, K. N., Influence of cirrus clouds on weather and climate processes: a global
perspective, monthly weather review, 114, 1167–1199, 1986.

Liou, K. N., Cirrus clouds and Climate, The McGraw Hill Companies, 2005.

Liu, G., Approximation of single scattering properties of ice and snow particles for
high microwave frequencies, J. Atmos. Sci., 61, 2004.

Maetzler, C., On the determination of surface emissivity from satellite observa-
tions, IEEE Geoscience and Remote Sensing Letters, 2, 2005.

Maetzler, C., and U. Wegmueller, Dielectric properties of freshwater ice at mi-
crowave frequencies, J. Phys. D, 20, 1623–1630, 1987.

Marshall, J. S., and W. M. Palmer, The distribution of raindrops with size, J.
Meteorol., 5, 165, 1948.

McFarquhar, G. M., and A. J. Heymsfield, Parameterization of tropical cirrus ice
crystal size distribution and implications for radiative transfer: Results from
CEPEX, J. Atmos. Sci., 54, 2187–2200, 1997.

Melsheimer, C., et al., Intercomparison of general purpose clear sky atmospheric
radiative transfer models for the millimeter/submillimeter spectral range, Radio
Sci., RS1007, doi:10.1029/2004RS003110, 2005.

Mishchenko, M., Calculation of the amplitude matrix for a nonspherical particle
in a fixed orientation, Applied Optics, 39, 1026–1031, 2000.

ftp://ftp.its.bldrdoc.gov/pub/mpm93/


210 BIBLIOGRAPHY

Mishchenko, M. I., Extinction and polarization of transmitted light by partially
aligned nonspherical grains, Astrophysical Journal, 367, 561–574, 1991.

Mishchenko, M. I., and L. D. Travis, Capabilities and limitations of a current FOR-
TRAN implementation of the T-matrix method for randomly oriented rotation-
ally symmetric scatterers, J. Quant. Spectrosc. Radiat. Transfer, 60, 309–324,
1998.

Mishchenko, M. I., L. D. Travis, and D. Mackowski, T-matrix computations of light
scattering by nonspherical particles: A Review, J. Quant. Spectrosc. Radiat.
Transfer, 55, 535–575, 1996.

Mishchenko, M. I., J. W. Hovenier, and L. D. Travis (Eds.), Light Scattering by
Nonspherical Particles, Academic Press, ISBN 0-12-498660-9, 2000.

Mishchenko, M. I., L. D. Travis, and A. A. Lacis, Scattering, Absorption, and
Emission of Light by Small Particles, Cambridge University Press, 2002.

Moreau, E., P. Bauer, and F. Chevallier, Microwave radiative transfer modeling
in clouds and precipitation part 2: Model evaluation, Tech. rep., NWP SAF
Document No. NWPSAF-EC-TR-006, 2002.

Norris, J. R., Multidecadal changes in near-global cloud cover and estimated cloud
cover radiative forcing, J. of Geophys. Res., 110, 2005.

o’Brian, D. M., Accelerated quasi monte carlo integration of the radiative-transfer
equation, J. Quant. Spectrosc. Radiat. Transfer, 48, 261–278, 1992.

Perrin, A., C. Puzzarini, J.-M. Colmont, C. Verdes, G. Wlodarczak, G. Caz-
zoli, S. Buehler, J.-M. Flaud, and J. Demaison, Molecular line parameters
for the MASTER (millimeter wave acquisitions for stratosphere/troposphere
exchange research) database, J. Atmos. Chem., 50 (2), 161–205, doi:10.1007/
s10874-005-7185-9, 2005.

Poetzsch-Heffter, C., Q. Liu, E. Ruperecht, and C. Simmer, Effect of cloud types on
the earth radiation budget calculated with the ISCCP Cl dataset: Methodology
and initial results, J. Climate, 8 (4), 829–843, 1995.

Press, H., S. Teukolksky, W. Vetterling, and B. Flannery, Numerical Recipes in C:
The Art of Scientific Computing, Cambridge University Press, 1992.

Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. R. Barkstrom, E. Ah-
mad, and D. Hartmann, Cloud-radiative forcing and climate: results from the
earth radiation budget experiment, Science, 243, 57–63, 1989.



BIBLIOGRAPHY 211

Rasch, P., and J. Kristjansson, A comparison of the CCM3 model climate using
diagnosed and predicted condensate parameterizations, J. Climate, 11, 1587–
1614, 1998.

Roberti, L., J. Haferman, and C. Kummerow, Microwave radiative transfer through
horizontally inhomogeneous precipitating clouds, J. of Geophys. Res., 99 (D8),
16,707–16,718, 1994.

Rosenkranz, P. W., Absorption of microwaves by atmospheric gases, in Atmo-
spheric remote sensing by microwave radiometry, edited by M. A. Janssen, pp.
37–90, John Wiley & Sons, Inc., ftp://mesa.mit.edu/phil/lbl_rt, 1993.

Rosenkranz, P. W., Water vapor microwave continuum absorption: A comparison
of measurements and models, Radio Sci., 33 (4), 919–928, (correction in 34, 1025,
1999), ftp://mesa.mit.edu/phil/lbl_rt, 1998.

Rossow, W. B., and R. A. Schiffer, ISCCP cloud data products., Bull. Amer. Met.
Soc., 72, 2–20, 1991.

Rothman, L. S., et al., The HITRAN molecular spectroscopic database and
HAWKS (HITRAN atmospheric workstation): 1996 edition, J. Quant. Spec-
trosc. Radiat. Transfer, 60, 665–710, 1998.

Saunders, R., P. Brunel, F. Chevallier, G. Deblonde, S. J. English, M. Matricardi,
and P. Rayer, Rttov-7 science and validation report, Met Office Forecasting and
Research Technical Report no. 387, pp51, 2001.

Schulz, F. M., and K. Stamnes, Angular distribution of the Stokes vector in a
plane-parallel, verically inhomogeneous medium in the vector discrete ordinate
radiative transfer, J. Quant. Spectrosc. Radiat. Transfer, 65, 609–620, 2000.

Schulz, F. M., K. Stamnes, and F. Weng, Vdisort: An improved and generalized
discrete ordinate method for polarized (vector) radiative transfer, J. Quant.
Spectrosc. Radiat. Transfer, 61 (1), 105–122, 1999.

Seinfeld, J. H., Clouds, contrails and climate, Nature, 391, 837–838, 1998.

Sekhon, R. S., and R. C. Srivastava, Snow size spectra and radar reflectivity, J.
Atmos. Sci., 27, 299, 1970.

Simmer, C., Satellitenfernerkundung hydrologischer Parameter der Atmosphre mit
Mikrowellen, 2 ed., Verlag Dr. Kovac, 1994.

Smith, E., P. Bauer, F. Marzano, C. Kummerow, D. McKague, A. Mugnai, and
G. Panegrossi, Intercomparison of microwave radiative transfer models for pre-
cipitating clouds, IEEE Trans. Geosci. Remote Sensing, 40, 541–549, 2002.



212 BIBLIOGRAPHY

Sreerekha, T. R., S. A. Buehler, and C. Emde, A simple new radiative transfer
model for simulating the effect of cirrus clouds in the microwave spectral region,
J. Quant. Spectrosc. Radiat. Transfer, 75, 611–624, 2002.

Sreerekha, T. R., S. Buehler, S. J. English, U. O’Keeffe, A. Doherty, and C. Emde,
A strong ice cloud event as seen from a microwave satellite sensor: Simulations
and observations, In press, 2005.

Stallman, R. M., Free Software, Free Society: Selected Essays, GNU Press, ISBN
1-882114-98-1, 2002.

Stamnes, K., S.-C. Tsay, W. Wiscombe, and K. Jayaweera, Numerically stable
algorithm for discrete-ordinate-method radiative transfer in multiple scattering
and emitting layered media, Appl. Opt., 27, 2502–2509, 1988.

Stephens, G. L., Cloud feedbacks in the climate system: A critical review, J. Cli-
mate, 18, 237–273, 2005.

Stephens, G. L., S. Tsay, J. P. W. Stackhouse, and P. J. Flatau, The relevance
of the microphysical and radiative properties of cirrus clouds to climate and
climatic feedback, J. Atmos. Sci., 47 (14), 1742–1753, 1990.

Tsang, L., J. A. Kong, and R. T. Shin, Theory of Microwave Remote Sensing,
Wiley, New York, 1985.

Verdes, C. L., S. A. Buehler, A. Perrin, J.-M. Flaud, J. Demaison, G. Wlodar-
czak, J.-M. Colmont, G. Cazzoli, and C. Puzzarini, A sensitivity study on spec-
troscopic parameter accuracies for a mm/sub-mm limb sounder instrument, J.
Molec. Spectro., 229 (2), 266–275, doi:10.1016/j.jms.2004.09.014, 2005.

Warren, S., Optical constants of ice from the ultraviolet to the microwave, Applied
Optics, 23, 1984.

Warren, S. G., Optical constants of ice from the ultraviolet to the microwave,
Applied Optics, 23, 1206–1225, 2000.

Weinman, J. A., and R. Davies, Thermal microwave radiances from horizontally
finite clouds of hydrometeors, J. of Geophys. Res., 83, 3099–3107, 1978.

Weng, F., A multi-layer discrete-ordinate method for vector radiative transfer in
a vertically-inhomogeneous, emitting and scattering atmosphere - I. Theory, J.
Quant. Spectrosc. Radiat. Transfer, 47, 19–33, 1992.

WMO, CEOS/WMO Database, Version 2.4, available on CD, 2001.

Wu, R., and J. A. Weinman, Microwave radiances from precipitating clouds cn-
taining asperical ice, combined phase, and liquid hydrometeors, J. of Geophys.
Res., 89, 7170–7178, 1984.



BIBLIOGRAPHY 213

Zhang, Y., A. Macke, and F. Albers, Effect of crystal size spectrum and crystal
shape on stratiform cirrus radiative forcing, Atmos. Res., 52, 59–75, 1999.


	Introduction
	I Task I
	User requirements
	Introduction
	Discussion of approach adopted
	Definition Of UserAnd Product Requirement
	Definition Of Limits In User Requirement
	The ESA MEO/GEO study conclusions

	Review of user requirements 
	Review of MEO/GEO Study user requirement

	Summary of requirements
	Conclusions

	RT model review
	Introduction
	MWMOD
	RTTOV
	Eddington approximation
	Optical properties
	Mie tables

	SHDOM
	Spherical harmonics angular representation
	Discrete ordinate method
	Picard iteration method
	Validation

	PolRadTrans
	Doubling-adding method

	Hybrid model
	Eddington's second approximation
	Single scattering approximation
	Validation

	DISORT
	Algorithm for the discrete-ordinate-method

	VDISORT
	Generalized discrete ordinate method for polarized RT

	Gasiewski Model
	Solution method
	Comparison

	Eddington approximations
	Analytical and finite differences Eddington solution
	Comparison

	3D backward Monte Carlo model by Roberti
	Monte Carlo method
	Plane-parallel methods
	Comparisons with DOM and plane-parallel models

	VDOM
	Multidimensional DOM for polarised RT

	ARTS
	ARTS - DOIT
	ARTS-MC

	Intercomparison of microwave RT models
	Summary


	II Task II
	Model requirements and development plan
	Model requirements
	Approach for the study


	III Task III
	ARTS development work
	ARTS radiative transfer model - An overview
	ARTS model extensions
	Grid optimization and interpolation methods
	Temperature dependance of single scattering properties
	Surface emissivity
	Scalar simulations
	Local Cartesian approximation inside the cloudbox
	Effect of cirrus clouds on AMSU - B radiance.
	Analysis of polarization using ARTS

	Summary

	T-matrix single scattering tool: PyARTS
	Introduction
	Why Python?
	Downloading PyARTS
	Prerequisites
	Installation
	Unit testing
	Examples
	Documentation

	PyARTS package contents
	Introduction

	The clouds module
	Cloud objects
	Hydrometeor objects
	Selected functions
	Algorithm description and theoretical basis

	The arts_scat module
	SingleScatteringData objects
	Selected functions
	Algorithm and theoretical basis
	Ice crystal optical property generation

	The artsXML module
	XMLfile objects
	Selected functions


	DDATool and single scattering database
	Existing DDA source code
	Description of DDATool
	Validation of single scattering properties
	Validation of integrated single scattering properties
	Evaluation of scattering phase matrix components

	Single scattering data base

	Validation of ARTS RT model - Model Intercomparison
	Comparison of ARTS to other radiative transfer models
	Discussion and Conclusions

	NWP model case study
	Introduction
	Case Studies
	RTTOV
	Case 1 Results
	Case 2
	Importance of ice microphysical assumptions
	RTTOV comparison for additional case studies
	Conclusions

	Validation of ARTS using site case studies
	Prototype Retrieval code
	Ice cloud training data set
	Generation of a cloud training data set
	Atmospheric profiles
	Microphysical assumptions
	Simulations
	Summary

	Develop prototype retrieval code
	Retrieval performance
	Demonstration of retrieval performance
	Retrieval of ice water path
	Retrieval of particle diameter
	Summary

	Inversion characterisation by OEM
	Overall simulation conditions
	Near clear sky conditions
	Test inversions
	Summary



	IV Summary
	Summary and Future work
	Summary
	Recommendations for future work

	List of acronyms


