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SUMMARY  
 
1 Highlights 

1.1 CIRAMOSA Background 
♦ IPCC: radiative effect of clouds still key area of scientific uncertainty in climate change prediction 

♦ Absorption and scattering by ubiquitous ice clouds (cirrus) consisting of ice crystals of complicated 
non-spherical shapes difficult to calculate 

1.2 CIRAMOSA Objectives 
to provide for the understanding of changes in clouds expected by a global climate change: 

♦ a long-term survey of cirrus physical and microphysical properties from both remote sensing and 
in-situ measurements  

♦ correlations between cirrus properties and the state of the atmosphere  

♦ a study of their effect on the reflection of solar radiation.  

1.3 CIRAMOSA Components 
♦ Compilation of regional cirrus physical and microphysical properties 

♦ Angular, spectral behaviour, polarisation of observed and modelled cirrus using POLDER/ATSR-2 

♦ Long-term retrieval of cirrus effective mean ice crystal sizes from TOVS 

♦ Sensitivity analysis of computed fluxes to changes in cirrus microphysics 

♦ Effect of parameterisations on radiative fluxes using TOVS-ScaRaB observations 

1.4 CIRAMOSA Deliverables 
The synergy of the analysis of these complementary data sets will lead to: 

♦ long-term survey of cirrus physical and microphysical properties from TOVS retrievals  

♦ correlations between cirrus properties and the state of the atmosphere  

♦ radiative flux sensitivity to changes in cirrus microphysical properties  

♦ software tools for data exploitation from European Earth observing instruments  

♦ improved cirrus radiative transfer code for GCMs and regional forecast models 
 
 
2  Objectives 

The radiation effect due to changes of microphysical properties within cirrus clouds can be 
very important. We will provide a long-term survey of these properties, together with cirrus 
macrophysical properties, and then establish a compilation of correlations between them and 
the state of the atmosphere. This information is essential for the understanding of changes in 
clouds expected by a global climate change. Satellite instruments measuring radiation with a 
good spectral resolution as well as multi-angular measurements of polarized reflectances used 
with newly developed retrieval algorithms are now capable to give this information over the 
whole globe. Models for climate prediction can profit from the outcome of this proposal by 
using the most appropriate correlations in their radiation codes.    
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3 Work context 

Even though it has been known for a long time that ice crystals have complicated non-
spherical shapes, most climate models still use ice spheres in the computation of cirrus 
radiative properties. There are two main reasons for this:  

1) the large spatial and temporal variability of cirrus ice crystal shapes and sizes 
observed by regional measurement campaigns and  

2) the difficulty in calculating absorption and scattering by non-spherical particles. 

Nevertheless, the effect of replacing spheres by more realistic ice crystal shapes in the 
radiation computations of a GCM can lead to large changes in the radiative LW and SW 
fluxes (up to 10 and 25 Wm-2 respectively) which themselves drive the dynamics of the 
atmosphere. For reliable predictions of climate change and natural hazards it is therefore 
essential to find realistic assumptions on ice crystal shapes and sizes which form the cirrus 
clouds and to compute their radiative properties accurately. 
Until now, correlations between cirrus microphysical properties, such as dominating ice 
crystal shape and sizes, and their macrophysical properties and the state of the atmosphere 
have been established only for a few places on earth and for very limited time periods. The 
use of satellite observations will allow for the first time to obtain a more coherent image of 
the validity of these correlations found in regional field campaigns. Our longest data set 
contains eight years of data which give us the possibility to look for changes in these 
correlations. 

 
4  Methodology and results 

The project consisted of two parts, the output of part 1 is used as input to the second one: 
1)  compilation of cirrus micro- and macrophysical properties and parameterisations of 

correlations between them and the state of the atmosphere  
2)  computation of the radiative impact of changes in cirrus microphysical properties 

Each part is separated into different components. Part 1 consists of 3 components and part 2 of 
2 components. Table 1 describes the interconnection diagram. In the following, main results 
of the 5 work packages are summarized. 
 
4.1 Compilation of regional cirrus physical and microphysical properties (IfMK)  

The compilation of regional cirrus properties, measured during seven campaigns, has been 
finished with the unfortunate outcome that  

• results of in-situ measurements of cirrus microphysical properties strongly vary from 
campaign to campaign owing to different measurement and analysis techniques and  

• even for a specific campaign the microphysical properties are little correlated with the 
surrounding atmospheric conditions.  

We therefore conclude that a climatological interpretation of in-situ data requires  

• a substantial improvement of the quality of the size distribution measurements and  

• combined measurements of microphysics and surrounding atmospheric conditions along 
the trajectory of a cirrus parcel.  
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4.2 Angular, spectral behaviour, polarisation of cirrus using POLDER / ATSR-2  
(C.N.R.S.-LOA, Met Office) 
The Along Track Scanning Radiometer (ATSR-2) aboard the European satellite ERS-2 
measures narrow-band radiances over a spectral range from infrared to visible wavelengths at 
two viewing geometries. It allows retrieval (based on optimal estimation theory) of cirrus 
microphysical properties (shape and size) and physical properties (cloud height, optical depth 
and estimated ice water path).  
The imaging radiometer-polarimeter POLDER (Polarisation of Earth's Reflectances) aboard 
the Japanese satellite ADEOS measures multi-angular polarised reflectances of the solar 
radiation in up to 14 viewing angles in eight narrow spectral bands. These are very sensitive to 
the shape of scatterers. The POLDER ice clouds have been complemented with simultaneous 
ATSR-2 measurements, allowing a comparison of cloud height and an independent 
determination of dominant ice crystal size.  

• From the ATSR-2 cases no simple deterministic relationship was found between De and 
Tcld. This is a result of the high variability exhibited by the cases covered since they 
covered mid-latitude and tropical convective cloud undergoing differing microphysical 
processes, large-scale dynamics and temperature regimes. However, what could be said 
is that larger ice crystals are more associated with warmer cirrus cloud. 

• It was generally found that for the case of convective tropical cirrus with associated  
tails and cirrus sheets both De and IWP decrease as a function of horizontal distance 
from the convective centre. It has been shown that the decay of the normalized De and 
IWP as a function of the normalized horizontal distance follow simple exponential 
scaling laws. It was  recommended that ensemble runs of CRMS be conducted under 
differing assumptions of large-scale  dynamics and ice crystal microphysics to see if the 
same scaling laws are found. 

• The best-appropriated model to simulate the POLDER directional cloud albedo is the 
inhomogeneous hexagonal monocrystal (IHM) with an aspect ratio value (L/2R) of 2.5. 

• By applying the IHM to the ice crystal size retrieval, the dominating effective ice crystal 
diameter is about  44 µm for thin cirrus (τ<4) and 70 µm for thick cirrus (τ>4). 

• Whereas thin cirrus do not exhibit a relationship between De and TIR, positive 
relationships can be found for thick cirrus, with a stronger slope in midlatitudes than in 
tropics.  

 
4.3 Long-term retrieval of cirrus properties from TOVS (C.N.R.S.-LMD) 

The relatively high spectral resolution of the TIROS-N Operational Vertical Sounder (TOVS) 
system onboard the NOAA polar orbiters makes these instruments especially reliable for the 
retrieval of cirrus properties. The NOAA/NASA Pathfinder TOVS Path-B data set provides 
eight years of atmospheric temperature and water vapour profiles as well as cloud and surface 
properties. In addition to cloud height and effective emissivity, C.N.R.S.-LMD has retrieved 
four years of mean effective ice crystal diameters, De, integrated over cloud depth, as well as 
ice water path, IWP, for large-scale semi-transparent cirrus (visible optical thickness between 
0.7 and 3.8). These clouds constitute about half of all high clouds. 

• For a long-term survey, De and IWP of large-scale semi-transparent cirrus can be 
retrieved in the IR from TOVS observations only during the period from 1979 until 
1991. After that period, the HIRS instrument on NOAA-12 had a problem with the 8 µm 
channel, and on all further instruments this channel was replaced by a 12.5 µm channel. 
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The follow-up of the De retrieval in the IR can be undertaken using the MODIS 
instruments, operational since December 1999 aboard the Terra and Aqua satellites of 
the NASA EOS missions. 

• The global averages (from 60°N to 60°S) of De and IWP of large-scale semi-transparent 
cirrus are 55 µm and 30 gm-2, respectively. IWP and De are on average larger in the 
tropics than in the midlatitudes, where they are larger during summer than during 
winter. 

• IWP of these cirrus is slightly increasing with Tcld, whereas De does not depend on this 
parameter. Correlations between De and IWP of large-scale cirrus seem to be different in 
the midlatitudes and in the tropics.  

• By making use of TOVS Path-B satellite retrievals and ECMWF reanalyses, we could 
analyse for the first time correlations between bulk microphysical properties of large-
scale semitransparent cirrus and thermodynamic and dynamic properties of the 
surrounding atmosphere: De and IWP increase both with increasing atmospheric water 
vapour. There is also a good distinction between different dynamical situations: In 
humid situations, IWP is on average about 10 gm-2 larger in regions with strong large-
scale vertical updraft only than in regions with strong large-scale horizontal winds only, 
whereas the mean De of cold large-scale cirrus decreases by about 10 µm if both strong 
large-scale updraft and horizontal winds are present. This shows that dynamical and 
thermodynamical parameters of the atmosphere are very important for the resulting bulk 
microphysical properties of cirrus, in addition to the formation process.  

 
4.4 Sensitivity analysis of computed fluxes to changes in cirrus microphysics (Met Office) 

Although ice crystals have complicated non-spherical shapes, in most climate models their 
radiative properties are still calculated using an assumption of sphericity. Nevertheless, using 
more realistic ice crystal shapes and sizes in a climate model can result in large changes in the 
radiative fluxes which drive the atmospheric circulation. For reliable predictions of climate 
change and natural hazards it is essential to assume realistic ice crystal shapes and sizes in 
cirrus clouds and to compute their radiative properties accurately. To improve the calculation 
of cirrus radiative properties in climate models, we have compared different models for 
simulating solar and thermal fluxes to investigate their sensitivity to the micro-physical 
properties of cirrus clouds. 

• A key question in the modelling of ice crystals in atmospheric models is the 
specification of the size of crystals. Simple relationships with the temperature or the ice 
water contents have been proposed and used, but it has become clear from work carried 
out under work packages 1 to 3 that the real picture is rather more complicated. 
Sensitivity studies were performed to examine the impact of specifying the crystal size 
differently. It was concluded that the uncertainty was greater than that due to changes in 
the radiative parameterisations themselves. 

Looking beyond CIRAMOSA itself, MetOffice has already begun to apply these results in 
developing its climate model. Relative to the parameterisation based on the modified 
anomalous diffraction approximation, the new ensemble scheme leads to increased reflection 
from clouds in mid-latitudes and a small reduction in the temperature errors in the upper 
tropical troposphere. This scheme will be included in the Met Office's next standard climate 
model.  
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4.5 Effect of parameterisations on radiative fluxes using TOVS-ScRaB observations 
(C.N.R.S.-LMD, IfMK)  

Correlations between cirrus physical and microphysical properties can be tested by using them 
together with TOVS-retrieved atmospheric and cirrus physical properties as input to the 
radiative transfer model, developed in WP4, and by comparing the computed fluxes to 
simultaneous cirrus fluxes provided by the Scanner for Radiation Budget (ScaRaB) aboard the 
Russian Meteor-3/7 satellite. Only the combination of these simultaneous satellite 
observations makes an evaluation on a global scale possible.  

• For this quantitative analysis we have developed angular direction models (ADMs), 
taking care of the anisotropy of the underlying scene, by using a combination of neural 
network techniques and Monte Carlo simulations.  

• Multi-layer clouds have been eliminated by comparing effective emissivity from 
infrared and visible channels. 

• In general, the best fit to outgoing SW and LW fluxes can be made by assuming that De 
of large-scale semi-transparent cirrus increases with IWP. 

• The parameterisation assuming hexagonal columns (by Fu) seems to be plausible only 
for small IWP. 

• The parameterisation assuming aggregates (by Baran) does fit the observed SW albedo 
well over the whole range of IWP. 

• Coherence between SW and LW domain leads to SW albedos within 4% compared to 
observations, by increasing De from 20 to 80 µm for IWP from 5 to 65 gm-2. 

 
5 Conclusions 

In November 2003, the final CIRAMOSA meeting was held at CNES Headquarters in Paris to 
present the state of the art and to investigate further tasks to advance in the understanding of 
cirrus clouds. 36 European researchers participated, and all 26 presentations of this 2-day 
workshop are available on the CIRAMOSA website: 

 http://www.lmd.polytechnique.fr/CIRAMOSA/Welcome.html. 

Six different sessions treated the following issues: 

1) CIRAMOSA results (6 talks)  

2) Ice crystal single scattering properties in the VIS and IR (2 overview talks) 
3) Climate models (2 overview talks and discussion) 

4) Cirrus processes (2 talks) 

5) Related projects (5 talks) 

6) Satellite missions (6 talks) 

Key  points of a final discussion were:  

- The CIRAMOSA climatology of effective ice crystal size and ice water path of large-scale 
cirrus got much attention by the climate modelers. Especially, for climate models including 
now cirrus formation processes, like the ECHAM model (presented by Ulrike Lohmann), it 
will be very useful to compare correlations between cirrus bulk microphysical properties and 
the state of the atmosphere to those observed in the data (CIRAMOSA Deliverable 11).  



 10

- In general, observed correlations between atmospheric variables (in addition to geographical 
maps and regional distributions of these variables) will provide an efficient tool for climate 
model evaluation. 

- The reanalyses of longterm satellite observations (ISCCP, TOVS Path-B, European Cloud 
Climatology from AVHRR) will provide unique tools to study climate variability.  

- The high temporal resolution of the Meteosat Second Generation satellite will allow to 
address the diurnal evolution of  cirrus clouds, as well as the development of contrails.  

- The excellent spectral resolution of the AIRS instrument onboard the NASA Aqua mission 
will allow to test cirrus single scattering properties over the whole IR spectrum. In 
combination with the CALIPSO-Cloudsat-Parasol mission (Aqua Train), the three-
dimensional structure of clouds will be resolved. 

This workshop provided for the European community in cirrus research the possibility to 
present the state of the art and to establish a network for further collaboration. It gave also the 
opportunity for climate modellers (ECHAM, ECMWF, UKMO, LMD) to make contact with 
us to use our results for the evaluation of their climate models. The long-term satellite 
observations should be integrated to the Global Climate Observing System (GCOS).   
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Table 1: Interconnection Diagram of CIRAMOSA Project 
 

 
Workpackage 1: IfMK 

Compilation of regional cirrus physical and 
microphysical properties 

 
1.1: Data collection from regional measurement 

campaigns 
 

1.2: Measurement quality control 
 

1.3: Statistical analysis of cirrus microphysical 
property variability 

 
 

Workpackage 2: C.N.R.S.-LOA 
Angular, spectral behaviour and polarisation 

of cirrus 
 2.1:  

Cirrus selection with POLDER measurements 
 2.2:   

Cirrus ice crystal shape retrieval with POLDER 
2.3 (MetOffice): 

Selection and quality control of cirrus cases for 
ATSR measurements 

2.4 (MetOffice): 
Model coherence test of cirrus microphysical 

properties using ATSR  

 
Parameterization of relations between cirrus micro- and macrophysical properties 

 
 
 

Workpackage 3: C.N.R.S.-LMD 
Long-term retrieval of cirrus properties from TOVS 

3.1: Retrieval of 8 years of TOVS data and analysis 
3.2: Validation: intercomparison with correlations found in WP1 and WP2 

 
Long-term survey of cirrus micro- and macrophysical properties 

 
 

Workpackage 4: MetOffice 
Sensitivity analysis of computed fluxes to changes in cirrus microphysics 

4.1: Model preparation for data input 
4.2: Sensitivity of fluxes to theoretical approach and to parameterizations 

 

Model sensitivities on LW and SW fluxes 
 

Adjustable cirrus radiative transfer model 
 
 

Workpackage 5: C.N.R.S.-LMD 
Effect of parameterizations on radiative fluxes using co-located TOVS-ScaRaB observations 

5.1:  TOVS-ScaRaB data co-location 
5.2 (C.N.R.S.-LMD & IfMK): Evaluation and improvement of retrieved cirrus TOA SW fluxes 

5.3:  Combined data-model analysis  

 
Effect of changes in cirrus microphysical properties on radiative fluxes 

 

Improved cirrus radiative radiative transfer model for GCMs 
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EXECUTIVE SUMMARY  
The Earth’s radiation budget is a vital part of the climate system: Absorption of solar radiation 
and heat loss to space determine global temperatures and drive the dynamics. The amount of 
absorbed solar radiation depends largely on how much is reflected by clouds. Determining the 
effect of clouds on the radiation budget has therefore been identified by the Intergovernmental 
Panel on Climate Change as a key area of scientific uncertainty in climate change prediction. 
However, absorption and scattering by ubiquitous ice clouds (cirrus) consisting of ice crystals 
of complicated non-spherical shapes are difficult to calculate. Our goal was to provide a long-
term survey of cirrus micro- and macrophysical properties from both remote sensing and in-
situ measurements, and to establish a compilation of correlations between them and the state 
of the atmosphere. This information is essential for the understanding of changes in clouds 
expected by a global climate change.  
For the first time, a long-term survey of cirrus bulk microphysical properties (IWP and mean 
effective ice crystal sizes) from space is made available, important variables which are still 
missing for the study of climate change. These quantities, together with cirrus macrophysical 
properties and atmospheric temperature and water vapour profiles have been retrieved from 
the TIROS-N Operational Vertical Sounder (TOVS) aboard the NOAA polar orbiters by an 
internationally recognised inversion algorithm. The dominating shape of ice crystals in cirrus 
clouds, in addition to the cirrus cloud optical thickness and height is retrieved by the imaging 
radiometer-polarimeter POLDER (Polarisation of Earth's Reflectances) aboard ADEOS. The 
Along Track Scanning Radiometer (ATSR-2) aboard the ERS-2 satellite provides cirrus 
microphysical properties (shape and size) based on the coherency of results from different 
wavelengths and viewing geometries. Extensive care have been taken of the validation of the 
retrieved cirrus micro- and macrophysical properties. The most appropriate flux 
parameterisation, depending on cirrus microphysical properties, for the use in climate models 
is determined by comparing the radiative fluxes computed from TOVS-retrieved cirrus 
physical properties to the cirrus associated radiative fluxes provided by the Scanner for 
Radiation Budget (ScaRaB) instrument.  
The following milestones have been reached by CIRAMOSA:  

Ø  Dominant ice crystal shapes are aggregates. 
Ø  Ci microphysical properties strongly vary from campaign to campaign due to different 

measurement and analysis techniques.  
Ø  No simple deterministic relationship between De and Tcld 
Ø  8 years (1987-95) of Ci properties 
Ø  4 years (1987-91) of De and IWP of large-scale semi-transparent cirrus (0.7<τ<3.8):  

<De> = 55µm,  <IWP> = 30 gm
-2   (from TOVS IR retrieval) 

Ø  <De> = 50µm (from ATSR-2 VIS-NIR retrieval) 
Ø  <De> = 44µm / 70µm for thin (τ<4) / thick (τ>4) cirrus (from POLDER-ATSR ) 
Ø  De, IWP decrease with distance from convective core, following simple exponential 

scaling laws 
Ø  formation process, atmospheric humidity and dynamics play an important role in 

cirrus bulk microphysical properties: 
§ largest IWP in case of strong vertical updraft 
§ smallest De in dry atmosphere and in case of strong winds 
§ strong vertical and horizontal winds -> most reflective cirrus 
§ no winds -> less reflective cirrus 

Ø  Coherence between SW and LW domain leads to SW albedos within 4% compared to 
observations, by increasing De from 20 to 80 µm for IWP from 5 to 65 gm-2. 



13 

CIRAMOSA INTRODUCTION  

1  Objectives 

The Earth’s radiation budget is a vital part of the climate system: Absorption of solar radiation 
and heat loss to space determine global temperatures and drive the dynamics. The amount of 
absorbed solar radiation depends largely on how much is reflected by clouds. Determining the 
effect of clouds on the radiation budget has therefore been identified by the Intergovernmental 
Panel on Climate Change (IPCC) as a key area of scientific uncertainty in climate change 
prediction. However, absorption and scattering by ubiquitous ice clouds (cirrus) consisting of 
ice crystals of complicated non-spherical shapes are difficult to calculate. In general, these 
crystals tend to enhance the scattering of the incident solar radiation, yielding greater 
reflectances relative to spherical particles. 
Satellite instruments which measure radiation emitted to space over a large spectral range with 
a good spectral resolution as well as multi-angular measurements of polarised reflectances 
used with the appropriate inversion algorithms are now capable to give information on clouds 
and on the state of the atmosphere over the whole globe. This makes it possible to study 
correlations between cirrus macro- and microphysical properties as well as their effect on the 
reflection of solar radiation.  
The objectives of our project were threefold:  

1) From a collection of regional measurement campaigns and existing global satellite data 
sets we retrieve cirrus macro- and microphysical properties (cloud-top temperature and cloud 
optical thickness, mean effective ice crystal size and shape) and establish a compilation of 
correlations between them and the state of the atmosphere (temperature, humidity and winds). 
This information is essential for the understanding of changes in cirrus clouds expected by a 
global climate change. In the prediction of future climate change, several Global Circulation 
Models (GCMs) have indicated that anthropogenic carbon dioxide-induced climate warming 
leads to an increase in cirrus clouds and a decrease in low- and middle-level clouds. However, 
their climatic feedback is still uncertain: we do not as yet know if it is positive (enhancing the 
warming) or if it is on the contrary negative (slowing down the process of warming). 

2) The radiative effect of changes in microphysical properties within cirrus clouds can be 
very important: The cirrus cloud radiative shortwave (SW) cooling can increase by up to 25 
Wm-2 and longwave (LW) warming by up to 10 Wm-2, as has been recently shown in a GCM 
simulation replacing ice spheres by planar polycrystals. By using the correlations found under 
objective (1) together with satellite observations of atmospheric and cirrus physical properties 
as input to a radiative transfer model (which takes into account the non-sphericity of the ice 
crystals) and comparing the computed radiative fluxes to those from combined satellite 
observations the uncertainty in the computation of cirrus radiative properties in GCMs could 
be considerably reduced. In GCMs these microphysical properties must be predicted from 
available macrophysical quantities in the model: most utilised relationships have evolved from 
regional measurement campaigns and have not been tested on a global basis.  

3) The foreseen quantitative analysis of combined existing satellite observations can be 
seen as a prototype for the exploitation of the data from the forthcoming Earth observing 
advanced remote-sensing instruments as on the European Meteosat Second Generation (MSG) 
satellite.  
The cirrus physical properties have been retrieved from the following combination of satellite 
observations:  

1)  Cirrus cloud-top temperature, pressure and effective emissivity as well as atmospheric 
temperature and humidity profiles are obtained at a spatial resolution of 100 km from 
TIROS-N Operational Vertical Sounder (TOVS) observations by an internationally 
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recognised model independent inversion algorithm. Mean effective ice crystal sizes and 
ice water path have been successfully retrieved for these cirrus clouds. 

2)  The dominating shape of ice crystals in cirrus clouds, in addition to cirrus cloud optical 
thickness and height, is determined by the imaging radiometer-polarimeter POLDER 
(Polarisation and Directionality of Earth's Reflectances), at a spatial resolution of 6 km. 

3)  Cirrus cloud height, optical depth, dominating ice crystal habit, ice crystal size and 
estimation of ice water path at a spatial resolution of 1 km are obtained from the Along 
Track Scanning Radiometer (ATSR-2) using a coherent analysis based on explicit 
radiative transfer and optimal estimation. 

4)  Cirrus associated radiative fluxes at the top of the atmosphere are provided by the 
Scanner for Radiation Budget (ScaRaB). 

Extensive care was taken in the validation of the retrieved cirrus physical properties from 
these data sets by intercomparison. 

The synergy of the analysis of these complementary data sets has lead to: 

1) a compilation of relations between cirrus micro- and macrophysical properties from 
satellite retrievals as well as from regional measurement campaigns 

2) a longterm survey of cirrus macro- and microphysical properties from TOVS satellite 
retrievals 

3) a summary of SW and LW flux sensitivities to cirrus microphysical variability and to 
different theoretical approaches in flux computations 

4) an improved cirrus radiative transfer code for integration into GCMs and regional 
forecast models 

5) improved cirrus angular direction models for the conversion of measured SW radiances 
into SW fluxes which can be used for the exploitation of the Geostationary Earth Radiation 
Budget (GERB) instrument. 

6) an analysis chain for the validation of cirrus microphysical properties and their relation 
to cirrus macrophysical properties to be used in the exploitation of the data from the 
forthcoming Earth observing advanced remote-sensing instruments as on the European 
Meteosat Second Generation (MSG) satellite. 
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2 Consortium 

The consortium consists of four contractors and one sub-contractor. Their expertise is 
balanced between field measurements, modelling and satellite remote sensing using different 
instruments. The list of the contractors is as follows: 

1) Laboratoire de Météorologie Dynamique 
du Centre National de la Recherche Scientifique (C.N.R.S.-LMD) 

2) Meteorological Office (Met Office) 
Sub-contractor:   Rutherford Appleton Laboratory (RAL) 

3) Institute for Marine Research at Kiel (IfMK) 

4) Laboratoire d’Optique Atmosphérique 
du Centre National de la Recherche Scientifique (C.N.R.S.-LOA) 
improved angular corrections for the conversion of measured SW radiances to SW fluxes 

will be developed by C.N.R.S.-LMD and IfMK.  
 

Main staff per contractor 

C.N.R.S.-LMD : The coordinator for this project is Dr. Claudia J. Stubenrauch. She 
manages work packages 3 and 5. The TOVS Pathfinder data set as well as the ScaRaB data 
set  are provided by C.N.R.S.-LMD, and their time-space co-location takes place at LMD. For 
the analysis, the flexible radiative transfer model, provided by the Met Office, will also be 
installed at LMD.  
Employed for CIRAMOSA: Dr. Gaby Rädel  

 
Met Office : Dr. John Edwards manages workpackage 4, whereas Dr. Anthony Baran 
participates in workpackage 2 with the analysis of ATSR-2 data. ATSR-2 optimised retrievals 
shall be accomplished in co-operation with the Rutherford Appleton Laboratory by 
subcontract where the optimised retrieval software has been developed.  
Employed for CIRAMOSA: Dr. Stephan Havemann  
 
IfMK :  Dr. Andreas Macke manages workpackage 1, which provides a compilation of cirrus 
microphysical properties from field measurements and parameterisations of relations between 
cirrus macro- and microphysical properties. He also is active in workpackage 5 concerning the 
development of angular models for flux conversion. 
Employed for CIRAMOSA: Dr. Ronald Scheirer, Ingo Schlimme  
 
C.N.R.S.-LOA : Dr. Gérard Brogniez manages workpackage 2. The data set of POLDER is 
provided by LOA as well as algorithms for cirrus cloud altitude retrieval, optical thickness 
and dominating ice crystal shape of cirrus clouds. 
Employed for CIRAMOSA: Dr. Loredana Focsa, Eric Pachart 
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CIRAMOSA RESULTS BY WORKPACKAGE  

WP  1   Compilation of regional cirrus physical and microphysical properties  
(IfMK)   Month 1 - Month 18 

Objectives  
Cirrus clouds remain the focus of numerous extensive field experiments. One of the major 
findings of these experiments is that cirrus clouds exhibit a strong variability in their 
microphysical (ice particle sizes and shapes) and macrophysical (cloud structure and cloud 
temperature) properties. In order to make use of these regional analyses on a global scale, 
such as for the parameterisations in climate models, IfMK proposed to analyse statistically all 
available data sets of ice particle size distribution, shape information and cloud geometries to 
obtain regional and global characteristics of effective particle sizes, the relation between 
particle size and ice water content, the relation between particle size and cloud temperature 
and the relation between ice water path and cloud optical thickness, as well as the statistical 
variability of these quantities. 
 

1.1 Microphysical Properties of cirrus clouds 
1.1.1 Literature study 
The following literature survey gives a brief overview on the current knowledge on cirrus 
microphysical properties with a special focus on parameterisations with respect to ambient 
atmospheric conditions. The famous parameterisation of ice particle size distributions from 
Heymsfield and Platt [1984] has been widely used for many years. However, more recent 
work suggests that simple parameterisations in terms of temperature and/or ice water content 
do not match the natural variability of cirrus clouds. Interestingly, most of the recent work 
presented in this literature study has been performed  in parallel with the present CIRAMOSA 
work package on “Compiled cirrus microphysical properties”. This emphasizes the 
importance and relevance of this research topic. 
Characteristics of ice particle size distributions like effective radius and total number 
concentration have been reported in numerous publications. See Heymsfield and McFarquhar 
[2002] for a most recent review of this subject. Most prominent measurement campaigns in 
the mid latitudes were performed during the First ISCCP Regional Experiments (FIRE I, 
FIRE II) over the US (see. e.g. [Heymsfield and Milosevich, 1995]), and the European Cloud 
and Radiation Experiment EUCREX [Raschke et al., 1998]. Most recent measurements of 
tropical cirrus have been made during the Stratospheric-Tropospheric Exchange Project 
(STEP, see [Knollenberg et al., 1993]), and during the Central Equatorial Pacific Experiment 
CEPEX [Heymsfield and McFarquhar 1996].  
Based on data from several of the field campaigns shown in Fig. 1.1, Heymsfield and 
McFarquhar [2002] have performed a regression of ice particle size and number concentration 
with respect to temperature. The results are shown in Fig. 1.2 for number concentration and in 
Fig. 1.3 for maximum-detected  particle diameter. The number concentration is restricted to 
particles with maximum dimension larger than 100 µm. The reason for this is that the 
standard particle sizing probes (see section 1.1.2) may not be reliable for smaller sizes. The 
maximum dimension is frequently used in the cirrus observing community as a characteristic 
quantity for describing particle size. However, in the following chapter, we use effective 
radius for describing size, because this quantity is stronger related to the optical 
characteristics of clouds [Hansen and Travis, 1974].  
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Fig. 1.1: Locations where in-situ microphysical measurements of cirrus have been made. From Heymsfield and 
McFarquhar [2002]. 
 
Figure 1.2 shows that there is essentially no correlation between particle number 
concentration and air temperature. There is a wide scattering in the data, both for an 
individual project and - may be more significantly - between projects. According to 
Heymsfield and McFarquhar [2002], these differences may be caused by probe calibration 
differences and differences in the manner in which the data are processed. The magnitude of 
the total concentrations are uncertain because of the inability to reliably measure ice crystals 
with maximum dimension below 25 µm.  
Figure 1.3 shows how the maximum particle dimension varies slightly more systematically 
with temperature  than particle number concentration. Despite the large scatter in the data for 
individual projects and between projects it can be seen that particle sizes are smaller at low 
temperatures and larger at warmer temperatures. The reasons for this are the availability of 
water vapour and the gravitational settling of the larger particles. Based on such observational 
findings, a number of parameterisations have been suggested for midlatitude [Heymsfield and 
Platt, 1984] and for tropical cirrus clouds [McFarquhar and Heymsfield, 1997]. However, 
according to Fig. 1.3 it should be noted that such parameterisations  1) most likely depend on 
the individual field campaign that provided the data, and 2) definitely ignores the large natural 
variability of the occurrence of ice particle sizes.  
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Figs. 1.2 (left) and 1.3 (right): Concentration of crystals with maximum dimension greater than 100 µm as 
function of temperature and maximum-detected particle dimension for different projects. Symbols represent 
median values; horizontal bars span quartiles of the distributions. From Heymsfield and McFarquhar [2002]. 
 
Measurements in polar regions have been performed during several larger field campaigns 
like the Surface Heat Budget of the Arctic Ocean (SHEBA) or the Beaufort Arctic Storm 
Experiment (BASE). These data also show a large scatter in the relationship between size or 
number concentration and temperature.   
Korolev et al. [2001] summarizes 9 x 104 km of in-cloud measurements made by the Central 
Aerological Observatory over the former USSR during 1977-84. Statistical characteristics of 
total water content (W), extinction coefficient (β), effective diameter (Deff) and effective 
concentration (Neff) are summarized as functions of temperature and cloud type, for 
measurements archived at 700 m horizontal resolution. The effect of threshold sensitivity, or 
cloud definition, on the statistical distributions is discussed. Decreases of W and Neff with 
colder temperatures are consistent with our general knowledge of cloud formation. For all 
temperature intervals and cloud types, correlations between pairs of W, β and Deff are too 
small thereby barring any hope of simple linear parameterisations. As an example, Fig. 1.4 
shows the density frequency distributions of effective diameter for different temperature 
intervals. Obviously, no systematic temperature dependency can be observed from these 
measurements. There are some interesting features as bimodal structures of the very cold and 
the moderately cold ice clouds, possibly caused by aggregation processes.  
A recent article by Gultepe et al. [2001] uses observations made in the glaciated regions of 
stratiform clouds from two Arctic and two mid-latitude field projects to study the particle 
number (N) versus temperature relationship. Scatter plots of N versus T at the ice particle 
measurement level do not show a good correlation with T for ice crystals at sizes less than 
1000 µm. For a given temperature, the variation in N is found to be up to two to three orders 
of magnitude for ice crystals with sizes larger than approximately 100 µm. A significant N-T 
relationship is found for precipitation sized particles with sizes greater than 1000 µm. The ice 
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particle concentration for sizes between 100 and 1000 µm varied from 0.1 to 100 l-1, 
independent of geographic location where the measurements were made.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.4: Density frequency distributions of effective diameter for different temperature intervals. From Korolev 
et al. (2001). 
 
Korolev and Isaac [2003] found that the roundness is a function of particle size and within 
each size interval it does not depend significantly on temperature. However, the aspect ratio 
of particles with 60 µm < D < 1000 µm is mainly a function of temperature and does not 
depend on size. 
Heymsfield and Miloshevich [2003] present observational data that are used to relate the 
cross-sectional area of an ice particle to its maximum diameter (D), for a number of individual 
particle habits and for natural mixed habit populations of ice particles in midlatitude, 
continental, synoptically generated cirrus clouds. The cross-sectional area is expressed in 
terms of the shape-sensitive parameter "area ratio'' (A(r)), which is the ratio of a particle's 
projected cross-sectional area to the area of a circle having the particle's maximum diameter. 
The area ratio is found to decrease systematically with increasing particle diameter for most 
individual particle habits and for natural cirrus cloud populations. The area ratio decreases 
rapidly with increasing diameter for particles smaller than about 500 µm, then more slowly 
for larger particles. The aggregation process produces particles with higher area ratios than 
single particles of the same diameter, and since most particles larger than 500-1000 µm are 
aggregates, aggregation leads to a decrease in the slope of A(r)(D) at diameters greater than 
about 500 µm. 
Finally, it should be noted that there is still debate as to the importance of small ice particles 
(which are not detected by standard instruments for in-situ particle sizing) for the mass budget 
and - probably more important- for the radiation budget of cirrus clouds. While the situation 
remains unsolved for midlatitude cirrus, recent work shows that for the majority of tropical 
cirrus (anvil cirrus), small crystals do not dominate the mass and radiation budget of cirrus 
clouds. See Heymsfield and McFarquhar [2002] for a detailed discussion of the presence of 
small ice particles for different climate regimes or different stages of cirrus cloud 
development.  
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In summary, there have been a number of very recent publications which critically have 
revisited the observationally derived statistics of ice particle microphysics. While most of 
these studies on cirrus particle size and number concentration found little if no correlation 
with the ambient atmospheric conditions, particle geometry appears to be considerably 
stronger correlated.  
 

1.1.2 Compilation of cirrus microphysical measurements 
Size distributions from in-situ measurements from 7 data sets, listed in Table 1.1, have been 
analysed in the framework of this project. These data are derived from standard cloud particle 
sizing probes, mostly the Optical Array Probe (OAP). The OAP measures particle geometrical 
cross sections at high frequency rates from which statistically significant size and shape 
information can be derived, provided that the cloud variability is not too large and that no 
electronic noise and other technical problems effect the measurements. It was planned to add 
another data set from the European Community project INCA. However, the INCA team has 
no direct access to the raw data which is required for the type of analysis performed in 
CIRAMOSA. It was decided that this particular data set would not change the general 
conclusions driven from the data shown in Table 1. Other research groups have not responded 
or did not react to our request for cloud microphysical data. It should be mentioned that only 
data from past experiments (older than 5 years) have been asked for to avoid conflicts of 
interests. 

 

campaign time location nb events temperature position IWC devices 
CEPEX 

(McFarquhar) 
3-4/93 

Central Equat. 
Pacific 12507 X X X ASSP, 1DC, 2DP 

EUCREX  
(Francis) 

4/92 North Sea 110 (X)   FSSP, 2DC, 2DP 

FRAMZY  
(GKSS) 

4/99 Fram Strait 2003 X   FSSP, 2DC, 2DP 

CARL  
(GKSS) 

4-5/99 North Sea 798 (X) (X)  FSSP, 2DC, 2DP 

EUCREX  
(GKSS) 

4/94 Atlantic Ocean 420 X (X)  FSSP, 2DC 

FIRE2  
(Kinne) 

11-12/91 
Mexican Gulf,   

Kansas 1254 X  X 2DC,2DP 

INTACC  
 

820 X   2DC,2DP 

Table 1.1: List of ice particle size distributions from different field campaigns. (X) denotes (partly) availability 
of auxiliary data. The particle probes are Aerosol Scattering Spectrometer Probe (ASSP), Forward Scattering 
Spectrometer Probe (FSSP), 1- and 2-Dimensional optical array probes for Cloud particles and for Precipitation. 

 
Effective radii and number concentrations have been calculated for all available size 
distributions and have been related to the corresponding temperature conditions. Figure 1.5 
shows the relation between mean effective radius (for a specific temperature bin) and its 
standard deviation (error bars) against cloud temperature. Size spectra have been sorted into 1 
degree temperature bins. Obviously, there is no clear temperature dependency except for the 
standard deviation which increases as the clouds become warmer, i.e. as (some) particles get 
larger. Indeed, the CEPEX data show an increase of particle size with increasing temperature. 
However, FRAMZY shows a reverse behaviour, for example. Most importantly, results from 
different field campaigns show up as different clusters in this diagram, despite similar 
temperature conditions and similar climatological regimes. These differences are most likely  
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attributed to a large extent to systematic differences in the measurements and in the data 
analysis techniques. In addition, the natural variability of cirrus cloud microphysics renders a 
direct correlation to temperature difficult. Furthermore, cloud parcels as measured during the 
flights may have different histories which renders a correlation to actual atmospheric 
conditions even more difficult. On the other hand, the correlation may be systematically 
improved if additional atmospheric conditions like humidity and updraft velocity are taken 
into account. However, these information were not available for the current study.  
In order to reduce the effect of natural variability, the same effective radius versus 
temperature relation has been looked at for a considerably larger bin size of 5 degree (not 
shown here),  i.e. for a larger sample of size distributions in each temperature bin. However, 
the improved statistics does not provide a more robust correlation between particle size and 
temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
While the effective radius determines the single scattering and absorption properties of a 
given species of ice particles, the number concentration has a dominant effect on the volume 
extinction coefficient and thus the optical thickness. The dependency of number densities on 
temperature as obtained from all available in-situ data is shown in Fig. 1.6. Obviously, no 
correlation can be detected at all. This may be due to the fact that a huge number of small ice 
particles is not detected by the standard instruments. Going from 1 K temperature bins as 
shown in Fig. 1.6 to a larger bin size (not shown here) does not change the uncorrelated 

Fig.1.5: Mean particle number 
concentration (denoted as mode) 
and its standard deviation (error 
bars) as a function of temperature 
with temperature bin sizes of 1 K.

Fig. 1.6: Mean number con-
centration (denoted as mode) and 
its standard deviation against 
temperature bins with a bin size of 
1 degree. 
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behaviour. Thus we must conclude that from the given data no temperature dependency can 
be inferred. 
The findings reported above may suggest that ice cloud microphysics should not be 
represented as direct functions but as probability density functions (PDFs) of the local state of 
the atmosphere. Accordingly, Fig. 1.7 shows PDFs of ice particle effective radii splitted into 
the different field campaigns. These PDFs include all temperatures. It appears that most of the 
campaigns have not collected a sufficient amount of data as to reproduce a statistically 
significant PDF. Only the CEPEX, EUCREX, and FIRE data show rather smooth PDFs which 
are highly skewed towards the smaller ice particle sizes.  

 

 

 

 

 

 

 

 
Fig. 1.7: Probability density functions of ice particle effective radius for different field campaigns. 

 

The temperature dependency of the shape of the PDF of effective radii is depicted in Fig. 1.8. 
Only for the statistically best performing CEPEX data set, it can be seen that the PDFs of the 
effective radii become broader and move to larger sizes as the temperature increases. For the 
other field campaigns the range of observed temperatures is not large enough to show a 
similar behaviour.  
PDFs for particle number concentration have been studied as well. However, in accordance 
with Fig. 1.6, the results are not conclusive and will not be discussed in great detail. Similar to 
the effective radius, the number concentration shows a tendency of more particles at colder 
temperatures. However, no clear temperature dependency as for use in parameterisation can 
be drawn from this.   
As a summary, the variance of effective radii and total number concentration increase with 
increasing temperature, However, no significant correlation of the size distribution parameters 
with temperature could be found. Furthermore, results of in-situ measurements of cirrus 
microphysical properties strongly vary from campaign to campaign owing to different 
measurement and analysis techniques.  
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Fig. 1.8: PDFs of ice particle effective radii for different field campaigns splitted into temperature interval bins. 
 

 
We therefore conclude that a climatological interpretation of in-situ data requires  

•a substantial improvement of the quality of the size distribution measurements, 

•co-located measurements of as many environmental properties (humidity, vertical 
wind, aerosol, ...) as possible, and 

•combined measurements of microphysics and of surrounding atmospheric conditions 
along the trajectory of a cirrus parcel. 

 
In any case, the strong natural variability of cirrus microphysical properties should be 
accounted for in future parameterizations by means of stochastic rather than by pure 
deterministic parameterizations.  
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1.2 Sensitivity Analysis of computed fluxes to changes in cirrus 
microphysics 
Based on the results of section 1.1 it has been concluded to interpret the available 
microphysical data as a measure for the natural variability for this cloud type and to estimate 
the effect of this variability on the solar broadband radiation budget, in parallel to work 
package 4. Instead of using the GCM radiative transfer code used in work package 4, we use 
Monte Carlo radiative transfer calculations, as for the computation of the SW angular 
directional models in work package 5. Monte Carlo radiative transfer codes are superior to 
numerical solutions of the radiative transfer equation when an accurate representation of 
highly anisotropic phase functions is required. 

1.2.1 Size distributions 
Monte Carlo radiative transfer calculations have been performed to obtain the solar broad 
band radiative fluxes (reflection, transmission and absorption) as a function of cloud optical 
thickness for 114 different size distributions from one specific EUCREX campaign. Table 1.2 
summarizes the standard deviations and percentage fluctuations of these fluxes due to the 
variability of the particle size distributions for two particle types (regular columns and 
irregular polycrystals), two solar zenith angles and two optical thicknesses representing 
average and thick cirrus clouds.  
Interestingly, largest variations are found for the absorption of about 14 Wm-2 at a typical 
cirrus optical thickness of 1 and for a solar zenith angle of 35°. In terms of relative variations, 
downward fluxes are less affected by variations in the cirrus size distributions than upward 
fluxes. It was found, that flux differences due to different particle shapes (hexagonal columns, 
irregular polycrystals) are larger than the differences due to different size distributions. Thus, 
the second most important parameter (after optical thickness) that controls the solar cirrus 
radiative transfer is the dominant particle shape followed by the mean particle size. 

 

1.2.2 Cloud structure 
Two-dimensional inhomogeneous cirrus clouds based on time series of Raman lidar 
measurements (see Fig. 1.9) have been applied to the Monte Carlo radiative transfer 
calculations in order to estimate the effect of spatial inhomogeneity on the solar broadband 
radiative fluxes. Three levels of cloud inhomogeneity have been accounted for:  

a) 2D inhomogeneous clouds where both extinction coefficient and scattering/absorption 
properties vary in x- and z-direction (denoted as "inhomogeneous");  

b) 2D inhomogeneous clouds where only extinction varies and scattering/absorption are set 
constant for each cloudy grid box (denoted as "homogeneous");  

c) plane-parallel homogeneous cloud where the entire cloud is described by the average 
extinction coefficient and average scattering phase function and single scattering albedo. The 
latter simplification is the most common way how clouds are treated in radiation schemes.  
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Table 1.2: Uncertainties in solar fluxes (in Wm-2) as a function of optical thickness,  solar zenith angle and ice 
particle shape. 

 

Figure 1.10 shows a quantitative comparison of these different approaches in accounting for 
micro- and macrophysical cloud variability. Domain averaged normalized fluxes are shown 
for the two ice crystal geometries mentioned above. The two inhomogeneous cases are nearly 
identical in all fluxes which implies that spatial variability of scattering/absorption properties 
has little effect on the domain averaged fluxes. However, this may not be the case for 
optically thick cirrus clouds where multiple scattering can lead to larger horizontal photon 
transport through regions of different scattering/absorption properties. The differences 
between the inhomogeneous and the plane-parallel case are 3% in reflectance, 8% in diffuse 
transmission, 50% in direct transmission and 18% in absorption. The sign of the differences 
(overestimation of reflectance, underestimation of transmittance, both with respect to the 
inhomogeneous case) are in agreement with results from previous work in 3d cloud radiative 
transfer. From the magnitude of the differences we conclude that the spatial structure of cirrus 
clouds effects the reflectance und thus the solar radiation budget of this cloud type only little. 
However, transmittance and absorptance are significantly in error if cloud geometry is 
simplified as being plane parallel.  
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Fig. 1.9: Time series of Raman lidar extinction profiles measurered in Kiruna/Sweden. The domain average 
cirrus optical thickness is around 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.10: Comparison of domain averaged solar broadband fluxes (normalized with respect to incoming flux) 
for three different cloud representations. 
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WP 2   Angular, spectral behaviour & polarisation of cirrus using POLDER / 
ATSR-2 (C.N.R.S.-LOA and Met Office)                                               Month 1 - Month 24 

Objectives  
The POLDER measurements make it possible to retrieve the dominating ice crystal shape 
together with cirrus height and optical thickness, and this on a global scale [Chepfer et al., 
2000]. Correlations between dominating ice crystal shape and cirrus macrophysical properties 
are studied for different seasons and geographical regions, in synergy with the analysis of 
WP1. The analysis of ATSR-2 measurements provides cirrus cloud height and temperature, 
visible and thermal optical depth, crystal effective dimension, as well as estimates of 
dominating ice crystal habit and ice water path. An intercomparison between POLDER and 
ATSR-2 is especially important for cloud height since the POLDER determination is based on 
radiative transfer whilst ATSR-2 determination is based on geometry. A correlative analysis 
of ice crystal size with retrieved cirrus optical thickness and cloud temperature will 
complement WP1 and WP3. 
 

2.1 Cirrus physical properties from POLDER (C.N.R.S.-LOA) 
The Imaging polarisation radiometer POLDER (Polarisation and Directionality of Earth 
Reflectances) has provided measurements during eight months from November 1996 until 
June 1997. This instrument onboard the Japanese ADEOS platform (Advanced Earth 
Observing Satellite) measure reflectance in up to 14 viewing angles in eight narrow spectral 
bands and three of those channels have polarisation capabilities (443, 670 and 865 nm). The 
resolution is about 6×7 km. Concerning cirrus cloud studies, this original instrumental 
concept is well adapted to be very sensitive to the shape of scatterers and allows to retrieve 
the dominating shape of ice crystals in cirrus clouds [Sauvage et al., 1999]. 

2.1.1 Simulation of POLDER bi-directional reflectances 
The Inhomogeneous Hexagonal Monocrystal (IHM) Model has been developed by C.-
Labonnote et al. [2001] to calculate the scattering phase function of different ice crystal 
shapes and sizes. After integrating these into a radiative transfer model based on the Discrete 
ordinate method, simulations of POLDER bidirectional reflectance measurements have been 
conducted to determine the dominating effective shape of ice crystals.  
The IHM model consists in computing the scattered light by an ensemble of randomly 
oriented hexagonal ice crystals containing spherical impurities of soot and air bubbles. It is 
achieved by using a combination of ray tracing and Lorenz-Mie theory and allows the 
calculation of the six independent elements of the scattering matrix. 
The crystals are characterized by their length L and radius RV equivalent to a sphere with the 
same volume, or by the aspect ratio L/2RV and RV. The radii of air bubbles and impurities are 
assumed to follow a Γ standard law characterized by an effective radius Reff and variance. The 
subsequent internal scattering events are characterized by their mean free path length. The  
effective crystal size in term of scattering is defined as: 
 

 
areaprojectedparticleMean

VolumeParticle
Reff 4

3=  
 

The principal input parameters of our IHM code are: 
Wavelength of incident beam, refractive and extinction indices, RV, L/2RV, air bubble and 
soot refraction indices, mean free path length, percentage of soot and air bubbles, Reff and 
variance of soot and air bubbles. 
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The scattering phase functions have been calculated for different RV and L/2RV. Then, 
different numerous methods are available to compute the ice cloud reflectivity. The radiative 
transfer code to simulate reflectances is based on the adding doubling method [De Haan et al., 
1987]. 

2.1.2 Dominating effective shape of ice crystals 
Measurements of bidirectional reflectances obtained from the POLDER instrument are used 
to retrieve the visible cloud optical thickness at 0.67 µm [Buriez et al., 1997; Loeb et al., 
2000]. Here the optical thickness is expressed equivalently in terms of cloud spherical albedo 
(assuming a black underlying surface). The original POLDER retrieval used a discrete-
ordinate method [Stamnes et al., 1988] to compute the cloud spherical albedo without 
distinction between liquid particles (assumed spherical), and solid particles (assumed non-
spherical), although this distinction can be made from polarisation measurements [Parol et al., 
1999]. Recently, for ice cloud scenes, we processed POLDER data using different ice crystal 
models: (1) pristine hexagonal plates, (2) pristine hexagonal columns, (3) polycrystals, (4) 
inhomogeneous hexagonal plates with inclusions (IHM), (5) inhomogeneous hexagonal 
columns with inclusions (IHM), (6) DSIHC – a distribution of shapes and sizes of IHM 
crystals [C.-Labonnote et al., 2000]. We selected a subset of pixels over ocean by applying 
the following criteria: 100% ice cloud cover, a minimum of 7 directions available for 
observation, and a difference between maximum and minimum scattering angles of at least 
50°. Fig. 2.1 shows the difference between “directional” values of the cloud spherical albedo 
and the average value over all available directions as a function of the scattering angle. It 
clearly appears that the column IHM and DSIHC scattering phase function models are very 
appropriate to interpret radiative properties of ice clouds. Concerning the IHM model, the best 
appropriated aspect ratio L/2R is 2.5, and this value has been retained for the continuation of 
our simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1: Differences between the directional and directionalilty-averaged cirrus cloud spherical albedo for 
different ice crystal models as function of scattering angle. The colour scale represents the density of the 
measurements normalized to the maximum density. 
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2.1.3 POLDER cloud properties 
The POLDER measurements make it possible to retrieve the dominating thermodynamical 
phase of clouds as well as cloud altitude and optical thickness on a global scale. As an 
example, cloud cover, cloud phase and cloud optical thickness are represented in Figs. 2.2 for 
the latitude zone 28°N-52°N of the POLDER orbit 4059 on 18 December 1996.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2: Cloud cover, cloud phase and cloud optical thickness at 670 nm, retrieved from POLDER 
measurements of 18 December 1996 over the latitude zone 28°N-52°N.  

 
 

2.2 POLDER-ATSR-2 synergy (C.N.R.S.-LOA and Met Office) 
The ATSR-2 instrument onboard of ERS-2 (2nd European Remote Sensing Satellite) platform 
measures narrow-band radiances over a spectral range from visible to infrared wavelengths 
(0.55, 0.65, 0.87, 1.60, 3.70, 11.0, and 12.0 � m). Each channel has a near-nadir (0-22°) and a 
55° forward view. This instrument has a better resolution (nadir : 1×1 km, forward : 2×1,5 
km) than the POLDER instrument, but its orbit track is narrower. The Gridded Brightness 
temperature/reflectance (GBT) product consists of 512km x 512km geolocated, collocated 
nadir and forward –view brightness temperature and reflectance images, at 1 km resolution. 
The ATSR-2 data corresponding to the POLDER FoV have been processed, using the 
Optimal Estimation Method (see section 2.3.1), at Rutherford Appleton Laboratory (RAL). 
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2.2.1 Collocations  
For the intercomparison between cirrus properties retrieved from ATSR-2 and POLDER 
measurements, C.N.R.S. LOA first determined the ATSR-2 orbits which match the POLDER 
day measurements (descending orbits) best in space (longitude difference ∆L < 5°) and time 
(∆t < 15 minutes). Simultaneous measurements from POLDER and from ASTR-2 are 
available about one week per month during eight months. For each month there are 6 days of 
coincident and 16 days of non-coincident cycles. From these collocations, POLDER cirrus 
cases (ice phase) were then selected, leaving us with about 120 regions in total.  
For the collocation, we have used the latitudes and the longitudes to calculate the POLDER 
coordinates for each ATSR pixel. The ground size or resolution of a POLDER pixel is 6km x 
7km at nadir. Due to the difference of  resolution between POLDER and ATSR, we must do a 
regridding of each ATSR-2 image on the POLDER grid (3240 × 6480 pixels). The set of 
ATSR-2 pixels located in the same POLDER pixel are then averaged. GBT products do not 
provide directly calibrated measurements of reflectance and we had to use a calibration file 
available on the RAL site. This file contains calibration coefficients for each reflectance 
channel and for each day. 
The ATSR and POLDER reflectance at 0.865 µm have been compared to ensure that the co-
location processing works properly. As the ADEOS satellite overpasses a scene, up to 14 
successive viewing angles can be acquired, corresponding to scattering angles mainly ranging 
from 60° to 180° (depending on the solar position). In order to compare an ATSR image with 
a POLDER image we created a «synthetic» POLDER image using the viewing zenith angle 
closest to the one of the ATSR instrument. Fig. 2.3 shows as an example a comparison of the 
ATSR-POLDER channels at 0.865 µm for two different zones.  
For all 120 zones, we have systematically calculated the slope and the linear regression 
coefficient of the reflectance measured by the two instruments. Those two values give a good 
and rapid estimation of the collocation step.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 : Scatterplot of ATSR-2 and POLDER reflectivities at 0.865 µm (POLDER orbits 7173 and 6436: 28 
April 1997, 22°S-31°S and 4 April 1997, 6°S-7°S). 

 

2.2.2 Cirrus selection and  final products (C.N.R.S.-LOA) 
Since at 1.6 µm ice is known to be absorbing while at 0.865 µm ice is transparent, the 
comparison of reflectivities at these two wavelengths could allow to determine effective  sizes 
of particles in ice clouds. For identified cloud scenes, we investigate a scatter plot of 1.6 µm 
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and 0.865 µm ATSR-2 radiances, separately for water and ice clouds in Fig. 2.4. Ice clouds 
(in red) show in general smaller reflectivities at 1.6 µm than water clouds (in blue). 
Nevertheless, we notice a weak overlapping between the signatures of ice crystals and liquid 
droplets. 
Histograms of ATSR-2 IR brightness temperatures are shown separately for ice and water 
clouds, according to POLDER thermodynamic phase determination (Fig. 2.5). Both 
distributions are quite large. The warmest brightness temperatures for ice particles do not 
correspond to the top of the cloud, but to lower atmospheric layers in the case of thin cirrus. 
However, water clouds show brightness temperatures as low as 220 K. 
To avoid cases of pixels at the frontier of ice and liquid clouds, we have eliminated all the 
pixels which are not surrounded by pixels of the same phase. This additional discrimination of 
POLDER phase led to a better separation between ice and liquid behaviours as illustrated in 
Figs. 2.6 and 2.7. All available data corresponding to  all selected zones have been processed. 
This database consists of the following parameters:  
POLDER zone, θ0, θv, TB(11µm), R(0.865µm), R(1.6µm), TB(11µm)-TB(12µm), land flag 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 : ATSR 1.6µm versus 0.865µm (ice in 
red and liquid in blue) reflectances for 27 April 
1997, 0°-9°N. 

Fig. 2.5 : ATSR brightness temperature histograms 
(ice in red and liquid in blue). Date and latitude are 
the same as Fig. 2.4. 
 

Fig. 2.6 : ATSR 1.6µm versus 0.865µm reflectances 
. Same as Fig. 2.4, after additional discrimination 
test 

Fig. 2.7 : ATSR brightness temperature histograms 
Same as Fig. 2.5, with additional discrimination test 
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2.2.3 Determination of effective ice crystal size (C.N.R.S.-LOA) 
2.2.3.1 Simulations 

We simulated reflectivities at 1.6 µm (ice absorbing wavelength) and at 0.865 µm (ice non 
absorbing wavelength) in order to retrieve the size of ice crystals from ATSR-2 
measurements. Sensitivity tests of these reflectivities to different parameters (viewing 
geometry, ice cloud optical thickness, sphere equivalent radius) have been performed. The 
aspect ratio L/2R of ice particles has been fixed to 2.5 (see section 2.1.2). Calculations have 
been made for i) effective radii ranging between 8 µm and 86 µm, ii) optical thicknesses 
ranging between 0 and 80 and iii) all viewing directions situated in the nadir field of view of 
ATSR-2. Effects due to viewing zenith and azimuth angles are weak and can be, in first order, 
neglected. Sensitivity to effective ice crystal size is slightly decreasing with increasing solar 
zenith angle. When the reflectivity at 0.865 µm is greater than 40%, we observe that 
reflectivity at 1.6 µm reaches a maximum value (asymptotic behaviour) for a given solar 
zenith angle and a given effective radius. In conclusion, we find that the main parameters 
which need to be taken into account to adjust simulations to measurements are the solar zenith 
angle, the cloud optical thickness and the effective radius of ice crystals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8: Frequency distributions of reflectivities at 1.6 µm vs. 0.865 µm for observations, compared to 
simulations for 3 different effective radii a) with solar zenith angle between 28° and 32° and b) with solar zenith 
angle between 58° and 62°.  
 

2.2.3.2 Analysis 
Sixty zones of the cirrus scenes corresponding to the coincidences between ATSR-2 and 
POLDER are available. Figs. 2.8 illustrate comparisons between the ATSR measurements and 
simulations, separately for two solar zenith angles (30° and 60°). Three effective ice crystal 
sizes (14, 35 and 65 µm) are considered. Each simulation (one curve per effective radius 
value) is obtained by varying cloud optical thickness from 1 to 40 (1, 3, 5, 10, 20 and 40). For 
both cases the dominating ice crystal effective radius is about 40 µm for cirrus with optical 
thickness of about 10.  
 

2.2.4 Correlation between effective ice crystal size and cirrus brightness temperature 
Cirrus clouds exhibit a strong variability in their microphysical and macrophysical properties. 
Statistical parameterisations between different key parameters (size, ice water content, 
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temperature,…) should be studied. From remote sensing, one can access only radiative 
parameters. The POLDER-ATSR synergy allows to determine, among other, a radiatively 
equivalent ice particle size (in the shortwave domain) and a cirrus brightness temperature. 
This study is complementary to WP1, task 3 of WP2 and to WP3. 

 

 

 

 

 

 

 

 

 

 

 
Figs. 2.9: 11µm brightness temperature as function of cirrus reflectivities at 1.6 and 0.865 µm for observations a) 
with solar zenith angle between 28° and 32° and b) with solar zenith angle between 58° and 62°.  

 

Figs. 2.9 present, for the same scenes as in Figs. 2.8, populations of reflectances at 1.6 µm 
versus reflectances at 0.865 µm, the colour scale representing different 11 µm brightness 
temperature intervals. The highest brightness temperatures correspond to the weakest 
reflectances and so to the weakest optical thickness. In those cases, we assume the presence of 
thin cirrus and the brightness temperature does not correspond to ice particles but rather to 
lower atmospheric layers. In consequence, we first restrict our study to thicker clouds and 
have only kept clouds with optical thickness greater than 4. This value corresponds to a 
reflectance of about 0.4 (0.3) for a solar zenith angle of 30° (50°).  

2.2.4.1 Thick cirrus 
Thick cirrus represent a good and basic case study. Indeed, for those cases, due to the 
asymptotic behaviour of reflectance at 1.6 µm, the determination of effective radius only 
requires to take into account the reflectance measurement at 1.6 µm and the solar zenith 
angle. In other words, a simple bi-dimensional interpolation (from the results of our 
simulations) leads to retrieve the effective size for any solar zenith angle and any reflectance 
measured at 1.6 µm. Fig. 2.10 represents the correlation between effective ice crystal size and 
cirrus brightness temperature. The colours correspond to frequencies of cirrus with optical 
thickness larger than 4. The colour scale represents the pixel density. Effective size of ice 
particles seems to be independent of brightness temperature for cold cirrus (< 225 K), and on 
average, increases with brightness temperature. However, the scatter plot dispersion shows 
the imperfections of the expected correlation.  

A possible regression relation between the effective crystal radius of thick cirrus (Reff in µm) 
and brightness temperature of cirrus (T in K) could be (see Fig. 2. 10) :  

( )[ ]190.14-T0.029exp 77.11Reff ≈  
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Fig. 2.10: Correlation between retrieved effective ice crystal size and cirrus brightness temperature for cirrus 
with optical thickness > 4. 
 

2.2.4.2 Regional correlations for thin and thick cirrus 
For thin cirrus, reflectance measurements at 0.865 µm are essential to retrieve effective radius 
of ice particles. In the order to retrieve optical and microphysical cirrus parameters for any 
cirrus (thin and thick), we have developed a general algorithm based on look up tables related 
to simulations. The ATSR-2 forward viewing direction is also considered in this algorithm. 
Moreover, the retrieval uncertainties are taken into account by considering instrumental 
uncertainties. The retrieval products with nadir and forward viewing directions are used 
together in order to lead to a more confidence on retrievals. 
Then, all parameters of viewing geometry are taken into account. This algorithm also allows 
the determination of cirrus optical thickness. Optical thicknesses have been systematically 
compared to POLDER class 2 algorithms. The good agreement of cirrus optical thickness 
retrieved from POLDER and ATSR-2 was our first criterion for the validation of this new 
algorithm. Figures 2.11 illustrate the correlation between effective radius and temperature. 
The thick and thin clouds cases are represented in the upper and lower figures, respectively. 
Mid-north latitudes, tropical latitudes, and mid-south latitudes are represented in left, middle 
and right figures, respectively. For thick cirrus, on average, we observe the higher the 
temperature, the higher the effective size. The best correlation is obtained for mid-north 
latitude. The dominating effective size (in red) is about 35 µm for all regions. For thin cirrus, 
the dominating effective size is about 22 µm with a very weak dispersion values and no 
temperature dependencies. The more significant results are obtained for tropical, and mid-
south latitude. Nevertheless, thin cirrus for mid-north latitude seem to have a different 
behaviour, but we have to be very careful regarding to pixel statistic of this plot density, 
which is obtained from only 250 pixels. 
In conclusion, thin and thick cirrus have different dominating effective size. For thick cirrus, 
we observe, the higher the temperature, the higher the effective size. For thin cirrus, we have 
no temperature dependencies but the dominating effective size is very significant with very 
weaker dispersions than thick cirrus. 
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Fig. 2.11: Correlation between effective ice crystal radii and temperatures. The three upper figures concern thick 
cirrus, whereas the three lower are for thin cirrus. The two left figures concern the mid-north latitudes, the two 
central figures concern tropical latitudes, and the two right figures concern mid-south latitudes. 
 
2.2.5 Comparison of cirrus cloud height using ATSR-2 and POLDER (Met Office) 
The distribution of cloud heights is of paramount importance to evaluate cloud feedbacks in 
climate modelling studies. This is particularly true for the impact on the longwave radiation, 
which strongly depends on the vertical location of the cloud. With the aim to reduce the 
degree of uncertainties which are currently associated with cirrus cloud height distributions, 
different methods based on independent physical principles have been applied to collocated 
ATSR-2/POLDER scenes. 63 segments of POLDER orbits, which coincide with ATSR-2 
overpasses both spatially and in terms of time of overflight, were originally selected. These 
are located in the tropics and mid-latitudes. For about 75% of these cases, various cloud 
pressure fields together with supplementing information on location (latitude/longitude) and 
viewing geometry have been provided by C.N.R.S.-LOA. The POLDER scenes correspond to 
341 coincident ATSR-2 images (512 by 512 km each). To all of these images the parallax 
method (see section 2.2.5.1) has been applied for cloud height determination using the ATSR-
2 channels at 0.65, 1.6 and 11 microns. On the ATSR-2 images a total of 223 boxes have been 
identified (100 by 100 km is a typical size of such a box). On these selected areas, retrievals 
using Optimal Estimation (OE, see section 2.3) have been carried out. 

2.2.5.1 Description of the different methods to determine cloud height 
a)  ATSR-2: Optimal Estimation (OE) 

The OE technique is described in detail in section 2.3.1. When OE was applied to ATSR-2 
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radiances, the reflectances at 0.87 and 1.6 µm together with the brightness temperatures at 3.7 
(where available), 11 and 12 µm made up the measurement vector. Cloud pressure, which is 
important in the actual context of cloud height determination, was a component of the state 
vector, as well as optical depth, effective particle size and cloud fraction. OE provides 
information about the quality of the retrieval in terms of the residuals, which are the 
differences between the measured radiances and those calculated using the solution state 
vector in the forward model.  

b) ATSR-2: Parallax Method 

The ATSR-2 scan geometry permits the acquisition of the same scene under two different 
viewing directions, one at a nadir view and one view forward along the satellite track at a 
satellite zenith angle of 55º. After the nadir and forward images have been co-located, cloud 
structures at a certain height above the ground appear under a relative shift on the two images. 
The magnitude of this shift can be used in order to infer their height geometrically (see Figure 
2.12). Based on this idea, several cloud height algorithms have been developed. In the studies 
presented here, the M4 stereo matcher [Denis et al., 2001] has been used, which is a recent, 
well advanced implementation. The M4 matcher applies a adaptive regional filter to both the 
nadir and forward image. The convolution makes use of a rotational symmetric kernel with a 
Gaussian shape and includes a normalisation. A cross-correlation is then performed on the 
two normalised images. High values of the cross-correlation map correspond to possible 
displacement vectors, from which the geometrical height is inferred. The errors of the parallax 
method have been estimated to be of the order of 1 km (Muller, private communication), 
which for high clouds is equivalent to about 50 hPa. A major error source is the cloud 
movement with the upper-level winds during the time interval between the forward and nadir 
scan (about 120 s). The results obtained with the parallax method for the geometrical cloud 
heights have been converted into cloud pressures using ECMWF NWP fields so that a direct 
intercomparison with the other methods is possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: Dual view of ATSR-2 scan geometry: The nadir and forward projection of a cloud are shifted by a 
distance from which the height of the cloud can be derived. 

c) POLDER: Molecular Rayleigh scattering 

The Rayleigh cloud pressure is derived from polarized reflectance measurements at 443 nm 
[Buriez et. al., 1997]. For scattering angles around 90º, this signal corresponds mainly to the 
atmospheric molecular optical thickness above the cloud. Problems arise for clouds with 
small optical depths, which do not sufficiently block contributions of the atmosphere and the 
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surface below. Strongly polarizing surfaces like sunglint areas have to be left out in the 
analysis. The cloud layer itself causes a small additional polarization. This contribution is 
estimated and removed by the simultaneous polarized measurements at 865 nm, where 
molecular scattering is very small. Multiple scattering within the molecular layer is taken into 
account in the derivation of the molecular optical thickness above the cloud, to which the 
Rayleigh cloud pressure is directly proportional. The POLDER Rayleigh cloud pressure 
determination has been validated with a ground-based lidar [Chepfer et. al., 2000]. It was 
found that for an cloud optical depth greater than 3, the Rayleigh cloud pressure was accurate 
to within 10 hPa (0.25 km). 

2.2.5.2  Height intercomparisons for thick cirrus 
The Optimal Estimation retrievals include a comprehensive set of information of the cloud in 
terms of the retrieved state vectors and error characteristics in terms of the residuals. This 
makes the application of a rigid quality control straightforward. The intercomparison between 
the different methods for cloud height determination has been restricted to those areas, which 
passed the OE quality control. The OE solutions had to fulfil the following conditions in order 
to pass the quality control stage: 
ü  Cloud top pressure less than 500 hPa 

ü  Cloud fraction at least 0.95 

ü  Cloud optical thickness at least 10  

ü  Residuals less than 5% in the reflectance channels and less than 5K in terms of brightness 
temperature for the infrared channels 

 
 

 
 
 
 
 
 
 
 
 
Figure 2.13: ATSR-2 true colour image coincident with a segment of POLDER orbit 7482 (date: 19 May 1997, 
latitude: 28 S, longitude: 101 W). The box marks the area selected for OE. 

The upper limit of the cloud top pressure reflects the fact that this study focuses on cirrus 
clouds. All methods for cloud height determination have difficulties with broken and thin 
clouds, for which the contribution of lower-level clouds and the surface can not be neglected. 
This has been accounted for by the conditions that the cloud fraction has to be very close to 
unity and a lower limit for the cloud optical depth, which excludes thin clouds. The Rayleigh 
cloud pressure results are derived from a POLDER viewing direction for which the scattering 
angle is always within 90º±10º for the area used in the intercomparison. As an example, the 
results of the intercomparisons are presented for a case in the Southern subtropics. An image 
of the scene is shown in Figure 2.12. This is a true colour image composed of three ATSR-2 
channels (red: 1.6 µm, green: 0.55 µm, blue: 0.65 µm). Water clouds, which are highly 
reflective in the near infrared appear reddish, while ice clouds are of cyan colour. The visible 
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channels (0.55, 0.65 and 0.87 µm) are often only available for a narrower swath due to 
bandwidth limitations. The white box marks the area, which has been analysed.  

The comparison of the area selected for retrieval on Figure 2.13 with the outcome of the 
quality control shows good agreement in that the regions of thicker cirrus cloud (cyan colour 
in the upper right part within the white box ) closely correspond to the pixels that have passed 
the quality control (red pixels in Figure 2.14a ). All three methods identify the high cloud 
correctly and place it at a height of around 250 to 300 hPa. (Results for the cloud heights 
obtained with OE are given in Figure 2.14b, those obtained with the parallax method in 
Figure 2.14c and the Rayleigh cloud pressures are given in Figure 2.14d. The agreement 
between the different methods has been further analysed. Most of the pixels in Figure 2.14e 
appear in red colour, which indicates that the differences between OE and the Parallax method 
(1.6 µm channel) are small. This is confirmed by the corresponding histogram (Figure 2.14f). 
The standard deviation of the distribution is only 29 hPa. The differences between OE cloud 
pressures and Rayleigh cloud pressures are of similar size in the lower part of the region 
(Figure 2.14g) and slightly larger in the upper part. The collocation of ATSR-2 and POLDER 
with its many viewing directions and coarser resolution introduces some uncertainty [Buriez 
et al., 1997]. The distribution of the differences between OE and Rayleigh scattering method 
(Figure 2.14h) has a standard deviation of 32 hPa.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14: Cloud height determinations for case 1, a) Quality control (red pixels have passed this step), b) 
results for OE, c) results for Parallax (using the 1.6 µm channel), d) Rayleigh cloud pressures, e) differences 
between OE and Parallax method, f) same as e) but as a histogram, g) differences between OE and Rayleigh 
cloud pressures, and h) same as g) but as a histogram.  
 

f) g) h) 

a) b) c) d) 

 
e) 
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Cases for comparison of OE with Rayleigh pressure are limited to incidences where the 
scattering angle corresponding to a POLDER viewing direction is within 90º±10º for the area 
under consideration. For the six cases which have been investigated, it is found that the means 
of the cloud height pressures derived from Optimal Estimation and of the Rayleigh pressure 
are generally within ±50 hPa (with one exception: -61 hPa). The standard deviations for the 
differences between OE and Rayleigh pressure are generally less than 50 hPa. 
For all the ATSR-2 scenes among the ATSR-2/POLDER coincidences, which have been 
selected for Optimal Estimation, results from the parallax method are also available. This is 
the basis for many more comparisons between the two methods, which makes the results 
statistically significant. The focus has been on convective clouds of at least several tens of 
kilometers of horizontal extent with ideally no lower level cloud in the vicinity. A total number 
of 59 such cases have been selected for a statistical investigation. It has been found that the 
means of the cloud pressures from Optimal Estimation and the parallax method are within 
±50 hPa for 81% of the cases. The standard deviations for the differences between Optimal 
Estimation and the parallax method are less than 50 mbar for 24%  and less than 80 hPa for 
90% of the cases, respectively. 

 

2.3 Cirrus properties from ATSR-2 (MetOffice) 
The ATSR-2 instrument onboard ERS-2 was launched during April 1995. There is now a 
more advanced version of ATSR-2 called the Advanced Along Track Scanning Radiometer 
(AATSR) onboard EnviSat (Environmental Satellite) which was launched in March 2002. 
Both AATSR and ATSR-2 have channels located at 0.55, 0.65, 0.87, 1.60, 3.70, 11.0, and 
12.0 µm, each channel sampling the cloud scene with a near-nadir (0o-22o) and forward (55o) 
measurement. The near-nadir radiometric measurement has a pixel size of 1 km and the 
forward measurement has a pixel size of 3-4 km. The nadir and forward measurements are 
separated by about 120 sec. Since ATSR-2 has a dual-view capability this means it can 
sample the cirrus cloud phase function at two scattering angles. This capability has been 
exploited by Baran et al. [1998; 1999] to distinguish whether pristine hexagonal ice columns 
or more complex ice crystals dominate reflection from some cases of cirrus cloud. ATSR-2 
radiometric measurements made at 0.87, 1.6, 3.7, 11.0, and 12.0 µm are used simultaneously 
to test the consistency of assumed cirrus cloud single-scattering properties. The channel 
located at the wavelength of 0.87 µm is sensitive to optical thickness, whilst the channels at 
1.6 and 3.7 µm are particularly sensitive to ice crystal effective dimension. 

2.3.1 Retrieval methodology 
The ATSR-2 retrievals and assumed single-scattering properties are based on tests using a 
method of Optimal Estimation (OE), which is now briefly summarized. For the best 
estimation of cirrus cloud properties such as optical thickness, � , effective crystal dimension, 
De, cloud-top pressure, Pc, and cloud fraction, f, given a priori information about cloud and 
atmosphere, it is appropriate to apply the theory of OE as developed by Rodgers [1976].   
Let the retrieval state be x specified by: 

x= [� , De, Pc, Ts]                          (2.1)   

and the set of measurements be ym: 

ym = [0.87, 1.6, 3.7, 11.0, 12.0]                (2.2) 
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Let the general radiative transfer model be represented by the expression y(x).                                                                                
The values of the measurement vector ym and y(x) are expressed as a reflection (%) at 0.87 
and 1.6µm and as a brightness temperature (K) at 3.7, 11.0, and 12.0 µm.  
The most probable value of x given ym measurements, (i.e. to maximize the conditional 
probability of x given ym measurements) and any a priori value of x and atmospheric state 
(Numerical Weather Prediction (NWP) model profiles of temperature and humidity, reflection 
and emission describe the atmospheric state), given by xb and b, respectively is stated formally 
as: 

P(x | ym, xb, b)=maximum               (2.3)          

It is shown in [Rogers, 1976] that, under the assumption of independent and normally 
distributed errors in ym, xb and b, P can be expressed in the following quadratic form: 

 P ~ exp[-(ym – y(x))Sy
-1(ym – y(x))T]⋅exp[-(x – xb)Sx

-1(x – xb)
T]⋅exp[-(bt – b)Sb

-1(bt –b)T]  (2.4)                                                                                

where Sy, Sx, and Sb are the error covariances, and bt  is written for the (unknown) true values 
of the model parameters. 
It is convenient to minimize the negative logarithm of Eq. (2.4) rather than maximize Eq. 
(2.4) itself. Taking the negative of the natural logarithm of Eq. (2.4) and associating the 
quantity -ln[P(x | ym, xb, b)] + constant with a cost function, J(x), this operation then gives for 
J(x): 

J(x)=(ym – y(x))Sy
-1(ym – y(x))T + (x – x b)Sx

-1(x – x b)T                                           (2.5) 

In Eq. (2.5) the term (bt – b) has been ignored. This is because it is not a function of x and is 
constant so the term takes no part in the estimation of x. Essentially, to find the minimum of 
J(x), the method of Newton-Marquardt (Newton’s method and steepest descent combined) is 
employed. On finding the minimum J(xsolution), ym is compared with y(xsolution). If the single-
scattering properties were a perfect representation of the radiative properties of the cirrus 
cloud then the measurement residuals (i.e., ym – y(xsolution), assuming the term bt – b is 
negligible) would be identically equal to zero at all ATSR-2 wavelengths.  

2.3.1.1 Radiative transfer  
In the radiative transfer model a cloud is assumed to be a single homogeneous and plane-
parallel layer. The reflection and transmission properties of the cloud are solved using the 
DISORT (Discrete Ordinates Radiative Transfer) code described by Stamnes et al. [1988] 
requiring as input the single-scattering properties described in Section 2.3.1.2 and assumed 
optical thickness. The optical thickness is referenced to 0.87 µm and is assumed to have 
values from 0.125 to 256, incrementing in factors of 2. The reflectances are defined in terms 
of the ratio between the reflected and incident solar radiance multiplied by 100. Since 
DISORT is accurate but too slow to use in the OE algorithm the radiative transfer results are 
stored in look-up tables for a particular viewing geometry and cloud state, x, obtained by 
multi-dimensional linear interpolation. The single-layer cloud model is embedded into the 
cloud-free atmosphere by including the above and below cloud atmosphere. For the solar 
channels the atmospheric transmissions above and below cloud are calculated using the 
LOWTRAN7 radiative transfer model and standard mid and low latitude atmospheric 
profiles. The ATSR-2 reflectance channels are placed in very clean atmospheric windows so 
that high accuracy for the profiles input into LOWTRAN7 is not required. The infrared 
upwelling and downwelling radiances are calculated from the NWP atmospheric profiles (the 
NWP profiles used are operational analogues from the European Centre for Medium Range 
Weather Forecasts) at all 39 pressure levels from 1000 hPa to 10 hPa using the fast radiative 
transfer model RTTOV. In this model the effects of molecular and aerosol scattering are 
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ignored because these can be considered negligible at the considered wavelengths and for 
high cirrus clouds over (dark) ocean. The OE scheme and radiative transfer model adopted is 
described in [Watts et al., 1998].  

2.3.1.2 The single-scattering properties 
The single-scattering properties assumed in the ATSR-2 retrievals are briefly described in this 
section. Field observations demonstrate that the dominating ice crystal habit found within 
cirrus clouds is ice aggregates (complex ice crystals consisting of two or more elements). By 
contrast pristine hexagonal ice columns and ice plates are rare, see for example Korolev et al. 
[2001] and Field and Heymsfield [2003].  
In this report the basic model representing cirrus particles is assumed to be the ice aggregate. 
The hexagonal ice aggregate is an arbitrary attachment of two to eight hexagonal elements, 
each element has a roughened surface and the aggregate has an aspect ratio (ratio of the major 
and minor axes of the circumscribing ellipse) close to unity, which remains invariant with size 
Yang and Liou [1998]. The extinction coefficient, single-scattering albedo, and asymmetry 
parameter of the hexagonal ice aggregate have been calculated using the method of improved 
geometric optics Yang and Liou [1996]. Calculations of βext, ω0, and g were performed at the 
wavelengths of 0.87, 1.6 and 3.7 µm using refractive indices taken from Warren [1984]. In the 
case of the hexagonal ice aggregate the calculated asymmetry parameter is then used to 
generate a phase function. This phase function is based on a representation of the ensemble 
scattering properties from a mixture of non-spherical ice crystals. It is called the “analytic” 
phase function and has been previously described in Baran et al. [2001a]. The normalized 
phase function is a linear piecewise extension of the Henyey-Greenstein model, which is 
generated from the asymmetry parameter. The analytic phase function was originally based on 
laboratory measurements made at 0.63 µm of the scattering phase function from a collection 
of non-spherical ice crystals of varying size and aspect ratio Volkovitskiy et al. [1980].  
The single-scattering properties at the ATSR-2 wavelengths of 11.0 and 12.0 µm are 
calculated by representing the hexagonal ice aggregate as an ensemble of circular ice 
cylinders of varying size and shape Baran [2003a]. In order to approximate the volume-to-
area ratio of the ice aggregate model, the aspect ratios of the ice cylinders are allowed to vary 
from 1/7 (oblate) to 2 (prolate), from small to large size parameters. The scalar properties βext, 
ω0, and g for the ensemble of circular ice cylinders are calculated using the T-matrix method 
due to Mishchenko [1991] for crystal sizes up to 175 µm. For crystal sizes greater than this 
the Complex-Angular-Momentum approximation is applied due to Nussenzveig and 
Wiscombe [1980]. The phase functions at the wavelengths of 11.0 and 12.0 µm are generated 
using the analytic phase function by applying the asymmetry parameters calculated from the 
ensemble of circular ice cylinders.  
The single-scattering properties of the hexagonal ice aggregates are calculated over 24 bin 
sizes ranging in maximum dimension from 3 to 3500 µm. The single-scattering properties are 
integrated over cirrus size distribution functions taken from Fu [1996] to obtain the total 
single-scattering contributions βext, ω0, g and phase function. The size distribution functions 
are defined in terms of the effective ice crystal dimension, De, which is given as follows:   

De = 3/2
�
 V(D) n(D) dD / 

�
 P(D) n(D) dD                                     (2.6) 

where V(D) is the volume of the ice crystal as a function of ice crystal maximum dimension, 
D, the term P(D) is the projected area of the ice crystal and n(D) is the size distribution 
function. 
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2.3.2 Test of semi-transparent cirrus optical properties using the OE method 
The above optical properties described are now tested using the radiative transfer model and 
measurement residual analysis outlined in Section 2.3.1. Firstly, a brief description is given of 
a cirrus case which is representative of all semi-transparent cirrus cases used in the 
measurement residual analysis (by semi-transparent the following condition is assumed: 
1<ττττ<5). The cirrus case is shown in Fig. 2.14,  representing a nadir radiometric 0.65 µm 512 x 
512 km image of a region of cirrus cloud. The semi-transparent cirrus are probably blow-off 
regions from a more convective system not shown in the figure. The cirrus case occurred on 
the 23rd July 1996 at latitude –28.9o and longitude –3.7o and the sun-satellite geometry was 
such that the phase function is sampled at the scattering angles of about 122o and 154o 
corresponding to the nadir and forward radiometric measurements, respectively. The boxes 
labelled (a) and (b) in Fig. 2.15 are used to show the measurement residuals for the forward 
and nadir views, respectively. The measurement residuals obtained from the forward view, 
box (a), for each of the crystal models is shown in Fig. 2.16. Fig. 2.16 shows that the 
hexagonal column does not minimize the ATSR-2 measurements. The measurement residuals 
exceed 10 K; however, the aggregate using an analytic phase function does minimize the 
residuals to generally within 1 K. The measurement residuals obtained from the nadir view, 
box (b), for each of the crystal models are shown in Fig. 2.17. Fig. 2.17 is similar to Fig. 2.16 
except the measurement residuals are around 7 K for the hexagonal column and are again 
generally less than 1 K for the aggregate with the analytic phase function. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.15 : An ATSR-2 0.65 µm image of the semi-transparent region. These semi-transparent regions occurred 

on the 23rd July 1996 at latitude  –28.9° and longitude –3.7°. 

 

The ice aggregate model combined with the analytic phase function is clearly a good 
representation of the radiative properties of cirrus cloud for these cases. Results of the 
measurement residual analysis for eight semi-transparent cirrus cases are summarized in 
Table 2.1. The table shows the mean and standard deviation for each measurement residual 
(from across- and along-track satellite directions at each of the ATSR-2 wavelengths) at 
scattering angles between 57o and 170o. The latitudinal range is from about –35o to 48o, whilst 
the longitudinal range is from about –153o to 142o. The results shown for each case in Table 
2.1 are representative of a ~150 km long rectangle which is segmented into smaller boxes 
each being approximately 6 km by 6 km. The measurement residuals for the solar channels 
are generally within ±0.5% at 0.87 µm and within 1.5% at 1.6 µm.  Table 2.1 also shows 
results of the measurement residual analysis for the thermal channels at 3.7, 11.0 and 12.0 µm 
and these are generally within ±0.5 K for 11 and 12 µm and ±2 K for the 3.7 µm channel. 
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From Table 2.1 the largest mean occurs for case 5, in this case the mean of the measurement 
residuals are within 2.5% and 2.6 K for the solar and thermal channels, respectively. The 
retrieved visible optical thickness for this case was about 0.5. For such a thin cirrus, the 
retrievals possibly over land become very sensitive to the assumed surface properties and 
uncertainties in the surface properties could produce a bias in the residuals.  
 

 
Fig. 2.16 : The forward measurement residuals from box (a) for the hexagonal column (left) and aggregate but 
with the analytic phase function (right). The key in the left-hand corner indicates the symbol used for each of the 
measurement residuals at each of the wavelengths. 
 

 
Fig. 2.17 : The nadir measurement residuals from box (b) for the hexagonal column (left) and aggregate but with 
the analytic phase function (right). The key in the left-hand corner indicates the symbol used for each of the 
measurement residuals at each of the wavelengths. 
 
The general pattern of behaviour in the mean and standard deviation of the measurement 
residuals shown in Table 2.1 is similar to the behaviour shown in Figs 2.16 and 2.17. A more 
general discussion of the assumed single-scattering properties and how well they minimize 
ATSR-2 measurements can be found in Baran et al. [2003b]. The range of scattering angle 
57o to 170o is adequate for most remote sensing applications and radiance simulations within 
General Circulation Models. Given that the optical properties of the ice aggregate model 
minimize differences between ATSR-2 measurements and the radiative transfer model, 
potential relationships between retrieved parameters such as De and Tc can now be confidently 
studied as discussed in the following sections. 
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Case  Date  Lato Longo   � o

s
N    � o

s
F R0.87    R1.6  R3.7 R11 R12 

1 22/7/96 -31.1 -15.0 124.0 166.0   0.81 

±0.03 

0.44 

±0.20 

-0.90 

±0.22 

0.080 

±0.03 

-0.073 

±0.03 

2 21/7/96 -32.5 -95.9 118.9 155.8  -0.11 

±0.18 

 0.25 

±0.19 

-0.39 

±0.26 

0.074±

0.19 

-0.12 

±0.15 

3 17/12/96 48.5 -129.3 100.5 57.0  -0.17 

±0.07 

 1.14 

±0.34 

-0.61 

±0.26 

 0.53 

±0.16 

-0.66 

±0.13 

4 15/03/97 41.0 -115.0 123.0 85.0  0.006 

±0.02 

 0.93 

±1.75 

 -0.94 

±1.24 

 0.28 

±0.07 

-0.23 

±0.07 

5 05/04/97 47.8 -153.2 139.0 92.0   2.20 

±0.43 

 1.71 

±0.32 

 1.48 

±0.40 

 2.51 

±0.29 

 2.37 

±0.39 

6 15/03/97 31.6 -121.0 141.7 96.6 -0.23 

±0.07 

  1.13 

±0.45 

-1.36 

±0.57 

0.085 

±0.19 

-0.06 

±0.19 

7 15/03/97 27.8 -123.0 150.0 105.0 -0.05 

±0.07 

 0.37 

±0.36 

-0.35 

±0.35 

  0.28 

±0.53 

 0.30 

±0.57 

8 19/05/97 -34.9 -52.2 126.0 170.0 -0.28 

±0.05 

  0.38 

±0.05 

-1.11 

±0.23 

 0.04 

±0.04 

-0.02 

±0.04 

Table 2.1: Results of the measurement residual analysis from eight cirrus cases. The table shows the case number 
(Case), the date on which the cirrus case occurred (Date), the location of the case (Lato, Longo), the Nadir (N) and 
Forward (F) scattering angles sampled by ATSR-2 (� o

s
N, � o

s
F) and the mean and standard deviation for each 

residual shown for both nadir and forward measurements (R0.87, R1.6, R3.7, R11, R12). The mean and standard 
deviation for the measurement residuals R0.87 and R1.6 are expressed as a reflection (%), whilst R3.7, R11 and 
R12 are expressed as a brightness temperature (K).  
 
 

2.3.3 Retrievals over semi-transparent cirrus 
The first part of this study is concerned with the microphysics of semi-transparent cirrus (i.e., 
1<τ<5) that is the behaviour of De in the tropics and mid-latitudes and relationships with 
cloud-temperature (Tc). The retrievals were divided into three latitudinal regions defined as: 

 (I) 0o < Θ < 15o       (II) 15o < Θ < 30o   (III) 30o < Θ < 45o 

In each of the three regions, rigorous quality control was applied to the retrievals and the 
retrievals only passed the quality control (qc) if the following conditions were met: 

(1) Measurement residuals less than ±5%(K) at all wavelengths simultaneously. 
(2) Pc < 500 hPa 
(3) Nadir/Forward retrievals must not vary by more than 10-15% in terms of De or τ as 

 this would invalidate the assumed radiative transfer model. 
(4) F~1 
(5) Retrievals over water only 
(6) No underlying water cloud. 

By applying condition (1)-(6) to the ATSR-2 retrievals in the three regions, a total of 2514 
retrievals passed the qc in region (I), 578 in region (II) and 1794 in region (III). Each of the 
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retrievals represents a 6 by 6km box (approximately), so the total area covered by the 
retrievals is significant. The type of semi-transparent cirrus studied is shown in Figure 2.14, 
which is representative of all semi-transparent cases. The present study in the tropics 
concentrates on cirrus, which results from convective outflows so the thin cirrus is either 
attached or detached from areas of main convection. Retrievals of De from the three regions 
are illustrated in Table 2.2. 

Table 2.2 
                  Region          Nb of boxes                      De (µm) 
               I: tropics                2514                 40.23 ± 9.85 
              II: subtropics                 578                 61.41 ± 16.42 
             III:midlatitudes               1794                 53.99 ± 12.98 

 
As can be seen from Table 2.2, the mean De appears to be the largest in region II (though with 
a large standard deviation). Fig. 2.18 shows frequency distributions of De in regions I and III. 
Region I has semi-transparent cirrus with slightly smaller De, this is probably due to different 
dynamics. Given a small standard error (see Table 2.2) relative to the difference in mean 
between the two distributions indicates that the two populations are significantly different.  
Figures 2.19 and 2.20 show the retrieved De plotted as a function of cloud temperature for 
region I and III, respectively. The figures indicate that there is no significant relationship 
between De and Tc.  
 
              
 
 
 
 
 
 
 
 
 

Figure 2.18: The normalized De frequency distribution for region (I) dashed line and region (III) full line. The 
dashed dotted line represents the two regions combined. 

 
 
 
 
 
 
 
 
 
 
 
 
  
Figures 2.19 and 2.20: De plotted as a function of Tc for region I (left) and region III (right). The vertical line in 
the figure indicates the standard deviation obtained for De at each centre temperature found for the bin. 
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Figure 2.21: De retrievals as a function of Tc obtained from one box (attached to convection) and another  
(detached from convection). 

The spread of De for scenes with the same Tc is illustrated by Figure 2.21. The figure shows a 
scatter plot of retrieved De and Tc, for two cases. One observes that for a given temperature 
there can be a difference of about a factor 3 in retrieved De. The figure illustrates the 
variability of De that exists in cirrus cloud and that these differences are more associated with 
different microphysical processes. For instance the mean De for case 1 (cirrus attached to 
convection) is 25.51 ± 8.17 µm and for case 2 (cirrus detached from convection)  42.82 ± 8.19 
µm. The reason for such a large difference is probably due to the fact that case 1 is most likely 
associated with ice nucleation. The newly generated ice crystals might be flowing from the 
main centre of convection. Indeed, the estimated number concentration for this case can be as 
high as 2 cm-3 to 7 cm-3, assuming that the density of ice is 0.92 gcm-3, and the geometric 
thickness of the cloud varies from 3.9 km to 1.6 km. Platt et al. [2002] report on a similar 
situation, and they find using a combination of lidar and radiometer measurements that the 
retrieved De is between 5 µm and 30 µm and a number concentration of ~ 5 cm-3 to 9 cm-3. 
Figure 2.22 shows De as a function of horizontal distance to the convection, for thin cirrus of 
case 1. The range in retrieved De is similar to in-situ measurements of tropical cirrus effective 
size obtained during the recent CRYSTAL-FACE campaign during July/August 2002.  

 

 

 

 

 

 

 

 
Figure 2.22: De , retrieved from ATSR-2, as a function of horizontal distance, for thin cirrus cases with similar τ 
to the in-situ measurements (τ~1.3). The vertical barred line represents the range in measured in situ effective 
size and the horizontal line represents the lower limit of retrieved De which ATSR-2 can perform (De=12 µm). It 
should be noted that the in-situ measurements were not coincident with ATSR-2.  
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Figures 2.23 and 2.24: The Normalized frequency of De (left) and IWP (right) for the mid-latitude region where 
the full line represents the normalized frequency and the dashed line the exponential fit. 
 
 
 
 
 
 
 
 
 
 

Figure 2.25: Normalized frequency distribution of IWP for all cases combined. 

The integrated Ice Water Path (IWP) can be estimated from the ATSR-2 retrievals of De and 
τ, since IWP=kτDe where k is some constant. For the mid-latitude region it was found that for 
the larger values of De and IWP the tail end of the frequency distributions follow an 
exponential function and these are illustrated in Figures 2.23 and 2.24, respectively. The tail 
end behaviour of De and IWP is similar to the findings of Mace et al. [2001] for cirrus at 
ARM. It will be interesting to see if models predict similar functions to those observed. The 
general combined IWP frequency distribution is shown in Figure 2.25 for all cases with 1 < τ 
< 5, and  <IWP>  ~ 15 gm-2. 
 
2.3.4 Retrievals over convective cirrus 
In this section, we consider retrievals constrained by the values 1 < τ < 50. Retrievals of τ > 
50 are not considered since by this optical thickness cloud reflection is near its asymptotic 
value of unity and as such there is no useful information with which to retrieve a cirrus cloud 
state. The total number of considered convective cases is 61 with 63% located in region I, 
20% in region II and 17% in region III. The same quality control was applied to the retrieved 
data as previously described in section 2.3.3. A typical example of a convective cloud studied 
in this section is shown in Fig. 2.26. Fig. 2.26 (a) illustrates the outflow of cirrus from the 
convective centre; the microphysical behaviour along this tail is examined as a function of 
distance in terms of De and IWP. Fig. 2.26 (b) illustrates deep convection and again 
microphysical behaviour is examined as a function of distance. The relationship between De 
and Tc is further investigated in this section. 
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 (a)                                                                         (b) 
 
 
 
 
 
 
 
 
 
Figure 2.26: ATSR-2 512 by 512 km composite images of deep convection. The 0.67, 0.87, and 1.6 µm 
channels are combined the cyan indicating cirrus cloud. The convective cases occurred in July 1996 in region I. 

Examples of the behaviour of De and IWP as a function of horizontal distance along a 
convective tail (from Fig. 2.25a) are shown in Figures 2.27 and 2.28. They illustrate the 
classical dissipation behaviour of De and IWP as a function of distance, away from the 
convective centre. The convective centre being defined as the region where the largest optical 
thickness is retrieved (hence coldest part of the cloud as sampled by the 11 µm channel). The 
figures show that as ice crystals flow away from the convective centre the ice crystal size and 
IWP both decrease with distance due to the larger ice crystals gravitationally settling out. 
Generally and only very roughly it is found that the maximum value retrieved for De around 
the convective centre is reduced by about 1/2 – 3/4 by the time the crystal De is retrieved 
furthest away from the convective centre. The IWP as shown by Fig. 2.28 is rapidly dissipated 
due to this quantity being a product of ice crystal size and optical thickness. The IWP follows 
an exponential decay, and in general it is found that the e-folding distance for IWP is about 60 
– 170 km depending on the compact nature of the convective system and large-scale 
dynamics. These figures represent extremes of behaviour and as such models should place 
their e-folding distance of IWP within this range. There was little point in investigating a 
relationship between De and IWP since the IWP in this report is estimated from the retrieved 
De and is not independently determined. 
 
 
 
 
 
 
  
 
    
 
 
 

Figures 2.27 and 2.28:  De (left) and IWP (right) plotted as a function of horizontal distance (km) along a tail 
formed by deep convection. 
 

In the Met Office UM the relationship between crystal size and Tc is assumed to follow a 
simple deterministic model. The relationship predicts that for cold clouds the crystal size 
should be small and for warm clouds the crystal size should be large. The model does not take 
into account any other variables such as large-scale dynamics, microphysical processes or 
inherent uncertainties in the in situ instruments. The model is based on the work of 
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Kristjansson et al. [2000] who compiled many mid-latitude and tropical cirrus size 
distributions as a function of temperature. Although the sample was large, the work does not 
take into account any variability in crystal size, and the relationship is assumed to hold 
throughout the UM inclusive of convective cloud.  
Figure 2.29 shows the typical behaviour of De as a function of Tc for 4 cases. Figures 2.29a-d 
indicate the variety of behaviour when De is plotted against Tc. Only Figure 2.29c shows a 
strong relationship between these two parameters and the rest of the figures indicate a weak or 
non-existent relationship. The figures shown are representative of all the convective cases and 
only rarely does a distinct relationship appear. There seems very little point of constructing a 
simple deterministic relationship between De and Tc due to the variability exhibited by cirrus. 
Figure 2.29d illustrates even the inverse where the largest crystals are situated in the coldest 
regions of the cloud due to convection. Figure 2.29d is taken from the upper most left portion 
of Figure 2.26b. From 2.29 we conclude that the variability in crystal size as a function of 
temperature is large.  
Given this variability it is more useful to study the behaviour of the frequency distribution of 
De as a function of some interval in Tc. This would provide mean and standard deviation of 
the distribution which could be used as a stochastic term in any assumed relationship between 
De and a temperature class. The data were subdivided into two classes of temperature for each 
case such that the number of data points in each temperature class was approximately equal. 
Fig. 2.30 shows examples from three cirrus cases of De frequency distributions for these two 
temperature classes. The behaviour varies from case to case: whereas Fig. 2.30a shows two 
distinct distributions, with larger De‘s in the class with larger temperature,  the distribution for 
the case in Fig. 2.30b is only broader in the class with larger temperature, and the opposite 
behaviour is seen for the case in Fig. 2.30c (this ice cloud is associated with deep convection).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 2.29 a-d: De plotted against Tc for cases of tropical convection, which occurred in July 1996. 
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Fig. 2.30: De plotted as a function of temperature interval for three cirrus cases (a) shows the temperature 
interval Tc ≤≤≤≤ 247 K (full line) and Tc >247 K (dotted line) (b) shows the temperature interval Tc ≤≤≤≤ 227 K (full 
line) and Tc >227 K and (c) shows the temperature interval Tc ≤≤≤≤ 245 K (full line) and Tc >245 K. 
 
In general, out of a total of 42 cases studied in detail, the total number showing a positive 
tendency of De with Tc was found to be 30 ( i. e., smaller ice crystals associated with a colder 
temperature class), whilst a negative tendency was exhibited by 12 cases. These results do not 
support a simple deterministic model of De as a function of Tc alone.  
As illustrated from the above examples it is also important to include large-scale dynamics 
and microphysical processes (see section 3.4). If within the UM the large-scale dynamics and 
microphysical processes are correctly represented then the patterns of behaviour found in this 
report should be followed by the UM output, i.e., the variability in behaviour should evolve 
naturally.  
Figure 2.31 shows the normalised retrieved De for 3 cases, but the figure is representative of 
all 61 cases. Essentially, for large De (the tail end of the normalised distribution) an 
exponential decay is followed of the kind ke-2 where k is some constant having values 
between 0.3 and 1.5. The behaviour is similar to that found for semi-transparent cloud 
discussed in section 2.3.3. It would be interesting to obtain the normalised frequency 
distribution of De from a CRM for a number of runs under different initial conditions to see if 
the same exponential behaviour is followed for the larger sizes of De.   
Over all cases in this section the mean <De> was found to be 56.42 ± 8.44 µm. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.31: Retrieved normalised frequency distributions of De for 3 cases of deep convection (a) located at –23o 
(b) located at 16o and (c) located at –18o. The full line shows the normalised De retrieval and the dashed line 
represents exponential model fit, ke-2. 
 

 

<De>= 41.67 ± 7.78 µm 
<De>=58.21 ± 7.39 µm 
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In the following, we analyse the behaviour of De as a function of distance to the convective 
centre, determined as the position of the maximum optical thickness, τmax, = (x1,y1). The 
distance xτ to the position with the thinnest optical thickness, τmin, =(x2,y2) is determined as: 

xτ = √(x2- x1 )
2+ (y2- y1 )

2                                                                            (2.7) 

Given xτ then the time that τmax took to evolve to τmin can be estimated if the wind speed, Vs, is 
obtained from Numerical Weather Prediction (NWP) profiles. These were obtained from 
ECMWF for all 61 cases. Vs has been calculated from the horizontal and meridional wind 
speed components, Vh and Vm, at the vertical position of the cloud cluster (by matching the 
retrieved cloud-top height with the nearest NWP vertical position) as:  

Vs =  √Vh
2 + Vm

2                                                                                                                                          (2.8) 
Typically the cloud-top heights were located at altitudes between about 200 – 300 hPa and Vs 

typically had values ranging from about 1 – 13 ms-1 (these low wind speeds are indicative of 
the cases being positioned mostly around the equatorial region). The vertical wind speed was 
negligible. No directional information was available for the direction of the cirrus outflow 
with respect to the wind speed direction. It is therefore assumed that the cirrus outflow is 
along the wind speed direction. The time evolution, T, can then be estimated as: 

T= xτ/ Vs                                                                                                                                                            (2.9) 

Equations (2.7-2.9) were applied to all 61 cases and in general it was found that both De and 
IWP decrease with distance. The maximum De and IWP occur around the convective centre. 
The distance and time evolution for all cases was found to range from about 50 - 400 km and 
4±2 hr, respectively. Under the constraint that 1 < ττττ < 50, it would be interesting to see if 
CRMs also predicted the same results as those presented below in the same time evolution of 
between 2 to 6 hours.  
Figure 2.32 shows the behaviour of the normalised De as a function of the normalised 
horizontal distance away from the convective centre, for eleven cases which were 
representative of all cases. Therefore the retrieved and estimated values found for De and IWP 
were normalised by their maximum values, respectively, and for each case the distance x was 
normalised by the largest distance away from the convective centre, xτ. After re-scaling and 
normalisation the parameters De, IWP and x had values ranging from 0 to 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2.32: Normalised De (left) and IWP (right) plotted against the normalised distance away from the convective 
centre (cc). The triangles represent the estimated normalised IWP and the various scaling laws are shown as e-x 
(full line), e-2x (dashed line), and e-6x (dashed-dotted line), respectively. 
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The left figure shows that De decreases away from the convective centre but that the decrease 
does follow particular scaling laws. The scaling laws are generally found to go from e-1/3x to e-

x with no cases falling off faster than e-2x. The reason why there are differing scaling laws is 
probably due to different microphysical processes and large-scale dynamics for each case. 
The behaviour expressed by the slow fall off scaling law e-1/3x could be due to their being 
multiple centres of convection, where larger crystal sizes are maintained for a longer period of 
time. 
The right figure shows that scaling laws are also followed for IWP, but this time the scaling 
laws are more extreme due to the rapid dissipation of optical depth with distance. The figure 
shows that the scaling laws followed for IWP go from e-x to e-6x , probably depending on 
vertical velocity and density/size of ice crystals. The most extreme case (e-6x) represents very 
compact systems of dimensions approximately 50 km in spatial extent. The behaviour of De 
and IWP as predicted by CRMs should be within the bounds shown in Fig. 2.32.  

 
From the evidence of this report there seems very little point of constructing a simple 
relationship between De and Tc due to the variability exhibited by cirrus cloud, and such a 
relationship would appear to have very limited applicability. These findings are consistent 
with results of work package 1 and work package 3.  
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WP 3 Long-term retrieval of cirrus mean effective ice crystal size from TOVS 
 (C.N.R.S.-LMD) Month 4 - Month 30 

Objectives  
The main objective of WP3 is to establish a global, long-term survey of large-scale cirrus: 
their frequency, cloud-top temperature and pressure and effective emissivity as well as mean 
effective ice crystal size and ice water path. Retrievals of mean effective ice crystal sizes in 
the infrared have the advantage that they are nearly independent on the assumed shape of the 
ice crystals, in contrary to retrievals from differences between the visible and near-infrared 
radiation. From this data set, combined with ECMWF re-analyses, we also derive correlations 
between cirrus bulk microphysical properties and atmospheric properties. This information is 
essential for the understanding of changes in cirrus clouds expected by a global climate 
change. 
 

3.1 TOVS Path-B cloud properties 
Since 1979, the TOVS instruments aboard the NOAA Polar Orbiting Environmental Satellites 
have measured radiation emitted and scattered from different levels of the atmosphere, and 
therefore are an important tool for a continuous survey of  the state of the atmosphere over the 
whole globe. The TOVS system consists, in particular, of two sounders: the High resolution 
Infrared Radiation Sounder (HIRS/2) with 19 infrared (IR) spectral channels between 3.7 and 
15 µm and one visible (VIS) channel (0.7 µm) and the Microwave Sounding Unit (MSU) with 
four microwave channels around 5 mm. In order to convert these measured radiances into 
atmospheric properties, complex inversion algorithms are necessary. The TOVS Path-B dataset 
[Scott et al., 1999] provides atmospheric temperature profiles (in 9 layers) and water vapor 
profiles (in 4 layers) as well as cloud and surface properties at a spatial resolution of 1° 
latitude x 1° longitude. A fast line-by-line radiative transfer model (4A, [Scott and Chédin, 
1981]) and a huge collection of radiosonde measurements of temperature, humidity and pressure 
that are grouped by atmospheric conditions are used to generate a dataset for the initial guess of 
the atmospheric temperature profile retrieval (TIGR database, [Chédin et al., 1985; Chevallier et 
al., 1998]). 8 years of TOVS Path-B data (1987 – 1995) are so far available. 
Clouds are detected at HIRS spatial resolution (17 km at nadir) by a succession of threshold tests, 
which depend on the simultaneous MSU radiance measurements that probe through the clouds. 
To insure more coherence with the MSU spatial resolution (~100 km at nadir), the HIRS 
radiances are averaged separately over clear pixels and over cloudy pixels within 100 km x 100 
km regions. Average cloud-top pressure and effective cloud emissivity over cloudy pixels are 
obtained from four radiances in the 15 µm CO2 absorption band (with peak responses from 400 
to 900 hPa levels in the atmosphere) and one in the 11 µm IR atmospheric window by 
minimizing a weighted χ2 [Stubenrauch et al., 1999a]. Empirical weights reflect the effect of 
the brightness temperature uncertainty within an airmass class on these radiances at the 
various cloud levels. The method is based on the coherence of the effective cloud emissivity, 
obtained from the five wavelengths at the pressure level of the real cloud. Tcld is obtained 
from pcld using the retrieved TOVS Path-B atmospheric temperature profiles.  

 

3.1.1 Revision of TOVS multi-spectral cloud detection and re-analysis 
A reanalysis over the whole TOVS observation period (now 25 years) is foreseen, soon after 
solving the difficulties met in creating a collocated radiosonde-satellite data set of clear sky 
scenes. For the period between 1987 and 1995, NOAA/NESDIS provided such a data set, 
which was used to remove systematic biases due to the radiative transfer model, instruments 
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and unexpected events (such as the Mt Pinatubo eruption). The complete radiosonde 
collection used for the ERA40 reanalysis has been transferred from ECMWF to LMD. A clear 
sky identification algorithm for the computation of the channel biases has been developed for 
the collocated radiosonde – TOVS data set. At present, a correction of the stratospheric 
temperatures measured by radiosonde have to be applied before continuing the channel bias 
corrections. The new reanalysis will also use improved versions of the 4A and 3R (fast 
parameterised) models, as well as extended TIGR and GEISA (Gestion et Etude des 
Informations Spectroscopiques  Atmosphériques) databases.  
After a study of the temporal evolution of cloud properties within the period from 1987 until 
1995, using the original TOVS Path-B dataset, and in preparation of the TOVS Path-B re-
analysis, we have undertaken a systematic analysis of the multi-spectral cloud detection tests. 
The TOVS multispectral cloud detection is based on: 

• Interchannel regression tests: In the case of clear sky, the brightness temperature of one 
channel (most efficiently a MSU channel, because microwaves probe through non-
precipitating clouds) with a maximum weighting around 700 to 900 hPa can be simulated 
by a weighted sum of brightness temperatures from HIRS channels which sound different 
depths of the atmosphere. Regression coefficients for different airmasses have been 
obtained by using the TIGR data bank. The presence of clouds leads to a difference 
between the MSU brightness temperature and the reconstructed brightness temperature. 

• Surface temperature estimates are calculated from the atmospheric window brightness 
temperatures at 3.7, 4 and 11 µm by a weighted sum of brightness temperatures from four 
to five HIRS channels, in order to remove contributions of atmospheric water vapour and 
the effect of surface emissivity. Regression coefficients for different airmasses have again 
been obtained by using the TIGR data bank. Using surface temperature estimates instead 
of brightness temperatures in the cloud detection have the advantage that thresholds do 
not change regionally or seasonally. 

• Atmospheric window pairs: Clouds absorb less and reflect more at shorter wavelengths. 
• Spatial heterogeneity: In the case of clear sky, adjacent HIRS spots within 100 km x 100 

km boxes should have the same surface temperature estimate, and the maximum surface 
temperature should not be too large compared to all other spots. 

• MSU surface emissivity distinguishes mostly between clouds and sea ice and clouds and 
snow. 

Our study concerning the temporal evolution of cloud properties after the eruption of Mt 
Pinatubo in June 1991 [Stubenrauch and Eddounia, 2001; Luo et al., 2002] revealed that high 
clouds were not affected globally by the huge amount of aerosols released into the 
stratosphere. However, we had to modify the original cloud detection, because these aerosols 
were falsely detected as low clouds by the TOVS instruments. Table 3.1 summarizes the 
improved cloud detection tests used to create the TOVS Path-B data set (version 1102) which 
we analyse in the following sections. The thresholds of the cloud detection tests have been 
determined by comparing the distributions of the different variables for clear sky and for 
cloudy scenes as determined by NOAA in the co-located radiosonde – TOVS dataset (from 
NOAA/NESDIS).  
Figs. 3.1 show the temporal evolution of clear sky frequency over the globe and over the 
tropics (20°N-20°S), after application of different TOVS cloud detection algorithms. Data 
from 1987 until August 1991 have been obtained from the NOAA10 satellite, then this 
satellite was replaced by the NOAA12 satellite. The local observation time of both satellites is 
approximately 7h30 AM and PM. When using the original TOVS cloud detection, the Mt 
Pinatubo eruption leads to a clear sky frequency decrease (or cloud amount increase) of about 
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5% over the globe (and even 20% in the tropics). One also observes a systematic cloud 
amount difference of about 3% between observations of the two satellites. The latter is 
explained by a missing inter-calibration of the HIRS VIS channel. After removing the VIS 
albedo test from the TOVS cloud detection, this problem disappeared, but the global clear sky 
frequency increased by about 4%. By applying the final improved TOVS cloud detection, the 
cloud amount increase just after the Mt Pinatubo eruption is reduced to only about 2% 
(instead of 20%) in the tropics. 

 
 

 

 

 

 

 
 

 

 

 

Figs. 3.1: Time series of clear sky frequency over the globe (left) and over the tropics (right), using different cloud 
detection algorithms: original TOVS cloud detection (red), TOVS cloud detection without VIS albedo test (blue) 
and improved TOVS cloud detection (turquoise). 

 

Table 3.1: Improved TOVS multispectral cloud detection. 

Interchannel regression tests: 
|TB(13.4µm) – Σ aiTi(~4µm)| > 2.5 K  

|TB(MSU2) – Σ biTi(~15µm)|  > 1.5 K / 1 K (polar)   �
|TB(MSU3) – Σ ciTi(~15µm)|  > 2.5 K 

Atmospheric window pair : 
|Ts(3.7µm) - Ts(4.0µm)|   > 1.5 K (sea)      /   2K  (land) : night > 8K  :day 

Heterogeneity: 
∆Ts(adjacent spots)   > 1.5 K (sea)   / 3 K (land) 
Tsmax - Ts(11µm)              >  4 K  

MSU surface emissivity: 
Ts < 271 K +  εsurf  < 0.65  
(TB(3.7µm) - TB(11µm))/cosθ0 > 30 + εsurf > 0.75   (day only)      

 
Table 3.2 gives an overview of average cloud amount as obtained from ISCCP (International 
Satellite Cloud Climatology Project, [Rossow et al., 1999]) and TOVS Path-B. Clouds cover 
about 70% of the Earth’s surface, with about 6% more cloudiness over ocean than over land. 
The global averages from ISCCP and TOVS Path-B agree quit well, even if they have been 
obtained from different instruments and with different temporal resolution. However, if one 
considers the distribution of cloud types in Table 3.2, the instruments which were used for the 
observations play an important role. Whereas according to ISCCP the globe is covered by 
22% high, 20% midlevel and 27% low clouds, TOVS Path-B reports 30%, 12% and 31%. The 
higher spectral resolution of the vertical IR sounder is better adapted to identify high semi-
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transparent clouds. In the tropics, which includes the InterTropical Convergence Zone with 
its high clouds, TOVS Path-B detects even 24% more cirrus clouds than ISCCP.  

Table 3.2 Average cloud amount from 8 years (1987-1995) ISCCP and TOVS Path-B (italic). 
 

Cloud amount (%) globe ocean land 

total  67       73 71        74 58         69 

Deep convection 2.8       2.4 2.8       1.9 2.7        3.5 

Cirrus 19.1    27.3 18.0    26.9 21.7     27.8 

Mid-level 18.5   12.1 18.4    10.3 18.5    16.6 

Low-level 26.7   30.9 30.6    35.1 17.7    20.5 

Cloud amount (%) NH midlatitudes tropics SH midlatitudes 

Deep convection  3.3       3.0  3.5       2.5  3.0        2.4 

Cirrus 20.3     24.7 24.9     44.8 16.5      21.8 

Mid-level 22.5    16.2 13.4      4.1 25.2      14.8 

Low-level 26.4    27.1 21.0    20.6 36.5     38.7 

 
3.1.2  Comparison of cloud altitude from TOVS Path-B and LITE  
The Lidar In Space Technology Experiment (LITE) aboard the space shuttle Discovery 
provided near-global observations (57°N-57°S) of clouds from 9 to 20 September 1994. The 
lidar measured profiles of backscattered radiation at three different wavelengths, with a 
vertical resolution of 15m. The backscatter signal at 532 nm is the most sensitive to clouds. 
From these profiles one obtains the cloud boundaries: cloud top from an increase in the 
backscatter signal and cloud base from a decrease to the molecular backscattering profile (in 
the case of thin clouds) [Young, 1995; Sauvage et al., 1999]. Clouds with vertically less than 
500 m clear sky between them have been concatenated to one cloud layer. Optical thickness 
can then be computed from the attenuation of the lidar signal, again only reliable for thin 
clouds. 
These measurements have been merged into 1° latitude x 1° longitude grids, and co-located 
with quasi-simultaneous TOVS observations aboard the NOAA-11 and NOAA-12 satellites. 
On average, a path of 90 LITE measurements goes through a grid. For a time-match within 
three hours, about 2750 cases coincide.  
For a cloud height comparison, one has first to transform the TOVS Path-B cloud-top 
pressure into an altitude in km, or the LITE cloud height into cloud-top pressure, by applying 
the corresponding National Meteorological Center (NMC) profile, which is provided with the 
LITE data. Fig. 3.2 presents an example of LITE backscatter profiles averaged over 1° and the 
corresponding TOVS Path-B cloud height for a multi-layer cloud system. In this case, the 
LITE inversion has detected two cloud layers, since the two upper clouds are by less than 500 
m separated. The TOVS cloud height, however, is close to the mid-level of the upper cloud of 
the three-layer cloud system. It is foreseen to run the LITE inversion with a threshold of 
vertical separation lowered to 250 m (Laurent Sauvage, personal communication).  
The distribution of the difference between TOVS cloud height and the cloud mid-level 
determined by LITE is presented in Fig. 3.3 for all 495 cases of TOVS Path-B high clouds in 
coincidence with LITE measurements. In addition, a distribution is also shown for the 161 
cases for which LITE has detected a single layer cloud. About 60% of all cases lie within 2km 
difference. The peak of the distributions lie by about –0.5 km. This means that on average the 
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TOVS cloud height lies about 0.5 km below the mid-level of the cloud. Large differences 
could be mostly explained by heterogeneous scenes.  

 

 

 

 

 

 
 

 

 

 

Figure 3.2: Averaged LITE backscatter profile of a multi-layer cloud system: The LITE inversion distinguishes 
two layers (cloud-top and base of the highest cloud are marked as black lines), the TOVS Path-B cloud height is 
marked as blue line. 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.3: Distributions of cloud height difference between TOVS and LITE, in blue for all TOVS Path-B 
high clouds and in red only for the single layer TOVS Path-B high clouds (determined by LITE). 
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3.2 Retrieval of cirrus mean effective ice crystal size and ice water path 
3.2.1  Ice crystal single scattering properties in the IR 
For the computation of the absorption and scattering properties of non-spherical ice crystals 
at thermal wavelengths we use a cirrus radiation model which is based on Anomalous 
Diffraction Approximation (ADA). ADA allows the absorption efficiency of an ice crystal, 
Qabs, to be expressed in terms of imaginary refractive index, ni, wavelength, λ, and the 
effective photon path through the ice crystal, de.  

Q
n d

abs
ADA i e= −

−
1

4
exp( )

π
λ         (3.1) 

The effective photon path is calculated from the ice crystal geometry as the ratio of ice crystal 
volume to its projected area. Randomly orientated ice crystal shapes of hexagonal plates and 
columns, bullet rosettes and planar polycrystals can be chosen in this model. Necessary 
corrections for internal reflection and refraction within the ice crystals (cint) as well as 
additional absorption due to the above-edge or tunnelling effect (ctun) [Nussenzveig, 1992] 
have been introduced into the model [Mitchell et al., 1996; Mitchell, 2002]. The code was 
well tested for spheres [Mitchell 2000], where the tunneling is maximum (ctun = 1). Baran et 
al. [2001b] have shown that tunneling contributions decrease as ice particle shape becomes 
more complex. Therefore for planar polycrystals the tunnelling contributions are assumed to 
be negligible (ctun = 0).  
Qabs = (1 + cirr + ctun) Qabs

ADA         (3.2) 

where cirr = [0.25 + ashape∗exp(-1167∗ni(λ))] ∗ exp(-8πni(λ)de/3λ)           for x > 6 

and cirr= [0.25 + ashape∗exp(-1167∗ni(λ))] ∗ [1-exp(-0.014(nrx)3] ∗ exp(-8πni(λ)de/3λ)  for x < 6 
with ashape: asphere = 0.25 ;  ahex. column = 0.75 ;  apolycrystal = 0.55 

The absorption efficiency of the whole cirrus cloud is then obtained by integrating the 
effective photon path over the ice crystal size distribution within the cloud. A bimodal ice 
crystal size distribution, as predicted from growth processes of water vapour deposition and 
aggregation [e.g. McFarquhar and Heymsfield, 1996], is assumed, with an exponential 
behaviour for small crystals and a Γ distribution for larger ice crystals. The absorption 
coefficient, βabs, is the product of the cirrus mean absorption efficiency, <Qabs>, and the mean 
projected area, P, of the ice crystal size distribution. The mean effective size, De, can be 
considered as an effective photon path of the ice crystal size distribution and is defined by  
[Mitchell 2000]: 
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where ρi is the bulk density of ice and is assumed to have the value of 0.92 g cm-3, IWCs and 
IWCl are the ice water contents, and Ps and Pl are the projected areas, corresponding to 
number densities of small and large particle modes, respectively. Volume (IWC) and 
projected area are preserved through adjusting the particle number concentration. Fig. 3.4 
presents the relation between De and mean maximum dimension, Dmax, for different size 
distributions. The green curve represents the relationship for the modified bimodal size 
distribution compared to the original one (shown in blue).  
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Fig. 3.4: De as a function of mean maximum dimension, Dmax, for different size distributions. 
 
We use this code only to compute single scattering properties of randomly oriented planar 
polycrystals, since the tunneling contributions of other non-spherical shapes should be less 
negligible and are not yet known accurately. As the scattering direction cannot be calculated 
through ADA, the asymmetry factor g was used from the compuations of [Sun and Fu, 1999]. 
 
3.2.2 Retrieval method  
The difference between cirrus emissivities at 8 and 11 µm is sensitive to the mean effective 
ice crystal size, De, of the medium thick cirrus clouds (IR effective emissivity between 0.3 
and 0.85 or visible optical thickness between 0.7 and 3.8), as can be seen from simulations in 
Figs. 3.5.  

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Simulated cirrus effective emissivity differences ε(11.1µm)- ε(8.3µm) as a function of ε(11.1µm), 
using single scattering properties of hexagonal columns and of planar polycrystals. 

 
3.2.2.1 Simulation of look-up tables 

To simulate the cirrus emissivities, the single scattering properties computed in section 3.2.1 
are integrated (as a function of De) in a radiative transfer model which takes into account 
multiple scattering [Key and Schweiger, 1998]. By varying the ice water content of the cloud 
and De, the measured radiances (Im(λ,θv,εs) = B(TB(λ,θv,εs))) at 8.3 and 11.1 µm are simulated, 
for different HIRS viewing zenith angles, θv, separately for 8 different surface emissivity (εs) 
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classes, re-grouped from CERES/SARB (Cloud and the Earth’s Radiant Energy System / 
Surface and Atmospheric Radiation Budget) [Rutan and Charlock, 1997]. After computing 
radiances of clear sky (Iclr(λ,θv,εs) = B(Tsurf(λ,θv,εs))) and of an opaque cloud (Icld(λ,θv) = 
B(Tcld(λ,θv))) at both wavelengths, the cirrus emissivities are calculated as: 
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where B is the Planck function.  

The retrieval assumes a homogeneous ice cloud of 1 km thickness, with a top at 10 km, 
containing planar polycrystals according a bimodal Γ size distribution. The lapse rate is 
6.5°/km. Atmospheric contributions are not taken into account, because these are removed in 
the TOVS cirrus emissivity retrieval. The final look-up tables for the De retrieval are 
presented as values of De in a (ε(8.3µm),ε(11.1µm)) array ranging from 0 to 1 in steps of  
0.002 in both dimensions. 
 

3.2.2.2 Determination of cirrus emissivities from TOVS and retrieval of De and IWP 
Cirrus emissivities, ε, at 8.3 and 11.1 µm are computed from the measured brightness 
temperatures TB

m, cloud-top temperature Tcld and surface temperature Tsurf. Before applying 
Eq. 3.4, the retrieved wavelength-independent variables Tcld and Tsurf have to be converted 
back into wavelength-dependent brightness temperatures. Therefore, transmission functions 
are applied, which include water vapour contributions to emissions at these wavelengths. 
These transmission functions have been computed by the 4A radiative transfer model at 39 
atmospheric layers for the 1761 different TIGR atmospheric conditions. Rapid Recognition 
Radiances (3R) [Flobert et al., 1986] radiative transfer computations restore the 8.3 and 11.1 
µm radiances at the surface and at the cloud-top level, by using the transmissivities 
corresponding to the TIGR atmospheric profile of the measured situation. For the 
computation of Tsurf(λ) we use the same 8 surface emissivities as in the simulations. Since 
Tsurf is only retrieved for clouds with effective cloud amount < 0.6, we use the monthly 
average of Tsurf in the case of thicker clouds. 

The mean effective ice crystal diameters De are retrieved by comparing each retrieved cirrus 
emissivity pair (ε(8.3µm), ε(11.1µm)) to the simulated look-up tables. For an unbiased 
retrieval all measurements have to be taken into account, also those which have unphysical 
values (i.e. ε(8.3µm) > ε(11.1µm)). The latter situation can happen due to uncertainties in the 
retrieval as well as to the presence of water droplets in the clouds. In this case, the emissivity 
difference is set to zero. 
To reduce the contribution of partly covered pixels, the ice crystal size retrieval is only 
performed for overcast high clouds (pcld < 440 hPa), with all HIRS pixels cloudy over an area of 
1° latitude x 1° longitude. The frequency of occurrence of all high clouds reaches from about 
30% in the midlatitudes to about 60% in the tropics (e. g., [Stubenrauch et al., 1999b]; [Wylie 
and Menzel, 1999]). The frequency of occurrence of these large-scale high clouds lie about 10 
% below those of all high clouds. Since the retrieval in the IR is mainly based on spectral 
absorption difference, it performs only for semi-transparent cirrus clouds (IR effective 
emissivity between 0.3 and 0.85 or visible optical thickness between 0.7 and 3.8). This 
category of high clouds constitutes about two third of all large-scale high clouds.  
The De retrieval is influenced by the increase of pixel size and path of the emitted radiation 
received by the HIRS radiometer with viewing zenith angle. Therefore, we limit the De 
retrieval to cirrus clouds identified under a viewing zenith angle up to 25°. Ice clouds are 
distinguished by cold cloud-top temperatures, Tcld < 263 K. At these temperatures, mixed 
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phase clouds may still be present [Cober et al., 2001]. Therefore, we analysed De distributions 
also for cirrus clouds with Tcld < 253 K and Tcld < 243 K (about 10 and 36 % less statistics 
respectively). Since no significant systematic difference was observed, we present in the 
following De averages for clouds with Tcld < 263 K. 

 

 

 

 

 

 
 

 

 

 

 
Figure 3.6: a) Simulated cirrus emissivity at 11 µm as a function of ice water path, for two different mean 
effective ice crystal diameters De and b) possible values of De and IWP for four distinct simulated cirrus 
effective emissivities. 
 
Once De is retrieved from the cirrus emissivity difference between 8.3 and 11.1 µm, the ice 
water path (IWP) can be obtained from De and ε(11µm), since the emissivity is a function of 
IWP and De, as can been seen in Fig. 3.6a. Therefore, another set of look-up tables has been 
created. 
 

3.2.3 De retrieval sensitivity study 
The TOVS De retrieval sensitivity study and an overview of mean effective ice crystal 
diameters of large-scale medium thick cirrus clouds, during the period from 1987 to 1990, 
have been published in [Rädel et al., 2003]. 
The results of this sensitivity study are summarized in Table 3.3, presenting normalized De 
differences between the standard De and De’ obtained by changing different assumptions in 
the simulation. Essentially, one has to be aware of the following biases in De: 

De will be overestimated by up to 25%  in the case of: 

• thin cirrus with underlying water cloud  

• partial cover of thick cirrus 

• cirrus consisting of ice crystals of the form of hexagonal columns  
De will be underestimated by up to 25%  in the case of: 

• increasing ice crystal size with cloud depth 

• broader ice crystal size distribution 

During daytime one could eliminate thin cirrus clouds with underlying thick water clouds by 
comparing cirrus IR emissivity and VIS reflectance (see section 5.3). The latter can be 
transformed into an IR emissivity which should be larger compared to the former in the case 
of an underlying thick water cloud [Stubenrauch et al., 1999c]. 
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Table 3.3: Compilation of uncertainty sources and their influence on the retrieval of De. 
Standard : Hom. cloud, hcld

std=10km, zstd=1km, polycrystals, bimodal-Γ size distribution, Tsurf
std=300K 

  small   De   large  

crystal spheres + 15%        +30%  

shape hexagonal columns + 15%        +25%  

size  tropical -  20%         - 28%  

distribution midlatitude +  5%         - 20%  
  thin clouds thick clouds 
  small   De   large small   De   large 

cloud height hcld
std + 4 km -   4%         -  2% -   6%           -  2% 

cloud thickness zstd + 1 km +  4%         +  6% +  8%          + 10% 

lapse rate 6.5°/km -> 11.5°/km +  3%         +  3% +  5%          +  5% 

surface temperature Tsurf
std - 15 K +  3%         +  2% +  5%          +  2% 

horizontal heterogeneity 90% cloud cover + 7%          +  2% + 25%        + 12% 

vertical  IWC(low) = 1.5 IWC(hgh) + 0.5%      + 1.0% +1.2%       +  1.7% 

heterogeneity De(low) = 2 De(high) - 15%        - 20% - 15%          - 20% 

 De = f(T) (Ivanova et al. 2001) + 0.5%      + 0.5% +0.2%       +  0.2% 

 + water cloud re=10µm, LWC=0.03g/m3 + 10%        +  15%  + 9%         +  9% 

 re=7µm, LWC=0.20g/m3 + 25%        + 25% + 15%         +  15% 

 
 
3.2.4 Retrieval period  
Mean effective ice crystal diameters and IWP of large-scale cirrus clouds have been 
determined from all NOAA-10 TOVS observations, between 60°N and 60°S, at 7h30 and 
19h30 local time, from 1987 to 1991. 
 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.7: Brightness temperature difference between HIRS channels 10 (at 8.3µm) and channel 8 (at 11.1µm) 
for cloudy situations in the tropics as a function of brightness temperature of HIRS channel 8, in red as observed 
from NOAA-10 and in blue as observed from NOAA-12 
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When investigating the cirrus emissivities at 8.3 and 11.1 µm from NOAA12 observations, 
we discovered a problem with channel 10 (at 8.3 µm) of the HIRS instrument. Fig. 3.7 
presents the brightness temperature difference between HIRS channels 10 and channel 8 (at 
11.1 µm) for cloudy situations in the tropics as a function of brightness temperature of HIRS 
channel 8, in red as observed from NOAA-10 and in blue as observed from NOAA-12. 
Whereas observations from NOAA-10 show a significantly positive brightness temperature 
difference for ice clouds (TB(11.1µm) < 270 K),  corresponding to positive cirrus emissivity 
differences ε(11.1µm)- ε(8.3µm), the brightness temperature difference from NOAA-12 
observations shows a different behaviour, with not distinguishable differences at cold 
temperatures. This has been confirmed by NOAA (John Bates). Unfortunately, until now, 
they have not understood the problem and a way to fix this problem, which means that 
NOAA-12 data cannot be used to continue the long-term series of mean effective ice crystal 
diameters of cirrus clouds. However, all macro-physical cirrus properties could be determined 
(see section 3.3). 

Evaluating the possibility to retrieve De fromTOVS,  using  4 µm and 11 µm during night 

As the 8.3 µm channel of the HIRS instrument onboard the NOAA-12 satellite has a problem 
and had been replaced by a channel at 12.5 µm on all following HIRS instruments, we 
investigated the possibility to use the 4.0 µm channel instead. Since at this shorter wavelength 
the contribution of reflected sunlight is not negligible, the simulated cirrus emissivity 
differences between 11 and 4 µm in Fig. 3.8 correspond to observations during night. 
Compared to Fig. 3.5 this cirrus emissivity difference is even slightly more sensitive to De. 
However, when comparing the retrieved cirrus emissivity differences in Fig. 3.9, one observes 
a very broad distribution with a peak around 0 when using the 4.0 µm channel, and not at a 
positive value as is the case by using the 8.3 µm channel. From this study we conclude that 
the 4 µm channel of the HIRS instruments is too noisy at low temperatures to be used for the 
De retrieval. We have tested this channel for NOAA-10, NOAA-11 and NOAA-12. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.8 (left): Simulated cirrus effective emissivity differences ε(11.1µm)- ε(4.0µm) as a function of 
ε(11.1µm), using single scattering properties of planar polycrystals. 

Figure 3.9 (right): Distributions of TOVS retrieved cirrus effective emissivity differences ε(11.1µm)- ε(4.0µm) 
and ε(11.1µm)- ε(8.3µm), respectively, for maritime cirrus in summer 1990.  
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3.3  Regional and seasonal variations of high cloud properties  
The evaluation of monthly mean amount of high clouds as well as their cloud-top temperature 
and effective emissivity during the data period from June 1987 until Mai 1995 is shown in 
Figs. 3.10 for the tropics (20°S-20°N), the Northern Hemisphere midlatitudes (30°N-60°N) and 
the Southern Hemisphere midlatitudes (30°S-60°S). The amount of high clouds over the 
globe is 32% and is stable within 2% during this period which includes an El Nino event in 
1987/88 and the eruption of the Mt Pinatubo in June 1991. The high cloud amount is highest 
in the tropics (around 50%). In this region, high clouds are also the coldest (around 230 K) 
and thinnest (Nεcld around 0.42).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10: Monthly average cloud amount, effective emissivity and cloud-top temperature for high clouds 
over the tropics, the NH midlatitudes and the SH midlatitudes, as a function of time. Observations from 7h30 
AM and 7h30 PM have been averaged. 

High cloud amount is slightly lower in the SH midlatitudes (26%) than in the NH 
midlatitudes (29%), whereas the high clouds are thicker (Nεcld around 0.61) in SH than in NH 
midlatitudes (Nεcld around 0.54, with a strong seasonal cycle: 0.48 in the end of summer and 
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0.65 in winter). The seasonal cycle of high cloud amount seems to be reversed, with a 
maximum in summer in NH and in winter in SH.  
The time period of eight years is too short to detect trends; there seem to be short regional 
changes like a slight cloud-top temperature increase during autumn 1988 and a decrease at 
the end of winter 1994 in the tropics or a slight decrease of effective emissivity during 
autumn 1994 over the NH midlatitudes. These phenomena have still to be analysed in more 
detail.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11: Monthly average effective emissivity, cloud-top pressure, IWP and De for large-scale semi-
transparent cirrus over the tropics, the NH midlatitudes and the SH midlatitudes, as a function of time. 
Observations from 7h30 AM and 7h30 PM have been averaged. 

 
The temporal evolution (from 1987 until 1991) of properties of large-scale semi-transparent 
cirrus (about half of all high clouds) is shown in Fig. 3.11, separately for the three regions 
NH midlatitudes, tropics and SH midlatitudes. The global averages (from 60°N to 60°S) of 
De and IWP of these clouds are 55 µm and 30 gm-2, respectively. IWP and De are on average 
the largest in the tropical region. The average values over all three regions are quite stable, 
with larger seasonal variations in the NH than in the SH. In the NH midlatitudes other 
properties of these cirrus also have a larger seasonal cycle than in the SH midlatitudes. These 
large-scale cirrus are slightly thinner and higher in summer than in winter. It seems that 
slightly lower IWP and De than average can be found in the tropics during the period from 
June 1989 to June 1990. This has to be explored further. 
To get a better view on the seasonal variation of effective emissivity, IWP and De, we present 
in Fig. 3.12 these variables as a function of three-monthly season averaged over the four-year 
period. From these figures we conclude the following: 
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• Large-scale semi-transparent cirrus have on average a smaller effective emissivity 
(0.57 over ocean and 0.60 over land) in the tropics than in the midlatitudes (0.63 in 
NH and 0.66 in SH). However, their average IWP is larger (33 gm-2) than the average 
IWP in the midlatitudes (28 gm-2, except summer). Their mean effective ice crystal 
diameter (60 µm) is then also larger than the average De in the midlatitudes (50 µm, 
except during summer over NH land).  

• Differences in cirrus effective emissivity between tropical ocean and land mainly 
result from differences in IWP. 

• Large-scale semi-transparent cirrus in the tropics have no remarkable seasonal cycle 
in cirrus effective emissivity, IWP and De.  

• Large-scale semi-transparent cirrus in the midlatitudes reveal a seasonal cycle, with 
larger IWP and De in summer than in winter. The seasonal cycle of IWP and De is 
also stronger over land than over ocean. Cloud-top temperature in the midlatitudes is 
also higher in summer than in winter.  

• Over ocean during all seasons, IWP and De are slightly larger in the Northern 
Hemisphere than in the Southern Hemisphere. 

Since retrieved De and IWP can have biases linked to different assumptions (see Table 3.3), 
we have investigated the effect of doubling the cloud geometrical thickness (from 1 km to 2 
km), by recalculating new look-up tables. These results, shown in addition in Fig. 3.12 for 
ocean, are very similar. Therefore, the seasonal variation cannot be explained by a variation of 
cloud geometrical thickness.  
 

 

 

 

 
 

 

 

 
Figure 3.12: Seasonal variability of effective emissivity, IWP and De of large-scale medium thick cirrus clouds, 
separately over ocean and over land in the tropics, NH midlatitudes and SH midlatitudes. Data were averaged 
using NOAA-10 TOVS observations from June 1987 until Mai 1990.  
 

3.4  Correlations between cirrus bulk microphysical properties and the 
state of the atmosphere  
3.4.1 Correlations between IWP, D, and Tcld 
In many climate models IWP or De are parameterised as functions of temperature. These 
parameterisations were developed from restricted in-situ data [e. g., Kristjansson et al., 2000; 
McFarlane et al., 1992]. Fig. 3.13 presents the average De and IWP of all large-scale cirrus 
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clouds between 60°N and 60°S as a function of Tcld. Whereas IWP increases steadily over the 
whole temperature range (from 200 K to 270 K) from 20 gm-2 to 35 gm-2, the behaviour of De 
with cloud temperature is less clear. For cold temperatures (Tcld < 235 K), there is no 
dependence, while for warmer temperatures De increases slightly from 50 to 62 µm. The IWP 
also seems to change its slope slightly around Tcld of 235 K. This can be linked either to 
different processes of cloud formation (the probability of homogeneous freezing increases 
with decreasing temperature [e. g., Khain et al., 2000] or to the fact that at higher 
temperatures more water droplets are included in the cloud [e. g., Cober et al., 2001]. The 
inclusion of water droplets would lead to a slight overestimation of  De [Rädel et al., 2003; 
Yang et al., 2003]. Therefore it is difficult to draw conclusions on the relation between De 
and Tcld for Tcld > 235 K. However, several in situ measurements [Donovan and van 
Lammeren, 2002; Korolev et al., 2003] have shown that for cirrus with temperatures larger 
than 240 K, De seems to increase with temperature. 
We refine our analysis by studying separately three different IWP intervals and four different 
De. The dependence of De and IWP on Tcld for the respective intervals is again shown in Fig. 
3.13. One observes only a small scatter of IWP due to different De (about 5 gm-2), whereas the 
scatter of De due to different IWP is large (up to 30 µm) and is certainly larger than the 
dependence on Tcld. 
 

 
 

 

 

 

 

 
 

 

Fig. 3.13: Average IWP (left) and ice crystal diameter De (right) of large-scale semi-transparent cirrus as 
function of cloud temperature. The full line represent four-year averages over the globe from 60°N to 60°S. In 
addition, IWP averages are shown separately for different De and IWP intervals (25-40 µm, 40-55 µm, 55-
70 µm, 70-90µm; 0-15 gm-2, 15-30 gm-2, 30-45gm-2), respectively. Statistical errors are negligible. 
 
Field campaigns often measure microphysical properties of specific types of cirrus. Figs. 3.14 
and 3.15 present the average IWP and De as a function of cloud-top temperature, separately 
for optically thin cirrus (0.30 < ε(11µm) < 0.55, left) and optically thick cirrus (0.55 < 
ε(11µm) < 0.80; right), in the midlatitudes (above) and in the tropics (below). As can be 
expected from Figs. 3.6a and 3.6b, we observe on average lower IWP values in the case of 
optically thin clouds than for optically thicker clouds. It is interesting to note that De of 
optically thin cirrus is on average larger than De of optically thick clouds. The spread of De 
and IWP due to different IWP (and De) is slightly larger for optically thin cirrus than for 
optically thicker cirrus (40 µm (10 gm-2) and 30 µm (7 gm-2), respectively). For both types of 
cirrus, there is no dependence of De on Tcld for cold temperatures. For large-scale cirrus with 
εcld > 0.55 the spread of De and IWP due to different IWP (and De) is much smaller in the 
tropics than in the midlatitudes. This will be investigated further in the next section, by 
introducing dynamical parameters of the atmosphere.  
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Fig. 3.14: Average IWP (left) and De (right) of large-scale optically thin cirrus (0.30<ε<0.55) as function of 
cloud temperature, separately in the midlatitudes (above) and in the tropics (below). The full lines represent four-
year averages over summer (from 1987 to 1990) and winter (from 1988 to 1991). In addition, IWP and De 
averages are shown separately for different De and IWP intervals, respectively. Statistical errors are negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.15: same as Fig. 3.14, but for large-scale optically thicker cirrus (0.85>ε>0.55). 
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3.4.2 Atmospheric properties related to large-scale semi-transparent cirrus 
The ECMWF reanalysis ERA-40 [e.g. Courtier et al., 1998; Andersson et al., 1998] is based 
on the Integrated Forecast System and makes use of historical ground-based observations 
(components of the World Weather Watch by the World Meteorological Organization) as well 
as of multi-channel satellite radiances (from TOVS) through a three dimensional variational 
assimilation. It also includes a one dimensional variational assimilation of total column water 
content and surface wind speed using the Special Sensor Microwave / Imager (SSM/I) data. 
Cloud motion winds are integrated from geostationary satellite observations. At the end of the 
processing, the period covered should be about 40 years, from mid-1957 to 2002. The ERA-
40 reanalysis provides, among other parameters, temperature, humidity, vertical and 
horizontal winds within grids of 1.125° latitude x 1.125° longitude. Vertical Pressure levels 
are given at intervals of 75 hPa between 1000 and 700 hPa, of 100 hPa between 700 and 300 
hPa and of 50 hPa between 300 and 100 hPa. The temporal resolution is six hours, with data at 
the same universal time.  
To study correlations between cirrus bulk microphysical properties of large-scale semi-
transparent cirrus and the humidity and dynamics of the atmosphere in which they are 
embedded, we couple the TOVS Path-B cirrus data with the most coincident ERA-40 data  
(less than 6 hours before and less than 50 km apart). The vertical (w) and horizontal winds 
(u,v) are chosen to be in the closest vertical pressure level underneath the cirrus. The 
horizontal wind has been computed from the South-North (v) and West-East components (u) 
as uv = √(u2+v2). For the following analysis, we have coupled ERA-40 data with TOVS Path-
B data for summers (June to August) from 1987 until 1990 and winters (December to 
February) from 1988 until 1991.  
 
Table 3.4: Average atmospheric properties related to large-scale semi-transparent cirrus in NH midlatitudes, 
tropics and SH midlatitudes. 
 Water vapour  (cm) 

   mean       RMS 

Horizontal wind (m/s) 
mean      RMS 

Frequency of situations with 

updraft           no wind           downdraft 
NHmidlatitude summer     3.0          1.2      14.5       10.9         9%             38%                  3% 
NH midlatitude winter     1.4          0.8      26.1       15.8       13%             29%                  7% 

tropics     5.0          0.9      7.6          6.0         7%             44%               0.1% 
SH midlatitude 

summer 
    2.3          1.0      23.4       13.8         6%             42%                 4% 

SH midlatitude winter     1.5          0.8      22.3       15.2       10%            34%                  4% 
 
Table 3.4 gives an overview of atmospheric properties in the three latitude bands NH 
midlatitudes, tropics and SH midlatitudes, when large-scale cirrus are present. For the 
midlatitudes, average properties are shown for summer and winter separately. As expected, 
total atmospheric water vapour is highest in the tropics and lowest in midlatitude winter. 
Horizontal wind at cloud level is on average weakest in the tropics and strongest in NH 
midlatitude winter. In the southern hemisphere, horizontal winds are strong in winter and in 
summer. Vertical wind can appear as updraft or as downdraft. To investigate vertical wind, 
we therefore compute frequencies of occurrence of situations with strong large-scale updraft 
(w < -0.2 Pa/s, corresponding to about –5 cm/s), very weak vertical wind (|w| < 0.05 Pa/s), 
and strong large-scale downdraft (w > 0.2 Pa/s), all averaged over 1.125° latitude x 1.125° 
longitude. At this spatial resolution, the vertical wind in the tropics is often weak, in 7% of the 
large-scale cirrus situations there is a strong updraft, there are nearly no downdraft situations. 
In the midlatitudes, there are more situations with a large updraft in winter than in summer. 
These are probably related to winter storm tracks. 
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3.4.3 Correlations between IWP, De, atmospheric humidity and winds 
Figs. 3.16 present mean De and IWP of cold (Tcld < 233 K) large-scale semi-transparent cirrus 
as function of total atmospheric water vapour, in the case of four different dynamic situations: 
no winds (|w| < 0.05 Pa/s and uv < 20 m/s), strong vertical updraft (w < -0.2 Pa/s and uv < 20 
m/s) only, strong horizontal wind only (|w| < 0.05 Pa/s and uv > 35 m/s), and strong vertical 
updraft  and horizontal wind (w < -0.2 Pa/s and uv > 35 m/s). On global average, IWP as well 
as De of these cold, large-scale cirrus are larger in a humid than in a dry atmosphere. In humid 
situations, IWP is about 10 gm-2 larger in regions with strong large-scale vertical updraft than 
in regions with strong horizontal winds. The latter possibly increase the horizontal cirrus 
extent and therefore decrease on average the IWP. The mean effective ice crystal size also 
seems to depend on the large-scale dynamical situation, especially in humid air:  De  is about 
10 µm larger in case of no large-scale winds than in case of strong large-scale winds. Vertical 
updraft seems to play a slightly bigger role in the decrease of  De  than horizontal wind.  

 
Fig. 3.16: Global average IWP (left) and De (right) of all cold, large-scale semi-transparent cirrus as function of 
total atmospheric water vapour, for four different dynamic situations: no winds (o), strong vertical updraft only 
(•), strong horizontal wind only (�), and strong horizontal wind and vertical updraft (�). Data are collected 
from four summers (1987 – 1990) and winters (1988 – 1991). Statistical errors are negligible. 
 

The behaviour of IWP of cold large-scale cirrus stays the same, if considering separately the 
midlatitudes and the tropics in Figs. 3.17. The relatively large mean effective ice crystal size 
with small scatter in the tropics could be explained by the fact that there are no situations with 
both large-scale horizontal and vertical winds.  
Figs. 3.18 show IWP and De distributions in order to get an idea of the spread of these values 
within the different situations. In general, the De distributions are broader and more 
overlapping than the IWP distributions. IWP distributions of humid situations with strong 
large-scale updraft only and those with strong horizontal winds have better separated peaks in 
the tropics than the distributions in the midlatitudes.  
Our large-scale observations show that in addition to temperature also atmospheric water 
vapour and winds play a role in the distribution of bulk microphysical properties of cirrus. 
This study will be published in Atmospheric Research [Stubenrauch et al., 2004]. 
It is difficult to compare these results to in-situ data, because the horizontal wind has not been 
measured or analyzed and only ice crystal concentrations (and not IWP) have been analysed 
in studies which have connected cirrus bulk microphysical properties to vertical updraft [Stith 
et al., 2002; Kärcher and Ström, 2003].  
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Fig. 3.17: Average mean IWP (left) and De (right) of cold, large-scale semi-transparent cirrus as function of 
atmospheric humidity, separately in the midlatitudes (above) and in the tropics (below), for four different 
dynamic situations: no winds (o), strong vertical updraft only (•), strong horizontal wind only (�), and strong 
horizontal wind and vertical updraft (�). Statistical errors are negligible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.18: Normalized frequency distributions of IWP (left) and De (right) over the midlatitudes (above) and 
tropics (below), separately for a dry and humid atmosphere, for two dynamical situations: IWP distributions are 
considered according to strong large-scale vertical updraft only and strong large-scale horizontal wind only; De 
distributions are considered according to no winds and strong winds. 
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WP 4   Sensitivity analysis of fluxes to changes in cirrus microphysics 
(Met Office) Month 4 - Month 12; Month 19 - Month 27 

Objectives  
The representation of ice clouds in atmospheric models is subject to uncertainties because of 
our lack of knowledge of the microphysical characteristics of the crystals (their shapes and 
sizes) and of the scattering properties of non-spherical particles of realistic sizes and shapes. 
There is some connection between these two problems in that our ignorance of the scattering 
properties of crystals has made it difficult to interpret observations of cirrus clouds from 
satellites. Equally, in-situ observations are not comprehensive and have not been collected 
together to present a global picture of the microphysics of cirrus clouds. It is, however, known 
that the radiation budgets of GCMs are sensitive to the assumptions made about the optics and 
microphysical properties of ice crystals. This work package is intended to provide an 
assessment of the sensitivity of the radiation budget to these assumptions, building on the 
work in WP1, WP2 and WP3, and to provide a software package to WP5 of sufficient 
flexibility to permit the simulation of radiative fluxes given retrieved atmospheric profiles.  
 

4.1 Software for comparisons of fluxes 
Under work package 5, work at LMD will result in the production of a database of collocated 
longwave and shortwave observed fluxes and retrieved atmospheric profiles and cloud 
properties. This provides the opportunity to evaluate the extent to which the various proposed 
parameterisations of the radiative effects of ice crystals are consistent with observations. The 
following methodology is adopted. 
From the satellite data, profiles of temperature and humidity through the atmosphere may be 
retrieved. Retrieved cloud properties comprise the cloud-top pressure and the effective 
emissivity. Shortwave and longwave fluxes are available from the collocated observations. 
The retrieved atmospheric profiles do not completely specify the state of the atmosphere and 
must be supplemented by profiles of ozone taken from a climatology. The cloud data are 
incomplete in that they do not include the cloud base or the ice water contents; however, the 
most important quantities in determining the effect of clouds on the radiation at the top of the 
atmosphere are the cloud-top pressure and the ice water path (this is particularly so when the 
cloud is optically thick). The cloud-top pressure is known from the retrievals and it is possible 
to infer an ice water path from the emissivity, if a specific treatment of ice optics is assumed 
(clearly the accuracy of this calculated ice water path will depend on the accuracy of the 
treatment of ice optics, see Fig. 3.6). As the IR emissivity is closely related to the longwave 
flux, this procedure effectively constrains the calculated longwave flux to be consistent with 
the observed value and prevents a statistically independent comparison of LW fluxes. No such 
constraint is imposed on the SW fluxes, so the measure of agreement found between the 
observed and calculated SW fluxes provides a measure of the reliability of the 
parameterisation. 
The radiation code used for this purpose is based on that used in the forecasting and climate 
models of the UK Met Office and in external process studies [Edwards and Slingo, 1996]. An 
important consideration in the design of this code was flexibility to allow the use of different 
spectral configurations and parameterisations. This flexibility makes it easy to use different 
parameterisations of ice crystals and to incorporate the findings from other work packages 
within CIRAMOSA as they lead to improvements in parameterisations. 
A suite of UNIX scripts and Fortran programs to process the observational data, select an ice 
water path matching the retrieved emissivity and calculate the fluxes corresponding to that ice 
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water path was written and delivered to LMD. After some small adjustments required by 
differences between the computing systems used at LMD and at the Met Office, it was 
possible to run the suite of programs. Modifications to the code to incorporate improvements 
to parameterisations will be made as required. 
 

4.2 The Sensitivity of Calculated Fluxes to Microphysical Assumptions 
The importance of cirrus clouds in the climate system has often been noted [e.g. Houghton, 
2001], but uncertainties in their representation in general circulations models (GCMs) remain. 
Kristjansson et al. [2000] examined the effect of introducing a parameterisation of non-
spherical ice crystals into two different GCMs, relative to control versions of these models 
where ice crystals were treated as spheres and found significant changes in the radiation 
budget. The optical properties of ice clouds are largely determined by their ice water content 
(IWC) and the effective radiative size of the particles, the effective dimension, De, though it 
should be noted that in the infra-red region De is not sufficient to characterise the size 
distribution completely [Mitchell, 2002]. From the point of view of parameterisation, there 
are two distinct issues.  

• Firstly, what is the effective radiative size of ice crystals, and secondly, given the effective 
size, what are the single scattering properties? Whilst De does not explicitly depend on the 
shape of the crystal, the question of crystal shape cannot be ignored completely in a GCM, 
because De is an appropriate measure of size only in the radiation scheme. 
Within CIRAMOSA, the relationship of the crystal size to the environment is a matter for 
workpackages 1, 2 and 3. We merely recall that these workpackages have highlighted the 
great variability of crystal size. In particular, they suggest that there is no strong relationship 
between crystal size and temperature or ice water content, contrary to the conclusion from 
some other work [e. g. Donovan and van Lammeren, 2001]. In this work package we are 
concerned with the variation of radiative properties within the range of variability suggested 
by those workpackages. 

• The second issue is the sensitivity of calculated fluxes to variations in the radiative 
parameterisations. We consider three parameterisations: 

1. The parameterisation of Mitchell [1996] as used by Kristjansson et al. [2000] 

2. The parameterisations of Fu [1996; 1998]. 

3. A new parameterisation based on the aggregate scattering model by Baran [2003]. 

Some comments are required on this new parameterisation. 
 

4.2.1 New Parameterisation 
The treatment of aggregate particles proposed by Baran [2003] at infrared wavelengths is 
based on a more accurate treatment of ice optics than those available to Mitchell or Fu in 
producing their parameterisations and it incorporates a parameterisation of the phase function 
(representing the angular distribution of scattered radiation) based on laboratory 
measurements by Volkovitsky [1980]. The details are discussed in [Baran, 2003]. This 
scheme has performed well in tests against aircraft and satellite observations. Baran has 
produced a database of single scattering properties at specific wavelengths for crystals of 
specific sizes. A parameterisation can be produced from this database by averaging these 
properties across a range of size distributions and spectral intervals and deriving a fit to these 
average properties in terms of the effective dimension. Because this database includes a full 
specification of the phase function, it is also possible to fit higher moments of the phase 
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function, which is of use in calculating radiative fluxes to higher accuracy and in simulating 
radiances. 
In the scheme we have adopted, the single scattering properties are represented as functions of 
the ice water mixing ratio, I, and the effective dimension, De : 
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Here k  is the mass extinction coefficient, ω is the albedo of single scattering and gi is the 
moment of the phase function. The coefficients a ,b  and c  are determined from the aggregate 
database and depend on the range of frequencies considered. Functionally, this 
parameterisation is close to the infra-red scheme suggested by Fu [1998], except that Fu uses 
his own measure of size, Dge, and does not treat the higher moments of the phase function. 
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Figure 4.1: Fits to the single scattering properties of aggregates around 0.55 µm. The upper left panel shows the 
extinction, the upper right the coalbedo, the lower left the first moment of the phase function (asymmetry) and 
the lower right the 64th moment of the phase function. 

To test the performance of this new parameterisation, we have assessed its success in 
representing the single scattering properties at a range of wavelengths. Single scattering data 
were averaged across size distributions measured during the CEPEX experiment 
[McFarquhar, 1996]. In the following figures, quantities calculated from these size 
distributions are shown as green diamonds. Fits to these properties were also performed, using 
the expressions above, and the results of these fits are shown by red lines.�
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Figure 4.1 (upper panels) shows the extinction and coalbedo (1 ω− ) in a spectral band centred 
on 0.55 µm. The fit is good, as would be expected, because an inverse relationship between 
the extinction and the size of the particle is expected from geometrical optics at such a 
wavelength. Figure 4.1 (lower panels) show the fits to the asymmetry (the first moment of the 
phase function) and the 64th moment of the phase function. The fit to the asymmetry is quite 
good, but while the fit to the 64th moment is reasonable, there is relatively more scatter than in 
the case of the asymmetry. In the infra-red region of the spectrum, the quality of the fits is not 
so high. Figure 4.2 (upper panels)  
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Figure 4.2: Fits to the single scattering properties of aggregates around 8.5 µm. The upper left panel shows the 
extinction, the upper right the coalbedo, the lower left the first moment of the phase function (asymmetry) and 
the lower right the 64th moment of the phase function. 
�

shows the extinction and coalbedo at 8.5 µm. The fit to the extinction is still very reasonable, 
but the scatter in the fit to the coalbedo is now quite noticeable: this is consistent with the 
findings of Mitchell [2002], although less extreme than the variation he observed. Figure 4.2 
(lower panels) show the fits to the asymmetry and the 64th moment of the phase function. 
There is substantial scatter even in the asymmetry: this could be reduced by devising a 
parameterisation that incorporates both the effective dimension and the spread of the size 
distribution. However, from the point of view of application in large-scale models this would 
be premature: given the uncertainties relating to the prediction of crystal size, it is unrealistic 
to expect to be able to predict the spread of a size distribution at the present time. 
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4.2.2 Comparison of the Parameterizations of Fu and Mitchell 
As an introduction to the investigation of sensitivities, we have compared the two established 
parameterisations of Mitchell [1996] and Fu [1996; 1998]. The results presented here are brief 
and illustrative, as a more thorough comparison is presented in the report (deliverable D7). 
�

�
Figure 4.3: The relationship between the mean maximum dimension of the large mode and the generalized 
effective dimension for various crystal shapes using Mitchell’s size distributions. 
�

A fundamental difference between the two parameterisations concerns the measure of size 
adopted. Fu prefers a generalized effective dimension geD , proportional, like eD , to the ratio 

of the volume of ice in a size distribution to its projected area, whereas Mitchell bases his 
parameterisation on bimodal size spectra and uses the mean maximum dimension of the large 
mode to characterize the distribution: indeed, in Mitchell’s scheme, the mean maximum 
dimension of the large mode completely characterizes the distribution. Figure 4.3 shows the 
relationship between these measures of crystal size for the habits and size distributions 
assumed by Mitchell. The relationship is different for different crystal habits, reflecting their 
different geometry. 
One method of comparing the two schemes would be to examine the calculated single 
scattering properties, but as our real interest lies in calculation of radiative fluxes, it is more 
instructive to make the comparison in terms of fluxes. For the purposes of an idealized test we 
have considered a cloud lying between the pressure levels of 100 and 200 hPa in a tropical 
atmosphere: this is representative of cirrus clouds resulting from deep tropical convection. 
Because of the strong temperature contrast between such a cloud and the surface, it may exert 
a strong greenhouse effect, which is why tropical cirrus clouds are of such concern in the 
modelling of climate change. The shortwave albedo of the underlying surface is taken as 6%, 
which is representative of sea-water. 
Coefficients for Fu’s parameterisation are available for a decomposition of the SW spectrum 
into 5 or 25 bands [Fu, 1996 and for a decomposition of the LW spectrum into 12 bands [Fu, 
1998]. To make the comparison as precise as possible, it is desirable to use the same spectral 
decomposition to assess both schemes, so we have generated data for Mitchell’s scheme using 
the 25 and 12 band configurations defined by Fu. Because Mitchell makes use of asymmetries 
calculated at a small number of wavelengths to define his asymmetries, there is some 
ambiguity in the definition of this quantity at higher spectral resolution, particularly in terms 



77 

of its extension beyond 3 µm. We have decided here to use the value at 3 µm for all longer 
wavelengths. 
�

�
Figure 4.4: The albedo at the top of the cloud as a function of the spectral band (horizontal axis) and the ice 
water path (vertical axis) using Fu’s parameterisation (left panel) and the difference between Mitchell’s 
parameterisation and Fu’s (right panel). 
�

Figure 4.4 shows a plot of the albedo of the cloud as a function of ice water path for each 
spectral band. The left-hand panel shows the actual albedos calculated using Fu’s scheme, 
while the right-hand panel shows the differences between Mitchell’s scheme and Fu’s. The 
generalized effective dimension has been fixed at 40 microns and absorption by water vapour 
has been included in the calculations. Bands 11 to 25 of this configuration represent the infra-
red portion of the spectrum. Moving upwards in the figure, the ice water path increases and 
the cloud becomes more reflective; towards the right, absorption by water vapour and the ice 
crystals themselves become more significant and the cloud becomes less reflective. At visible 
wavelengths, the two schemes give very similar albedos. Mitchell’s scheme is slightly more 
reflective in the near IR  
�

�
Figure 4.5: The albedo at the top of the cloud as a function of the spectral band (horizontal axis) and generalized 
effective dimension (vertical axis) using Fu’s parameterisation (left panel) and the difference between Mitchell’s 
parameterisation and Fu’s (right panel). 
�

We have also compared the schemes with a fixed ice water content, but with varying effective 
dimensions. Figure 4.5 shows the albedo by spectral band and generalized effective 
dimension from Fu’s scheme and the difference between Mitchell’s and Fu’s schemes. For a 
fixed ice water path, the albedo would be expected to be greater when the crystals are smaller. 
In this case the differences are more pronounced, particularly around generalized effective 
dimensions of 32 microns, where Mitchell’s scheme is significantly brighter. 
�
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�
Figure 4.6: The upward LW flux at the top of the clouds as a function of the spectral band (horizontal axis) and 
the generalized effective dimension (vertical axis) using Fu’s parameterisation (left panel) and the difference 
between Mitchell’s parameterisation and Fu’s (right panel). 
�

We have made similar comparisons in the longwave region of the spectrum. This is illustrated 
in Figure 4.6 which shows the outgoing LW flux in each band as a function of the generalized 
effective dimension. Relative differences of up to 20% can be observed in the window region 
for sizes of the order of 32 microns. For small particles, Mitchell’s scheme is more 
transmissive and the emitted radiation is higher. 

4.2.3 Comparisons between Mitchell’s scheme and the New Parameterisation 
We now present initial comparisons between the new parameterisation for ice aggregates 
introduced above and Mitchell’s scheme. Since Mitchell’s scheme has been used in GCM 
modelling [Kristjansson et al., 2000] and is currently employed in the numerical weather 
prediction and climate modelling at the Met Office in the UK, this comparison of particular 
interest. 
 
 
 
 
 
 
 
 
 
 
 
�

Figure 4.7: The albedo at the top of the cloud as a function of the spectral band (horizontal axis) and the 
generalized effective dimension (vertical axis) for Mitchell’s scheme and the difference between the new 
parameterisation and Mitchell’s scheme. 
�

For consistency with the preceding comparison, we have examined the variation of the 
spectral SW albedo with crystal size: this is shown in Figure 4.7, which is comparable to 
Figure 4.5 above. The sign of the differences between the schemes is generally opposite to 
that in the earlier figure, though its magnitude is not so large, which allows us to conclude 
that this scheme is generally intermediate between Mitchell’s and Fu’s in its behaviour. 
�

�

�

�

�
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Figure 4.8: The upward longwave radiation at the top of the cloud as a function of spectral band (horizontal 
axis) and generalized effective dimension (vertical axis) for Mitchell’s parameterisation (left panel) and the 
difference between the aggregate parameterisation and Mitchell’s (right panel). 
�

Turning to behaviour at thermal wavelengths (illustrated in Figure 4.8), we again find that the 
new parameterisation is intermediate between those of Mitchell and Fu in its results. It is 
somewhat less transmissive for small crystals, but a little more transmissive at sizes around 32 
microns. 
One additional feature of the aggregate parameterisation is that we have been able to represent 
higher moments of the phase function. Normally, radiative fluxes are calculated using a two-
stream approximation, where radiation is represented simply by upward and downward 
fluxes. An assumption about the angular distribution of the radiation must be made in such an 
approximation. This allows fast and simple calculation of radiative fluxes in numerical 
models and is invariably used in GCMs, but there is a cost in terms of accuracy. Calculations 
performed by Fu and Takano[1994] for hexagonal crystals suggested that a modification of 
the two-stream approximation was required to represent the forward scattering peak in the 
phase function properly. The radiation code employed here has recently been extended to 
permit the calculation of fluxes, provided that a means of representing higher moments of the 
phase function is available, which allows us to assess whether this result is specific to pristine 
hexagons or more generic. Testing the aggregate parameterisation within the framework of 
the idealized tests used here, we do find that the two-stream approximation tends to 
underestimate the reflected radiation when the sun is low in the sky (which is a well-known 
generic feature of two-stream approximations), but that the overall change in reflected fluxes 
resulting from this cause is fairly modest. 

4.2.4 Summary 
We have examined the sensitivity of calculated radiative fluxes to changes in radiative 
parameterisations using idealized tests which have enabled us to examine the frequency and 
size dependence of the differences. The differences are complicated and do not result from a 
single cause, but there are particular differences relative to Mitchell’s scheme around the 
point where a transition between the large and small modes takes place. Nevertheless, the 
differences between the schemes are smaller than those between any one of these schemes 
and a treatment of ice crystals as spheres. The fact that the new aggregate parameterisation 
gives results that are intermediate between the two more established schemes gives hope that 
convergence is occurring. It will be interesting to see how these different schemes compare 
when applied to actual satellite data. Such tests will be provided by the forthcoming activities 
under work package 5, which will be conducted using the simulation system discussed in the 
first section of the report on this work package. 



80 

WP 5 Effect of parameterisations on radiative fluxes using TOVS-ScaRaB 
observations (C.N.R.S.-LMD and IfMK)            Month 1 - Month 18; Month 31 - Month 36 

Objectives 
Depending on the formation process of cirrus clouds (large-scale lifting in the midlatitudes or 
convection in the tropics) one expects a resulting difference in their microphysical properties. 
Therefore, on average, microphysical assumptions about ice crystal shape, size and size 
distribution function depend on geographical region and season (atmospheric environment). 
Correlations between cirrus macro- and microphysical quantities obtained from the analyses 
of WP2 and WP3 will be tested on a global scale. We want to determine the most appropriate 
parameterisations by bringing the TOVS retrieved cirrus macrophysical properties as input to 
the adjustable cirrus radiative models developed in WP4 and comparing the outcoming LW 
and SW fluxes directly to time-space co-located ScaRaB retrieved radiative TOA fluxes. This 
quantitative analysis also allows testing of the coherence of the treatment of SW and LW 
radiation in the models. At the same time, the developed analysis tools will serve as a 
prototype for the exploitation of the advanced remote sensing instruments SEVIRI and GERB 
onboard MSG. 

5.1 Co-location of ScaRaB, ISCCP and TOVS Path-B data 
5.1.1 Co-location of ScaRaB and ISCCP daytime data 
The ScaRaB radiometer on board the Russian Meteor-3/7 satellite provided ERB 
observations from March 1994 to February 1995 [Kandel et al., 1998]. The inclination of the 
orbit (82.6°) is such that all local hours are observed within 104 days. In addition to the two 
ERBE-like broad-band longwave (LW) and SW channels for ERB observations, the ScaRaB 
instrument has two narrow-band infrared (IR, 11.5 µm) and visible (VIS, 0.6 µm) channels 
for improved cloud scene identification.  
The ISCCP (International Satellite Cloud Climatology Project) method for cloud detection 
and determination of cloud and surface properties makes use of the same narrow-band 
channels as ScaRaB, but is applied to a collection of measurements at a better spatial 
resolution of about 5 km, from geostationary and polar orbiting satellites around the globe 
[Rossow and Schiffer, 1999]. This method was applied to the two ScaRaB narrow-band 
radiances for cloud detection and for the determination of their properties. Therefore, the 
ScaRaB orbits had to be arranged into a grid of 1/3° latitude and longitude.  
For a collocation with TOVS Path-B cirrus data (see section 5.1.2), the spatial resolution has 
first to be reduced by merging the ScaRaB data into a grid of 1° latitude and longitude. Since 
the coordinates of ScaRaB measurements are given like for ERBE at 30 km altitude (top of 
atmosphere), and TOVS and ISCCP data are given at surface, a coordinate transformation, 
depending on the satellite viewing zenith angle, had also to be performed. For 
complementary cloud property information, the ScaRaB dataset is collocated with original 
ISCCP data. Due to its good spatial resolution, the ISCCP dataset will give some information 
on cloud heterogeneity. Time coincidence of the measurements should lie within 15 minutes. 
Since the observation time of the ISCCP data is not stored (it is only approximately given in 
the name of the data file), we have used the solar zenith angle. This is only possible during 
daytime, but since we want to study the correlation between LW and SW fluxes as a function 
of cirrus microphysical properties, only daytime measurements are interesting for our 
analysis.  
This collocated ScaRaB-ISCCP data set will be used to develop cirrus SW angular 
directional models (ADMs) (section 5.2.2). Table 5.1 presents statistics for two types of cold 
clouds (-20°C < Tcld < 0°C and Tcld < -20°C), separately over ocean and over land, as a 
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function of different sun geometries (zenith angle θ0 and relative azimuth φ). Whereas the 
first cloud type can be of mixed phase, the colder cloud type should consist of ice particles. 
 

Table 5.1: Statistics of collocated ScaRaB-ISCCP data set 

  ocean    land   
 -20°C<  Tcld<0°C Tcld <-20°C -20°C< Tcld<0°C Tcld <-20°C 
 θ0<53° θ0>53° θ0<53° θ0>53° θ0<53° θ0>53° θ0<53° θ0>53° 

φ<60° 5452 5719 2660 3770 2169 2824 1255 2163 
60°<φ<120° 896 1484 501 1170 362 115 186 135 

φ >120° 4595 7294 2503 4779 1922 3023 1089 2356 
 

5.1.2 Co-location of ScaRaB-ISCCP daytime data with TOVS cirrus data 
The ScaRaB-ISCCP daytime data set has been collocated with quasi-simultaneous (∆t < 30 
minutes) TOVS large-scale semi-transparent cirrus data from NOAA-11 and NOAA-12 
observations. For the period from March 1994 until August 1994 we are left with 4130 cases: 
1570 cases over land and 2560 cases over ocean. The sun zenith angle lies between 50° and 
70° and relative azimuth is less 40° (forward scattering) or larger than 140° (backward 
scattering). Fig. 5.1a presents a geographical map with the cloud-top temperature of all these 
cases, and Fig. 5.1b presents a geographical map with the albedo of isolated cirrus over 
ocean (see section 5.3.1), the cases which will be used for the final flux analysis in section 
5.3. 

 
 

 

 

 

 
 
 

Fig. 5.1: Geographical map with a) cloud-top temperature of 4130 large-scale semi-transparent cirrus collocated 
with ScaRaB flux data, for the period between March 1994 until August 1994 and b) albedo of 1570 isolated 
cirrus over ocean. 

 

5.2 Improved cirrus ADMs 
The fraction of cloud reflected solar radiation depends on the one hand on the cloud physical 
properties, like their spatial extension, optical thickness and microphysical composition 
(water or ice particles and their size distribution), and on the other hand on external 
parameters such as solar zenith angle and for thin clouds on the surface properties. Scanning 
radiometers such as ERBE, ScaRaB and CERES measure reflected radiances under certain 
viewing angles (RSW(θ0,θv,φ)). These are converted to physical fluxes by integrating over the 
whole space, where angular direction models (ADMs) take care of the anisotropy of the 
underlying scene. At present, the largest uncertainty in earth radiation budget (ERB) 
observations (about 40 Wm-2 for the instantaneous pixel SW radiative fluxes at top of 
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atmosphere (TOA) [Wielicki et al., 1995] lies in these SW ADMs which try to account for 
the anisotropy of the observed scenes. For the development of improved ADMs, radiative 
transfer taking into account microphysical properties of clouds, as well as a reliable 
determination of cloud properties are important.  

The cloud albedo is the ratio of reflected solar flux over incident solar flux (E0cosθ0): 

000
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0

cos.),,,,,(
),,()( θτφθθ

φθθπθα
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R
vSW

vSW
SW =       (5.1) 

 

5.2.1 ADMs using Monte Carlo radiative transfer calculations 
The ADM results are based on the so called Local Estimate Monte Carlo radiative transfer 
technique. Here the cloud is illuminated by individual packages of solar photons. Scattering 
and absorption processes are simulated according to the Beer-law of attenuation until the 
photon package escapes from the system or until it is fully absorbed. At each scattering 
location, the amount of radiation that can reach the detector (viewing direction) is calculated. 
This is a very efficient method to obtain radiance fields. The cirrus ADMs have been 
calculated and the center angles of the ERBE ADM solid angle intervals. In order to obtain 
solar broadband results, the Monte Carlo calculations have been performed at 13 narrow band 
spectral intervals and are averaged weighted by the spectral solar constant at each interval. 
The calculations took 5 months on a modern single processor work station (DEC-Alpha 660 
MHz).  
Solar broadband ADMs have been calculated to obtain a full hemispheric picture of the 
angular dependency of the reflected radiation as a function of cloud optical thickness, particle 
geometry and solar zenith angle. These ADMs are of importance for extrapolating 
observationally obtained ADMs towards large viewing zenith angles where no direct 
measurements exist. The angular binning in zenith and azimuth has been adapted from the 
ERBE ADM description. Fig. 5.2 shows a number of ADMs at different azimuth planes and 
for different solar zenith angles. Hexagonal columns have been used for the calculations 
which explains the sharp peak in the reflected radiation in the backward scattering direction. 
The model ADMs are made available for two ice crystal geometries (hexagonal columns and 
irregular polycrystals) and for nine solar zenith angles, respectively.  

Cirrus ADMs obtained from the CERES (Clouds and the Earth's Radiant Energy System) 
mission are shown in Fig. 5.3. A direct comparison to the modelled ADMs is rendered 
difficult due to the strong angular averaging over solar zenith angles in the CERES ADMs. 
However, a general agreement is visible except for the backward peak which is completely 
absent in the measurements. This is an indication for the dominance of irregularly shaped ice 
particles which do not allow for sharp backscattering. However, there is a small likelihood 
that the angular averaging in the CERES ADMs smoothes out all backscattering features. A 
more significant comparison would require additional calculations for a large number of solar 
zenith angles which was computationally too expensive in the framework of this project.  
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Figure 5.2: Solar broadband ADMs based on Monte Carlo radiative transfer calculations for various azimuth 
planes as a function of cloud optical thickness. Clouds consist of ice crystals formed as hexagonal columns. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Cirrus ADMs obtained from the CERES mission 
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5.2.2 ADMs using ScaRaB cloud properties and a neural network approach 
5.2.2.1 Simulation of SW reflectances as function of viewing geometry and cloud properties 
The two narrow-band channels of ScaRaB and the application of the ISCCP cloud detection 
and cloud property retrieval make it possible to develop ADMs which take into account these 
cloud physical properties. We have developed a method integrating the cloud properties 
together with the observation geometry into a neural network (SNNS, University of Stuttgart, 
1995) in order to simulate the SW reflectances, RSW(θ0, θV, φ, cloud property). For the 
supervised training, they are compared to the measured SW reflectances. Several variables 
have been investigated to describe cloud thickness (τISCCP from the co-located ISCCP dataset, 
τScB computed with the ISCCP algorithm from ScaRaB data, the ratio of SW and VIS 
reflectance which is related to optical thickness) and heterogeneity (ScaRaB TB

IR variability 
over nine pixels and ISCCP ratio of radiatively and linearly averaged τ within 1° x 1° [Cairns 
et al., 2000]). When using variables from ScaRaB data to describe the cloud property, an 
additional neural network is necessary in order to take out residual angle dependence of the 
retrieved cloud properties. The principle of the SW reflectance simulation is shown in Fig. 
5.4. 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 
Figure 5.4: Scheme of the simulation of SW reflectances in dependence of angular configuration and cloud 
properties, using a neural network. 

 
 variables water clouds ice clouds 
 τISCCP 0.041 0.051 
 τISCCP and 1- τrad / τlin 0.036 0.045 
 τScB 0.014 0.028 
 τScB , σ(TB)/(TB

clr-TB) 0.014 0.026 
 RSW/RVIS 0.045 0.071 
 RSW/RVIS, σ(TB)/(TB

clr-TB) 0.038 0.061 
Table 5.2 : Standard deviations of difference between simulated and measured SW reflectances, using different 
variables. 
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The standard deviations of the difference between simulated and measured reflectances 
obtained by the different methods are listed in Table 5.2, separately for water and ice clouds. 
Note that in general standard deviations are larger for ice clouds most probably because of 
their more complicated microphysics (different ice crystal shapes). The mean differences as 
function of the different angles are all flat around 0. Details of the whole study are described 
in [Briand, 2000]. 

5.2.2.2 Determination of  cloud SW albedo 

A partial albedo can be calculated by integrating the simulated SW reflectances over θV ∈ 
[0°,63°] and φ ∈ [0°,360°], normalized by the ratio of measured and simulated reflectance: 
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 To extend to the full albedo, one has to evaluate the factor of energy contained between 63° 
and 90°: the ratio of total solar flux to partial flux. This quantity has been computed from the 
Monte Carlo simulated fluxes (section 5.2.1) [Macke et al., 1995] as a function of solar zenith 
angle, cloud optical thickness and cloud phase.  

For water clouds it has then been parameterised as : 33.2cos44.2cos44.1 0
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with c1 = 0.177, c2 = 0.806, c3 =  0.304, c4 = 0.327 and c5 = 0.394 for τ =  1.1 
with c1 = 0.333, c2 = 0.930, c3 = -0.203, c4 = 0.013 and c5 = 0.916 for τ =  2.6 
with c1 = 0.304, c2 = 0.901, c3 = -0.066, c4 = 0.029 and c5 = 0.851 for τ =  4.6 

Similar extension terms have been found by [Bréon, 1992; Loeb et al., 2000].  
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Fig. 5.5: Ratio of SW energy not observed by ScaRaB as a function of solar zenith angle, for three types of 
cirrus (τ=1.1, τ=2.6, τ=4.6). The ratios have been computed from Monte Carlo simulations, assuming that the 
cirrus consists of ice crystal aggregates. 
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Fig. 5.5 presents the ratio of SW energy not observed by ScaRaB simulated for three types of 
cirrus (ice crystal aggregates are assumed) as a function of solar zenith angle. One concludes 
that about 23% to 40% of SW energy is not observed by ScaRaB due to the limitation of 
viewing angle. This fraction increases with solar zenith angle and with decreasing optical 
thickness. In comparison, the ERBE instrument with a maximal viewing angle of 72° does 
not observe 8% to 25% of the SW energy (again depending on solar zenith angle and optical 
thickness). Fig. 5.6 summarizes the scheme of the cloud albedo computation from measured 
ScaRaB radiances. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Scheme of albedo computation. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5.7 (left) : ScaRaB SW albedo (mean SW albedo subtracted), determined by neural network simulation 
with τScB and σTB, as a function of viewing zenith angle, for water and ice clouds. 
Figure 5.8 (right) : ScaRaB SW albedo (mean SW albedo subtracted) determined with ERBE ADMs as a 
function of viewing zenith angle, separately for water and ice clouds. 
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As a test of the reliability of the ScaRaB cloud albedos, Fig. 5.7 shows the viewing zenith 
angle dependence of the albedo by using the neural network technique with τScB and TB

IR 
heterogeneity, separately for water and ice clouds. The albedo does not show an angle 
dependence within 1%, whereas the empirical ERBE ADMs [Suttles et al., 1992] do not 
correct completely for the anisotropy: estimated TOA SW fluxes still show strong viewing 
angle dependence, as shown in Fig. 5.8, for the whole ScaRaB dataset, separately for overcast 
water clouds and ice clouds over ocean, distinguished from the ISCCP retrieved cloud top 
temperature (> 273 K and < 253 K).  

 
5.3 Cirrus radiative flux analysis 
Fig. 5.9 presents the analysis scheme. For this analysis we need quasi-simultaneous data 
(section 5.1.2) of atmospheric and cirrus properties (from TOVS) and their associated 
radiative fluxes at the top of the atmosphere (TOA) (from ScaRaB) as well as the MetOffice 
radiative transfer model (section 4.1). Cirrus infrared effective emissivity, cloud-top pressure 
and temperature, retrieved by TOVS, are given as input to the model, together with an 
expression for the effective ice crystal diameter De. Atmospheric properties for the radiative 
transfer computation are given as the atmospheric temperature and humidity profiles of the 
TIGR profile closest to the observation. One can choose between three different flux 
parameterisations (section 4.2). The cloud geometrical thickness is fixed to 100 hPa (≈2km). 
The IWP is computed from the cirrus IR effective emissivity by using look-up tables 
established by Streamer radiative transfer computations, depending on IR effective 
emissivity and De. The single scattering properties used in the Streamer radiative transfer 
computations have to be the same as in the chosen flux parameterisation. The simulated 
radiative fluxes are then compared to those observed by ScaRaB.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.9: Scheme of cirrus radiative analysis. 
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Before undertaking this analysis, the SW ADMs from section 5.2.2 have been applied to the 
measured ScaRaB SW radiances. In addition, cases containing thin cirrus with an underlying 
water cloud had to be eliminated (section 5.3.1).  

 
5.3.1 Selection of isolated cirrus cases 
Passive remote sensing does not give information on the vertical structure of clouds. TOVS 
Path-B provides only properties of the uppermost cloud. However, for the analysis of the 
effect of cirrus microphysical properties on radiation, we have to be sure to compare 
simulated and retrieved fluxes only in the case of isolated cirrus. In the case of a thin cirrus 
and an underlying water cloud, the effective IR emissivity computed from the visible 
reflectance should be larger than the effective IR emissivity retrieved by TOVS Path-B 
[Stubenrauch et al., 1999c]. For the detection of multi-layer clouds, we first transform the 
ScaRaB visible reflectance into a cloud albedo, by applying VIS ADMs (as in Eq. 5.1) 
determined from the Monte Carlo simulations of section 5.2.1, assuming ice aggregates. We 
have fitted them, averaged over relative azimuth angles, for different optical thicknesses and 
solar zenith angles as function of viewing zenith angle Θv: 

ADMVIS(Θv) = c1 + c2∗sin2(c3∗Θv) + c4∗sin2(c5∗ Θv) + c6∗sin3(c7∗ Θv) 

with c1 = 0.671, c2 = 2.027 c3 = 0.068, c4 = 32.500, c5 = 0.126, c6 = 0.222, c7 = 1.230  
for τ = 1.1 and Θw = 51° 

with c1 = 0.595, c2 = 2.469 c3 = 0.101, c4 = 29.700, c5 = 0.143, c6 = 0.279, c7 = 1.142  
for τ = 1.1 and Θw = 69° 

with c1 = 0.817, c2 = 2.104 c3 = 0.064, c4 = 10.100, c5 = 0.181, c6 = 14.640, c7 = 0.176  
for τ = 4.6 and Θw = 51° 

with c1 = 0.752, c2 = 2.246 c3 = 0.091, c4 = 25.100, c5 = 0.131, c6 = 0.307, c7 = 0.821  
for τ = 4.6 and Θw = 69° 

 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10: Angular corrections to be applied for the computation of cloud optical thickness, from Monte Carlo 
simulations of cirrus consisting of ice aggregates, averaged for φ<40° and φ>140°: (left) VIS ADMs as a 
function of viewing zenith angle (negative angles correspond to backscattering) for two types of cirrus and  two 
sun zenith angles: θ0=51°: τ=1.1 (•), τ=4.6 (�); θ0=69°: τ=1.1 (¢ ), τ=4.6 (¤ ). (right) fraction of VIS albedo at 
zenith as function of sun zenith angle for cirrus with τ =1.1 (•), τ =2.6 (�) and τ =4.6 (�). 
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Then, this cloud albedo, depending on the solar zenith angle is transformed into an albedo 
normalised to a sun at zenith (again using the same Monte Carlo simulations). These angular 
corrections are presented in Fig. 5.10. Cloud visible optical thickness is then computed as in 
[Rossow et al., 1996] by:  

τVIS = 4.5*exp(1.463*ln(2αVIS))    for  αVIS < 0.505 

τVIS = 4.5*exp(-1.463*ln(2-2αVIS))   for  αVIS ≥ 0.505 
 

 

 

 

 
 

 

 

 

 

 
Fig. 5.11: Distribution of difference between cloud effective emissivity obtained from visible optical thickness 
and IR effective emissivity, separately for optically thick (εIR>0.75, ___) and optically thin (0.3<εIR<0.5, ----) 
cirrus, a) before application of VIS ADM’s and b) after application of VIS ADM’s. 

 

Fig. 5.11 presents distributions of the difference (1-exp(-τVIS/2.13)-εIR) separately for 
optically thick (εIR>0.75) and optically thin (0.3<εIR<0.5) cirrus, a) before application of the 
VIS ADM’s and b) after application of the VIS ADM’s. In both cases, one observes a tail 
towards larger positive values in the case optically thin cirrus. These cases can be explained 
by a water cloud underneath providing a high visible reflectivity. For the following analysis 
we therefore use only cases with | 1-exp(-τVIS/2.13)-εIR | < 0.2. By applying the VIS ADM’s, 
the distributions, especially for thin cirrus, are better centred around 0.  

 
5.3.2 Comparison of flux parameterisations and determination of best suited De for climate 
model simulations 
Before we determine which of the three flux parameterisations described in section 4.3 and 
which De agree best with the observations, we show in Fig. 5.12 that by applying the SW 
ADM’s developed in section 5.2.2 on the measured SW radiances, the resulting SW albedos 
of isolated cirrus is in better agreement with the simulated SW albedos of cirrus with the 
retrieved physical properties (effective IR emissivity and cloud-top temperature) than SW 
albedos obtained by applying the ERBE ADM’s. Figs. 5.12 present the difference between 
observed and simulated cirrus SW albedo as a function of IWP, for very cold cloud-top 
temperatures (left) with a high probability to find only ice crystals within the cirrus, and for 
warmer temperatures (right) at which one could expect a small contribution of water droplets 
within the cirrus. In both cases, however, the ScaRaB ADM’s for ice clouds perform better 
than the ERBE ADM’s. The simulated reflected SW fluxes have been obtained by assuming 
the aggregate parameterisation described in section 4.2.1 and a fixed De of 55 µm. We also 
notice that at fixed De the simulated SW albedo does not increase as much with IWP as the 
observations. 
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Fig. 5.12: Difference between observed and simulated isolated cirrus SW albedo as a function of IWP, for very 
cold cloud-top temperatures (left) for warmer temperatures (right). Blue points correspond to ScaRaB 
observations  to which ERBE SW ADM’s were applied, and green triangles correspond to ScaRaB 
observations to which ScaRaB SW ADM’s were applied in order to determine the reflected SW fluxes. 
Simulations have been made by using the aggregate parameterisation of section 4.2.1 with fixed De of 55 µm. 

A last test on the quality of the data can be made by comparing the SW albedo difference 
between observations and simulations for all cirrus cases and for isolated cirrus cases, as 
presented in Fig. 5.13. The distribution for isolated cirrus is narrower with a maximum closer 
to 0.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.13: Distribution of difference between observed and simulated cirrus SW albedo, for all cirrus cases 
(____) and for isolated cirrus (----). Simulations have been made by using the aggregate parameterisation of 
section 4.2.1 with fixed De of 55 µm. 
 
In the following, we evaluate the coherence of the single scattering property 
parameterisations in the thermal and solar spectrum. Therefore we compare the simulated 
SW albedo to the observed SW albedo as a function of IWP, varying the effective ice crystal 
diameters De between 20 and 90 µm. For each assumption of De, an IWP was determined 
from the TOVS retrieved cirrus infrared (thermal) effective emissivity by applying a look-up 
table which has been established from Streamer radiative transfer computations using the 
corresponding ice crystal single scattering properties. Figs. 5.14 present the difference 
between observed and simulated cirrus SW albedo as function of IWP for six different De’s, 



91 

assuming the ice crystals to have the shape of hexagonal columns (left) and of aggregates 
(right). From these figures we deduce the following: 

• The parameterisation assuming hexagonal columns (by Fu) seems to be plausible only 
for small IWP. 

• If one assumes ice crystal aggregates (parameterisation by Baran), the simulations fit the 
observed cirrus SW albedo within less than 4% by increasing De from 10 to 90 µm for 
IWP between 5 and 65 gm-2. 

 

 

 

 

 

 

 

 

 

 
Fig. 5.14: Difference of observed and simulated isolated cirrus SW albedo. Simulations have been made by 
using hexagonal column parameterisation of Fu (left) and the aggregate parameterisation of Baran (right), with 
De between 20 and 90 µm. 

Beyond CIRAMOSA, parameterisations of De as function of temperature (as used in some 
actual climate model versions) will be tested, as well as parameterisations which include 
dynamical parameters (which will be developed).  
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COMMUNITY ADDED VALUE AND CONTRIBUTION TO EU POLICI ES 

The research within this project was driven by key issues that have been raised by the World 
Climate Research Programme (WCRP). The benefits of this project lie in providing to the 
European Community a long-term monitoring of cirrus micro- and macrophysical properties 
as well as tools for a more reliable prediction of climate change and regional natural hazards 
and for an efficient analysis of future global climate observing systems. 

In view of the importance of cirrus clouds (more than 30% global coverage) in the climate 
system, an accurate and reliable treatment of the microphysical and radiative properties of 
cirrus must be included in climate models used to study climate change. By revealing 
correlations between cirrus bulk microphysical properties and the dynamics of the atmosphere 
as well as proposing an improved treatment of cirrus effective ice crystal diameter in radiative 
transfer, CIRAMOSA has brought the international climate research a large step further and 
contributes to the EU-policies on climate change. Such parameterisations are also of relevance 
in numerical weather prediction, where the treatment of ice crystals has an impact on 
forecasts of upper tropospheric temperatures on the medium term. A more reliable prediction 
of regional natural hazards such as storms, floods and droughts could prepare people more 
efficiently and possibly save human lives. 

The present project incorporated in a co-ordinated manner adequate existing global satellite 
observations from four complimentary instruments into a coherent analysis for a better 
understanding of changes in microphysical properties of cirrus clouds and their impact on 
radiation. All satellite data sets have been produced in Europe, and their combination will 
expand on one hand the ‘European component of the global observing systems’ for climate 
and on the other hand serve as a prototype for the exploitation of the data from the 
forthcoming Earth observing advanced remote-sensing instruments as on the European 
Meteosat Second Generation satellite. 

Our long-term monitoring of cirrus properties provides a data set for looking into changes of 
cirrus clouds within this time period, as they are for example expected due to increasing air 
traffic over Europe (a study under development).  
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