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Abstract. More accurate global measurements of the amount
of ice in thicker clouds are needed to validate atmospheric
models and sub-mm radiometry can be an important com-
ponent in this respect. A cloud ice retrieval scheme for the
first such instrument in space, Odin-SMR, is presented here.
Several advantages of sub-mm observations are shown, such
as low influence of particle shape and orientation, and a high
dynamic range of the retrievals. In the case of Odin-SMR,
only cloud ice above≈12.5 km can be measured. The present
retrieval scheme gives a detection threshold of about 4 g/m2

above 12.5 km and does not saturate even for thickest ob-
served clouds (>500 g/m2). The main retrieval uncertainties
are the assumed particle size distribution and cloud inhomo-
geneity effects. The overall retrieval accuracy is estimated
to be ∼75%. The retrieval error is judged to have large
random components and to be significantly lower than this
value for averaged results, but high fixed errors can not be
excluded. However, a firm lower value can always be pro-
vided. Initial results are found to be consistent with simi-
lar Aura MLS retrievals, but show important differences to
corresponding data from atmospheric models. This first re-
trieval algorithm is limited to lowermost Odin-SMR tangent
altitudes, and further development should improve the detec-
tion threshold and the vertical resolution. It should also be
possible to decrease the retrieval uncertainty associated with
cloud inhomogeneities by detailed analysis of other data sets.

1 Introduction

A major uncertainty in the prediction of the future climate
is the current poor understanding of cloud processes (IPCC,
2001), where clouds in the tropical upper troposphere are
of particular concern. This, since the radiative fluxes are
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largest in the tropical region and clouds at high altitudes
have the strongest influence on outgoing longwave radia-
tion (Okhert-Bell and Hartmann, 1992). Furthermore the re-
sponse of such clouds to changing surface temperatures is
unclear (see e.g.Genio and Kovari, 2002) and these clouds
are most likely a key factor for upward transport of air into
the stratosphere (Corti et al., 2006) through the upper tropical
troposphere (Fueglistaler and Baker, 2006), a phenomenon
not completely understood.

A better treatment of clouds in atmospheric modelling re-
quires improved satellite observations, but even to provide
accurate data for such a basic parameter as the ice water con-
tent (IWC) is a challenging task. Roughly speaking, a re-
mote sounding measurement of cloud ice will primarily be
sensitive to particles having a size similar to the wavelength
used. This means that a single-wavelength observation will
only “sample” a smaller fraction of the possible particle size
range (about 10−6–10−2 m). To deduce an IWC value from
this observation thus requires assumptions on the relative
number of particles of different sizes, the particle size dis-
tribution (PSD). The problem is that the PSD is not a con-
stant quantity, as shown by in-situ measurement campaigns
(Heymsfield and Platt, 1984; McFarquhar and Heymsfield,
1997; Heymsfield et al., 2002).

An ideal sensor for cloud ice measurements would ac-
cordingly perform observations over a wide range of wave-
lengths, but such an instrument is yet a hope for the future.
To make things worse, present satellite techniques operate
at the far ends of the interesting wavelength range, either in
the optical/thermal-IR region (e.g.Winker and Trepte, 1998;
Stubenrauch et al., 1999) or the mm-wave range (e.g.Hong
et al., 2005; Wu et al., 2005). This should be compared
to suggestions for a dedicated cloud ice instrument based
on a mm/sub-mm (170–900 GHz) radiometer (Evans et al.,
2002), preferably complemented with a few IR channels.
The sub-mm part is judged as essential as it combines good
cloud penetration capability and sensitivity to most important
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Fig. 1. Simulated and measured spectra of the Odin-SMR strato-
spheric mode. Tangent altitude is 7 km. Solid (coloured) lines are
simulated spectra for different cloud ice columns. The cloud layer
is assumed to extend between 12 and 15 km, with the ice vertically
equally distributed. The dots (black) represent examples of mea-
sured spectra (at 10 MHz resolution, compared to the nominal value
of 2 MHz). The main gas transitions found inside the bands are in-
dicated, with discernible emission originating in the stratosphere.
The gas absorption inside the troposphere is highly dominated by
water vapour, which is here seen as a spectrally flat “continuum”.

particle size range (Evans et al., 1998). The instrument op-
erates in a down-looking geometry, as high horizontal reso-
lution and swath width are highly important aspects, while
existing sub-mm satellite sensors are both limb sounders.
The longer propagation paths in limb sounding, combined
with high gaseous absorption, limits the operational altitude
range of sub-mm channels, and the emphasis for cloud ice
retrievals moves towards longer wavelengths.

The sub-mm radiometer (SMR) on-board the Odin satel-
lite was launched in 2001 and became then the first satellite
instrument for atmospheric sounding in this wavelength re-
gion (Murtagh et al., 2002). Odin-SMR is a limb sounder
and software for rigorous simulations of this observation ge-
ometry including polarised scattering has first recently been
developed (Emde et al., 2004a). This development now al-
lows cloud ice signatures in Odin-SMR tropospheric spec-
tra to be quantified, and a first retrieval scheme is presented
here. The atmospheric opacity sets a practical lower limit for
Odin-SMR measurements to around 10 km and the retrieval
is restricted to the upper tropical troposphere.

A second sub-mm limb sounder is now in space, Aura
MLS launched in 2004. Cloud ice retrievals from this instru-
ment have already been presented but then only using mm-
wave data, from 230 GHz (Li et al., 2005; Wu et al., 2006).
This instrument has also a 640 GHz radiometer, while the
Odin-SMR data used here are from 501 and 544 GHz. The
both microwave limb sounders can give valuable data sets, to

e.g. constrain climate models (Li et al., 2005) and to support
the analysis of dedicated cloud missions, such as the Cloud-
Sat 94 GHz cloud profiling radar (Stephens et al., 2002). This
paper is the first step for Odin-SMR in this direction.

2 The Odin satellite

2.1 Overview

The Odin mission is a collaboration between Sweden,
Canada, France and Finland, with the launch of the satel-
lite in February 2001 (Nordh et al., 2003). The observation
time is divided on equal terms between astronomy and at-
mospheric science objectives. The satellite carries two in-
struments, a sub-mm radiometer package (SMR) and an op-
tical spectrograph and infrared imager system (OSIRIS). The
SMR instrument is used for both astronomy and atmospheric
observations, while OSIRIS is only operated during the at-
mospheric part (Murtagh et al., 2002).

The limb scanning of Odin is performed by rotating the
complete satellite, with a rate giving a vertical movement of
the tangent point of about 750 m/s. Spectra are taken during
both downward and upward scanning, with the lower turning
point at a nominal altitude of 5 km. The integration time is
0.875 s and subsequent spectra are recorded every 2 s. These
values are changed to 1.875 and 4 s, respectively, for shorter
periods to avoid overflow of onboard memory capacity. The
near polar orbit is sun-synchronous, with an altitude of about
600 km and ascending node around 18:00 h local time.

2.2 The data

This study is based solely on data from the SMR receiver
(Frisk et al., 2003). The four front-ends of SMR give together
sensitivity tunable over 486.1–503.9 and 541.0–581.4 GHz,
while spectrometer and data rate constraints set a limit at
about 1.6 GHz for the instantaneous overall bandwidth, and
SMR is operated in several observation modes to cover all
molecular transitions of interest. The data used here are
taken from the most frequently used mode, the stratospheric
mode, which aims at retrieving ClO, N2O, HNO3 and O3.
The stratospheric mode consists of two bands, at 501 and
544 GHz. Relevant spectroscopic features of these bands are
shown in Fig.1. SMR is a single sideband receiver, with
a maximum contribution from the image band of 5%. The
main and image bands are separated with 7.8 GHz. SeeUr-
ban et al.(2005) for further details and a description of the
standard processing.

The basic observation schedule gives stratosphere mode
data every third day, but the data set is more dense during the
December–May period due to observation campaigns focus-
ing on Arctic winter polar research. For these first retrievals
only spectra for tangent altitudes below 9 km are considered
(Sect. 4.1). This means that used data are grouped around
the scan turning points, where the groups consist of 3–10
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spectra. The closest horizontal distance between subsequent
groups of spectra is 1000 km. Example data values are found
in Fig. 2.

The response of the SMR receivers is linearly polarised.
The mounting is such that the response corresponds to 45◦

polarisation in atmospheric coordinates (with +45◦ for two
front-ends, and−45◦ for the other two front-ends). The con-
sequences of this fact are discussed in Sect.3.2.

3 Radiative transfer

3.1 Software

Radiative transfer simulations were performed with ver-
sion 1.1 of the Atmospheric Radiative Transfer Simulator
(ARTS). This is a development version of ARTS-1 (Buehler
et al., 2005), where features needed for rigorous simulations
of scattering in limb sounding geometry have been added.
Polarisation effects are fully considered, where the polarisa-
tion state is expressed by the Stokes formalism. The geoid
and the surface can have arbitrary shape, and atmospheric
fields can have variations in all three dimensions. Scatter-
ing by molecules and aerosols can be neglected for sub-mm
radiation, and this is reflected in ARTS-1.1 such that the scat-
tering calculations can be restricted to a smaller part of the
model atmosphere. Two modules for the treatment of scat-
tering exist, a discrete ordinate iterative method (Emde et al.,
2004a) and a reverse Monte Carlo algorithm (Davis et al.,
2005a). Particle properties for single scattering are calcu-
lated externally, where the T-matrix code ofMishchenko and
Travis (1998) was used for this study. Figure1 shows that
Odin-SMR spectra with evident cloud signatures (with scat-
tering as the dominating effect, Sect.3.3) can be recreated in
detail by the simulations, a fact that gives high confidence in
the performance of ARTS-1.1.

3.2 Simulation set-up

Spectroscopic data were taken from the retrieval of strato-
spheric gas species (Urban et al., 2005). Pure clear-sky cal-
culations were performed in a 2-D mode, with temperatures
and geometrical altitudes from ECMWF and gaseous verti-
cal profiles from the SMR a priori climatology as described
in Ekstr̈om et al.(2007). The vertical variation of the antenna
response was considered for the clear-sky part, while this ef-
fect was ignored for scattering calculations, as tests showed
that this allowed much more rapid calculations with negligi-
ble impact on final results. The contribution from the image
sideband can be neglected, primarily as the relative contribu-
tion from the image band is low. The importance of mod-
elling the image band contribution is further decreased by
the facts that both sidebands exhibit very similar radiances
for considered range of tangent altitudes, and the strength of
scattering differs only marginally between the bands.
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Fig. 2. Randomly selected values (10 000) from the 501 GHz part
of the data set (mean over 501.2–501.3 GHz, all data from tropical
latitudes). The band of data values around 210 K corresponds to
clear-sky conditions and relatively thin clouds, while lower bright-
ness temperatures can only be caused by more dense ice clouds.

ARTS allows that the atmospheric fields vary in all three
dimensions, but a spherically symmetric atmosphere (1-D)
was assumed when determining the cloud induced change in
brightness temperature. The main reason for this simplifica-
tion was the lack of relevant 3-D cloud fields to be used as
input. A compensation term for the neglection of the hori-
zontal variation in the cloud fields is discussed in Sect.4.5.

The calculations were performed by the method ofEmde
et al. (2004a), but some Monte Carlo simulations were also
made for validation purposes. Different shapes of the ice
particles were considered, as described in Sect.4.3. The par-
ticle orientation was assumed to be either completely ran-
dom or azimuthally random. No±45◦ or circular polari-
sation (Stokes components 3 and 4) are generated for these
conditions and it is sufficient to only consider the first two
Stokes components in the simulations. This theoretically
based statement was confirmed by simulations. A conse-
quence of this fact is that the signal recorded by SMR corre-
spond to the mean of the intensity for vertical and horizontal
polarisation, here equal to the first Stokes element, as long as
no esoteric particle orientation occurs in the atmosphere.
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3.3 Cloud impact

Compared to the corresponding clear-sky case, cloud ice ex-
tinction can cause both increased and decreased radiances in
mm and sub-mm limb sounding measurements. The sign of
the effect depends on the vertical variation of gaseous ab-
sorption, cloud altitude and tangent altitude (seeEmde et al.,
2004b, for simulation results andWu et al., 2005, for ob-
servation evidence). Increased radiances are primarily found
where both cloud top and tangent altitudes are high, while for
the measurement geometry used here cloud extinction gives
decreased brightness temperatures throughout, as already in-
dicated in Figs.1–2.

Cloud ice extinction consists of two parts, absorption and
scattering. Absorption dominates for particles smaller than
∼50 µm, while scattering is the main extinction mechanism
for larger particles. The overall division between absorption
and scattering depends accordingly on the PSD. Test calcu-
lations for various conditions relevant to these Odin-SMR
cloud retrievals showed that scattering is the leading term
(>80%).

The observation geometry further emphasises the scatter-
ing effects over those of particle absorption. Both absorption
and scattering have corresponding source terms, i.e. emission
and scattering into the line-of-sight, respectively. The atten-
uated radiation originates from altitudes just below the cloud
layer, thus having a brightness temperature close to the phys-
ical temperature inside the cloud. This has the consequence
that the difference in brightness temperature of absorbed and
emitted radiation is relatively small (difference<25 K). Par-
ticle absorption alone can thus only generate brightness tem-
peratures relatively close to corresponding clear-sky radi-
ance. For example, the values in Figs.1–2 below ≈180 K
can only be explained by scattering. The existence of values
down to 100 K therefore illustrates the efficiency of scatter-
ing effects on measured Tb.

4 Retrieval algorithm

4.1 Basic considerations and approach

As mentioned, this initial Odin-SMR cloud ice retrieval
scheme uses only spectra with tangent altitudes below 9 km.
There are several reasons to start with this part of the data set.
First of all, the clearest cloud signatures are found for these
tangent altitudes (up to 120 K, see Fig.2). The effect of cloud
extinction is consistently a decrease in measured intensities
(Sect.3.3), a fact that simplifies the analysis considerably.
Further,Ekstr̈om et al.(2007) show that at these tangent al-
titudes radiance spectra depend primarily on a small set of
atmospheric variables (temperature, humidity and cloud ex-
tinction), and that uncertainties around sideband filtering and
antenna response can be neglected.

Odin-SMR is a limb sounder, but the measurement
methodology applied here has more the character of down-
looking geometry. This is the case as high absorption below
9 km removes all influence of the most distant part of the
limb view. The region around the tangent point acts prac-
tically as a blackbody. This yields many similarities with
the dedicated sub-mm cloud ice measurements proposed in
Evans et al.(2002), using the lower part of the troposphere
as a blackbody background. There are though some impor-
tant differences. The high incidence angles of Odin-SMR
give sensitivity to only higher altitudes, and the mean parti-
cle size can not be determined as the two channels used (501
and 544 GHz) are too close in wavelength to provide useful
information.

The measurement principle is then as follows. The mea-
sured emission intensity is, for clear-sky conditions, gov-
erned by temperature and humidity. Clouds along the line-
of-sight at sufficient altitude (above≈11 km for 501 GHz
and ≈13 km for 544 GHz) will result in a decrease in the
observed brightness temperature, Tb. The first step of the
retrieval is to determine the cloud induced Tb depression,
and the second step is to map the depression to a cloud
ice amount. The unknown vertical extension of the cloud
causes a retrieval ambiguity that can be partly handled by
combining information from 501 and 544 GHz. Each pair of
501/544 GHz spectra is treated individually and each cloud
retrieval represents a horizontal area∼3 km wide in west-
east direction, and∼100 km long in north-south direction.

4.2 Determination of cloud signal

The cloud signal is defined as the Tb depression compared
to corresponding clear-sky case, here designated1Tb. The
determination of clear-sky radiance is based on the parallel
humidity retrieval, described in the accompanying paper by
Ekstr̈om et al.(2007). In short, Odin-SMR spectra are gen-
erated for different assumed relative humidities, and this set
of simulations are used to map the measured Tb value to a
humidity. The simulations are performed in a 2-D mode and
full account of horizontal gradients in atmospheric tempera-
tures (from ECMWF) is taken. A detailed investigation made
it possible to compensate for a small systematic calibration
error, but also revealed a∼2 K random component that is di-
rectly translated to an identical uncertainty in1Tb.

The Tb depression is taken as the difference between mea-
sured Tb and simulated value for 120 %RHi. It could be
argued that 100 %RHi or the humidity retrieved inEkstr̈om
et al. (2007) are better choices for the reference level, but
this question has little practical concern. The corresponding
1Tb uncertainty is∼1 K. The level 120 %RHi was selected
to obtain a more conservative estimate of the cloud detection
frequency.
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Fig. 3. Particle size distributions for an ice water content of
0.1 g/m3. The parameterisation ofMcFarquhar and Heymsfield
(1997), MH97, is shown for two temperatures. The gamma distri-
bution is the one used for retrieval of minimum cloud ice columns.

4.3 Impact of microphysical parameters

As a consequence of the frequencies available the measure-
ments can not be used to confine the mean particle size
and thus a particle size distribution (PSD) must be assumed.
The PSD ofMcFarquhar and Heymsfield(1997) (hereafter
MH97) is commonly used for tropical conditions and it is
also used here as best estimate of the mean tropical PSD.

The uncertainty in the local PSD maps to a retrieval error,
discussed further in Sect.5.2. A related issue is that it is dif-
ficult to give an upper limit on cloud ice amount with Odin-
SMR, mainly due to the low sensitivity to ice bound in small
particles (Sect.3.3). On the other hand, a firm lower limit
on cloud ice amount can be determined by assuming that the
particle size is such that maximum impact is obtained. A
mono-dispersive PSD would be an extreme assumption and
a narrow gamma distribution was instead selected. The width
parameter was set to 4, to obtain the most narrow PSD that is
consistent with values reported byHeymsfield(2003). Sim-
ulations showed that a PSD peaking at∼200 µm fulfils the
criterion for estimating the minimum value. The MH97 and
gamma PSDs are compared in Fig.3. The importance of as-
suming a given PSD on the mapping between1Tb and cloud
ice amounts is shown in Fig.4.

The influence of particle shape was studied by consider-
ing different spheroidal shapes, with aspect ratios between
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Fig. 4. The relationship between Tb depression and cloud ice
amount for two different particle size distributions. Simulations are
for 501 GHz, 7 km tangent altitude and cloud ice between 12 and
14 km.

1 and 3.5. An aspect ratio>1 means that the horizontal
length exceeds the vertical extent. ARTS (Sect.3.1) allows
two options for particle orientation, randomly oriented and
horizontally aligned. The later option implies random az-
imuthal orientation. Results for different combinations of as-
pect ratio and particle orientation are shown in Fig.5. For
an aspect ratio of 1 there is no difference between the two
orientation options. No significant variation was found for
different aspect ratios as long as randomly oriented particles
are assumed. A polarisation dependent impact of aspect ratio
is though found for horizontally aligned particles. The polar-
isation dependency is shown in Fig.5 for an aspect ratio of
3.5. Odin-SMR corresponds to the dashed curve (mean of Iv

and Ih, see Sects.2.2 and3.2), which in this context is the
most advantageous case as the mapping between1Tb and
ice amount is more affected by the aspect ratio for vertical
and horizontal polarisation.

However, an aspect ratio value of 3.5 was included mainly
for illustration, and values of 1–2 should be more represen-
tative for atmospheric conditions as the overall ensemble as-
pect ratio should not in general deviate strongly from 1 (A.J.
Heymsfield, private communication). A mean aspect ratio
of 1.2 was also found in an investigation of 122 GHz MLS
data (Davis et al., 2005b). Our conclusion is thus that in-
correct assumptions on particle shape and orientation should
only cause marginal retrieval errors. Spherical particles will
be assumed in the remainder of this paper.
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Simulations for MH97 PSD and cloud ice between 12 and 14 km.

4.4 Impact of cloud thickness and altitude

The Tb depression caused by a given ice amount depends on
the cloud altitude. The altitude variation is mainly governed
by the absorption properties at the frequency considered, and
thus differs between the 501 and 544 GHz bands. The gen-
eral principle is that a high cloud, where the gaseous absorp-
tion is smaller, gives a higher1Tb for a given ice amount.
This is illustrated in Fig.6 for 501 GHz. The ice is, here and
elsewhere in the study assumed to be, evenly distributed in
the cloud layer. The gamma PSD is used for this compari-
son to avoid that the PSD changes with altitude (through the
temperature dependency of MH97).

The 501 GHz band has low absorption above∼14 km and
accordingly the mapping is relatively constant for cloud alti-
tudes above this altitude, while a large difference is seen in
comparison to an altitude of e.g. 12 km. The absorption in
the 544 GHz band extends to higher altitudes and the cloud
altitude influences the mapping up to∼16 km.

The altitude variation of the cloud influence means that
the cloud thickness can not be neglected. However, by in-
troducing an adaptive definition of the cloud altitude this is-
sue can be made less problematic. Simulations showed that
for thin clouds the impact of cloud thickness is small if the
centre point of the cloud layer is kept constant. The same
is achieved for thick clouds if the top altitude is considered
instead. These features are illustrated by the 13/3 km case

10
−1

10
0

10
1

10
2

0

20

40

60

80

100

50
1 

G
H

z 
Tb

 d
ep

re
ss

io
n 

[K
]

Ice column [g/m2]

11/1 km

12/1 km

13/1 km

14/1 km

15/1 km

13/3 km

Fig. 6. The relationship between 501 GHz Tb depression and cloud
ice amount for different cloud altitudes and layer thicknesses. For
example, the dotted line is for a cloud centre altitude of 13 km and
a 1 km thick cloud layer. Simulations are for 7 km tangent altitude
and the 200 µm gamma distribution.

in Fig. 6, that follows closely 13/1 km for weak clouds and
asymptotically approaches 14/1 km for strong clouds. That
is, the term cloud altitude will be defined as the centre point
for clouds with low ice amounts, and gradually move towards
the top altitude for increasing ice columns. The effective alti-
tude for the highest cloud columns encountered here should
be 100–200 m below the cloud top altitude. The definition
of the cloud top must though be taken as the highest altitude
with particles large enough to influence sub-mm radiation,
that probably can differ substantially from the optically de-
termined cloud top.

4.5 Inhomogeneity correction

The mapping functions between1Tb and cloud mass are
calculated for a spherically symmetric atmosphere (1-D,
Sect.3.2). This corresponds to a situation when the cloud ice
is evenly distributed horizontally, whileDavis et al.(2006)
have shown that for realistic 3-D distributions deviating re-
sults are obtained. The 3-D case gives lower1Tb values
for down-looking observation geometries, such as considered
here. This difference between 1-D and 3-D originates mainly
in the non-linear relationship between cloud ice mass and
1Tb (Figs.4–6). The non-linearity has the consequence, for
example, that the highest1Tb for a given (antenna response
weighted) cloud ice mass is obtained if the ice is evenly dis-
tributed over the footprint, which corresponds to the 1-D sit-
uation.
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It should be possible to partly compensate for the ne-
glected cloud inhomogeneity, as the difference between 1-D
and 3-D is throughout positive.Davis et al.(2006) present a
case study of differences between 1-D and 3-D simulations,
and in lack of more general data, relevant results (down-
looking type, aspect ratio = 1.3) inDavis et al.(2006) are
here used as a basis for rough correction. Those results show
a low relative difference for small values of1Tb, which is
also expected as the non-linearity discussed above is most
pronounced for higher ice columns. The 1-D-1Tb is 10–
40% above the corresponding 3-D value for cases with higher
cloud extinction (1-D-1Tb between 20 and 50 K). It can fur-
ther be noted that Figs.4–6 indicate a relatively constant de-
gree of non-linearity for 1-D-1Tb>20 K. If 20% is taken as
a conservative estimate of the 1-D/3-D difference for thicker
clouds, a simple scheme to correct calculated 1-D-1Tb val-
ues is

1Tb
′
= c 1Tb, c = max{0.8, 1 − 1Tb/100}. (1)

4.6 Mapping to partial ice column

The band at 501 GHz is sensitive to clouds down to∼11 km
(Fig. 6), while for 544 GHz the sensitivity starts at∼14 km
(not shown). The higher absorption at 544 GHz implies that
for all realistic cases the1Tb will be higher for 501 GHz
than for 544 GHz, despite a higher scattering cross-section
at the higher frequency (60% if Rayleigh scattering is as-
sumed). The 501 GHz band becomes then the primary band
for cloud detection and retrievals.

However, the retrieval can not be based on 501 GHz solely
as the unknown cloud altitude would then cause a very high
retrieval error. For example, a 501 GHz1Tb of 20 K can ei-
ther be a∼200 g/m2 cloud at 11 km or a∼1 g/m2 cloud at
15 km (Fig.6). By incorporating 544 GHz data this ambigu-
ity can be decreased greatly. In simple terms, if no Tb de-
pression is found for 544 GHz the cloud altitude is below
14 km, and vice versa. For clouds above 14 km the relative
size in 1Tb at 501 and 544 GHz enables a relatively accurate
determination of the cloud altitude.

The retrieval scheme is described more in detail by Fig.7.
The figure confirms the discussion above. For example, it
shows that altitude ambiguity can be handled above 14 km
by combining information from 501 and 544 GHz. The ice
amount in clouds at lower altitudes is retrieved assuming a
cloud altitude between 13.5 and 14 km. The 544 GHz1Tb
is used as an indicative weighting between 13.5 and 14 km.
If the real cloud altitude is lower, this gives an underesti-
mation of the cloud ice. This behaviour corresponds to a
lower retrieval response to ice below 14 km. The retrieval
has thus an altitude dependent response, which is estimated
in Fig. 8. The altitude response was obtained by comparing
ice-depression mapping curves for different cloud altitudes
(Fig. 6), evaluated for a 501 GHz1Tb of 50 K. This es-
timate should represent average conditions, but it shall be

noted that the altitude response is not a constant quantity. A
higher 1Tb value corresponds to a lower response to cloud
ice at lower altitudes. This simply as very high1Tb values
can not be obtained with cloud altitudes around e.g. 11 km.

This Odin-SMR cloud ice retrieval is thus an estimate of a
partial cloud ice column, with an altitude response given by
Fig. 8. This means that a vertical IWC profile,x is converted
to “Odin-SMR ice column”,x̄, as

x̄ =

∫
z

A(z)x(z) dz, (2)

whereA is the function depicted in Fig.8, andz is verti-
cal coordinate. The response of 0.5 is found at∼12.5 km
and this altitude is used when a lower altitude for the col-
umn value must be specified. Figures4–8 are all valid for
a tangent altitude of 7 km. Mappings and response are very
similar for other considered tangent altitudes.

The highest Odin-SMR 5011Tb values are about 120 K
(Figs.2–7), corresponding to∼500 g/m2. This does not cor-
respond to a physical limit on1Tb, neither is there any clus-
tering of measurement data at the upper range of1Tb val-
ues, which indicates that the saturation level of the cloud ice
retrieval has not been reached.

5 Results

The main objective of the paper is to present the retrieval
methodology and only example results are given, to indicate
the quality and potential usage of the Odin-SMR data set.
More detailed investigations are left for forthcoming publi-
cations. Mean results for the December 2001–August 2004
period are shown, followingEkstr̈om et al.(2007).

5.1 Cloud detection frequency

A cloud is considered as detected if the 501 GHz1Tb ex-
ceeds some specified value. The threshold value should be as
small as possible while avoiding a significant number of false
cloud detections due to uncertainties in the estimated1Tb.
The main 1Tb uncertainty is the random calibration error
discussed in Sect.4.2. For example, the data points in Fig.7
above the 16 km curve (with low depression values for both
bands) are primarily an effect of the random calibration error,
and shall not be taken as detections of high altitude clouds.
The 501 GHz random calibration error was estimated to 2 K,
and considering this uncertainty, 5 K is used as threshold for
the cloud detection frequency. This threshold value corre-
sponds to an ice column of about 4 g/m2 (Fig. 7). Such an
ice water path has an optical zenith opacity in the order of
0.2 (Heymsfield et al., 2003).

The cloud detection frequency for the time period consid-
ered is shown in Fig.9. Somewhat higher cloud frequen-
cies are obtained for lower1Tb threshold values, but the
geographical pattern is not changed. The mean difference
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Fig. 8. Estimated altitude variation of cloud ice retrieval response.
Data from other sources should be weighted with this response be-
fore being compared to Odin-SMR results obtained by the retrieval
algorithm described here.

between a threshold of 2 and 5 K was determined to be 0.03,
and this can be taken as a general error estimate for Fig.9.

The fact that the cloud detection frequency is close to zero
over substantial areas, at expected geographical positions, is
a strong confirmation of the claim that the 501 GHz1Tb is
determined to a precision of∼2 K.

5.2 Partial cloud ice columns

The 501 and 544 GHz1Tb values are mapped to partial
cloud ice columns in the manner described in Sect.4.6. The
cloud ice column is normally denoted as the ice water path
(IWP). All measurements with 501 GHz1Tb below 2 K are
treated as cloud free. An estimate of minimum IWP is ob-
tained by assuming a 200 µm gamma PSD (Sect.4.3) and
using 1-D mapping values without any correction, while best
estimate of IWP is found by applying the correction in Eq. (1)
and assuming the MH97 PSD.

Mean IWP fields for the time period considered are shown
in Fig. 10, together with data from atmospheric models for
comparison. ECMWF is a model for numerical weather pre-
diction and assimilates both satellite and in-situ measure-
ments, while ECHAM is a pure climate model (GCM) and
ice field shown does not represent a particular time period.

The relative difference between minimum and best esti-
mates decreases with increasing IWP (Fig.3). The minimum
IWP fields in Fig.10is a factor 4–8 lower than corresponding
best estimates, for areas with mean IWP>2.5 g/m2. The dif-
ference in assumed PSD and 1-D/3-D correction contribute
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Fig. 9. Detection frequency for ice clouds above∼12 km, with a 5 K threshold for the 501 GHz1Tb. The data cover December 2001 to Au-
gust 2004, with a somewhat uneven distribution between seasons. No distinction has been made between ascending and descending passages.

Fig. 10. Fields of partial ice columns:(a) Minimum Odin-SMR estimate (200 µm gamma PSD).(b) Best Odin-SMR estimate (MH97 PSD
+ 1-D/3-D correction).(c) ECMWF, 2002–2004 mean.(d) ECHAM, 5 year climatological mean. Odin-SMR retrievals are averaged over
December 2001–August 2004. ECMWF and ECHAM fields are weighted following Eq. (2).

roughly equally to the deviation between minimum and best
estimate. Both the 200 µm gamma PSD and 1-D conditions
have a low probability of occurrence in practise and true IWP
values should accordingly be considerable higher than the
minimum estimates. Despite this, the minimum estimates are
found to be larger than the ECHAM results, and be similar to
ECMWF, above central Africa. The minimum estimates are
also of the same magnitude as the model data over S. Amer-
ica. Odin-SMR best estimates are also significantly above the

ECMWF and ECHAM for these regions. It should be noted
that Odin-SMR does not sample the full diurnal cycle (tropi-
cal latitudes are passed at around 06:00 and 18:00 local time)
and this effect has not been considered in the comparison to
ECMWF and ECHAM.

The Odin-SMR and atmospheric model results show better
agreement over the oceans, though with a higher mean value
in the satellite data set but with similar geographical patterns.
Odin-SMR tends to place the highest IWP values in more
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Table 1. Estimates of IWP retrieval errors. All estimates are given
at the 1 standard deviation level. The error for cloud inhomogeneity
assumes that a 1-D/3-D correction has been applied (Eq.1). The
basic estimate for error sources with1Tb stated is taken fromEk-
ström et al.(2007), while the magnitude of other errors is discussed
in Sect.5.2.

Error source 1 1Tb 1ice

Systematic errors

Cloud inhomogeneity – – 30%
PSD – – 30%
Microphysics – – 15%
557 GHz H2O i0 2 % 0.1 K 0.3%
557 GHz H2O aγ 8 % 0.4 K 1.4%
H2O continua 30 % 0.2 K 0.7%
N2 absorption 30 % 0.5 K 1.7%
Calibration, Tb 0.2 K 0.2 K 0.7%
Temperature 1 K 0.4 K 1.4%

Random errors

Cloud inhomogeneity – – 40%
PSD – – 40%
Microphysics – – 15%
Thermal noise, Tb 0.5 K 0.5 K 1.7%
Calibration, Tb 2 K 2 K 7.2%
Pointing 0.01◦ 0.4 K 1.4%
Temperature 1 K 0.4 K 1.4%

Retrieval accuracy 75%

localised areas, but this can be an effect of the limited size of
the Odin-SMR data set.

Li et al. (2005) presented a comparison between Aura
MLS cloud ice retrievals, ECMWF and a number of global
climate models (ECHAM not included). The MLS retrievals
are based on the MH97 PSD, without the 1-D/3-D correction
suggested here. The MLS data and Odin-SMR results for the
same retrieval conditions (not shown) appear to agree well,
using ECMWF as a reference for the comparison. For ex-
ample, notable differences between retrieved and model data
above Africa and S. America were also found byLi et al.
(2005). However, PSD and cloud inhomogeneities are main
error sources for both MLS and SMR, and the results from
both instruments are likely to have similar systematic errors.
A closer comparison to Aura MLS is left for future work.

Table1 gives a summary of error sources and the associ-
ated retrieval errors for best IWP estimate. Systematic er-
rors are estimated in a Bayesian manner. The stated values
should accordingly not be taken as “worst case” estimates,
they express instead our view of the range of possible values
(normally distributed). The retrieval accuracy expresses the
sum of all error sources, assuming that they are independent
quantities.

The error sources considered inEkstr̈om et al.(2007) are
included in Table1 for completeness, but are all of minor
importance here and are not discussed further. The impact
of particle aspect ratio and orientation is small (Sect.4.3),
but not insignificant. Both random and fixed retrieval errors
of 15% are assigned to the combined effect of these error
sources, together with other possible microphysical uncer-
tainties (such as, refractive index and deviation from solid
particles).

Cloud inhomogeneity is assumed to be a major error
source, even if Eq. (1) is applied to compensate for the ne-
glection of horizontal variation of the ice clouds. No quan-
titative calculations have been performed to investigate this
error source further. The error estimates given are based on
Davis et al.(2006), following the discussion in Sect.4.5. The
introduction of a correction term (Eq.1) should decrease the
magnitude of this error source, and also convert it from being
strongly systematic to be more random in nature, and there-
fore be decreased by averaging.

The second of the two dominating error sources is the as-
sumed PSD. A detailed error analysis would require access to
and analysis of large data sets of in-situ measurements, span-
ning all relevant atmospheric conditions. Such data are not at
hand and only rough estimates can be given. An initial study
(Rydberg, 2004) compared total scattering extinction for dif-
ferent PSDs. Focus is given to the comparison to the PSD of
Donovan(2003) (D03), despite that it is determined for mid-
latitude conditions. This choice was made as the D03 PSD is
based on remote sensing data, and should therefore be totally
independent in technical aspects to MH97, derived from in-
situ measurements. In addition, D03 incorporates radar data
that should constrain the particle size range to those of con-
cern for sub-mm observations. It was found that replacing
MH97 with D03 would change the IWP by less than 25%,
if the cloud ice is found at temperatures around−40◦C. On
the other hand, large differences between MH97 and D03
(and two other PSDs considered) were noted for lower tem-
peratures (−60◦C), that correspond to IWP retrieval errors
>100%, but it can be questioned if the D03 PSD is valid for
such temperatures. Considering this discussion, 30 and 40%
are adopted for the systematic and random error, respectively.

The high PSD retrieval error originates in the fact that
any remote sensing technique limited to a single wavelength
range will only be sensitive to a part of the cloud ice particle
size spectrum, where short wavelengths will give sensitivity
to small particles, and vice versa. If the purpose is to estimate
the ice mass, the wavelength employed should be selected in
such way that the highest sensitivity is given to the particle
size region holding the main part of the total mass. Figure11
shows the mass distribution for some conditions represent-
ing thinner and thicker clouds at temperatures found in the
upper tropical troposphere. The size range of interest dif-
fers between the cases, but a dominating part of the ice mass
is found in particles having a diameter of 35–400 µm, which
corresponds quite closely to the peak area of the gamma PSD
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for maximum sensitivity for Odin-SMR (Sect.4.3). This in-
dicates that, despite that the IWP retrievals presented are esti-
mated to have important errors due to PSD assumptions, the
situation is not better for retrievals using other wavelength
regions.

6 Conclusions

A first cloud ice retrieval scheme for Odin-SMR has been
developed. Observation data are taken from the two bands
of the stratospheric mode, 501 and 544 GHz, where, so far,
only spectra with tangent altitudes below 9 km are consid-
ered. The first step of the retrieval is to determine, for each
band, the brightness temperature depression (1Tb) induced
by ice clouds, compared to the corresponding clear-sky situa-
tion. This step is based on the work ofEkstr̈om et al.(2007).
For the purpose of cloud detection a simple1Tb threshold
is applied. The main limiting factor for the cloud detection
is a random calibration error causing a∼2 K uncertainty in
1Tb.

The measurements also allow retrieval of the ice water
path (IWP) above≈12.5 km. As Odin-SMR is used here
more in the sense of a down-looking instrument rather than
as a limb sounder, information from 501 and 544 GHz must
be combined. The 501 GHz band exhibits the strongest cloud
signal, and the practical contribution of the 544 GHz data is
to constrain the cloud altitude. The sensitivity is such that
there is a full response to cloud ice above 14 km, but decreas-
ing below to reach zero at 11.5 km. The detection threshold
corresponds to an IWP of∼4 g/m2. The dynamic range of
the retrievals extends up to at least 500 g/m2. The dominat-
ing error sources for the IWP retrieval are that a particle size
distribution (PSD) must be assumed and that full account for
cloud horizontal structures can not be taken. The later ef-
fect stems from the fact that radiative transfer calculations
assume 1-D conditions. A correction term for the neglected
3-D effects is suggested. A detailed analysis is not possible
for either PSD or 3-D issues, as data to evaluate the errors
for different conditions are lacking. At this point the sys-
tematic and random retrieval errors are set to 30 and 40%,
respectively, for both effects. The coming release of Cloud-
Sat data could be an opportunity to incorporate 3-D effects
more correctly in the analysis.

A firm lower limit for the retrieved cloud ice column can
be obtained by assuming a PSD that maximises the extinction
cross-section for wavelengths used, and by not performing a
1-D/3-D correction. The difference between minimum and
best estimate decreases with increasing IWP. For the areas
with thicker ice clouds, the minimum estimate of mean IWP
is a factor 4–8 below the best estimate.

A simple comparison to the ice fields in ECMWF analyses
and the ECHAM GCM is made, that gives results consistent
with a similar comparison involving Aura MLS (Li et al.,
2005). Both the Odin-SMR and Aura MLS retrievals indicate
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that atmospheric models show tendencies to underestimate
the amount of cloud ice in the tropical upper troposphere. For
example, already the minimum Odin-SMR IWP over central
Africa is above the GCM data. However, the high retrieval
uncertainties so far limit a more detailed investigation of the
performance of the models. Other existing satellite data are
however not better in this respect. On the contrary, sub-mm
radiometry is an advantageous approach for measuring cloud
ice contents, but Odin-SMR lacks the broad coverage of the
mm/sub-mm region that should be used by a dedicated cloud
ice instrument (Evans et al., 2002).

It has been shown that the impact of scattering on Odin-
SMR spectra is understood, and valuable climate data can be
extracted. This justifies continued efforts to also make use of
the cloud ice information found in spectra with higher tan-
gent altitudes. Such a development should result in a higher
sensitivity to clouds with low IWP values and an improved
vertical resolution.
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Urban, J., Lautíe, N., Le Flochmöen, E., Jiḿenez, C., Eriksson, P.,
Dupuy, E., El Amraoui, L., Ekstr̈om, M., Frisk, U., Murtagh,
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