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Abstract. Microwave limb sounding in the presence of ice 1 Introduction
clouds was studied by detailed simulations, where clouds and
other atmospheric variables varied in three dimensions andhe bulk of data provided so far by limb sounding sen-
the full polarisation state was considered. Scattering particlesors covers the stratosphere and the lower mesosphere, but
were assumed to be horizontally aligned oblate spheroidsecently both scientific objectives and the technical devel-
with a size distribution parameterized in terms of tempera-opment have been moving the emphasis towards the upper
ture and ice water content. A general finding was that particleiroposphere (UT). The PREMIER mission proposabA,
absorption is significant for limb sounding, which is in con- 2008 is a good example for this change in scientific fo-
trast to the down-looking case, where it is usually insignifi- cus. Any satellite observation into the troposphere must
cant. Another general finding was that single scattering cardeal with the impact of clouds, and this aspect is of spe-
be assumed for cloud optical paths below about 0.1, whiclcial importance for limb sounding due to the long hori-
is thus an important threshold with respect to the complexityzontal path lengths. In this respect, microwave techniques
and accuracy of retrieval algorithms. The representation ohave an inherent advantage over infrared and optical tech-
particle sizes during the retrieval is also discussed. Concernniques, because their sensitivity to clouds is significantly
ing polarisation, specific findings were as follows: Firstly, no lower (e.g.Ekstiom et al, 2008.
significant degree of circular polarisation was found for the In fact, a large fraction of microwave limb sounding data
considered particle type. Secondly, for thd5° polarisation ~ can be handled as “clear sky”. The size of this fraction de-
components, differences of up to 4K in brightness temperpends on the wavelengths used and the local atmospheric
ature were found, but differences were much smaller wherconditions. Nevertheless, cloud effects should be consid-
single scattering conditions applied. Thirdly, the vertically ered as this decreases the uncertainties of the gas species
polarised component has the smallest cloud extinction. Arretrievals and increases the data yield. The treatment of
important goal of the study was to derive recommendationsclouds in typical microwave limb sounding gas inversion al-
for future limb sounding instruments, particularly concerning gorithms is highly simplified. They are mostly considered
their polarisation setup. If ice water content is among the re-by a general continuum absorption term. Such a term is
trieval targets (and not just trace gas mixing ratios), then theapplied in the Odin-SMRNurtagh et al. 2002 and Aura
simulations show that it should be best to observe any of theMLS (Waters et a].2006 inversions, as described Wrban
+45° and circularly polarised components. These pairs ofet al.(2005 andLivesey et al(2006, respectively. The con-
orthogonal components also make it easier to combine infortinuum absorption term is introduced primarily to account
mation measured from different positions and with different for uncertainties in absorption originating from non-local
polarisations. transitions and poorly understood physical mechanisms (see
Rosenkranz1993. This term would also cover the impact
of clouds if they could be treated as pure absorbers.

A more elaborated treatment of clouds, taking full account
) of scattering, is found in the methodology Rydberg et al.
Correspondence td?. Eriksson (2009. Water vapour and cloud ice water content (IWC) are
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from single tangent altitudes are used and there is no obviousondition that a preferred orientation exists. However, these

way to extend the approach to invert complete limb soundingstudies have either been performed for a plane-parallel at-

sequences. mosphereCzekala 1998 Miao et al, 2003, down-looking
The interaction between microwave radiation and cloudsgeometry Davis et al, 2007), for completely homogeneous

is quite well studied for frequencies below 100 GHz and (1-D) clouds Davis et al, 2005h Eriksson et al.2007), or

ground-based or down-looking observation geometries (a refor just a single synthetic cloudMmde et al.2004a Davis

view is given byBattaglia et al.2006. The situation is quite et al, 2005gb). In addition, there exists no investigation of

different for frequencies above 150 GHz and incidence an-the other polarisation components with a limb sounding fo-

gles near 99 the conditions we study here. The basic jus- cus.

tification of this study is that the development of more ap- Our approach is to perform detailed three dimensional

propriate retrieval schemes requires a better understandingdiative transfer simulations, followed by careful analysis.

of how clouds affect microwave limb sounding radiances. The objectives of this work are:

The poorer knowledge for limb sounding could earlier be ex-

plained by a lack of relevant tools and input for the required 1. Study the relative importance of ice particle absorption

simulations, but the situation has improved. Rigorous simu-  for mm limb sounding,

lations of limb sounding measurements involving cloud scat- o

tering can now be performed by the ARTS softwaEentle 2. Calculate the complete polarisation state for a set of re-
et al, 20043 Davis et al, 20053, and since 2006 the Cloud- alistic scenarios, and,

Sat 94 GHz radarStephens et al2002 provides global in- o _
formation on cloud structures in a sufficiently detailed man- 3. Analyse the significance of the results for the retrievals.

ner. ARTS and CloudSat are key components of our study. L
Y P Y The article is structures as follows: Se2tpresents some

For this study, the altitude region of interest is the UT and . .
the focus is on wavelengths around 1 mm (300 GHz). Thetheoretlcal background and introduces tools and datasets

term “mm” is used below in favour of “microwaves” to make used. Sectio® analyses the importance of particle absorp-

Y . tion versus scattering. Sectidnpresents and discusses the

a clear distinction to the range below 100 GHz. The analysis olarisation state in the simulations. Secti®rdiscusses

is made primarily from the perspective of trace gas retrievals? . . i :

. . - cloud retrieval aspects. Finally, Se6tcontains a summary

The primary frequency range for such retrievals inside theand the conclusions

UT is 150—-700 GHz (as indicated by the mm bands of Aura '

MLS). These observations can further provide information
on IWC (Wu et al, 2005 Li et al., 2005 Eriksson et al.

2010 and this aspect is also considered.
Upper tropospheric clouds consist mainly of ice partlcles,z1 Radiative transfer

and only this type of cloud is considered here. It has been

?stgbllsrlled dthat scattennglls n Eeneral the do(rjnganthproces§he intensity and polarisation state of radiation are described
or ice clouds at mm wavelengths (efvans and Stephens by the Stokes vectol,. The radiative transfer equation to be

1995.b Er'nde. et al. 2004D. The r.elatlve importance of ab- solved in the case of thermal emission and particle scattering
sorption is higher for small particleg€yans and Stephens .

19953 Wu et al, 2005 and with a cold radiative background

(Eriksson et a].2008 and Sect3). These conditions are of dI(v,r,n)
special concern for limb sounding and ice particle absorption  ds = —K@r.mI@r.n+av,r.mBEr) 1)
should be more prominent for this measurement technique, + [4r ZOornn ) I (v,r n')dn,

but this issue has not yet been studied in any detail.

Polarisation effects are of special importance for mi- wherev is the frequencyr is the atmospheric positiom, is
crowave sensors as these devices are polarisation sensitiville propagation direction, is the distance along, K is the
There are three main options for the response, in fact all covextinction matrix.a is the absorption vectoB is the Planck
ered by the last three mm limb sounders: Odin-SMR detectdunction andZ is the scattering matrix. Sééishchenko et al.
the +4% and—45° linearly polarised component&ijksson (2002 for details regarding the assumptions for this equation
etal, 2007, Aura MLS measures the horizontal (H) and ver- and definitions of the involved quantities.is frequently de-
tical (V) linear componentsWu et al, 2006 and SMILES  noted as the phase matrix, but scattering matrix @afwren
(Kikuchi et al, 2010 observes the left- and right-hand circu- and Huffman 1998 is clearly a more descriptive name.
lar components (Y. Kasai, personal communication, 2010).  During the actual calculations the vectbholds radiance

Even spherical particles cause some difference betweewmalues. For the presentation, simulated radiances are con-
the V and H components for mm limb soundirigegichmann  verted to Planck brightness temperatures following the ex-
et al, 2006§. Several studies have shown that this differ- pressions irEriksson et al(2011). The standard nomencla-
ence increases with the aspect ratio of the particles, on th&ure of denoting the four elements of the Stokes vector as

2 Theory, tools and data
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I=[I,0,U,V]" iskept Chandrasekhal 950, buttheyare 2.3 Atmospheric scenarios
here reported as

@) It has been shown in several studies that the assumption

I =(TE+T}/2, :
Ty +T5)/ of completely homogeneous cloud layers leads to a mis-

h

Q=Tg—Tp. ©) representation of cloud effects in limb observation geome-

U=T17%-1;%, (4)  try (Emde et al.2004a Davis et al, 2005a 2007 Eriksson

v = 7lhc _prhe 5 et al, 2007 Adams et al.2008. We therefore used data on
=T —Tp", (5)

both horizontal and vertical cloud structure from CloudSat, a
whereT} is the brightness temperature [K] for the vertically Satellite-based cloud radar.
linearly polarised component, calibrated with respect to the A methodology to make use of radar observations for sim-
single polarisation power of blackbody radiatiaff;, 7,;4>, ulating cloud effects in passive mm-wave data was developed
TB_450' TIe and 71" are defined likewise, but consider the by Rydberg et al(2007), and later extended to 3-D in order
horizontal linear, +45 linear, —45° linear, left-hand circu-  t0 create a database for Odin-SMR upper tropospheric water
lar, and right-hand circular component, respectively. Thefetrievals Rydberg etal.2009. This study makes use of the
element/ could likewise be defined as the average of the@tmospheric scenarios generatgd for the Odin-SMR databgse.
other two pairs of orthogonal componerigs (> / ;%> and In short, along-track cross-sections of rqdar baclf—scatterlng
7!he; 71hey, from CloudSat are transformed to 3-D fields using the al-
B, B we study the impact of clouds by calculat- gorithm by Venema et al(200§. The 3D fields obtained

ing the difference between each cloudy simulation and thefre converted to fields of number densities using the particle

corresponding clear-sky case, where all clouds are ignoreos.ize dis_tribution (PSD) parametrisation_McFarqur_]ar and
For the first Stokes componehtthis difference is also what Heymsflgld(1997, below MH97).. No retr_levals are .|nvolved
we are reporting: and the final data are fully consistent with the basic observa-

tions of CloudSat (see further Se2t4). The database covers
Al =1—1Ig (6) only tropical conditions (latitudes af30°).

Rydberg et al(2009 have shown that these atmospheric
For the other three Stokes components, the clear-sky valugeenarios result in simulations that reproduce Odin-SMR

is zero, as long as the tangent altitude is above the surfacgyyseryations in detail. This indicates that cloud structures
We therefore simply report th@, U, andV values for the  55ye 10km and over horizontal distances bete®0 km
cloudy case. _ o (the footprint size of the satellite data considered) are reason-
Finally, note that the scattering of a particle is highly de- g,y represented. To what extent the 3-D distribution of tem-

pendent on the ratio between its “characteristic siZeind  perature and gas species is correctly captured is not known.
the wavelengthi, normally reported as the size parameter, paticylarly uncertain are the relationships between cloudy
X regions and the surrounding air, but in this context these as-
_nd @ pects are secondary to the representation of clouds.

A

That is,x is the ratio between circumference and wavelength2-4 ~ Simulation details
for spherical particles.

Conceptually,

X

) ) This work is part of a design study of the mm-wave limb
2.2 Simulation software sounder instrument for the PREMIER mission, and the
. . . frequency for the simulations was selected accordingly:
The simulations were performed by ARTS (Atmospheric Ra'347.5 GHz. This is a frequency in-between transitions of CO
diative Transfer Simulator), a freely available, open Source,. 4 HCN (at 345.8 and 354.5 GHz, respectively), lacking lo-
software packageSjiehler et al.2003. The second version cal spectral features. The frequency 347.5 GHz corresponds

of lA.RTSE(E”kSSg_?] etMal.2t013 ”I]Clul\(jlis tvxllo rqcr)]dules .for roughly to the lowest opacity with respect to gaseous absorp-
soving =q. OT)' € vionte L.arlo (MC) algori mIZ(aV|§ tion for the instrument and can be treated as a “window fre-
et al, 20053 is used for this study. ARTS-MC allows sim- quency”

ulation of cloud scattering in a three dimensional (3-D) at- The absorption for water, oxygen and nitrogen was taken

mosphere with arbitrary geoid and surface shapes, takingprom Rosenkranz(1998, Rosenkranz(1993, and Liebe
full account of polarisation effects. Gaseous absorption is ' '

calculated internally by ARTS, for efficiency reasons pre- et al. (1999, respectively. To this the absorption of roughly

calculated as a look-up tabIBijehler et al.2017). Particle 70 ransitions of other species was added. Figusim-

optical (single scattering) properties were calculated with themarises the tropical average clear-sky radiative properties at
T-pmatrix co%le b ishch?anio E:t al(2002 347.5GHz. The opacity at this wavelength of 0.86 mm is
W ' roughly halfway between the one at 230 GHz and the one at

501/645 GHz, the “window” frequencies of Aura MLS and
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20— i 7 : pbservations (Seck.3 is lost. .However, i_n this case it was
]g \ | :Atm- T judged to be the best alternative for the interpretation of the
17! \ \ < o results.

16 ~ rayleighj Finally, we emphasise that the performed radiative transfer
]i, \ \ simulations dealt with the full three dimensional spherical
13¢ \ ] geometry and considered the full polarisation state.

12f \

Altitude [km]

\ i 3 Absorption vs. scattering

The focus in this section is on the first Stokes elemét (

and expressions considering just this element are used. This
is denoted as “scalar radiative transfer”. These simplified

\ \ expressions are also better suited for explaining the results.

“NOPRPRUITON®OOO—=
Lol

o

50 100 150 200 250 300 3.1 Scalar radiative transfer
Temperature [K]
If polarisation effects can be neglected, the radiative transfer

Fig. 1. Tropical mean atmospheric temperature as a function of al-gyer a short part of the propagation path, extending between
titude (blue), measurell, is a function of tangent altitude (green), pointsi andi + 1, can be approximated as
and the scattering source functiaf) @s a function of altitude (red). ’

The calculation off assumes single scattering conditions, Rayleigh J (; +1) =/ (i)e—k’ +@1- e—kl) [(1-w)B+ws], (8)

conditions and that the zenith anglemfs 90° (Eqg. 10). The fre-

quency is 347.5 GHz and the data represent average tropical condwherel (i) is the intensity (fom) at pointi, [ is the distance

tions (FASCODE). along the path betweenandi + 1, k is the extinction co-
efficient (scalar equivalent ti), w is the single scattering
albedo andS is the source function for scattering. The last

Odin-SMR/SMILES, respectively. The figure also shows thetwo quantities are defined as

scattering source term, which will be explained further down k—a

. N

in Sect.3.3 w= o 9)
The surface was assumed to have a spherical shape and to

a_ct rad|_at|vely as a blackbody. Monochromatlc pencil beamS:/ p(nn')I (nydn, (10)

simulations were performed for tangent altitudes of 4, 12, 14 7

and 16 km, with refraction neglected. The basic properties of

results for 14 and 16 km are the same, and only results foyvherea_ (scalar _equwalent t0) a_nds are t_he absorptlon and
14 km are shown. scattering coefficients, respectively, apds the normalised

- . . . . scattering function. The normalisation is such that

No liquid cloud particles were included, only ice particles.
The complete particle size distribution was represented by
ten discrete sizes. In contrast to the original dat&®igiberg
et al. (2009, which assumed spherical cloud ice particles,
the shape of the particles was assumed to be (solid) oblat
spheroids, with the larger dimension in the horizontal plane.g 5 Extinction
Two aspect ratios were considered: 1.2 and 2.0. The first
value is based on an estimate byvis et al.(2005), who  The extinction has two components, absorption and scatter-
used simultaneous V and H Aura MLS 122 GHz data. Theing out of the line-of-sight. The relative size of the two com-
second value is motivated by the fact that cirrus cloud parti-ponents is normally reported as the single scattering albedo
cles are known to occasionally have very high aspect ratios(eq. 9). Examples are shown in Fi@. The single scat-
with orientation as assumed here (€¢amoto etal.2010.  tering albedo for spherical particles depends on two quan-

Different approaches are possible when preparing particldities, the size parameter and the complex refractive index
populations with the same size distribution, but different as-(n =n’+in”). The real part of the refractive index of io€,
pect ratio. Our approach here was that for each of the ten sizes ~ 1.8 throughout the microwave region and the imaginary
bins the particle number density field and the particle volumepart, n”, increases smoothly from 0.001 around 80 GHz to
are identical for both aspect ratios. As a consequence, th8.01 around 700 GHANarren and Brand2008.
IWC (in gm~3) is the same, independently of aspect ratio. ~The data in Fig2 correspond to size parameterbetween
Note that this approach is not maintaining a constant rada0.04 and 3.7, and thus either Rayleigh conditions{(1) or
backscatter, and thus the perfect matching with the CloudSatlie conditions & ~ 1) apply. For the Rayleigh regime, the

, p(n,n)dn' =1. (11)
T

gxcept for the normalisation is the scalar equivalent @.
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Fig. 2. Single scattering albeda] for five different diameters of

spherical ice particles. Fig. 3. Single scattering albedaw] for spherical ice particles as

function of IWC for 4 different frequencies. Particle size distribu-
tion according to MH97 for 220 K.

absorption and scattering cross-sections are proportional to

d/) andd®/A", respecuvel_y. Th('ase.relatlonshlps gxplaln n plied by Egs. {) and ). The emission generated along a

overall terms why the particle size is the main driver dor .

o . . small path segmemk!/ isaBAl.

(for the conditions spanned by the figure). Particles larger h S he i f-siaht for th

than about 250 um have anclose to 1 throughout the mm Szlsci_ttherln.g w;)to:] eh Ine-of-sight ordt € same segment

range. For smaller particles, the increasevds a function Its § .B ‘Zt '; ot tt.e ?m|55|on an t;cattletrlntgr]] source

of frequency is smaller than expected from the Rayleigh ex- erms % an f ' tr'espec ';r/.e y) ?rerroportlonad'ot. etcor—

pressions, due to the counteracting chang€’in responaing extnction coetficient. (For vector radiative fans-
fer it is, in general, not possible to express the scattering

To better consider real conditions, the mix of different source term as the product of a scattering coefficient and a
particle sizes must be considered, i.e. the PSD. This has P g

been done in Figd where the absorption and scattering co- normalised scattering function, as for the scalar case here.)
efficients have been summed up following the MH97 PSD As its absorption counterpart, the emission source function
(Sect.2.3) and the bulke has been calculated. A more de- depends only on the local condition_s. I_Expressed in bright-
tailed analysis reveals that, for MH97, the contribution to the €SS temperature, the Planck functionBis=T'. The scat-
absorption term peaks for particles around 50 pm, while scat!€1ng source function§, behaves completely differently, it
tering peaks in the 150-300 um size rangéi(et al, 2005 depe_n.ds both on the _scatte_rlng fu_nc_thﬁ.(and non-lqcal
Eriksson et al.2008. MH97 achieves a higher IWC primar- conditions thp_ugh the incoming radiation f|elld (A9). Fig-
ily by increasing the number of particles larger than aboutyrel e>.<empllf|esS for the case of small particles and weak
100 um. Accordingly is found to monotonically increase SCattering.
with IWC in Fig. 3. ) .

3.4 Discussion
3.3 Source terms

A straightforward test of the importance of ice particle ab-
In principle, there is a single source to the measured rasorption is to repeat some simulations with the scattering
diance, thermal emission originating inside the atmospherguantities set to zero. Results from such a test are shown
(cosmic background radiation, solar radiation, and surfacén Fig. 4. The simulations were performed with vector radia-
emission give only very small contributions for the frequency tive transfer, but the results can be understood in the scalar
and viewing geometry considered here). However, both withframework.
respect to physical and simulation aspects there is a large dif- | et ys first assume that scattering dominates totally, which

ference if the radiation is emitted directly or is scattered intog the general assumption that is challenged. In this case,
the line-of-sight, and it therefore makes sense to also separaiey. @) can be written ask(= s)

the source into two terms: emission and scattering.

The emission is directly linked to absorption as long as lo- gy
cal thermodynamic equilibrium (LTE) applies, which is im- 5 =s(S—1). (12)

www.atmos-meas-tech.net/4/1305/2011/ Atmos. Meas. Tech., 4, 13082011
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This equation shows that a fixed scattering coefficiegets

its maximum impact when there is a large difference between
I andS. The case of > S is for longwave radiation only en-
countered when the observation direction is directly towards
the sun and is not relevant here. The other extreme situatior
isI=0.

Equation12 explains whyAT in Fig. 4 for 4 and 14 km
tangent altitude has opposite sign. For 14 km, the clearrsky
is about 50 K, whileS is in the order of 130K (Figl). Thus,

S > I and scattering increases the measured intensity; the
source term exceeds the extinction. The situation for 4 km
is reversed. The extinction acts here on radiation originat-
ing from the lower troposphere ardd> S and the impact of
clouds is to decrease the observed radiance.

This difference between “low” and “high” tangent alti- 0 40 -30 20 -10 0 10 20 30 40
tudes is well-known Emde et al. 2004h Wu et al, 2005 AlKI
Ekstiom et al, 2007). This study deals primarily with the
“high” case. The ‘low’ case is basically parallel to the down- Fig._4. The ice cloud induc_ed change in inten_sity when treating the
looking geometry considered for dedicated cloud ice sensor8articles as purely absorbing (apd, as a function o/ for com-
(Evans et a].2002 Buehler et al.2007). The transition from  Pet€ simulations. The/apscase was achieved by setting both the
positive to negative change indue to cloud scattering de- scattering matrix and the scattering part of the extinction matrix to

zero. The vertical lines show the uncertainty of the scattering cal-

pends on the position of the particles with respect to the tan, ,a1ions (25, originating from the Monte Carlo approach. Two

gent point, but occurs roughly at (the highest) altitude where,ngent altitudes were considered, 4 (blue) and 14 (red) km. If scat-

* 4Kkm
r * 14 km
[ 1to1

(K]

Al

the green and red lines in Figjcross. tering would have had a zero contribution, the results would have
Let us now consider the reverse case, that absorption domended up around the 1 to 1 line (black). The simulations were per-
inates and scattering can be neglected. Then: formed for a frequency of 347.5 GHz and three dimensional tropical
atmospheric data (Se@.3). The particles were assumed to be hor-
2_5 =a(B-1). (13) izontally aligned oblate spheroids with an aspect ratio of 2.

Equations 12) and (3) follow the same pattern, but the fact

that in generalB > S causes important differences. In the gtitudes, scattering dominates even for smallFor “high”

case of the 4km tangent altitudeis just slightly larger than  tangent altitudes, on the other hand, emission plays a larger
B; the absorbed part s replaced with emission of more or lesgo|e than expected, even for large

the same power. This explains wiyi,psis close to zero for
the 4km data in Figd.

For 14 km, we have a parallel situation to the purely scat-
tering case. HoweveR — I is roughly twice as large &&—
(assuming the conditions of Fiff) and some absorption ex- ) _ o
tinction gives a higher B/d than scattering of same strength FlgureSS and6_ show the S|mulat|0n_ results used in this sec-
(a =s). This was pointed out iEriksson et al(2008, but tion. The optical paths’ for the figures were calculated

4 Polarisation

not explained in any detail. by propagating a unit Stokes vectd,0,0,0]”) through
Figure 4 shows this in practice, where on averafjéy,s € atmosphere considering only e;<tinction, and tgkihg
is about 25% of Al although» > 0.8 for most cases —109(/). The cloud optical paths;, , were obtained by

(Fig. 3). The varying distance to the 1-to-1 line is caused Subtracting therf of the corresponding clear-sky calcula-

by multiple-scattering effects, and the fact that some casegons from the total optical paths'.

have widespread clouds with low IWC, and then relatively Figure 5 shows results for 14 km tangent altitude. For

low w, while others are more compact with high IWC and  this tangent altitude the cloud induced change in intensity
If 1 =S then scattering gives no net effect/{dil = 0). is strictly positive, in line with the “high” case discussed in

If B> S for the same position there is a net contribution Sect.3.4. We will come back to this figure in later subsec-

through the absorption coefficient. Hence, at positions withtions.

these conditions, the ice particles effectively actasO0 in- Figure6 shows results for 12 km tangent altitude. For this

dependently of the actual. This small example shows that tangent altitude the cloud induced change in intensity can be

the single scattering albedoonly gives partial information  positive or negative for the same cloud optical paﬁaud.

on the relative importance of absorption and scattering forAs a help to understand this spread/of, the clear-sky op-

measurements of atmospheric emission. For “low” tangentical pathrc’learis included in the figure by colour-coding the

Atmos. Meas. Tech., 4, 1305318 2011 www.atmos-meas-tech.net/4/1305/2011/
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Fig. 5. Simulations of the cloud induced change of the observedFig. 6. Simulations of the cloud induced change of the observed
Stokes vector for a collection of atmospheric states, as a function offtokes vector for a collection of atmospheric states, as a function of
cloud optical path. The simulations were performed for afrequencycloud optical path. The simulations were performed for a frequency
of 347.5 GHz and a tangent altitude of 14 km. The ice particles weref 347.5 GHz and atangent altitude of 12 km. The ice particles were
modelled as horizontally aligned oblate spheroids with an aspectodelled as horizontally aligned oblate spheroids with an aspect
ratio of 1.2 (red) or 2.0 (blue). The vertical lines shows the error ratio of 1.2. The colours indicate the clear-sky optical path of the

estimate £:20') of the Monte Carlo radiative transfer method. atmosphere (errors are of same size as in%$)ig.

plot symbols. The figure shows that clouds embedded in aft"d Symmetric media” they are well-described in textbooks
atmosphere with higher gaseous absorption give lowar (Mishchenko et a).2002 Battaglia et al.2006. The scat-

which is also consistent with Se®.4 Some cases even t€rfing matrix for horizontally aligned aspherical particles, as
show the characteristics of the “low” case with negathe ~ 2SSumed here, is more complex.
High negativeA/ and negativer ! for low clear-sky op- Surface effects can be neglected for 347.5 GHz, and the

tical pathz/__ are indications of compact clouds, proba- radiation field inside the atmosphere without scattering is

bly extendiﬂ%aijownwards and associated with deep Convecgnpolarised [¢,0,0,01"). If a single scatterer is placed in

tion. This situation can reduce the scattering source func—the atmosphere,.the r.adia'tion. scattered into the line-of-sight
tion to such a degree that< 7 for the 12 km tangent alti- "0 €ach incoming direction is
tude. Clouds with the same optical path, but showing a highyz,,7. 7,11, 311, Z41117,
positive AT are likely widespread clouds with relatively low
IWC.

(14)

where/ is the incoming intensity and; ; is the element oZ
for rowi and columnj. That is, for conditions of single scat-
tering, only the first column o is of importance. Example
values for this column are shown in Fig.

The discussion of polarisation effects needs a basic under- The figure treats scattering from a zenith angle of°168
standing of the properties of the scattering mat@). (For  the limb-direction (90). The absolute values of the azimuth
spherical particles and so called “macroscopically isotropicangles do not matter, and thedirection is arbitrarily set to

4.1 The scattering matrix

www.atmos-meas-tech.net/4/1305/2011/ Atmos. Meas. Tech., 4, 13082011
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be at 0. The exact backward and forward directions are not «107°

covered by the figure (they deviate with°lih the zenith I ! 7 (90,0,100,0)

direction), but they are relatively close compared to the width o5l 211(90,0,1oo,¢)

of the “scattering lobes” and the relative size&f at  and _ /\ 221(90 0.1004)

+180° shows that this particle exhibits somewhat stronger & 2 A

forward than backward scattering. This is expected since the £ 100Z,,(0,0,100,6)

particle has a size parameter of 0.62, which is near the lower § 15[ j

end of the Mie regime. (Rayleigh scattering would be equally ; : \ / \ , /
[1]

strong in the forward and backward directions.) ; y N

42 ¢ : A7 TR
] \_/

The magnitude oD is strongly influenced by particle shape

and orientationCzekala1998. For a given shape, the value 08 .
of Q is the smallest for randomly oriented particles. A com- 1 R e R T < I ‘
parison of Fig. 14 and 15 iEmde et al.(20043 indicates 180150 120 -0 -60 -30 O 30 60 90 120 150 180
that this orientation also has the most complex variation re- Incoming azimuth angle [‘]

garding the sign o).

; g . Fig. 7. Scattering matrix elements as a function of incoming az-
_For oriented particles, several studies have shown that thgy, ;i angle, for horizontally aligned oblate spheroids with an as-

size of 0 depends on the asphericity (eMjao etal, 2003,  pect ratio of 2, an equivalent diameter size of 170 um and a fre-

and this can also be seen in Figy. With orientation, the quency of 347.5GHz. In the nomenclature of Etj, the zenith

signs of AT andQ appear to be highly correlated (see F8g.  and azimuth angles of are 90and @, respectively, and the zenith

Fig. 15 of Emde et al(2004g, and Fig. 2 ofDavis et al, angle ofn’ is 100°. TheZ4; is increased by a factor of 100, to make

20053. To the degree orientation exists, it is expected thatthe angular variation visible.

the longest dimension is found close to the horizontal plane

(e.g.Bréon and Dubrulle2004), as also assumed in the set- ample wherd/ is investigated for down-looking geometry is

up of these simulations. In this cas®/ andQ vary in an  Adams et al(2008.

anti-correlated manner. For “low” tangent altitudag is In Figs.5 and6, U deviates from zero only marginally for
negative and? positive, and the opposite is valid for “high” cloud optical path below 0.1, i.e. weak cloud scattering. For
altitudes. these cases Edl4) gives a good description of the radiation

More in detail, horizontally aligned oblate spheroids with scattered into the line-of-sight, where the term of concern
an aspect ratio above one can be thought of having a greatdvere isZz1/. Figure7 shows thatZz; is an odd function of
size parameter in the horizontal direction than vertically (ex-incoming azimuth angle. The odd azimuthal symmetry of
cept for zenith angles of’0and 180 where they are equal). Z3; can be understood from basic symmetry arguments and
This means that the extinction cross-section will be greateithus should be generally valid.
for the horizontally polarised radiation component than for The radiation intensity field, on the other hand, is ex-
the vertically polarised one. Consequently, for “low” tangent pected to depend only weakly on azimuth angle. In combi-
altitudes Q is expected to be positive, as extinction domi- nation with the odd symmetry df3; this results in that the
nates the cloud induced signal (S&t). For “high” tangent  azimuthal integral o231/, for each zenith angle, is close to
altitudesAl and (thus alsa) is dominated by the contri- zero. Hence, the contributionstbfrom the ‘left’ and ‘right’
bution from radiation scattered into the line-of-sight. Since hemispheres for incoming radiation are more or less equally
the particles have a greater horizontal than vertical scatterindprge, but have different sign, and the end result is close to
cross-section, more horizontal than vertical polarised radiazero.
tion is scattered into the line-of-sight. Hence, we exp@ct For any given particle sizeZ3; depends only weakly on
to be negative for ‘high’ tangent altitudes. the incoming zenith angle (not shown). On the other hand,

However, the correlation between/ and Q decreases Zs31 varies strongly with particle size, where even the sign
with the strength of the scattering. This is most easily ob-can change (Fig). This means that small and large particles
served in Fig6, where the cases with highestare mainly ~ give counteracting contributions 1o.
found on the negative side fax/ while Q is centred around The azimuthal independence bfis violated if the scat-

zero (indicating a correlation close to zero). tering point is surrounded by (inhomogeneous) clouds. The
contributions from the left and right sides can then deviate
43 U significantly and the observed Stokes vector can have a sig-

nificantU-value. In addition, the incoming radiation has then
As mentioned in the introduction, we have not found any also a non-zer@, which is converted t&/ by elements o¥
study onU and V for microwave limb sounding. An ex- not covered by Eq.14).
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In summary, a non-zert is primarily an effect of multi- 0.15 I
ple scattering. This explains why has no preferred sign, as —e—Z2,,(90,0,100,30)
the cloud structures are random with respect to the observa: 0.1 "-‘\\ —e—2,,(90,0,100,30)
tion direction. There is no systematic difference betw&en
for the two aspect ratios in Fig. Some caution is needed 0.05 \\
when estimating the clear-sky influence bn The atmo- — oreear®
spheric scenarios exhibit 3D structures for temperature and™ - \,&
the gas constituents, but it is not clear to what extent hori- E‘ 0.05 N
zontal variability is correctly modelled (Se&.3). /

-0.1F

44V
For these simulation conditioris does not reach significant 019 |
levels. The maximum (absolute) value f#dris only 0.035K, 02l P L L
about three orders of magnitude beléw The V-element 0100 300 500 700 900 1100 1300 1500

is a fairly parallel case td/, e.g. Zs1 and Z3; show the Particle diameter [um]

same odd symmetry in Fig. The main difference is that _ . . . _

. . Fig. 8. Normalised scattering matrix elements as a function of par-
Zn<Z3 for most pgrtlc;les. However, this depends on par- | equivalent diameter for horizontally aligned oblate spheroids
ticle size, as shown in Fig. The figure also shows that the ity an aspect ratio of 2, and a frequency of 347.5GHz. In the
switch from positive to negative values happens at a smallehomenclature of Eqi, the zenith and azimuth angles afare
size for Z41 compared taZz; (around 400 and 600 um, re- 9crand @, respectively, and the zenith and azimuth angles’of
spectively). This should result in a higher cancellation be-are 100and 30, respectively.
tween contributions from small and large particles¥athan
forU.
this criterion. As explained below, selecting lowest;,, for
a given cloud scenario, results in that the cloud extinction is
also minimised.

The implications of the results above for retrievals are dis- .~ n|10re elabora:]ed approach ,'3 to |r_10Iude.(r:1Iouds in the rﬁ'
cussed here. It is assumed that gaseous constituents are filgval process. The main consi erapon, wit respegt ot e
main target of the measurements. The data in this section argceuracy for gas species, is to obtain the best possible esti-

reported as brightness temperatures for single polariszation%alte of the extinction caused by clouds, in lack of a perfect
to match the response of real receivers, e.g.: nowledge on particle shapes. This translates into a demand

of a compact relationship between cloud extinction Arfg,

Tg=1+0/2, (15) over a range of particle aspect ratios. (Size uncertainties are
. . . treated in Secb.2)

which follows directly from Egs.2) and @). The difference Some care is needed in this analysis. The “intensity” op-

to the correspondlng.clear _sky case 1S denoted s . tical path used in Figs and6 (z!) should not be used\7;,
As noted above, inversions involving clouds are still a . .
. : ; is better compared to the optical path of the clouds for the
topic of research, and no actual retrievals are discussed here. =~ ~. " . : o i
i . . larisation of concern. That is, the extinction of interest
Instead, some basic assumptions are made. It is assumed tha . o .
. . .~ IS the one acting on the part of the gas emission having the
clouds can be handled, at least, for single scattering situa-

tions. Figuress and6 indicate that the break-point between mea;ured polarlsatu;n. This quantl'ty IS herg denote' d'as
) . T . _and is calculated as', but propagating polarised unit vec-
single and multiple scattering is found near a cloud optical

path of 0.1. This statement is based on the observation tha}?r.s th_rough t_hg _atmosphere. For exampIeT, fgr vertical po-
. . I arisation the initial Stokes vector [4,1,0,0]" (instead of
AT shows low spread and is practically zero for' <0.1.

It is further assumed that the measurements cannot provid[el’ 0.0,01" when palculatmq’). :

any constraint for the particle shape. As shown in Fig9, therg is an equally compact relation-
ship toAT,, for all polarisations and aspect ratios, as long as

5.1 Selection of polarisation tZ is below~ 0.1. Fits to the data in the lower panel of the
figure give basically identical results for all cases. For small

One aim of our study was to investigate which polarisation particles this is not a surprising finding. They are interacting

is theoretically best for the observations. If clouds are ne-with the radiation through absorption and emission, which

glected in the retrievals, the polarisation should be selectedre linked phenomena for LTE conditions.

such that their impact on the spectra is minimised. Consid- For larger particles that cause scattering, BQ) Ehows

ering the anti-correlation betweex/ and Q (and thatQ is that AT}, is also proportional te (the scattering extinction)

larger than/ andV), it is the vertical polarisation that fulfils as long as the terrsi is unchanged with particle shape. This

5 Retrieval aspects
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A | different lines show the optical path for different aspect ratios and
< polarisation components (wheferepresents several components,

2r as explained in text).

1

0 . . . .

tematic pattern between the polarisations can be discerned.

102 10" The conclusion is that all polarisations are equally good with
Z respect to gas species retrievals, and that it should be possible

to maintain an acceptable accuracy up to cloud optical path

Fig. 9. Simulations of cloud induced signal, as function of polari- around 0.1. i . .
sation specific cloud optical pathZ. The lower panel is a magni- However, the possibility of also retrieving cloud properties

fication of a part of the upper panel. The simulations are performecShould not be forgotten. The main aim for observations of

for a frequency of 347.5 GHz and a tangent altitude of 14 km. this type is to estimate the IWC, and the desired property for
these retrievals is smallest possible impact of particle shape
on the relationship between particle extinction and IWC.

is the case for Rayleigh sized particles, as the scattering func- 19ure 10 shows that the vertical and horizontal polarisa-

tion of Eq. (L1) is not affected by particle shape (nor size) as tions lack this feature. This follows from the discussion in
long asx < 1. This is not valid for all particles, but, for the Sect.4.2, explaining that the effective cross-section differs

limb direction, deviations from the Rayleigh scattering func- €tweenv and # polarisation, and this difference increases

tion have only a relatively small influence. The reason for With the aspect ratio. As an example, Wf polarisation is
this is that the radiation scattered into the line-of-sight can€asured, it is not clear if the blue, red or yellow curve
be approximated as step function (see Fig. Eofde et al. should be u_sed to map (_:Ioud extinction to IW_C, assuming
20043, the up-welling and down-welling parts are each morethat the particle asphericity can not be determined by some
or less constant with zenith angle (but have differg)t For ~ Other means. , . o
limb observations, a change of the scattering function is close Th_'s can also be explained by examining the extinction
to symmetric around the break-point of the step function, andMatrix, which has the structure

- L
o

cloud

the net effect ors becomes small. This is a simplified treat- K11(0) K12(6) 0 0

ment of the scattering source term, but the results of #ig. K12(0) K11(6) O 0

show that it is valid in practice. Another way to express this K (¢) = 0 0 K@) Ksza®) |’ (16)
is that the asymmetry factor (in short, the ratio between for- 0 0 —Ksz4(0) K11(0)

ward and backward scattering) is of smaller interest for these

measurements. But note that this symmetry applies only tavhereo is the zenith angle. Thus, the (scalar) extinction
the limb direction. coefficient for the vertical componerjtl(1,0,0]17) is K11+
K12, while for the horizontal one[{, —1,0,0]7) it is K11 —

The compact relationship ta 7, is not found for higher ) . i
K1o. That is, the extinction for V and H differs.

cloud t#, which is a result of multiple scattering. No sys-
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Using the same reasoning, E4.6] shows also that the tionship between cloud scattering extinction ax, is only
extinction coefficient is the same for the45° linear and  weakly affected by the particle size. Consequently, the ef-
left/right-hand circular components, and it451. Thisis  fects of scattering can also fairly well be represented by a
also the extinction coefficient for total intensity, amdis single particle size. A particle size that gives a single scat-
therefore used as the label in Fip for the common cloud tering albedo close to 1 should be selected if it is important
optical path associated with;*>", 7;%%, T/ and T["°.  to maintain a clear distinction to the absorption of the small
But keep in mind that itself usually can not be measured mode. However, it should be more important to maintain a
directly. high similarity between the scattering functions of the parti-

It turns out that theX'11-element is only weakly affected by cle type applied and the true particle ensemble. This points
the aspect ratio (maintaining a constant volume) for the influ-towards using a particle size around 200 um, as the product

ential particle sizes, and the curves in Fig.of ¢/ for differ- of scattering cross-section and the PSD (assuming MH97)
ent aspect ratios are close to identical. Hence, the mappingeaks in the range 150-300 puiW et al, 2005 Eriksson
from extinction to IWC for observations df %>, 7,4%,  etal, 2008.

Tl'ghc andTJ{;hc has a low sensitivity to uncertainties regarding A representation in terms of different particle sizes is as-

the particle asphericity, which is an advantage over the V andumed above. The task of the retrieval is then to determine

H options. the number density of each particle size. A similar option
Spheroidal particles were assumed in this study, and thés to instead operate directly with the optical properties. In

situation is more complex for more realistic particle shapesterms of Eq. 8), the two retrieval quantities are then the ab-

However, the discussion above should be relevant as longorption @) and scattering coefficients)( The normalised

as the particles have random azimuthal orientation and necattering function ) can either be fixed or given a pre-

particular shape symmetry. defined relation te.
The discussion above assumes that the retrieval can esti-
5.2 Representation of particle sizes mate absorption and scattering, at least partly, as indepen-

dent effects, but to what extent this is possible in practical
Conceptually, the simplest option for the retrievals is to as-retrievals is not investigated here. However, the possibility
sume a PSD parametrisation, exactly as done for the simulapf separating the two effects increases if data from two or
tions here. A general parametrisation, such as MH97, coulgnore wavelength bands can be combined. For single band
potentially describe average conditions correctly, but the in-retrievals, a high variation of the gaseous absorption over the
stantaneous local PSD can deviate strongly. That is, a gerpand should be required. If the effects can not be separated,
eral relationShip between IWC and extinction does not EXiSt.the clouds have to be covered by a Sing|e retrieval Variab|E,
Accordingly, IWC is not a suitable variable to represent the with a pre-defined relationship between absorption and scat-
cloud properties and it should instead be better to directlytering, most likely following a PSD parametrisation.
retrieve the relevant optical properties of the cloud particles.

Each particle type that is introduced into the representa-
tion of the optical properties causes an additional calculatior6  Conclusions
cost. Furthermore, the observations provide even in the best
case just coarse information on the PSD. Thus, the numbeWwe performed detailed simulations of microwave limb
of variables to describe the particles should be kept as lowsounding at 347.5 GHz involving ice cloud scattering. The
as possible. But what is the minimum number of variablesinput to the simulations was generated with care, including
required to represent the particle properties? three dimensional cloud scenarios, to achieve as realistic sim-

In Sect.3 it was shown that particle absorption can not ulations as possible. The primary aim of the simulations was
be neglected, and that the source functions associated witto improve the general understanding of absorption and po-
emission and scattering differ. Hence, at least two variabledarisation effects caused by ice clouds. Hence, the purpose
are needed to give the retrieval a possibility of fitting effects was not to provide exact statistics of cloud induced radiance
originating from both absorption and scattering. These ef-changes. This is anyhow not possible as some input vari-
fects can in rough terms be assigned to ‘small’ and ‘large’ables have large uncertainties, where particle shape and sizes
particles, respectively. are the most prominent examples.

Absorption effects are fully described by the absorption A main conclusion is that the impact of particle absorp-
coefficient @), and a single size is sufficient to represent thetion is of much higher concern for limb sounding than for
impact of the small particles. If this absorption coefficient down-looking measurements. This difference results from
can be determined, it can be translated to an IWC with higha combination of two factors. Firstly, limb sounding gives
accuracy, as absorption in the Rayleigh domain is proporemphasis to higher altitudes where the ice particles tend to
tional to the particle volume (Se@&.2). have smaller sizes. This gives a higher relative importance

The results in Secb.1indicate that an exact representa- of absorption for the particle extinction. Secondly, there is a
tion of the scattering function is not needed, since the rela-higher contrast between the “radiative background” and the
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emission source term for limb sounding. For down-looking clouds there is a compact relationship betweesnd ATy,

data this contrast is close to zero, any particle absorption isndependent of particle shape and observed polarisation com-
replaced by particle emission of almost the same magnitud@onent measured. This in its turn signifies that it should be

and the net effect is small. These aspects are not coveregossible to perform gas species retrievals with high accuracy
by the single scattering albedo, the standard measure on ttfer t <0.1.

ratio between scattering and total extinction. With respect to the retrieval of gas constituents, there is

This conclusion has several practical consequences. A firdhus only a small difference between the polarisation op-
consideration is the generation of the atmospheric scenations. Measuring the vertical component has a slight advan-
ios. The magnitude of scattering at 347.5 GHz is constrained@ge since it minimises the cloud extinction. On the other
fairly well by the CloudSat data from 94 GHz. Rayleigh con- hand, we showed that observifig or 7;; leads to a depen-
ditions in general apply for both frequencies and the strengtiflence on the particle aspect ratio for the conversion from
of scattering can be scaled aﬁ/x‘z‘. On the other hand, cloud extinction to ice water content.(IWC). A$ andV
CloudSat gives no information on particle absorption and thehave small values (at least for low, using any of thet45°
magnitude of absorption thus becomes a consequence of tH¥ circular components is basically identical to measuring the
assumed particle size distribution (PSD). However, PSD palotal intensity. The intensity equals the average offtfjend
rameterisations must be judged as uncertain and the applicds components, and the brightness temperature of this aver-
tion of a single PSD for all cloud types is a strong simpli- age is much less affected by the particle shape #jaand
fication. This generates a substantial uncertainty for soméfl’; separately. Hence, for retrievals of IWC, it is preferable
of the results, such as the exact values Adr and relative  to select a polarisation component associated Withr V.
importance of absorption. A related aspect is to make use of measurements of the

Furthermore, no general relationship between cloud ex-Same air volume from two orthogonal polarisations. If both
tinction andAT;, can be established, it depends on the ra-measurements are'from an |dent|§:al position, no additional
tio between particle absorption and scattering. This forcegnformation is obtained by observing the45° or circular
the retrieval to handle the cloud optical properties with atcomponents, while the combination of tiig and Ty com-
least two variables, and, if the measurements provide the ned20nents gives a means for a simple detection of cloud influ-
essary information, retrieve these variables as independerftces and possibly also an estimation of the particle aspect
quantities. This in order to both avoid systematic errors for'atio. However, if the two measurements come from two dif-

the gas constituents and to achieve a correct mapping of thierent pos_itions, it is hard to disentan_gle to what extent dif-
cloud extinction to ice water content. ferences ihT;, are generated by particle shape effects and

. . ) . : changed propagation path through the cloud. In the later
These simulations confirm earlier results regardingdhe case, it should be better to avoid the influence of particle

element of the Stokes vector. The difference between thesha & by using either thed5 or circular components. and
brightness temperature of the verticdl;j and horizontal pe by 9 P f

70 i i ith th t ratio of th focus on using the two measurements to improve the spa-
(T5) linear components increases wi € aspectratio 0T IN&;a) resolution of the retrieval. This discussion is directly ap-

pa_lrticles, assumin_g that they havg a tendency f(_)r orientatiorE.)Iicable to the PREMIER mm limb sounder, and this study
alignment. An azimuthal orientation of the particles would confirms the initial decision to use45° polarisation for the

give an impact of particle shape also on the higher Stc’ke%verlapping beams of this instrument
elements// and V/, but this effect has not been studied due Despite the fact that the simulations can be considered

to the I.ack of usejul mppt for the S|m.ulat|ons. 'For oblate as quite detailed, they have several limitations that must be
spheroids, or particles with random azimuthal orientation,

that are more or less constant With the azim.u.thal angle_ir‘hon would have been found. The main microphysical vari-
the ab;ence c.)f clouds, and such |nhomogene|t|e_s are ma'nlé(ble governing the degree of polarisation should be the (bulk)
associated with cloud effects already in the radiation to beaspect ratio. and here two different values were used. How-
scattered into the line-of-sight, i.e. multiple scattering. The | '

o ) ) ever, it should be kept in mind that a single particle size distri-

value O.fU can be_ significant, while th(_e maximum value of bution was applied and no other particle shape than spheroids

v obtained here is below 0'0.35 K, Th.'s Is due to the Iowerwas considered. As long as the particles can be assumed to

values O.f the relevant §catter|ng ".‘a”!x element\forgnd have no preferred azimuthal orientation, this simplification

a!so a hlgher cancellation of contributions from particles of should be acceptable, but highly deviating results could be

different size. obtained by assuming oriented particles of special shapes,
The results indicate that single scattering can be assumegspecially for Stokes elementsandV .

for cloud optical pathst) below about 0.1. For example,

nonzero values fot/ andV are only found above that level.

In addition, it is shown that for these conditions of thinner
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