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ABSTRACT: In this paper the effect of investigation is limited to the hexagonal crystal
changing the crystal shape of hexagonashape. The analysis is performed on the basis
ice crystals on ATSR-2 retrievals of cirrusof ATSR-2 refectivity measurements made
crystal size reff) and optical thicknesst over a tropical cirrus anvil in the area of the
is investigated. The 0.8fm and 1.6um  southern Pacific Ocearfl4°N, 134°E) on
channels of ATSR-2 are wused toSeptember 6, 1996. The potential of retrieving
simultaneously retrievaett and 7. The microphysical parasters of (airus) clouds
shape of the crystals is adjusted byfrom ATSR-2 dta has been demonstrated
changing (1) the degree of crystalbefore by e.gWatts(1995) and Baran et al.
imperfectness, an@®) the crystal aspect (1998).
ratio (the ratio of the two principal crystal
axes). It is found that, by varying the
degree of crystal imperfectness, consisterATSR-2 measurements
nadir/forward retrieval obothreft and 7 is
problematic. Consistent retrievals oéf The reflectivity measurements are obtained by
prove to be possible for a broad range othe Along-Track Scanning Radiometer (ATSR-
crystal aspect ratios. By considering2) on board the ESA/ERS-2 satellite. This
existing relationships between aspect ratiamaging instrument produces images of the
and crystal size, it appears that most of th&arth at three visible/near-infrared
retrieved combinations of crystal size andwvavelengths (0.55, 0.67 and 08m) and four
aspect ratio are inconsistent with thesenfrared wavelengths (1.6, 3.7, 11 andpif).
measurements. The instrument has been designed to observe
the same scene in nadir view (zenith angle
between 0° and 25°) and in forward view
Introduction (zenith angle between 52° and 55°)._ The
spatial resolution at nadir is aboutx11 knf.
Several studies suggest that the accuradyor the analysis presented here we utilized
of crystal size and optical thicknessmeasurements made at wavelengths of 0.87
retrievals from atellite measurements is and 1.6um, and in nadir and forward viewing
dependent on the assumed particle shapirections. These directionsorespond to
in single-scattering models. Mishati® et scattering angles of 161° and 121°,
al. (1996), for example, pointed out therespectively. The solar zenith angle at the time
importance of using the correct particleof the ATSR-2 overpass is 23°.
shape model for cirrus clouds, i.e. crystal The case used for our analysis has formerly
instead of watedroplet. Since ice clouds been described by Knap et al. (1999). For the
may consist of a variety of non-sphericalsake of clarity, some of the results shown by
particles, such as hexagonal columns othese authors W be repated here. As an
plates, dadritic crystals, needles, and allexample, Figure 1 shows the cirrus eeflvity
sorts of complex-shaped crystals (Auemeasurements at 0.87 and firé for the nadir
and Veal, 1970), the question of whichviewing directon. Going from the lower left to
crystal shape(s) should be used isater the upper right corner of the figure, the
of debate. In this paper we investigate thebserved cloud system gradually thickens from
effects of changing the degree of crystathe single scattering regime to the asymptotic
imperfectness and the magnitude of thdimit of optically thick crrus. The fattening of
aspect ratio (the ratio of the two principalthe curve is typical for measurements made at
crystal axes) on satellite retrievals oftwo wavelengths for which the absorption of
crystal size and optical thickness. Theice is highly different: the imaginary part of the



refractive index of ice al.6 ym is three Here, we define the effective crystal size
orders of magnitude larger than at O\ reff as the volume-equivalent sphere radius for
(Warren, 1984). the hexagon:
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In order to retrieve andres, we followed a
look-up table approach €thils are described
by Knap et al.,, 1999). The retrieval aofis
mainly determined by th@.87 um reflectivity,
whereas there is a strong sizeeetfon the 1.6
um reflectivity (at1l.6 um the single scattering
albedo depends to a high degree on the particle
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Figure 1: ATSR-2 nadir measurements of
reflectivity at 0.87 and 1.Am made over a tropical Results
cirrus anvil (small dots), compared to model

calculations for a cloud consisting of s_ingle-sizedpigure 1 shows, besides ATSR-2
imperfect hexagonal ice crystals (open circles). measurements, model calculations for three
clouds consisting of impeg€t hexagonal ice
Retrieval method crystals of different size (all columns with=
etrieval metno 30°). The crystal dimensions are taken from
For simultaneous retrieval of effective tlhgeg 4§:Sa)rF1)d %%tr?eshbg%y téHeeéﬁlearnacémvg%e%Ser,
crystal size r(efr, to be defined below) and um (type C1) 26|5)m (C2) and 51um (C3).
?gctlgglivﬁ?é%knesvsew frc&r(r)lmggg A-I;?nR'lé Apparently, the ATSR-2 measurements are
X . PEC J dequately explained by calculatiofier a
scattering calculations with a model base loud consisting of impegtt crystals of type
on the principles of geometrical optics an 2. This suggests that the vaildpin crystal
ray-tracing  (described by Hess et al"size over the cirrus cloud system is relatively
1998), and multiple cattering calculations mall. which makes the selected ATSR-2
with a model based on the doubling-addin magé a good case for studying theeeff of

method (described by Stammes, 1994). assumed cor -
S . ystal shape on retrievals of crystal
The basic ice particle that we used for, ize.

single scattering calculations is the regula Figure 2 shows retrievals afandrei for a
hexagonal crystal. The shape of the crysta&loug consisting of impeett ﬁgxagonal
is defined by two parameters:anda. The columns & = 30° andA = 1.4;: COP type C2).
first parameter, the aspect ratio of theNadir- and forward-derived values s agree
crystal, is the ratio of the crystal c-ax@ ( well: on average we findesr = 28 + 2 um
?enlgtéhse ?(;ags ?grt-l';l ?r? sdeecorg(g pgfr &?rsrst aEnadir)_andeff = 27 * 1um (forward). In order
imperfectness. ie. a dev?ati diom thé o avoid large retrieval errors, these averages
idepal hexagonal shape. Following Macke et’s"¢ calculated using only pixlésr which 7 >
al (1996% crystzfl ' impeet:tr?ess i 0. In this regime the retrieval error g due

' ’ . to errors in the ATSR-2 refttivities is
modelled by randomly tilting the crystal ggtimated to ba-2 um. Retrieval errors i
surface every time photon inteacts with are generally small, ranging from 2 for
and airfice interface. The maximum tilt ptically thick clouds to 0.2 for optically thin
(zenith) angle is indicated by the IO""ramewglouds. All errors are estmbted on the basis of

a mentioned above. The valug = 0° :
corresponds to the ideal hexagon. Th(?an absolute error of 0.01 in the ATSR-2

larger a, the more the crystal shape eflectivities.

. : The retrievals ofr reveal a trend for nadir-
deviatesfrom the ideal shape. Hess et al.4_ api -
(1998) sate thato = 30° is a suitable value derivedr and forward-derived to diverge as

. . T increases. In the following two subsections
for irregular hexagonal ice crystals. we will investigite the effect of changes an



and A on the retrievals ofr and rett.
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Nadir-derived r(forward)). If nadir and forward retrievals are

. . . consistent, the ratio and the slope both equal unity for the
Figure 2: Nadir- and forward-derived andrer for  ggmeq. P g b

a = 30° andA= 1.4 (COP type C2). Note that the

axes are divided into two parts: one fd0-40) and . .
one forrer (20-40um). Changing the aspect ratio

Changing the maximum tilt angle Starting point of the computations presented in
this section is the variation of the aspect ratio

Figure 3 summarizes the effect of changin@f hexagonal ice crystals with size, according
the maximum tilt angler (i.e. changing the 10 Hess and Wiegner (1994) (Figure 4). The

degree of crystal imperfectness) on theshape-size relationship presented by these
retrievals ofr andre. Shown are the ratio @uthors is based on measurements made in

of nadir- to forward-derivedett and the hatural clouds and compiled by Auer and Veal
slope of a linear fit through theath pairs (1970).

of nadir- and forward-derivedr. The 6 .
largest difference betweensinadir) and
refi(forward) is found forr = 0°, where the 5 -

former is about 41m larger than the latter.

Apparently, best agreement between the

two quantities is reachddr a ~ 35°.

The decrease of the raticeri(nadir) /

refiforward) with increasingr is mainly on

account of an increase irefi(forward).

This quantity increases uniformly from ~

23um (a = 0°) to ~ 28um (a = 40°). T R sl
Whereas refi{nadir) and rer(forward) 1 e 1one

agree better as increases, best agreement Bifective radius {um)

for 7is obtained forr close to 0. For larger rgye 4: Aspect ratio | as a function of effective

a, 1(nadir) overestimateg(forward), in  crystal radiusres), according to the COP data library of

particular for optically thick clouds. In optical properties of hexagonal ice crystals (Hess and

conclusion we may state that wenoat Wiegner, 1994).

reconcile nadir with forward retrievals of _ ) _
both T andref by varyinga. We chose eight different aspect ratios,

varying from 0.05 (flat hexagonalagik) to 5.9
(long hexagonal column). This range more or
less covers the shapes found in the COP data
library. To focus on the edtt of changes in
the aspect ratio only, the maximum tilt angle

Agpect ratio (column)
1
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was fixed to its value for rough crystats ( typical relationship between aspect ratio and
= 30°). Table 1 summarizes the results.  crystal size. Hess and Wiegner (1994) give
ranges of maximum crystal dimensidD) (for
Table 1: Results of the aspect-ratio experiment. Thedifferent aspect ratios. If we compare these
average maximum crystal size is indicated by %/vith maximum crystal sizes derived from the

The range in the fifth column refers to the range o
maximum crystal sizes corresponding to a certai TSR-2 data (Tablel), we can conclude that

aspect ratio, according to Hess and Wiegner (1994fhe range of solutions is narrowed
The bold numbers indicate ATSR-2 retrievals thatSignificantly, and that only two crystal shapes

are consistent with these ranges. produce maximum crystal sizes that are
consistent with the measurements (bold in

A Fett () D RangeD) sope  Table 1).
nadir  forw.  (um) (um) ) As for optical thickness (see last column of

005 16+1 17+1 42 > 900 079 Table 1), the slope deates always
01 191 20+1 40 > 200 088 significantly from unity. So, in contrast to

025 23+1 24%1 34 <40 079  varying a, changing the aspect ratio of the
05 28+1 27+1 32 <20 081 crystals does not lead to consistent retrievals
125 28%2 27+1 60 <20 082 of r for nadir and forward viewing angles.

1.4 28+2 27+1 63 40-90 0.81

25 251 26+1 86  200-400  0.74
59 241 25+1 149 900-2000 076 Concluding remarks

Concentrating on the effective radius, twoln this paper we investigated the effect of the
regimes can be distinguished: one wher@ssumed shape of imperfect hexagonal ice
reff is insensitive to variation in the aspectcrystals on ATSR-2 retrievals of efftive
ratio (0.5< A < 1.4) and one whereerr ~ Crystal-size i(ef) and optical thicknesg) of a
decreases with decreasing or increasingopical cirrus anvil. Two shape experiments
aspect ratioA < 0.5 orA > 2.5). In the Were performed: changing the degree of
first regime, where the crystals are neithefrystal imperfectnes§rom a = 0° toa = 40°)
very long nor very flat, the single and the aspect ratrom A= 0.05t0A=25.9).
scattering characteristi¢for the sattering The effect of changing on mean retrievals
angles considered) are determined by thef reff can be up to five times larger than the
volume of the crystals, and not by theirStandard error in the mean of the ATSR-2
shape: for fixed eéctive radius, or retrievals (Spm compared to lum on an
volume, the phase function appears to b@verage of 28im for irregular crystals). The
insensitive to variation in the crystal shapeeffects ofa onret and 7 are highly correited
(result not shown). In the second regime(Figure 3) which, in this particular case,

the model cirrus cloud consists of eitheresulted in the fact that, by varying we
flat plates A < 0.5) or long columnsA(> could not obtain consistent retrievals fwjth

14) Opposite to the situation in there.'ff ar!dT for the nadir and forward VieWing
former regime’ the phase function isdlrectlon of ATR-2. In this rESﬁ_Ct it $ould
sensitive to variation in the crystal shapebe noted that the set of experiments that we
flattening or elongating of the hexagonscarrled out IS not exhaustlve._ For example, we
leads to a strong reduction in the phas&ave not variedh for a = 0° (ideal hexagon).
function for the two wattering angles Besides, we have not investigated any
considered (not shown). Referring to thelnadequacy with respect to the multiple
retrieval ofreft, the reduction in the phase Scattering model. It is conceivable that
function is compensated by a decrease ifomplex factors, such as vertical cloud
the degree of absorption. This explains thé&tructure,  contribute  to  nadir/forward

observed reduction in the retrievedinconsistencies. _
effective radius, or volume, of the ice The aspect-ratio experiment learned that

crystals. retrievals ofreff and 7 are possible for the

The results described above suggest th&ntire range oA considered (0.05 - 5.9). Fér
there is no preference for a certain valudetween 0.5 and 1.4 the retrieval o
of the aspect ratio: retrievals off andt  appears to be insensitive to variation An
are possible for the entire range 0.05 — 5.9utside this rangerett decreases significantly
However, Figure 4 suggests that there is dargest decrease: from 28 to 16n as A



decreases from 0.5 to 0.05). Throughreflectance and optical thickness retrieval

consideration ofin situ measurements of accuracy to ice particle shapé. Geophys.

crystal size and aspect rafioot rehted to  Res, 101, 16973-16985.

the present study), it appeared that most dbtammes, P., 1994: Errors in UV edtivity

retrieved combinations of crystal size and and albedo calculations due to neglecting

aspect ratio are inconsistent with thesepolarisation. EOS/SPIE Volum&311, 227-

measurements (Table 1). It is therefore 235.

important to note that relationshipsWarren, S. G., 1984: Optical constants of ice

between crystal size and aspect ratiofrom the ultraviolet to the microwavéppl.

derived fromin situ measurements are Opt, 23, 1,206-1,225.

indispensible as constraint in retrievalWatts, P. D.,1995: Potential use of Along

methods. Track Scanning Radiometer datar cloud
parameter retrievaGPIEVol. 2578 30-45.
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