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Abstract. In the last few years diode array spectroradiome-of the different cloud types (Goody and Yung, 1995). Spe-
ters have become useful complements to traditional scanningialist radiative schemes, including those that are chemically
instruments when measuring visible and ultraviolet solar ra-based, similarly rely on scattering processes, as the location
diation incident on the ground. This study describes the ap-and cloud microphysics determine the actinic flux received
plication of such an instrument to the problem of measuringthroughout the atmosphere (Webb et al., 2002). However
the radiation scattered by different cloud-types in a labora-oversimplification of the complex microphysics and the sin-
tory environment. Details of how the instrument is incor- gle scattering process can have a large impact on the validity
porated into the experimental set-up are given together wittof such models; likewise much emphasis needs to be placed
the development of the system as a whole. The capability ten ensuring that improved radiation treatments are no more
measure a full spectrum for each scattering angle is an unaumerically intensive, yet provide a significant step-up in the
doubted advantage, although the limited sensitivity impactsaccuracy of bulk radiative properties for typical clouds at a
on the usefulness for optically thin clouds. Nevertheless exwide range of wavelengths. Experimental evidence is pivotal
ample results are presented: (1) scattering phase functioria selecting the optimum simplification for all these cases,
at a range of wavelengths recorded simultaneously for waas well as to verify new single scattering predictions for in-
ter clouds, showing spectral deviation at the rainbow anglecreasingly complex and realistic cloud particles.

and verification of Mie theory; (2) likewise for mixed phase In a related vein, atmospheric remote sensing relies upon
clouds, with evidence of both halo and rainbow features ina knowledge of scattering processes for retrieval of cloud lo-
a single scattering function; and, (3) detail of the forward cations, types and composition, amongst other atmospheric
scattering region in a glaciated cloud showing a barely pervariables. This is so whether the instrument is space or
ceptible halo feature, with implications for the small-scale ground-based, active or passive in nature (for example Chep-
structure of the ice crystals produced. fer et al.,, 2001; Donovan et al., 2001). Satellite remote
measurements of environmental and geophysical variables
must also deal accurately with the cloud-radiation interac-
tion. Many of these applications require the wavelength de-
pendent aspect of scattering to be properly constrained for

Clouds are without doubt the most important regulators ofaceurate data retrieval. .

radiation in the atmosphere, and thus a reliable treatment of Furthermore spectral scattering by cloud types has a num-
scattering is required in many areas. Although single scatterPe" of immediate implications for human activities. First
ing numerical schemes are available they are often too comthere are notable biological effects that depend primarily on
putationally intensive to be included as a component part of€ intensity and wavelength of radiation incident at ground
a large model, such as a NWP model. To improve the aclevel. Not !east amongs_t these is an increase in the inci-
curacy and range of forecasts an appropriate simplificatiorfl€nce of skin melanoma in Europe, both malignant and non-
should be incorporated into the code. Typically this is doneMalignant, a primary risk factor being exposure to ultravi-

without any spectral dependence and with limited modelling®!€t radiation (for example, de Guijl, 1999). Additionally
the ultraviolet and visible ranges of the solar spectrum are

Correspondence toA. R. D. Smedley of critical importance for the wider biosphere, both for crop
(andrew.smedley@manchester.ac.uk) production and unmanaged ecosystems.
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Lastly an improved understanding of the scattering pro-ber. All internal cloud chamber surfaces are painted matt
cess can be useful as a counterpoint to its role in futureblack to minimise reflections.
global warming scenarios. In many regions of the world Thermostatic control allows the temperature of the cold
an integrated approach towards renewable energy is mosbom to be reduced te 40°C; the actual temperature within
favourable, with wind turbines and solar panels providingthe cloud chamber is measured by 8 calibrated K-type
differing proportions of the power requirements dependingthermocouples, cold junction compensated on a controlling
on the prevailing weather conditions. The solar PV cell in- board, and each with a resulting resolution of°@2The
dustry is still largely in its infancy, with the power output standard deviation of each thermocouple in the range 0 to
of different devices being related to both the wavelength and-20°C is 0.9 C with a time response to step changes of 12 s.
angle of incidence of radiation on an individual basis (for Water vapour is produced by a applying a variable voltage
example, Parretta et al., 1999). Hence analysis of a site’s clito a steam generator located beneath the cloud chamber. As
matology can allow appropriate device characteristics to bghe steam enters the cloud chamber it condenses, the tem-
selected, optimising future power output. Spectral scatteringperature and time spent by individual cloud particles within
will also play an important role in predicting the day to day the chamber determining the microphysical properties. The
contribution to a region’s energy requirements. addition of an external vacuum pump enables the cloud en-

Previous laboratory scattering studies have typically usedvironment to be held in a steady state for a longer period of
lasers as the light source, and although this provides an intime than otherwise would be feasible; additionally it pro-
tense highly collimated beam, it limits results to a sole wave-vides a flow of air from the main cloud producing part of the
length (for example Sassen and Liou, 1979 and more recentlgloud chamber, down through the scattering chamber, and
Rimmer and Saunders, 1997). Ideally multiple wavelengthspast the 2-D probe detection region, before exiting the cold
would be scattered and recorded separately in a single inroom.
stance. Diode array spectroradiometers (DASR) have already Nucleation of the vapour injected into the cloud chamber
been used to this end in ground and aircraft based radiationan be achieved in one of two main ways: one is the addi-
measurements (Bais et al., 2005; Kylling et al., 2005; Jaketion of a refrigerating catalyst (often achieved by inserting a
et al., 2007); here their application to the problem of singleLN2 cooled metal rod into the supercooled cloud), another
scattering by various cloud types will be described, togetheiis the “pop-gun” method where sudden adiabatic expansion
with some example results. Further details are available irof moist air creates many small ice crystals. Both are essen-
Smedley (2003). tially “one-shot” methods and therefore do not help to sus-
tain a controlled steady-state particle size distribution. The
latter method, however, has been adapted to create a continu-
ous nucleation method for ice and mixed phase clouds, as in
Rimmer and Saunders (1997). To achieve this, compressed

In ord h | . . ¢ Aair is supplied at 2 to 3 bar to a solenoid valve located within
n order to measure the spectral scattering properties of varig, o ¢|q,,q chamber. An electrical pulse circuit allow$0 ms

ous cloud types in a laboratory scenario a number of compo; ulses of compressed air to be released every few seconds

nent parts must be realised and controlled. These are: co fom the valve. Pulse length and frequency are adjustable

ta;lnr:nenlt ag,d czr)]ntr_ol ?f the clpuq prodlgtl:ed; ?ﬁtermg‘?t'znenabling cloud conditions to be stabilised for up to 10 min.
of the cloud's p ysica properties; a stable, co |mate_ 9 L For further details on nucleation methods see Sect. 3.4.
source; and the ability to measure the scattered radiation at

a number of different angles with respect to the incoming, 5 Measurement of cloud physical properties
beam. '

2 Experimental set-up

To size and identify cloud particles an optical array two-
2.1 Cloud chamber and production dimensional greyscale probe (model number: OAP-2D-

GA2) provided by Particle Measuring Systems Inc. is placed
The cloud chamber used in this study has previously beereneath an aperture of diameter 150 mm in the base of the
used in other cloud microphysical investigations, as has thescattering chamber. A downward draft from the vacuum
scattering chamber and 2-D probe (Rimmer and Saundergump draws cloud particles between the 2-D probe tips and
1997; Saunders and Rimmer, 1999). The cloud chamber ishrough the laser beam sample volume. Each particle causes
housed within a walk-in cold room of internal dimensions a shadow to be cast on a 64 element photodiode array. The
approximately 2 mx2 mx2m. The walls are 0.2 m thick and degree of shadowing is encoded as a two-bit digital signal
insulated, entry being by a double door airlock. The cloudwith three levels of shadow termed min, mid and max equat-
chamber itself is 1.22m1.17 m in area, with a height of ingto 25 to 50%, 50 to 75% and greater than 75% shadowing.
0.90 m; the base is raised 0.9 m above the cold room floorimaging occurs between the probe tips at an effective reso-
Scattering of radiation occurs within a cylindrical chamber lution of 10um, with a maximum particle width of 620m.
of diameter 450 mm located on the base of the cloud chamThe instantaneous conditions of all 64 photodiodes together
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form a horizontal image slice; these are recorded at a rate Next the collimated beam passes through a 320 nm high-
proportional to the vertical component of the particles’ ve- pass step filter to protect the liquid light guide (LLG) from
locity to form complete 2-D images. the shortest UV wavelengths. It is then focused onto the en-
Ordinar“y the slice rate must be set such that an imagérance of the LLG which directs the beam towards the outer
exhibits the same aspect ratio as the particle that formed itedge of the scattering chamber. The LLG is a flexible tube
An anemometer connected to the purge air tube allowed thd m in length, with a diameter of 5mm, containing a trans-
slice rate to be set thus, once corrected for losses and the rat/issive liquid sealed by stainless steel tubing and quartz win-
of the tube cross-section at both points. dows at both ends. It has advantages over traditional fibres
In the case of droplets, the method of “oversampling” was'ith @ high acceptance angle of 7zhigher UV transmit-
used to determine the particle size distribution (Smedley ef@nce and does not suffer from fibre breakage. However the
al 2003). This essentially follows Reuter and Bakan (199g)liauid does freeze at-5°C and therefore the portion within
where a linear fit is obtained between the particle diametef€ cold room is heated to prevent this.
(estimated from the total number of shadowed image pixels) At the exit port of the LLG is attached a 38 mm diame-
and the proportion of min shadowed pixe|s_ Fundamenta”yter F/2 fused silica lens assembly to collimate the output. A
however the slice rate is increased by a factor of 10, therebyhin aperture stop with a diameter of 1.33 mm has been in-
stretching the droplet image to an ellipse. The primary ad-serted against the window of the LLG to limit the maximum
vantage is that the number of pixels is greatly increased aldivergence of the beam to 0.50The optical axis of the col-
lowing the method to size particles down tifh. The in-  limated beam is then aligned with the axis of the entrance
crease in size of the diffraction image as the particle movegnd exit ports of the scattering chamber, by positioning the

away from the object plane is intrinsically taken into account. marginal radiance distribution of the beam symmetrically on

In the case of ice crystals, oversampling offers no beneLOth-

fits and the slice rate is set to preserve the aspect ratio of The useful beam power delivered to the scattering cham-
cloud particles. This allows crystal habits to be identified ber, however, is a small fraction of that developed by the arc
more easily, more so as the temperature and nucleation démp. Collimating the beam, selecting UV and visible wave-

each cloud sample is controlled; crystals are then sized. Foengths, and reducing the divergence all contribute so that
both droplets and crystals, to derive the particle size distri-only 5W is directed into the scattering chamber.

bution, the particle count is correctly adjusted for the sample

area which is particle size dependent, together with the prob@.4 Measurement of the scattered radiation

busy rate.

In order to measure the scattered radiation a DASR is used.
2.3 lllumination of the cloud sample This is a relatively new method of capturing spectral data. It

does have limitations compared to scanning spectroradiome-
An ozone-free 1000 W Xenon arc lamp (Oriel Instruments, ters: a relatively poor dynamic range and lower sensitivity at
CT) is used to illuminate the cloud formed within the cham- UV wavelengths. In our case though the advantage of being
ber. Itis powered by a constant Wattage arc |amp Suppbable to record a full spectrum withinl s outweighed these,
which maintains the idealised power output to within 2%, allowing scattering data for a cloud to be recorded within less
once thermal equilibrium has been achieved. This was foundhan 10min. The difficulties of cloud reproducibility pre-
to require at least 30 min, and hence this time was allowedrludes using a scanning spectroradiometer for more than a
between ignition of the lamp and the taking of measurementscouple of wavelengths; likewise illuminating the cloud with
To mitigate against any extra instabi"ty, as seen by Bolsee e[nonochromatic radiation and recording with a broadband de-
al. (2000), the scattered spectrum is normalised by the direciector is not a realistic option.
beam spectrum for each cloud sample. The DASR consists of a pair of monolithic monochro-

The lamp is contained within a force-ventilated safety mators each with fixed concave imaging gratings contained

housing located adjacent to the cold room. In the housing¥ithin a single 19 inch-rack mountable unit. The diffracted
resides an integrated F/1 UV grade fused silica condenser as§Pectra are incident upon two separate linear diode arrays;
sembly on one side of the lamp and a spherical mirror on théhese are recorded as counts and output, via the accompany-
other, to increase the output beam intensity by 60%. The coning electronics and an RS232 connection, to a PC.
denser assembly and spherical mirror are used to collimate Each spectrometer exhibits a drift in wavelength alignment
the beam before it passes into a water filter. The water filterf <0.05 nm/K to temperature changes and integration times
is filled with distilled water and cooled by pumping tap wa- that can be set between 50 and 5000 ms. The 512 pixel diode
ter through its external chamber. It serves to remove infraredarrays have a spectral resolution of 0.82 nm (equivalent in-
wavelengths, thus protecting other optical components anderpixel distance), FWHM of 2.1 nm and a wavelength range
also eliminating an unwanted cause of evaporation or subliof 280 to 700nm. Counts are recorded in 16-bit precision,
mation of cloud particles as they pass through the beam. recording up to 64 000 for each pixel.
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Itis not necessary to calibrate the intensity response of the

Insulated Cold Room _////////////////////// DASR as all scattered radiation spectra will be normalised
701 cous ? by the direct, unscattered, beam. However the wavelength
ol Simitor ? Chamber — ? calibration must be determined and the dark and stray light
And Input Optics 7 signal subtracted. The wavelength calibration is carried out
| ? Scattering / by fitting a quadratic function to the peak of each of the seven
/ Chamber ? most prominent emission lines emitted by a Hg pencil lamp
Eﬁ ------------------ / (Criel model 6035). A fourth order polynomial fit was then

/ ? produced between the fractional pixel number of each line

. ? Air flow-e— / and the idealised wavelengths as measured by Sansonetti et
spectorasiomeer | 7 2D Greyscale ? al. (1996), and applied to the whole array. In two cases where
? Probe T ¢ Conerator— / the DASR was unable to resolve a multiplet, the weighted
///////////////////// mean position was found from the relative intensity values

supplied by Sansonetti et al. (1996).

The mean dark signal of 5 scans was recorded immediately
before and after the scattering measurement and at the same
integration time, and subtracted from each spectrum, ensur-
ing that the DASR temperature remained stable. This allows
signals to be recorded for the full range of wavelengths de-
tectable by the DASR. To test for stray light a series of high-
pass step filters was inserted between the direct beam and the
Fig. 1. Layout of cold room instrumentation and plan view of scat- detection optics; this showed that there are no multiple or-
tering chamber. der or stray light effects at the level of 19 of the primary

signal.

0.45m

The optical input to each spectrometer is by way of 4m
long 0.5mm diameter quartz optical fibres. The detectionz Results
optics for the first monochromator, channel A, consists of a
sealed lens assembly containing a 38 mm diameter 69.3 mrg_1 Analysis of measured spectra
focal length plano-convex lens. This is positioned so that the
lens focal point is positioned centrally, and normally to the In order to compare the experimentally found scattering
optical fibre input. The lens assembly is secured to a rotatfunctions with those predicted from Mie Theory and ray trac-
ing disc within the scattering chamber, facing towards theing, it is necessary to convert these into comparable forms.
axis of rotation and level with the incoming beam (Fig. 1a). Once normalised by the direct beam, the measured scattering
To prevent frost or condensation build-up on the face of thespectra must be corrected for the “scattering volume”, and
lens, the assembly is heated and wrapped in insulating maténtegrated as appropriate over wavelength.
rial. Due to the low dynamic range of the instrument, when |n the first instance the theoretical calculation of the scat-
measuring the forward scattering region the aperture of thering matrix, S, and hence the scattering phase functions,
receiving optics was reduced by a factor of 1100. P;;, apply to single particles. Integration over a range of par-
The route taken by the optical fibre is chosen carefully soticle sizes is of course possible, but the scattering that occurs
that as the scattering disc rotates to measure radiation scais assumed to be per unit volume. This is not the case here
tered at the full range of angles (each step equates to an amvhere the intensity is additionally dependent upon the inter-
gular movement of 0.094, there will be minimal change in  section volume of the incoming beam and the scattered beam.
the degree of bending. Additionally each section of the opti-This angle-dependent volume is hereinafter referred to as the
cal fibre only experiences either torsional forces or bendingscattering volume.
about an axis perpendicular to its own. To this end the fibre |t will be noted that a simple exact solution for the scat-
passes through the cold room wall and enters the scatteringering volume would only obtainable when both beams are
chamber from beneath, to one side of the 2-D probe tips; hergf the same radius and collimated. As differing radii are in-
it executes a 180turn to enter the rear of the lens assembly. volved the result involves elliptic functions. Therefore the
The optical fibre connected to channel B of the DASR sim- most efficient method was that of a simple numerical model
ilarly passes into the cloud chamber, but enters through a pomvhereby elements in a 3-D matrix, each representing a cube
in the side. The end is positioned to face precisely along theof side 1mm, were counted if they fell within the surfaces
optical axis of the incoming beam, allowing the direct beamdelimiting the scattering volume. These were principally the
to be monitored at all times when the channel A lens assemeuter surface of the diverging incoming beam, and of the field
bly is at scattering angles greater thari.30 of view of the receiving optics, but additionally, for scattering
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angles close toUand 180, the scattering chamber itself, the sion calculated according to relations in Pruppacher and Klett
front face of the receiving optics, plus occlusion by the re- (1997, p. 51). The crystal is orientated so that a realistic
ceiving optics housing. range of incoming ray angles is simulated. For crystals with
The effect of beam divergence upon the scattering vol-a longest dimensiori, less than a lower threshold,, it is
ume was also incorporated into this model, with the cross-assumed that all elevations between O ari#d are equally
sectional intensity of the incoming beam being approximatedikely; for crystals with/>I>, an upper threshold, the range
well by a trapezium. Conservation of energy is then used toof elevations is set to 0 to 0.05 radians to simulate the natu-
find the appropriate weighting for each pixel, both as a func-ral variability. For crystals wherl <l <I> the upper angular
tion of distance along the optical axis and perpendicular disdimit is taken to be a linear function df The limits have
tance, and then applied for both the incoming beam and théeen set as follows, for platef [/2] = [10 um, 80um], and
receiving optics. This process produces the scattering volfor columns [1, Io] = [3 um, 9um]. These reflect the greater
ume as a function of scattering angle for both the normal andstability of columnar crystals, as implied from their drag co-
reduced aperture cases. efficients, themselves proportional to the crystals’ equatorial
In order to increase the signal to noise ratio (SNR) for sidearea normal to the flow direction (Pruppacher and Klett 1997,
scattering, six wavebands were chosen such that the total ir#21-433).
tensity in the incoming beam for each waveband would be In total 250 000 individual rays are traced within the crys-
approximately equal. The intensity-weighted centre wave-tal until the intensity is less than 1 of its initial value,
lengths thus found are: 340, 395, 444, 483, 540 and 624 nmspread over a range of orientations and impacting across the
the first two falling into the UVA band and the remainder into surface of the crystal. The scattered rays are added to the
the visible: violet, blue, green and red respectively. diffracted component and normalised te éver the com-
The final stage in determining the measurable element oplete sphere, before obtainirgy; in the horizontal plane.
P;;, the P11 phase function, from raw data is to consider the Values calculated for single crystals are comparable to those
effect of multiply scattered and non-scattered contribution tofound in Rockwitz, but without the artificial peaks at inter-
the measured signal. Typical total number concentrations argals of . Subsequently the phase functions are weighted
at most 300 cm?, with a scattering cross-section of 10M? according to the measured PSD.
and path length of 300 mm. Combining these results in an In all calculations the real parts of the refractive indices
optical depth oft~0.01, and hence multiply-scattered con- for water are found from the relation in Djurisic and Stanic
tribution of 1% — thus no attempt is made to remove any(1999), making use of the temperature and wavelength de-
multiply scattered component. The unscattered componenpendence; the imaginary component is taken from Hale and
however, must be removed from the total measured signaQuerry (1973). At the wavelengths under investigation the
and this is done by forming the ratio of the scattered to totalrefractive index of ice is independent of temperature, and
intensity in terms of microphysical and optical parameters,both real and imaginary values are taken from Warren (1984).

the latter determined largely from theory. Calculations for both water droplets and ice particles were
carried out for the six intensity-weighted wavelengths noted
3.2 Theoretical calculations above.

Theoretical predictions of the scattering intensity were found3.3  Discussion and further analysis: water clouds
from a combination of Mie Theory, for water droplets, and
ray tracing, for ice particles; all code being written in Mat- A wide range of environmental settings (steam generator
Lab. voltage, purge velocity and temperature) were chosen in or-
The code for Mie calculations was transcribed from der to produce water clouds of varied microphysical prop-
Bohren and Huffman’s (1983) fortran 77 code, and subse-erties. Initial tests of the system indicated that the primary
quently vectorised. Values for the scattering efficiency anddifficulty encountered was a low scattered signal. To amelio-
coefficients were fully verified against Boll et al. (1958) for rate this a number of steps were taken: the cold room temper-
a range of size parameters between 1 and 100 and refractivature was reduced below freezing even for liquid phase runs
indices between 0.60 and 0.90. The form of phase functionshus increasing the total number concentration; the integra-
were similarly checked against valueshdtp://omic.ogi.edu/  tion time was increased to its maximum of 5000 ms; and, the
calc/miecalc.html When integrating across the particle size DASR itself was moved within the coldroom. This last mea-
distribution (PSD)xn(r), rather than give equal consideration sure reduced its operating temperature and hence the magni-
to all droplet radii,», 200 intervals were chosen such that tude and standard deviation of the dark signal, although the
n(r). Ar was constant, thus reducing computing time while instrument was held at a temperature several degrees above
maintaining accuracy. the main coldroom temperature in order to minimise the risk
The ray tracing code follows Macke (1993) and Rockwitz of condensation. The cumulative effect of these steps was
(1989). The principal dimension of a crystal is determinedto increase the sensitivity of the system by approximately an
from 2-D probe measurements, with the secondary dimenerder of magnitude.
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Fig. 2. PSD for water cloud 14 at 2 min intervals (blue through red; Fig. 4. Measured (solid lines) and theoretical (+'s) phase functions
black is mean). for water cloud 14.
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Fig. 3. PSD for water cloud 17 at 2 min intervals (blue through red; Fig. 5. Measured (solid lines) and theoretical (+'s) phase functions
black is mean). for water cloud 17.

Making these improvements, the environmental settinggponential rate. These options cover most possible forms that
that produced the most varied PSDs were selected for a secould exist, assuming a singly peaked PSD, noting that (2)
ond generation of water clouds, albeit with the temperaturebears most resemblance to natural cloud PSDs (Tampieri and
reduced in each case by°I% Two sample PSDs are shown, Tomasi, 1976).

in Figs. 2 and 3. For each option the extrapolated PSD was used as an in-
It can be seen that these PSDs generally exhibit a simiput to Mie Theory and the resulting phase functions com-
lar form, that is, reducing in an exponential manner. Closerpared with those measured. It was expected that the relative
inspection shows that cloud 14 adheres to this form moremagnitude of the forward scattered peak would be a princi-
closely while cloud 17 appears to have a maximumgabi  ple indicator in deciding which form the PSD took. However
the latter also has a much smaller total number concentrationdifficulties with the smooth motion of the scattering disc at
475 cmv 2 for cloud 14, but only 43.0 cr? for cloud 17. lower temperatures have caused a slight misalignment of the
The issue of droplet sizes below the.ih measurement collector lens thus shutting off this avenue: in many cases
threshold of the 2-D probe is also considered. Four simplisthe measured forward scattering is less than that asan
tic forms were proposed for the PSD between 0 apan? be seen in Figs. 4 and 5. Therefore the shape of the remain-
(1) no droplets of diameter less thamih (2) the value at  der of the phase function was used, noting that an increasing
7 um is the peak and the PSD reduces to zeroatOn an proportion of small particles has several effects: the diffrac-
exponential fashion (3) the distribution is flat from O tam, tion peak, as well as reducing in height, broadens; the sec-
with a value equal to that atwm, and (4) the PSD continues ond minimum moves to greater angles and rises; both pri-
to increase towards small particle diameter at the same exmary and secondary rainbow peaks become less defined both
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angularly and spectrally. Using these features the best fit The most likely cause for the observed increase is conden-
found was (4), which from direct extrapolation of the PSD sation on the focusing lens. Although none was observed
is to be expected, particularly that in Fig. 2; this shows theand regular cleaning imposed and the assembly heated on its
cloud production method results in markedly different PSDscurved surface, the possibility remains that a small number
than occur naturally, being more like that of a contrail in form of droplets could have formed during the initiation period
(Goodman et al., 1998). of the cloud. A covering of even-1% of the lens surface
Due to the misalignment of the forward scattering peak, itarea would leave the remainder of the signal unaffected, but
was necessary to match the measured phase functions to tla scattering angles where the focusing lens was still illumi-
theoretical values over the range’20 60°, and comparisons nated by the proceeding beam, condensation droplets could
of these phase functions for the PSDs in Figs. 2 and 3 areedirect part of this beam into the field of view of the detec-
shown in Figs. 4 and 5. tion optics providing a significant enhancement. This process
Itis apparent in cloud 14 that the measured phase functiorcould operate in the present instance for scattering angles up
matches that predicted by Mie Theory for all wavelengths into 11°; a similar mechanism on the inner curved surface of
general form. The marked increase &tdf the measured the cylindrical lens housing, grooved with a screw thread and
value over the theoretical value can be reconciled with theextending in front of the lens, would operate for scattering
slight misalignment of the collector lens. The noise observedangles up to 22 It is clear that Fig. 5 corroborates this ex-
at the minimum is to be expected from spectra where theplanation.
SNR was typically 1:50 for an individual pixel of the DASR.
A greater disparity is seen at 166ue to dwindling signal as 3.4 Discussion and further analysis: ice and mixed phase
the scattering volume reduces to zero. The effects of low sig- clouds
nal can also be seen at a scattering angle df&re the sig-
nal from the full beam was saturated and the low signal wasfurning the experimental set-up to investigate scattering by
taken from reduced aperture measurements. For the anguléfixed phase and ice clouds was more problematic. It was
range O to 13 the error bars are approximately 30, imP  anticipated that the production of stable, reproducible PSDs
units, and two orders of magnitude less over the remaindefor these cloud types would be more difficult and thus the
of the phase function. Nonetheless the enhanced scatteringjm was to create ice clouds in the first instance; a large pro-
at longer wavelengths at 165 observed, as is the predicted portion of water droplets would denote a mixed phase cloud.
spectral variation in the cloudbow region. Considering the All glaciated clouds were produced-al5°C to maximise
range of values that have been measured covers seven ordéhe growth of ice particles by utilising the maximum in the
of magnitude, the closeness of fit is very good, once accoun@bsolute vapour pressure. No 2-D probe oversampling was
is taken of the small diameter region of the PSD. implemented so as to preserve the aspect ratio of crystal im-
In water cloud 17 the same form for the extrapolation of ages. In order to size crystals it was decided to follow a sim-
the PSD has been used for the theoretical prediction anglistic method of measuring the maximum linear dimension.
matching over scattering angles of°20 60° has been car- Although this does not take account of the effects of diffrac-
ried out. As before a good fit is found for all scattering anglestion or non-normal crystal orientation (which introduces a
>24° including some indication of the spectral nature at thereduction of up to 30% for plates), these two factors oppose
138 rainbow angle, within the errors mentioned previously. one another to some extent and thus smooth the true PSD
However, there is a marked deviation in the measured sig¥ather than introducing a bias in either direction.
nal of an order of magnitude over the ranget@ 24°. This It was assumed that smallest cloud particle images were
deviation is an increase and thus not due to a loss of signal irither water droplets or ice spheres and therefore sized as the
the system. Multiple scattering has been considered earliediameter of the circle with an equivalent area. Those greater
and especially for cloud 17 due to its low optical thickness, than 25:m were assumed to be ice crystals, with the habit
has been ruled out. confirmed by manual observation of the largest crystals. The
One avenue lies in the assumption that the PSD is repre25um threshold was derived from earlier water PSDs and
sentative of the cloud in the whole scattering chamber, andconfirmed as the point where the PSD reduces most rapidly.
at a minimum, the scattering volume. In tests some inho-The presence of ice crystals was additionally confirmed by
mogeneity has been observed by eye, mainly due to light aithe amount of scintillation visible.
flows through the port through which the incident beam en- A wide gamut of experimental settings was tested, includ-
ters. This has been minimised by placing the collimating lensing those of Rimmer and Saunders (1997). Greater vari-
assembly in close proximity to the port and sealing the sur-ability was seen in the PSDs between individual clouds and
rounding volume. Making the reasonable assumption that aiover the course of a single cloud’s lifetime and invariably the
is drawn down the purge pipe equally from all of the scat- cloud microphysics was dominated by water. To circumvent
tering chamber, then for such a signal to be observed wouldhis, the “pop-gun” solenoid was replaced with a short sec-
place strong and improbable restrictions upon the symmetryion of rubber tube which was restricted with a screw clamp.
of Np (the total number concentration) fluctuations. Judicious setting of the clamp allowed the air flow to be
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Fig. 6. PSD for mixed cloud 03 at 2 min intervals (blue through red; Fig. 8. PSD for halo cloudNg=13.3 cnt3, 85% drops, 15% plates
black is mean) Ng=293 cn 3, 93% drops, 7% plates by particle by particle number.
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Notably the mixed phase cloud shows optical character-
istics of both ice and water phase clouds in that there is an
indication of both the 22halo and 138 primary rainbow,
as expected by Oshchepkov et al (2000). However the halo
feature is much more poorly defined than predicted, perhaps
due to the plates having small rimed droplets upon their sur-
face or imperfect symmetry both of which would broaden the
peak and lessen its intensity. The rainbow, on the other hand,
is enhanced in this example, but this is due to a reduction in
the proportion of ice crystals at the end of the sampling pe-
riod. At the lowest scattering angles the presumed effect of
condensation remains an important issue.

When the system was applied to measuring the scatter-
ing from fully glaciated clouds, it was found that the total
number concentration was lowered again, reducing the side

Fig. 7. Measured (solid lines) and theoretical (+'s) phase fU”Ctionsscattering intensity below the threshold for meaningful re-
for mixed cloud 03.

greater and without pulsing, retaining significant adiabatic

sults. The value ofVg was, however, reasonable high in
comparison to natural clouds~5x1®m=3 in the cloud
chamber, compared to Dowling and Radke’s (1990) value
of 3x10*m~3. As such, no meaningful conclusions can be

cooling. The result was significant and more sustained NUyrawn about the full phase function in these cases

cleation.

Despite the low SNR and the occurrences of condensa-

The PSD shown in Fig. 6 from mixed cloud 3 is typical tjon, there remains a region betweer? 2@d 46 where rea-
of those produced. A large peak of water droplets at 10 tosonable signals can be measured, and also where, for plate-
20.m, followed by a drop of an order of magnitude or two, gominated clouds, 22halos should occur. For the follow-

before a plateau of hexagonal plates is seen out to a maxing tests scattering measurements were made with the DASR

mum dimension of approximately 150n. Despite the im-

for 5000 ms at each angle from 16.8® 33.8, at intervals

provement in the nucleation method, it can be seen that thergf 9.94. The environmental conditions were as in the ice
is a great deal more fluctuation between samples than for wae|ouds, using the improved nucleation technique. The short

ter clouds.

timescale over which measurements recorded ensures that

For scattering, however, the most important result is thethe PSD is representative of the particles producing the scat-
reduced optical depth. This can be seen in the phase functiotering. A typical PSD is shown in Fig. 8, with example 2-D
measured in Fig. 7, against the theoretical prediction. Theprobe images from the same cloud in Fig. 9. It will be noted
low optical depth reduces side scattering signals at angleghat, subject to the effects of diffraction and variable orienta-
between 60 and 138; this is evidenced by the deviation of tion, the cloud consists of hexagonal plates.

the measured phase function between wavebands, and from
that predicted.

Atmos. Chem. Phys., 7, 5803813 2007 www.atmos-chem-phys.net/7/5803/2007/



A. R. D. Smedley et al.: Laboratory spectral scattering of clouds 5811

5[ & 5 | S sf - 10 : : ‘
15 15 15 15| s
25 25 25 25 et
51525 51525 51525 51525 1 . — emm
5 iy 5 F 5 i 5 g 10" 4 DE ’ L
15 15 15 15 = 00
25 25 25 25 S )
5i_‘rllszs 551525 55,-1525 5131525 " R P
15 15 * 15| 15
25 25 25 25
5 1525 5 1525 5 1525 5 1525 - ‘ ‘
5 o 5| e 5 * 5 15 20 25 35
15 15 15 15 Scattering Angle [°]
25 25 25 25
51525 51525 51525 51525 Fig. 10. Measured and theoretical (+'s) phase function section for
halo cloud.

Fig. 9. 2-D probe images for halo cloud.

its vicinity. Four other studies are of note, all recording mea-
dsurements made in the field with halos resulting from natural

The experimental phase function section is normalise . ; .
. .- _“clouds. Two of these deal particularly with the polarimetry
across the measured range to match theoretical predictions

Again in the modelling, the 26m threshold assumption is of halos (Konnen et al., 1994; Konnen and Tinbergen, 1991),

. : and record a leading edge that is less abrupt than from geo-
made, whereby the smallest particles are considered spheres . . ) - .
. Metric optics. Digital analysis of a photograph by Lynch and

ure 10 shows an example of the scattering produced. AI?Schwatrz (1985) produced a very similar form for the phase

. X . . unction, although in situ observation by Auriol et al. (2001)
though there is some evidence of the theoretically predicted . . 7
A : ith a nephelometer and 2-D probe did not produce the mini-
spectral variation in the measured phase function, the mos

important point of note is the lack of any discernable halo MUm deviation enhancement. The significance of these stud-

: . . . i m lear when th t llection pr i n-
feature. There is no sudden increase &t PRt instead little s becomes clea en the data collection p 0Cess 1S co
. . : sidered. The first three studies measured the halo intensity
more than an inflexion point.

o profile whilst the halo was observable to the naked eye; the
Rather than a deviation from theory per se, the lack of ajast follows the route in the instant study: searching for ha-
halo feature_z is related to the difficulty of observing halos (for |55 in microphysical conditions that appear conducive to halo
example Mishchenko and Macke, 1999). Although there argormation. Thus instrumentation will record halos when they
a number_of possible explanations for this, one most easilyy o apparent to the naked eye and obtains useful intensity
ruled out is that the plates produced were too small for theprofiles, but this method assists less in explaining the micro-
geometric optics approximation to apply: for size parametersyhysical reasons for the relative scarcity of halos. To do this

of 80 and above, both T-matrix calculations and geometricone must make a series of measurements irrespective of any
optics predict a well defined peak (Mishchenko and Macke,rior knowledge of the halo.

1999), a range into which all plates larger tharn.2b fall.

The most plausible explanation is that mentioned earlier; that

is, although plate-like in appearance, many ice crystals willy conclusions

exhibit interfacial angles that deviate from°6@ith small

scale defects. Both of these will act to broaden the halo peah’his Study has described the incorporation of a DASR instru-

and reduce its intensity (Konnen et al., 1994 and Barkey eiment into an experimental set-up designed to measure spec-

al., 1999). Additionally the smallest crystals are likely to be tra| scattering of various cloud types. Previous investigations

less well formed crystals, being in transition from recently have typically used a laser and a broadband detector therefore

nucleated ice spheroids to fully formed plates. The contribut-imiting results to a single wavelength. Here the advantages

ing effects of these entirely possible defects, unobservablgre clearly apparent: multiple wavelengths can be recorded at

with the 2-D probe used, would provide a powerful mecha- 3 single pass removing the need to repeatedly produce clouds

nism for destroying the halo feature, as observed. with consistent PSDs. In turn no synchronisation is needed
It will be noted that previous scattering studies have dealtbetween scattering runs and all the illumination can be pro-

with the presence of a 2halo. The first, Rimmer and Saun- vided by a single broadband source.

ders (1997) did reveal the halo, but without any analysis of This strategy has proved itself in the first verification of

the peak’s intensity which showed rapidly varying values in Mie Scattering by water droplets at multiple wavelengths
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and particularly in the ultraviolet. Furthermore, although the Chepfer, H., Goloub, P., Riedi, J., De Haan, J. F., Hovenier, J. W.,
mean diameter of droplets is below the threshold for well- and Flamant, P. H.: Ice crystal shapes in cirrus clouds derived
defined rainbow colours to be observed, the spectral variation from POLDER/ADEQOS-1, J. Geophys. Res.-Atmos., 106, 7955~
in the rainbow region is obvious. 7966,2001. . . _

However as the glaciated fraction in the cloud increasedte Gruijl, F. R.: Biological Action Spectra, Radiat. Prot. Dosim.,
and the optical depth decreases, the poor dynamic range (Hj 91, 57-63,1999.

the instrument proves to be a shortcoming. This was evi- urisic, A. B. and Stanic, B. V.: Modeling the temperature depen-
P 9. dence of the index of refraction of liquid water in the visible and

dent during the prOdUCt_'on of mixed phasg clouds in th_e first the near-ultraviolet ranges by a genetic algorithm, Appl. Optics,
case and more so for ice clouds. For mixed clouds it was 3g 11-17, 1999,
found still to be possible to record meaningful phase func-ponovan, D. P.: Ice-cloud effective particle size parameterization
tions over the maximum possible range of scattering angles. based on combined lidar, radar reflectivity, and mean Doppler
It was possible to control the environmental conditions such velocity measurements, J. Geophys. Res.-Atmos., 108, 4573,
that the scattering function possessed characteristics of both doi:10.1029/2003JD003469, 2003.
water (rainbow) and ice (halo) clouds. These were poorlyDowling, D. R. and Radke, L. F.: A summary of the physical prop-
often-present influence of condensation upon the collectiof?°°dman. J., Pueschel, R. F., Jensen, E. J., Verma, S., Ferry, G.
. V., Howard, S. D., Kinne, S. A. and Baumgardner, D.: Shape
optics. ; T i
. L . . and size of contrails ice particles, Geophys. Res. Lett., 25, 1327—
For ice clouds, despite improvements in the nucleation 1330 1998
technique, a reduced optical depth prevented a full phas ' :

) 8 g . %oody, R. M. and Yung, Y. L.: Atmospheric radiation: theoretical
function from being recorded. In lieu, detail of the halo re-  pagis Oxford Univ. Pr., Oxford, 333—-383, 1995,

gion was obtained. As in the mixed phase example the halgyale, G. M. and Querry, M. R.: Optical constants of water in the
was much more weakly produced than predicted. The most 200 nm to 20um wavelength region, Appl. Optics, 12, 555—

likely explanation for this had implications that eveninawell 563, 1973.

controlled laboratory environment, the small scale structurelakel, E., Wendisch, M., Blumthaler, M., Schmitt, R., and Webb,

of ice crystals can have a major impact on the scattering prop- A. R.: A CCD spectroradiometer for ultraviolet actinic radiation
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