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Abstract. This paper presents a comparison of ice waterThis is problematic in the convective clouds sampled because
content g;) data from a variety of measurement techniquespristine ice particles, heavily rimed particles and supercooled
on the Facility for Airborne Atmospheric Measurements liquid drops were all present. In a cirrus case, we show that
(FAAM) BAe-146 research aircraft. Data are presented fromusing a temperature-dependent mass—dimension relation was
a range of cloud types measured during the PIKNMIX field required to match the bulk measuremengof
experiment that include mixed-phase stratocumulus, cumu-
lus congestus and cirrus clouds. These measurements cover
a broad range of conditions in which atmospheric ice parti-
cles are found in nature, such as the low-ice-water-contenf Introduction
environments typically found in midlatitude cirrus and the
environments with much higher ice water content often ob-Clouds exert large impacts on the radiative, thermodynamic
served in cold convective clouds. The techniques includeand dynamic processes of the atmosphere. They also play
bulk measurements from (i) a Nevzorov hot-wire probe,a key role in the hydrological cycle of the earth-atmosphere
(ii) the difference between the measured total water contengsystem. Including a realistic representation of the microphys-
(condensed plus vapour) and the water vapour content of thi€al processes that drive the evolution of clouds and precipi-
atmosphere and (i) a counterflow virtual impactor (CVI) tation in numerical weather prediction and climate models is
(only for cirrus measurements). We also estimate;tieom therefore required. The bulk microphysical schemes that are
integration of the measured particle size distribution (PSD)typically employed in such models use the ice water content
with assumptions on how the density of ice particles variesas a prognostic variable, from which other cloud microphysi-
as a function of size. cal process rates such as the aggregation and fall speed of ice
The results show that the only bulk ice water content tech-particles are derived. Errors in the model ice water content
nique capable of measuring high values (several gnvy) can, therefore, propagate into all aspects of a model’s cloud
was the method of total water content minus water vapourparametrisation scheme. Airborne measurements of cloud ice
For low ice water contents we develop a new parametrisawater content are a key tool for assessing the fidelity of model
tion of the Nevzorov baseline drift that enables the probe topredictions and for developing improvements to the cloud
be sensitive tgjj +0.002 g n1 3. In cirrus clouds the agree- parametrisation schemes themselves.
ment between the Nevzorov and other bulk measurements A variety of techniques exist to measure ice water content
was typically better than a factor of 2 for the CVi; & on airborne platforms, e.@avis et al.(2007), Baumgardner
0.008 g n3) and the method of total water content minus €t al. (2011) andKorolev et al.(20133. These include the
water vapour 4 > 0.02gnm3). Good agreement with the following: (i) techniques whereby ice particles are evapo-
bulk measurements for all cases could be obtained with théated in an inlet and the subsequent enhancement to the wa-
estimate from the PSD provided that appropriate a priori aster vapour content is measured, (ii) methods that relate the
sumptions on the mass—dimension relationship were maddower supplied to melt and evaporate ice particles impact-
ing on a hot-wire sensor to the bulk ice water content and
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(iii) integration of the measured ice patrticle size distribution. Ice particles, however, tend to break up and fall away from
The latter method requires an assumption of how the ice parthe convex surface of thg sensor, although a residual sig-
ticle density varies as a function of particle size. The Facil- nal from these ice particles is often observidrplev et al,
ity for Airborne Atmospheric Measurements (FAAM) BAe- 1998. In this study we use the data from thesensor to
146 research aircrafhftp://www.faam.ac.ukhas a compre-  solely identify regions of liquid water.
hensive suite of instruments for making cloud microphysics The bulk water content from the sensors is calculated di-
measurements including the aforementioned ice water conrectly from the extra electrical energy supplied that is re-
tent techniques. quired for the melting and evaporating processes. As the
The objective of this paper is to give an overview of heated sensors are exposed to the airflow, forced convec-
the ice water content measurement capability on the FAAMtive cooling due to the airflow over the sensor adds to the
BAe-146 aircraft and to compare the different techniquespower requirement to melt and evaporate cloud particles. The
across a wide range of cloud regimes, including mixed-phasédorced convective cooling depends on the aircraft attitude and
boundary layer stratocumulus, high-ice-water-content envi-environmental conditions. A reference sensor, aerodynam-
ronments in cumulus congestus and lower-ice-water-contenically shielded from cloud particles, partially compensates
environments associated with cirrus clouds. Section 2 givedor this convective cooling and enables the removal of the
a description of the different methods. Section 3 presentsiry-air heat-loss term. The lack of full compensation leads
a comparison of the ice water content data from a variety ofto a “baseline drift” observed on thg sensor during the
research flights undertaken during the PIKNMIX field cam- period of a flight.Korolev et al.(1998 showed the effect
paign. Section 4 then gives an overview of the performanceof airspeed, temperature and pressure on the baseline drift
of the different ice water content measurements. and that, in straight and level flight when the environmen-
tal conditions are largely invariant, the probe sensitivity was
+0.002 g nm3. During a full flight on the National Research
Council Convair-580 aircraft, they estimated that the base-
line drift of the probe was more typically about 0.035 g
In Appendix A, we show how thg; baseline drift of the sen-
Seron the FAAM BAe-146 aircraft can be parametrised as
a function of environmental variables and that even on a non-
straight and non-level flight, the probe sensitivity can reach

3
gt =gqv+q +qi (1) +0.002gnt*.

2 Measurement techniques

We begin by introducing some terminology that will be used
throughout the manuscript, followed by an overview of the
various ice water content measurement techniques. The tot
water content of an air parce}j is given by

= vt de 2.2 Total water probe and WVSS-I|

where the subscripts v, | and i refer to the vapour, liquid ) .
and ice phases. The subscript ¢ refers to the total condensed"®  total water probe is fully —described by

water content, which is the sum of the liquid and ice water Nicholls etal.(1990. ~ Ambient air containing cloud
contents. particles enters an isokinetic inlet. The cloud particles are

then evaporated through heating and mechanical break-up
2.1 Nevzorov hot-wire probe before the resulting water vapour content of the air is mea-

sured using a fast response Lymambsorption hygrometer.
The Sky Phys Tech Inc. hot-wire Nevzorov prol@iolev As the cloud particles are fully evaporated by the time they
et al, 1998 20133 consists of separate sensors to measureeach the hygrometer, this equates to a direct measurement
the bulk total condensed-water contegt)(and the liquid  of g;. The total water probe is typically set up to measure
water content;). The gc sensor consists of a heated cone ¢; in a dynamic range of 0 to 20gKkg, although this is
mounted on a vane which orients the cone opening directlyadjustable by altering the physical gap between the source
into the airflow. The electrically heated cone is held at a con-and detector tubes of the hygrometliigholls et al, 1990.
stant temperature, sufficient to melt and evaporate liquid andn the absence of any condensed water in the ambient air,
ice particles captured in the cone. The cone is the neweli.e. in clear-air conditions, the total water probe provides
modified deep cone which has an opening of 8 mm diametea measurement @f,. The instrument needs to be calibrated
and an opening angle of 80The deep-cone version has been against a referencg, measurement in cloud-free conditions
shown to have an improved collection efficiency compared tobecause the magnesium fluoride windows on the Lyman-
the original shallow-cone version which had an opening an-hygrometer degrade during a flight due to etching on the
gle of 120 (Korolev et al, 20133. The q| sensor consists surface of the windows by contaminants in the air in the
of a heated wire wound onto a copper rod which is fixed topresence of UV.
the leading edge of the vane (1.8 mm in diameter by 16 mm In this study, we calibrate the total water probe against
in length). Liquid droplets impacting either tlag or theg a reference SpectraSensors Water Vapor Sensing Sys-
sensors should form a thin surface film and evaporate fullytems version-2 (WVSS-Il) near-infrared tunable diode laser
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absorption hygrometer (see Appendix B for details). Thesampling at higher altitude (of the order of 2}2io not ap-
residual difference in clear air between the two instrumentspear to significantly affect the data presented in this work.
post calibration varies on a flight-by-flight basis but is typi-  Particle stop distances (elgaucks and Twohy1998 for
cally between 0.01 and 0.03 gth There are two WVSS-Il  unit density liquid spheres, accounting for local air den-
instruments fitted on the FAAM BAe-146 aircraft. One has sity, result in a calculated cut size range for this inlet of
a standard flush inlet and the other a modified Rosemoun# um< Dsg < 7um. The CVI tip did not have anti-icing
inlet that is mounted on a short pylon so that the inlet is out-heaters fitted during the PIKNMIX campaign, and so sam-
side of the aircraft boundary layevgnce et al.2014). Vance  pling was not possible in the presence of supercooled lig-
et al.(2014 document the performance of the two WVSS-II uid. For this study, the measurements are restricted to peri-
instruments over a large number of flights, finding that, in ods when the aircraft is sampling cirrus clouds. The blunt tip
cloud-free conditions, the WVSS-II fed from the Rosemount may result in a less sharp cut function. This limitation and
inlet is typically in good agreement with a Buck CR2 chilled the implications of the cut size are discussed in Appendix C.
mirror hygrometer (annually calibrated at the National Physi- Water vapour from evaporated cloud particles is mea-
cal Laboratory, Teddington) in the rangd. & ¢, < 4gn3 sured within the CVI using a dual-path Lyman-hy-
(10 =6%). The Rosemount and flush-fed WVSS-II agree grometer Zuber and Witt 1987 similar to that used by
in moist conditions (& = 2% at 2gn13), but the flush-fed  Strém et al(1994. Having a reference channel in addition
WVSS-II overreads to progressively greater extents in drierto the sample channel avoids the need for absolute calibra-
conditions. We therefore utilise the Rosemount WVSS-II for tion of the hygrometer as the humidity within the instrument
cirrus cloud measurements where thecan be low enough can be determined from first principles. The rangggthat
for significant biases to exist in thig measured by the flush- can be measured by the CVI for the flights presented here is
fed WVSS-II. HoweverVance et al (2014 also show that altitude dependent and is015< g. < 0.2gm 3 at 2 km and
the Rosemount-fed WVSS-II can be subject to a high biasd.005< ¢c < 0.04 g nm 2 at 8 km. The dual-channel configu-
in the presence of liquid water cloud due to the evaporatiorration minimises the impact of variable lamp output but the
of cloud drops in the inlet (example also shown in Fig. 1), Lyman« hygrometer performance is still expected to drift
and we therefore use the flush-mounted inlet for the flightsover time, so a baseline removal procedure is required. The
in mixed-phase conditions in this study. baselining procedure involves regular zero-checks through-
The bulkgc is then simply calculated as thg from the out a flight. During a zero-check, dry air is directed into both
total water probe minus thg, from the WVSS-II, hereafter channels of the hygrometer, and the ratio (“dry ratio”) be-
referred to as the TWP-minus-WVSS-1l method. This is sim- tween detectors is measured. The procedure to determine the
ilar to the method used iBrown and Franci§1995 but has  dry ratio and subsequent calculationggfis described in de-
the advantage of using the same referepceneasurement tail in Appendix C.
for calibrating the total water probe and for providing the in-
cloud measurement qf;. 2.4 Integration of the particle size distribution

2.3 Counterflow Virtual Impactor Whilst not a bulk measure of the ice water content, integra-
tion of the measured particle size distribution (PSD) can be
A counterflow virtual impactor (CVI) inlet is used to select used to provide an estimate gf This requires an implicit
cloud particles with a larger aerodynamic diameter than theassumption of how the particle density varies as a function
cut size,Dso. Dsg is the diameter at which the collection ef- of particle size. This is typically characterized using a mass—
ficiency of the particles is 50%. These cloud particles aredimension (/—D) relation that takes the generalized form
evaporated into a particle-free dry air stream and the resulM = aD?, wherea andb are constants. There are a wealth
tant water vapour concentration within the system is mea-of suchM—D relations in the literature that have been derived
sured using a dual-channel Lymanhygrometer. The CVI  from both observational data sets and from theoretical stud-
inlet and Lymane Hygrometer system is very similar to that ies. These studies show that the parametersdb can vary
used byNoone et al.(1993 to sample cirrus clouds. This substantially depending on the environmental conditions and
CVI has a blunt-tip geometry with the outer diameter of the particle habit. For exampléitchell et al. (1990 presented
tip being 11 mm and the diameter of the inlet 3 mm. The inlet M—D relations specific to various ice-crystal habits, showing
and hygrometer used in this experiment have previously beeralues ofb ranging from 1.8 (needles and long columns) to
flown on a different aircraft and have successfully measured.6 (short columns and plates). One therefore has to have an
the properties of boundary layer liquid cloudsstrom etal.  a priori knowledge of the characteristic particle habit that is
2000. On the FAAM BAe-146 the inlet is mounted on the measured in order to choose an appropriate relation.
starboard side of the aircraft, close to the fuselage centreline In this study we will show examples of thg calculated
below the seventh window. The probe arm is angled down sdrom the integration of the measured PSD usMgD rela-
that the inlet is close to isoaxial when in level flight in the tions that have been derived from data sets that represent pris-
planetary boundary layer. The small departures from isoaxiatine ice particles and aggregates therddran et al.2011;
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Table 1. M = a D relations used in this study. Those in italic font are representative of pristine ice particles or aggregates. The bold font is
representative of more heavily rimed particles. Two temperature-dependent relations from this study (cirrus flight B672) are also included,
where the constants a&) = 0.0901,C1 = 0.001449,C, = 1.9868 andC3 = —0.004059. The unit of temperaturg, is °C. pg is a fixed

upper limit on the value of the particle density.

M-D relation a b po (kgm~3)  Validity

Baran et al.(201]) 0.04 2.0 920

Brown and Francig1995 0.0185 1.9 920

Cotton et al(2013 0.0257 2.0 700

Heymsfield et al(2010 0.176 2.2 920

Mitchell et al.(2010 35.13 2.814 920 D <240um
0.00764 1.805 - D > 240um

This study (flight B672) Co+C1T 21 920 —48<T < —16°C
0.0669 2.1 920 T > -16°C

This study (flight B672) 0.05 Co+C3T 920 —48< T < —16°C
0.05 2.05 920 T >-16°C

Heymsfield and Kajikawa (1987  169.593 3.1 -

Brown and Francis1995 Cotton et al. 2013 Heymsfield 3 Results
et al, 2010 Mitchell et al, 2010. We will contrast these
with an M-D relation that is more representative of heavily The data presented in this study were obtained during the
rimed graupel particles (R4b lump graupeHeymsfieldand  PIKNMIX field experiment in January and February 2012.
Kajikawa (1987) and use the different relations to illustrate The FAAM BAe-146 aircraft was based at Prestwick air-
the uncertainties involved in estimatipgfrom the measured port in Scotland, and the scientific flights were primarily per-
PSD. When presenting example data in S8ctve will re- formed over oceanic regions to the north and west of the UK.
fer to thesey; estimates from the integration of the PSD as A wide range of cloud physics sorties were flown during the
either using the ic@/—D relations (italic font in Table 1) or campaign, which provides us with an opportunity to compare
the graupeM-D relation (bold font in Table 1). the performance of the different ice water content measure-
A variety of optical particle counters (OPC) and optical ment techniques in a variety of cloud regimes.
array probes (OAP) mounted on under-wing pylons on the
FAAM BAe-146 aircraft are used to characterise the PSD3.1 Stratocumulus
over a particle diameter range of 2 um to 6.2 mm. The OPCs
used include a Cloud Droplet Probe (CDP) and a Small IceFigure 1 shows example data from a run in the upper part
Detector Mark-2 (SID-2). For conditions dominated by lig- of a mixed-phase low-level stratocumulus cloud deck that
uid water droplets, we assume that the particles measurefhrmed during a cold-air outbreak episode to the north of
by the OPCs are spherical. For cases dominated by ice pascotland (flight B668, 23 January 2012). The cloud top tem-
ticles, we assume that the particles are quasi-spherical angerature was-11°C and predominantly consisted of super-
modify the CDP and SID-2 PSD as @otton et al(2013.  cooled liquid droplets. Peak cloud top liquid water contents
The SID-2 data are Only used for the measurements in Cir'of around 059 m3 and typ|ca| cloud drop|et number con-
rus. Data presented from other cloud types in this study ha@entrations of 40 cm® were measured. Ice particles were
partiCle concentrations that were hlgh enough to result in COpbserved in small regions of the cloud |aye|’ and ice hydrom_
incidence issues in the SID-2 data. The OAPs used are @teors were observed to precipitate to the sea surface.
Two-Dimensional-Cloud (2D-C) probe and two versions of  The ¢; measured along the flight track with the total wa-
the Cloud Imaging Probe (the CIP-15 and CIP-100). A de-ter probe and they measured with the two WVSS-II in-
scription of these instruments and the processing of the datgtruments are shown in Fig. 1a. It is evident that the dif-
is given inCotton et al(2013. The maximum particle size ferent WVSS-II instruments respond differently in the lig-
in the direction parallel to the photodiode array was used foryid cloud layer, with the instrument on the Rosemount in-
D. All of the OAP instruments had modified tips fitted t0 |et having markedly higher values. This is thought to be
the probe arms following the designérolev et al.(2011,  due to cloud droplets evaporating in the Rosemount inlet
20131 in order to minimise the impact of shattered ice parti- due to adiabatic heating of the air, which subsequently leads
cle fragments entering the probe sample volume. In order tQg an artificial enhancement in thg measurementvance
combine the data from the different instruments, a composet al, 2014. It is clear from the case presented that close
ite PSD is derived following the methodology described in to complete evaporation of the cloud droplets must have oc-
Cotton et al(2013. curred as the Rosemount WVSS-II data are similar to the
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Figure 1. Example data from flight B668 in stratocumulus cloud at a temperatur@®6£. Panela) shows the measureg from the total
water probegy from both WVSS-II instruments. Pan@) shows the measureg from the Nevzorov probe and from the TWP-minus-
WVSS-II (flush inlet) method. Also included are measurements of liquid water content from the CDP and Neyaamsor. Example CPI
imagery in a region containing ice particles is also shown.

gt probe measurement. A slower-response chilled-mirror hy-drops that are present. Occasional large particles that are
grometer (General Eastern 1011B) gives good agreemergampled could, therefore, result in a spike in the data. The
with the flush-mounted WVSS-II measurement (not shown).fact that the instruments are not collocated may also con-
We therefore utilise the flush-mounted WVSS-II data for tribute to the difference. Both techniques, however, are able
cases where liquid water is present. to identify mixed-phase conditions when compared to a bulk
The various bulk water content measurements are showmeasurement afj.
in Fig. 1b.g| data from the integration of the CDP size dis-
tribution measurement (assuming liquid water drops) is als@B.2 Convective clouds
shown. The CDP measures particles with diameters between
2 and 50 um, which covers the size range of the liquid cloudData from aircraft penetrations made through mixed-phase
drops. For the majority of the flight track, the cloud is pre- cumulus clouds over the ocean to the north-west of the UK
dominantly composed of liquid water and all of the methods (flight B667, 22 January 2012) are shown in Figs. 2 and 3.
are in good agreement. However, both the Nevzegosen-  Cloud bases were at an altitude of about 600m and a tem-
sor and the TWP-minus-WVSS-II methods show enhancejperature of £C. The tops of the largest convective elements
ments in the water content between 2.5 and 5km along theeached an altitude of about 4.4km and a temperature of
flight track when compared to the instruments that only mea-—24°C. Surface precipitation rates of 1 to 4 mmthwere
sureg|. Examination of particle imagery from a SPEC Inc. typically observed in the region of the aircraft operations
Cloud Particle Imager (CPI) Version 1.5 probe shows thefrom a nearby Met Office operational weather radar.
occurrence of mixed-phase conditions in this region of the Figure 2a shows the total water probe and WVSS-II data
cloud. An example image in Fig. 1b shows that aggregatesrom an aircraft flight leg that intercepted several cumulus
of irregular crystals and large supercooled drizzle drops areslouds at a temperature f14.4°C. In clear air the two in-
present. Whilst there is good agreement between thezjgwo struments track each other and then diverge when in cloud.
measurements between 2.5 and 3.5km along the track, thie is evident that they, in the cloud is typically higher than
TWP-minus-WVSS-Il method gives peak values approach-the surrounding environment as moister air from below is
ing 1.1gn3 between 3.5 and 5km, whereas the Nevzorovtransported in the cloud updraught. Evidence of enhanced
gc measurement peaks at a lower value of 0.45¢.nThe humidity halos are seen around some of the cloud edges, for
difference could result from the sample volume of the to- example at 40 km along the flight track where then clear
tal water probe (7.9Ls! at 100ms?) and Nevzorov cone air is similar to the adjacent in-cloud values.
(5Ls ! at 100ms?) being insufficient to obtain a statisti- The corresponding bulk water content measurements are
cally significant sample of the largest ice particles and drizzleshown in Fig. 2b. The TWP-minus-WVSS-1l method shows
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Figure 2. Example data from cumulus cloud penetrations made during flight B667 at a temperatuie.dfC. Panel(a) shows the
measuredy; from the total water probe ang, from the WVSS-II instrument. Example CPI imagery is also shown. P@gmedhows the;c

measured by the Nevzorov probe and from the TWP-minus-WVSS-II method. Also included are measurements of the liquid water content
from the Nevzoroy, sensor. The grey shading shows a range; agfstimates from integration of the measured PSD using a selection of
M-D relations for ice, and the red line shows an estimatg osing aM—D relation for graupel (see Table 1).

peakgc values of 2 to 4gm?3 in the clouds sampled. The A second example from an aircraft run that intercepted
Nevzorov probes measurementgef however, shows much precipitation at cloud base is shown in Fig. 3. In con-
lower peak values of about 1 gTh This is likely to result  trast to the more pristine ice particles measured higher up
from the power supplied to the Nevzorov hot-wire cone be-in the clouds (Fig. 2), the leading edge of the precipita-
ing insufficient to melt and then evaporate all of the capturedtion cell at 50 km along the run was dominated by heavily
ice particles. This has been observed in wind tunnel testsimed/graupel-type particles as shown in the CPI imagery.
and manifests itself in a pooling of melted water inside the Integration of the composite PSD with the graupgtD re-
cone. This liquid water is then subsequently swept out of thdation gives much better agreement with the hgjkneasure-
cone into the airflowKorolev et al, 20133. Examination of  ment from the TWP-minus-WVSS-II method than if the ice
the power supplied to the Nevzorov cone during these cloudW-D relations are used. Again the Nevzorov probe signifi-
penetrations confirms that it has reached an upper limit (notantly underestimateg in this precipitation cell, and an ex-
shown). Also shown in Fig. 2b, with a grey band, are esti-amination of the power supplied to the Nevzorov cone in this
mates ofg; from the integration of the composite PSD using time period shows that it has again reached an upper limit
a range ofM—D relations for pristine ice crystals and aggre- (not shown). There is much better agreement between the
gates. These habits are representative of the typical particledevzorovg; sensor and the TWP-minus-WVSS-1l methods
found during these cloud penetrations as shown with the exin the second precipitation cell at about 107 km along the
ample particle imagery from the CPI. This grey band gen-flight track, where the. was less than 0.5 gni and where
erally spans the measurements made with the TWP-minusheavily rimed particles were not observed in the particle im-
WVSS-II method and provides additional evidence for the agery. It is interesting to note that the TWP-minus-WVSS-I|
underestimation iy from the Nevzorov instrument. An- method is able to capture this well, even though the surround-
other estimate af; from the PSD, but using aid—D relation ing gy variations are about a factor of 3—4 larger than the peak
for graupel, gives much higher values than the bulk measuregc.

ments, illustrating the need to make an a priori assumption on

the particle type when integrating the PSD data. Finally, data3.3  Cirrus

from the Nevzorovg sensor shows the presence of super- S
cooled liquid within the convective clouds, with valuesgf Data are presented from measurements made in midlatitude

that approach 1ng? e.g. at 19 and 61 km along the aircraft stratiform cirrus located ahead of a surface warm frontal
track. feature to the north-west of the UK (flight B672, 30 Jan-

uary 2012). The aircraft descended in a race-track pattern
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Figure 3. As Fig. 2 but showing measurements in precipitation at cloud base made during flight B667 at a temperatuB® Gf

through the cloud layer from the cloud top region (tem- through the cloud layer. It is evident that all of the techniques
perature of—48°C) to near the cloud base (temperature of are in general agreement and capture the same structure seen
—9°C) whilst drifting with the horizontal wind. The average in the time series af;.
descent rate of the aircraft was chosen to be comparable to Figure 5 compares the Nevzorgy sensors bullg; mea-
the typical mass-weighted mean fall speed of the ice partisurement (there was no liquid water present ang:se ¢;)
cles (approximately 0.5n738). The flight pattern attempted against the other techniques from the complete 3.5h race-
to target a region of enhancedand follow this population of  track descent through the cirrus cloud. Each filled circle
ice particles as they fell through the more widespread cirrugepresents the median value and the vertical bars the 25th
cloud. to 75th percentile range from 10 min of flight data. Above
Figure 4 shows an illustrative subset of this data taken inabout 0.02gm?3 the TWP-minus-WVSS-Il method is in
the middle of the cloud layer between temperatures 27 good agreement with the Nevzorov data. Below this value
and—19°C. Thegy measured with the WVSS-Il is observed there is a rapid drop-off in thg derived from the total wa-
to increase by 0.54 gn¥ during this period, which is about ter probe and WVSS-II. The data also become much noisier
a factor of 3 higher than the corresponding peakn the at these loweg; values as is evident from the larger ver-
cloud. The WVSS-II with the Rosemount inlet is used be- tical bars representing the 25th to 75th percentiles of the
cause it has been shown to perform better than the standamhta. A large component of this represents scatter in the data
flush inlet at the drier humidities encountered at the top of thearound the zerg; line that results from deriving thg from
cloud layer g, of 0.05gnT3) (Vance et al.2014. Itis clear  the difference between the two instruments. This scatter can
from Fig. 4a that in regions of low; the g; measured with  also be seen in the time series data presented in Fig. 4. It
the total water probe tracks the general increasg,idur- is also similar to the residual found between the two instru-
ing the descent. Thg estimated from the 5s time-averaged ments in clear air as shown in Appendix B. We therefore find
PSDs is shown with a grey band in Fig. 4b. This band spanghat the TWP-minus-WVSS-1I method should only be used
the variability that results from the integration of the PSD for ¢; values in excess of 0.02gTh. In contrast, the CVI
with the differentM—D relations for ice particles described data are in fairly good agreement with the Nevzorov mea-
in Sect.2.4. The example imagery from the CPI shows that surement forg; values in excess of 0.008 gth There is
pristine ice particles and aggregates thereof are dominana tendency for the CVI to give higher values than the Nev-
Also shown are data from the different bulk estimategiof ~ zorov probe at; values in excess of 0.03 g4, but the two
For all of the bulk ice water content methods, a 5s boxcartechniques generally give agreement to within 50 %. Further
smoothing has been applied to the data for comparison. Thexamination of the data at lower ice water content values is
gaps in the CVI data are where the instrument was zeroedgiven below. Finally a range @f estimates from the integra-
The enhanced; regions correspond to times when the air- tion of the PSD using a selection of ia¢—D relations from
craft intercepted the ice particle fall streak as it descendedhe literature is shown with the grey shading. These all tend
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Figure 4. Example data from a race-track descent made in cirrus cloud during flight B672 between temperat@2aind—19°C. Panel

(a) shows the measuregl from the total water probe angl, from the WVSS-II instrument. Panéb) shows theg; from the Nevzorov
gc sensor, data from the TWP-minus-WVSS-II method and data from the CVI. The grey shading shows a rgregiofates from the
integration of the measured PSD using a selectioleD relations for ice (see Table 1). Example CPI imagery is also shown.

to give good agreement with the Nevzorov datg aalues in ol Y
excess of about 0.02 gTA. Below this value the PSD gives i ]
significantly higher values than the bulk measurements.
This is examined further in Fig. 6b which shows the ra-
tio of the Nevzorovg; to the PSDg; estimate as a func-
tion of temperature. Again the grey shading shows the vari-
ability from the selection of iceM—D relations. It is evi-
dent that good agreement is seen at temperatures warmer 00Lp
than about—25°C. At colder temperatures higher up in
the cloud layer the integrated PSD overestimates ¢ihe I
This suggests that an altitude-depend#&ftD relation is L
required to match the bulk measurementszothroughout 0,002 L S
the depth of the cirrus, which we parametrise as a function 0.002 e 0.10
of temperature. Followingieymsfield et al(2007), we de-
rive a temperature-dependent value ofdheefficient in the  Figure 5. A comparison of Nevzorov data against the otemea-
M-D relation whilst assuming a constant value of theo- surement techniques. The TWP-minus-WVSS-II method is shown
efficient. For each circuit of the race-track descent throughn red, the CVIin blue and the integration of the PSD using the
the cloud layer, we fiv» = 2.1 and varya to find the best temperature-dependent relatidh= 0.05D_b<T) from this study in
agreement with the Nevzorov data. The best-fit value isf green (see Table 1). The data are from fllght_ B762_ in cirrus cloud be-
shown in black in Fig. 6a as a function of temperature. Theretween temperatures ef48 and—_9°C. Each filled circle represents _
. . . the median value and the vertical bars the 25th to 75th percentile
is a linear dependence af for —48 < T < —16°C given range from 10 min of flight data. The dark/light grey shading spans
by a = Co+ C1T, where the constants a® = 0.0901 and  the extremities of the median/interquartile range when integrating
C1=0.001449. At temperatures warmer thai6°C no ob-  the PSD using a selection of other temperature-invananb rela-

vious trend iz is observed, and we fixat a value of 0.0669. tions for ice (see Table 1). The solid line is thellline. The dashed
We also derive a seconrt{—D relation that fixes: = 0.05 lines represent agreement to within a factor of 1.5.
and variesh to find the best agreement with the Nevzorov
data. This is shown in red in Fig. 6b. Again there is a linear
dependence for temperatures colder thd®°C thatis given At temperatures warmer than16°C we fix b at 2.05. Ap-
by b = Co+C3T, whereC, = 1.9868 andC3 = —0.004059.  plying either of these temperature-dependdrtD relations

to the PSD data results in much better agreement with the

g (gm?)
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Figure 6. Panel(a) shows two temperature-dependédt-D re- 7
lations for flight B672. The filled circles are the median and the
vertical bars the interquartile range from each 5s PSD in different
temperature ranges. The black data vary dheoefficient and fix

b=2.1. The red data vary the coefficient and fix: = 0.05. The  rjgyre 7. A comparison of 1 Hz Nevzorov data and C¥I mea-

solid lines are a fit to the data (see Table 1). Pgbpkhows the g rements in midlatitude cirrus clouds. The solid line is thel 1
ratio of theg; measured with the Nevzorov probe to that from the e and the dashed lines represent a factor-of-2 difference between
integration of the PSD using the two temperature-depentierd the measurements.

relations (same colours as in paaglEach circle represents the me-

dian value and the vertical bars the interquartile range from 10 min

of flight data. The dark/light grey shading spans the extremities of4 Conclusions

the median/interquartile range when integrating the PSD using a se-

lection of temperature-invariatf—D relations for ice from the lit-  \ye present a comparison of ice water content data using a va-
erature (see Table 1). riety of measurement techniques on the FAAM BAe-146 re-
search aircraft. These include evaporative techniques using

o . a CVI and a TWP-minus-WVSS-II water vapour method,
Nevzorov bulk measurement. This is shown as a function . . .

S . a hot-wire technique using a Nevzorgy sensor and tech-
of both ¢; in Fig. 5 (green symbols) and temperature in

Fig. 6b (black/red symbols). We note that one could choosdmiaues based on integration of the measured PSD. Examples

. . . i . are shown from research flights that sampled a variety of
different fixeda andb coefficients and derive equally valid cloud tvpes during the PIKNMIX field campaian. The CVI
temperature-dependemM—D relations which also result in yp 9 paign.

a good fit to the data. The objective here is to illustrate thatOlata are only a vailable for t he cirrus m_easure_mer!ts because
. : . . the unheated inlet was subject to icing issues in mixed-phase
the application of temperature-invariaM—D relations to

; conditions.
the PSD is unable to reproduce the observed bulk measure- The TWP-minus-WVSS-II technique is the only method

ment ofg;. that was capable of measuring the high bulk water con-

In addition to the data from B672, a comparison of the : : :
tents (several g ) found in the convective clouds on flight
CVI and Nevzorov probe measuremengpfrom three other
B667. Data from the Nevzoroy; sensor appeared to satu-

flights in midlatitude cirrus clouds are shown in Fig. 7. The . - ;
. . L . rate at a value of about 1 g due to insufficient electrical
typical g; values measured during these additional flights are

lower than the TWP-minus-WVSS-Il method can resolve. PCWer being supplied to the cone to enable it to melt and then
and so those data are not presented. Flight B669 (24 Ja{ evaporate all of the captured ice particles, something that has

een observed in wind tunnel testéofolev et al, 20133.
uary 2