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Abstract

Mixed-phase layer clouds are common throughout the globe, from the tropics

where detrainment from convection forms long-lived altocumulus layers, to the mid-

latitudes where humidity is brought to the mid-troposphere by cyclonic activity,

and in the Arctic regions where low-level mixed-phase stratocumulus clouds persist.

Supercooled water is common in these clouds and so they have a strong impact on

the radiative balance of the planet.

Global climate and numerical weather prediction models fail to predict sufficient

mid-level cloud and this leads to deficiencies in the representation of incoming

solar radiation at the surface and thus large biases in surface temperature, notably

in the Southern Ocean. High resolution and cloud resolving models do not perform

significantly better, and in part this is due to large uncertainties in the nature of

ice nucleation and the phase transition from liquid to ice.

This study exploits new observations of mixed-phase cloud to attempt to better

understand the processes that control their evolution. Observations of altocumulus

clouds from an instrumented aircraft are presented that probe the nature of liquid

and ice cloud particles, and the underlying aerosol population. The performance

of cloud microphysics probes in measuring ice particles smaller than 100 µm when

liquid cloud drops are present is assessed. New characterisation of SID2 (Small Ice

Detector 2) and CIP15 (Cloud Imaging Probe, 15 µm) is presented. Calculations

are performed that assess the ice nucleating particle budget in altocumulus, and

the ice production rate in mixed-phase altocumulus and cumulus clouds.
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PCASP Passive Cavity Aerosol Spectrometer Probe

PDF Probability Density Function

PIKNMIX Prestwick Mixed-Sorties Flight Campaign

PIKNMIX-C Third Prestwick Mixed-Sorties Flight Campaign

PIP Primary Ice Production

PMS Particle Measuring Systems

Pro Slant Profile (aircraft)

PSD Particle Size Distribution

r SID2 individual detector element response

Res. Resolution
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Abbreviations

RVSM Reduced Vertical Separation Minimum

SID Small Ice Detector

SID2 Small Ice Detector Mk. 2

SID3 Small Ice Detector Mk 3.

SIP Secondary Ice Production

SL Stable Layer

SODA2 System for OAP Data Analysis version 2

SLR Straight and Level Run (aircraft)

SPEC Stratton Park Engineering Company

SPIN Spectrometer for Ice Nuclei

STP Standard Temperature and Pressure

TAS True Airspeed

TDL Tunable Diode Laser

TKE Turbulence Kinetic Energy

TWC Total Water Content (Condensed)

U. Herts. University of Hertfordshire

U. Man. The University of Manchester

UL Upper Layer

UTC Coordinated Universal Time

WBF Wegener-Bergeron-Findeisen

WGS84 A Particular Reference Geoid

WMO World Meteorological Organisation

WVSS2 Water Vapour Sensing Systems Mk 2. Near Infrared TDL Absolute

Humidity Spectrometer
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Nomenclature

A Asphericity

cfice cfliq cfmixed Cloud fraction (ice, liquid, mixed phase)

d Diameter

D SID2 geometric equivalent diameter

d Geometric mean diameter of log-normal distribution

dl Diameter of liquid cloud particle

deff Effective cloud drop diameter

di Diameter of ice particle

DzCTH Vertical altitude w.r.t. cloud top height

Dzinv. Vertical altitude w.r.t. inversion altitude

F Flow rate

Na Aerosol particle number concentration

Nd Cloud droplet number concentration

Ni Ice particle number concentration

N0 Number concentration of log-normal distribution

P0 Ice production rate

q Specific humidity

qt Total water content (vapour + liquid + ice)

r Humidity mixing ratio
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Nomenclature

RH Relative Humidity

RHI Relative Humidity w.r.t. ice

RHL Relative Humidity w.r.t. liquid

SA Sample Area

SAE Extended Sample area

SAQ Qualified Sample Area

ubulk Easterly wind component from aircraft-motion vectors

uturb Easterly wind component from 5-port probe

u′ Fluctuation of easterly wind component from 5-port probe

u∗z Vertical velocity required to short-cut WBF process (Korolev, 2007a)

vbulk Northerly wind component from aircraft-motion vectors

Vsample Sample volume

vturb Northerly wind Component from 5-port probe

v′ Fluctuation of northerly wind component from 5-port probe

vmax Size dependent particle fall speed

vmr Humidity volume mixing ratio

wabulk Horizontal wind angle from aircraft-motion vectors

wsbulk Horizontal wind speed from aircraft-motion vectors

wturb Vertical wind component from 5-port probe

u′ Fluctuation of vertical wind component from 5-port probe

zfall Particle fall distance

θ Potential temperature

σ Standard deviation

τ gl Cloud glaciation time

ΦINP INP Reservoir depletion time
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Constants

cp = 1005.7 J Kg−1 K−1 Specific heat capacity of air at constant pressure

e0 = 6.113 hPa Reference vapour pressure

ε = Rd/Rw = 0.621 Ratio of gas constants

Lvl = 2501 kJ kg−1 Latent heat of vapourisation (liquid)

Lvi = 2835 kJ kg−1 Latent heat of vapourisation (ice)

Pref = 1000 hPa Reference pressure

Rd = 287.5 J Kg−1 K−1 Gas constant of dry air

Rw = 461.5 J Kg−1 K−1 Gas constant of water vapour

T0 = 273.15 K Melting temperature
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Chapter 1

Introduction

1.1 Altocumulus Clouds

The clouds studied in the research are Altocumulus Stratiformis: mid-tropospheric

layer clouds that often reside at altitudes above the zero degree isotherm. Liquid

water may therefore be supercooled and ice may form and precipitate from the

clouds in the form of virga. Alto- clouds are found in the middle layers of the

troposphere. Cumuliform clouds are those which possess some turbulent activity

and vertical motion. Stratiform clouds extend spatially over a wide area. These

categories are determined by the World Meteorological Organisation (2008) for

synoptic observations purposes, and are based on altitude and appearance of clouds.

The physical processes and phase composition are considered a “less formal” way to

classify a cloud, and so nomenclature is often a source of confusion when discussing

cloud types. It has been suggested in the literature that alto-stratocumulus be

used as a synonym since this better describes the physical mechanisms at work

in these clouds (Larson et al., 2006). This term may seldom be used but does
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Figure 1.1: Illustration of the processes that maintain and evolve altocumulus
clouds (after Morrison et al. (2012)).

accurately describe the mid-level layer clouds in this study. The term altocumulus

will be used throughout this work.

The maintenance of altocumulus clouds is the result of a complex network of

processes relating supercooled water to ice through turbulence, radiative effects,

underlying aerosol properties and entrainment. Morrison et al. (2012) describes a

network of interactions for Arctic boundary layer clouds and the non-surface related

processes are relevant to mid-latitude mid-level layer clouds. The processes that

are pertinent to altocumulus evolution are illustrated in Figure 1.1. Altocumulus

clouds share many characteristics with low level Arctic mixed-phase clouds (Smith

et al., 2009). The clouds may be formed through large scale ascent or wind shear

at a stable interface as well as outflow from convection when it reaches a stable

layer (Rauber and Tokay, 1991) or through upwards air-motion associated with

gravity-waves (Hogan et al., 2003a). The clouds have turbulent structure imparted

through Long Wave Radiative Cooling (LWRC) from the liquid cloud top which

results in a cellular structure. The cooling may result in the development of a

temperature inversion above, and a thermodynamically well-mixed layer beneath.

As the clouds are often supercooled there is the potential for ice nucleation and ice
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production that could precipitate from the liquid layer and grow if the sub-cloud

layer is super-saturated with respect to ice. Ice Nucleating Particles (INP) may

be found within the layer or above.

An altocumulus life-cycle might be as follows:

� Wind shear or some other processes instigates positive vertical velocity that

produces supersaturation and initiates liquid cloud.

� LWRC (Long Wave Radiative Cooling) from cloud top causes some cloud

parcels to descend, in narrow strong downdraughts, then

� conservation of mass results in some weaker, broader updraughts.

� The induced TKE (Turbulence Kinetic Energy) structure maintains the

liquid layer, and at some stage

� Ice nucleation take place through an immersion freezing, or other exotic

heterogeneous freezing mechanism. The exact location is unknown.

� During updraughts, once ice saturation is reached, there may be ice formation

through deposition nucleation

� Ice particles would then grow and precipitate out from below the liquid cloud.

The cloud may fully glaciate, dissipate, or develop a multi-layered structure.

1.1.1 Motivation

Altocumulus clouds are much less frequently studied than other clouds such

as their boundary layer equivalent stratocumulus, for example. In part, this

is because the clouds themselves are not responsible for severe weather and

rarely produce precipitation that reaches the ground (Fleishauer et al., 2002).
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However, altocumulus clouds have been implicated in the enhancement of surface

precipitation via ice precipitation seeding supercooled cloud below (Crosier et al.,

2011). Additionally, supercooled water in these clouds may present a hazard to

air traffic (JAR, 2007) (Joint Airworthiness Regulations).

In situ aircraft measurements are difficult in these environments as the cloud

layers are typically less than 500 m thick (Korolev et al., 2007). Many of the

existing studies took place before the impact of shattering of ice on cloud physics

instrumentation was fully appreciated (Korolev et al., 2011) and so there is some

doubt cast on the quality of the measurements. New instruments with higher

resolution than those in the existing studies are now available, and so the focus

has developed from observing the large scale properties of the clouds, to closing

in on the physical processes controlling their evolution. Therefore it is timely to

return to study these mixed-phase clouds, with a focus on the measurement of

small ice with a view to disentangling the problem of ice nucleation in mixed-phase

clouds. Better in situ measurement of the turbulent environment which these

clouds generate will place the microphysical observations in context.

1.1.2 Aims

This research aims to exploit cloud and aerosol microphysics and turbulence

observations in order to better understand mixed-phase altocumulus clouds in

the mid-latitudes, in particular in terms of the properties of small ice. In situ

data collected with the FAAM (Facility for Airborne Atmospheric Measurements)

BAe146 Atmospheric Research Aircraft were used to observe aerosol and cloud

microphysical properties and to measure thermodynamics and turbulence. Observa-

tions are presented here of three mixed-phase clouds: altocumulus, stratocumulus

and cumulus. Along with calculations performed on the data using published
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techniques, these observations were used to determine the ice production rate in

an altocumulus and cumulus cloud, and the ice nuclei budget based on aerosol

observations. Observations of small ice particles with d ≥ 45 µm are presented

from within regions where liquid cloud drops are present and this represents a

step forward in exploitation of the current generation of cloud physics probes.

The measurements and observations were made so as to further the understanding

of this type of cloud, and of the physical processes at work. These processes may

be applicable to other cloud types, and the aim is to present the observations such

that the output from numerical models for both weather and climate forecasting

may be tested and improved.

1.2 Literature Review

1.2.1 Climatology and Simulation of Altocumulus Clouds

Supercooled water is common in the atmosphere with altocumulus and altostratus

clouds present throughout the globe in all seasons to a varying extent (Warren

et al., 1988). Zhang et al. (2010) use CALIPSO (Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observations) and CloudSat data to show that the global mean

occurrence of altocumulus is 7.8 % and that mixed-phase layer clouds represent

33.6 % of all mid-level clouds. A higher incidence of mixed-phase layer cloud was

found at night, in the tropics, and more so over land. In the northern hemisphere,

away from the tropics, almost all liquid topped layer clouds are mixed-phase when

Cloud Top Temperature (CTT) is less than -13° C. Ground based observations

from the mid-latitudes show that liquid water layers are found above ice clouds in

the majority of cases warmer than -27° C (Westbrook and Illingworth, 2011).
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Stein et al. (2011) reported on the use of remote sensing to find significant amounts

of altocumulus in tropical regions in the west of Africa, associated with the outflow

from deep convective systems, above the zero degree isotherm, between 600 hPa

and 500 hPa. These clouds are shown to contain supercooled liquid and occur up

to 20 % of the time between 5 N and 30 N, covering the Sahara to some extent,

which will be crucial for the radiative balance of the region.

Ground-based remote sensing from the island of Cape Verde allowed Ansmann

et al. (2009) to observe more than 200 oceanic tropical altocumulus clouds and

found them to have similar structure to those clouds mentioned above. Layers were

262 m ± 137 m deep, and as cold as T = -37° C, with the ice phase being correlated

with cloud top temperature indicating that the ice nucleation in these clouds is

temperature dependent. Liquid was required before any ice was observed, and the

conclusion was that ice nucleation occurs first at cloud top through freezing of

drops and that deposition and condensation nucleation are unimportant in the

initial, crucial, ice formation phase. However, no evidence is presented for ice

formation at cloud top, but evidence is presented for ice formation in updraughts

prior to water saturation being reached. Deposition nucleation is suggested as the

mechanism as this occurs below the liquid cloud base. No ice was observed prior

to this and so the conclusion is questioned here. An alternative explanation could

be that the ice only formed once any potential Ice Nucleating Particles (INP) had

undergone some form of processing through the cloud drops, and hence no ice was

observed until after the liquid was present.

Detailed ground based remotely sensed observations and a theoretical model of

altocumulus was presented by Schmidt et al. (2014). The structure of altocumulus

clouds were resolved on an unprecedented scale with features of the order 100 m

depicted. Figure 1.2 is reproduced here from Schmidt et al. (2014) and shows
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Figure 1.2: Schematic of the turbulence structure in observed altocumulus clouds
as presented in Schmidt et al. (2014). Dark grey shading and blue countour outlines
show downdraughts (at -0.3, -0.6, -0.9, -1.2 m s−1). Updraughts in red contours
(0.1, 0.2, 0.3 m s−1). Cloud layer depicted by white contours contains Rayleigh-
Bérnard (RB) type convective circulations. Shallower eddies were observed near
cloud top (smaller black arrows). Longer thick black arrows show narrow small-
scale downdraughts from various levels in cloud. Subcloud rotors associated with
downdraughts are shown as vertically oriented ellipses. Simplified static stability
profile shown on right of figure.

a summary of the observed features of the turbulence structure of the clouds

that they observed. As expected the liquid cloud layer contains Rayleigh-Bérnard

type convective circulations, driven by LWRC from cloud top, with strong narrow

downdraughts driving weaker, broader updraughts. Smaller circulations were

observed within the cloud top layer. Connection between the liquid cloud layer and

below was observed by the presence of strong downdraughts penetrating through

the virga layer. In turn, these downdraughts result in weak updraughts and small

sub-cloud rotors. Distinction between the turbulence within the liquid cloud layer

and the sub-cloud virga systems were clear. Small scale structures such as eddies

at cloud top and small sub-cloud rotors were shown to contribute to the overall
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turbulence spectra.

Supercooled altocumulus clouds will often produce ice phase precipitation in

the form of sub-cloud virga. The glaciation of a liquid cloud has significant

consequences for fractional cloud coverage and albedo. A supercooled liquid

cloud may have large areal coverage and significant optical depth, although the

amount of condensed water is relatively low with with 50% of clouds having LWP

≤ 100 gm−2 (Korolev et al., 2007). Once glaciated the coverage can be much

reduced and the optical depth of the ice cloud much lower and so understanding

the phase partitioning is crucial in understanding the radiative balance of the

global climate system (Sun and Shine, 1995). Altocumulus clouds have important

radiative properties as they may be optically thick especially if the cloud has

significant Liquid Water Path (LWP). Radiative transfer calculations performed

by Hogan et al. (2003b) suggest that the radiative impact of the liquid layer is

extremely significant. Climate models generally parametrise Ice Water Content,

IWC = Fn(T−1) which is in disagreement with observations for mixed-phase

layer clouds (Carey et al., 2008) which show that ice mass is present in greater

concentrations in the lower part of the cloud system.

Westbrook and Illingworth (2011) found that the supercooled water in mid-level

clouds is drastically underestimated in GCMs (General Circulation Models) and

NWP (Numerical Weather Prediction). Large scale GCMs in NWP mode do not

produce realistic simulations of these mid-level mixed-phase clouds. A comparison

by Hogan et al. (2003b) found that both ECMWF (European Centre for Medium

Range Weather Forecasting) and MetUM (Met Office Unified Model), in forecast

mode, had difficulty in predicting the frequency of supercooled water layers over the

Chilbolton radar station. Both models had too much supercooled water between

0° C and -20° C and little, if any, supercooled water at T ≤ -20° C. Systematic
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GCM deficiencies are attributed to low vertical resolution in the mid-levels, poor

mixed-phase microphysics, and a lack of subgrid-scale processes such as cellular

convection (Hogan et al., 2003a; Bodas-Salcedo et al., 2008). The problem of

resolution is compounded at higher altitudes, where model levels are more widely

spaced, as thinner clouds are correlated with lower temperatures (Korolev et al.,

2007).

Climate simulations are found to have too little cloud in the mid-levels which

results in a warm bias in sea surface temperatures, one of the largest of which

is found in the Southern Ocean (Bodas-Salcedo et al., 2014). Previous work by

Bodas-Salcedo et al. (2012) found that the bias in solar downwelling short-wave

radiation can be as large as 35 Wm−2 in the Southern Ocean and attributed the

cause to missing, or misrepresented, mid-level cloud on the cold side of a composite

southern-hemisphere cyclone. The impact is felt most strongly to the south of

55° S, so much so that it dominates the climatological signal over the range 40° S to

70° S (Bodas-Salcedo et al., 2014). Stratocumulus clouds are also implicated and

the poor representation of these clouds in part being restricted by the poor vertical

resolution in the current generation of numerical models. Cumulus congestus and

mid-level stratiform clouds are not understood to the same level of detail in these

studies.

Mason et al. (2014) has gone some way to rectifying this uncertainty in the source

of the bias by defining four new “high-latitude Southern Ocean cloud regimes”.

By combining passive sensors with active radar and lidar data and with the

meteorological state parameters, they applied a k -means clustering algorithm to

present new insights into the dynamics and cloud properties associated with these

mid-level clouds. Polar-Lows, small meso-scale features that are not resolved in the

280 km scale of ISCCP (International Satellite Cloud Climatology Project), are
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contributors to deep, high optical depth midtopped cloud. Sub-categorisation of

the low-level broken cumulus and stratiform regimes is shown. Further segregation

of the occurrence of shallow and deep mid-level layers, and cloud occurring in

warm-conveyor belt and subsidence cold-air regimes was presented. The in situ

details of the microphysical processes that control these features remain elusive.

Turbulence in mixed-phase clouds has been explored by Marsham et al. (2006) by

interrogating a cloud resolving model with ground based observations. Accurate

representation of the vertical velocities was found to be important in maintaining

the LWP and ice nucleation and in particular the INP budget was identified as

a control on LWP. GCMs typically have a treatment of weakly forced turbulent

mixing in the boundary layer (e.g. The Lock et al. (2000) Boundary Layer Scheme)

but there is no such representation of turbulence in isolated mid-level layers,

meaning that models will continue to struggle to have large enough LWP. There is

also evidence that the ice production process is too efficient (Abel et al., 2017).

1.2.2 In Situ Observations of Altocumulus Clouds

A number of studies of altocumulus have been made previously with instrumented

aircraft, predominantly in the mid-latitudes. Heymsfield et al. (1991) found two

highly-supercooled clouds with cloud top temperatures of -30° C, with low droplet

number concentrations of a few 10s cm−3, and LWC (Liquid Water Content) of

0.05 gm−3 and 0.02 gm−3. Only the higher LWC cloud was found to precipitate

ice.

Fleishauer et al. (2002) find, for altocumulus in mid-latitudes, that cloud systems

can consist of single and multiple layers and span depths of typically 500 m. Similar

values of liquid water were found, typically with 0.01 gm−3 ≤ LWC ≤ 0.15 gm−3,
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peaking at LWC = 0.39 gm−3. Vertical wind velocity data showed a standard

deviation range of 0.15 ms−1 to 0.75 ms−1. IWC did not correlate with colder

temperature but showed a maximum in the range -8° C ≤ T ≤ -20° C, where the

largest difference in saturation vapour pressure between liquid and ice surfaces

occurs, in support of Carey et al. (2008).

Korolev and Field (2008) use in situ data from five field campaigns and find

that there are distinct types of supercooled LWC profile, with shallow, slightly

sub-adiabatic type layers where a linear increase with altitude is observed. Many

clouds have more complex layered structures and can have highest LWC at, or

towards, cloud base. The median peak-LWC value was found to be 0.32 gm−3 at

the 100 m averaging scale, with an absolute maximum of 1.0 gm−3. These LWC

values were relatively independent of depth for clouds deeper than 500 m, and

the average in-cloud LWC was 0.14 gm−3. More than half of the clouds were in

fact shallower than 500 m, with thinner clouds being well correlated with colder

layer-averaged temperatures. Where temperatures were colder than -25° C the

cloud depths were less than 100 m. Deeper clouds were found, at low frequency of

occurrence, up to 4 km thick, and these deep-stratiform clouds were more likely to

have many local LWC maxima.

Carey et al. (2008) observed that mid-latitude altocumulus layer clouds were of

mixed-phase composition on more than two-thirds of occasions and that mixed-

phase conditions began within a few tens of metres of observable cloud top. Peak

LWC was found at cloud top, and IWC (Ice Water Content) precipitated as

virga from the liquid layer to reach a maximum in the lower half of the cloud or

below. The similarity to Arctic boundary layer mixed-phase stratocumulus was

noted. Many clouds were between 100 m and 300 m thick, ranging from 80 m

to 1000 m and had cloud top temperatures from the warmest at -13° C to the
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coldest at -26° C. No association between temperature and peak LWC was found,

whereas peak IWC did occur at warmer temperatures, although the trend was

weak. Long-lived clouds of up to 9 hours were identified and some mixed-phase

clouds appeared to “de-glaciate” and return to being liquid-phase only. Perhaps

this cloud underwent large scale descent to a level where the temperature increased

above the ice nucleation temperature, leaving the remaining liquid cloud in place.

The mixed-phase stratocumulus in the Arctic is well studied (Verlinde et al.,

2007; McFarquhar et al., 2011; Lloyd et al., 2015), and those clouds are found

to share many properties with altocumulus. Hobbs and Rangno (1998) found

a wide range of liquid and ice properties in Arctic altocumulus clouds, with

cloud drop numbers ranging from less than 105 cm−3 up to 450 cm−3 with

0.02 gm−3 ≤ LWC ≤ 0.14 gm−3 and 11.8 µm ≤ deff ≤ 17.8 µm. The liquid cloud

droplet spectra in altocumulus often looked similar to those found in stratocumulus

clouds. The maximum size of cloud particles was generally smaller than 25 µm.

Clouds were 30 m to 800 m deep, and did not appear well mixed, and so no

variation of LWC with height was observed. Ice precipitation occurred at T ≤ -

10° C. Rangno and Hobbs (2001), amongst others, studied the properties of Arctic

mixed-phase clouds and determined a number of sub-types based on the partition

between ice and liquid, the amount of turbulence, etc.

Hobbs and Rangno (1985) observed ice concentration enhancement close to the

tops of supercooled stratiform clouds when a proportion of the liquid cloud particles

were larger than ≈ 20 µm and postulated that the ice may have been formed

during partial evaporation of cloud droplets during mixing of dry air from aloft.

The observations required only ≈ 0.1 % of the larger drops to freeze to explain the

ice concentrations. Given the probable over estimation of ice concentrations the

actual fraction is likely to be orders of magnitude lower. The observational studies
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made at this time are likely to have suffered from shattering on cloud physics

probes (e.g. Korolev et al. (2011)) and so the presented ice concentrations may

not be reliable.

1.2.3 Ice Nucleation in Altocumulus

One remaining big question in cloud physics is the precise nature of the ice

formation process in the atmosphere. Much of the uncertainty revolves around

understanding the nature of the heterogeneous phase transition between liquid and

ice. Homogeneous ice nucleation is only important at T ≤ -33° C (Cantrell and

Heymsfield, 2005) and very little liquid cloud is observed below this (Illingworth

et al., 2007), although there is a small, but finite, homogeneous nucleation rate

(Herbert et al., 2015) for T ≤ ≈ -30° C.

Supercooled water has been observed in Arctic stratus clouds at T = -31° C (Hobbs

and Rangno, 1998). There are observations of altocumulus clouds persisting in

an almost equilibrium state for upwards of twenty-four hours (Westbrook and

Illingworth, 2013), long after traditional ice nuclei parametrisations would suggest

is possible (e.g. DeMott et al. (2015)). The lifetime and albedo of the clouds are

found to be extremely sensitive to the properties of aerosols and ice nucleation

processes in climate models (Storelvmo et al., 2011).

Observations (Westbrook and Illingworth, 2011) supported by modelling (Fridlind

et al., 2007) show that water saturation is required before these clouds produce

ice and so it is likely that the ice are produced via a variant of immersion freezing

(see Vali (2014) and references therein), whereby an INP immersed in a cloud drop

becomes active either once a particular temperature is reached, or as a result of

some stochastic process. Laboratory studies are beginning to shed light on the
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stochastic process of immersion freezing of supercooled drops via heterogeneous

ice nucleation in the presence of an INP (Broadley et al., 2012).

A number of instruments exist that are able to measure the number concentrations

of INP in the atmosphere using Continuous Flow Diffusion Chamber (CFDC) Ice

Nucleus Counters (INC), as described initially by Rogers (1988). More recently a

commercial instrument produced by Droplet Measurement Technologies (DMT,

2016) based on a research instrument developed by Stetzer et al. (2008) has been

available to the airborne atmospheric research community. Such instruments offer

a method of quantifying the number of ice nucleating particles across a part of the

temperature-humidity-time phase space. The instruments are able to prescribe

certain combinations of temperature and humidity. Residence time is limited by

the narrow range of flow rates that can be selected.

Experiments undertaken with airborne INC do not typically explore immersion

freezing mechanism, since operation at water saturation is difficult, and the short

residence time in the freezing section of the chamber is restrictive. This topic is in

the early stages of being researched using ground based equipment (ETH Zurich,

2016). As the parametrisations if INP concentrations as a function of temperature

in numerical models are developed from the observations they necessarily share

the same limitations. Recent work by DeMott et al. (2015), using ground based

instrumentation, introduced a correction factor to be applied to CDFC data to

account for this systematic underestimation. The measured number concentrations

of INP may be lower by a factor of two or three, when compared against immersion

freezing in general.

Traditional heterogeneous ice nucleation mechanisms, contact, immersion, depo-

sition and condensation freezing cannot explain the production of ice in weakly

forced supercooled liquid clouds whereas an evaporation freezing mechanism was
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shown to replicate the observed liquid and ice properties of mixed-phase Arctic

stratocumulus with some degree of success by Fridlind et al. (2007). A second

evaporation mechanism, where a small fraction of the CCN (Cloud Condensation

Nuclei) from evaporated cloud drops become effective INP was postulated to

account for the excess of ice crystals concentrations over available traditional INP.

In the evaporation region around a cloud the air is likely to be still supersaturated

with respect to ice. The study proposes that if an INP were released/produced

when a cloud drop evaporated then it would be able to immediately form an ice

crystal.

Contact Nucleation Inside Out (CNIO) (Durrant and Shaw, 2005) is similar to

INP production through evaporation but does not require the cloud drop to be

fully evaporated. A particular INP is typically active at a warmer temperature as

a contact nuclei than an immersion nuclei and so the likelihood that a freezing

event takes place is expected to be greater for CNIO than for traditional immersion

freezing.

For CNIO to take place a particle must enter a region sub-saturated w.r.t. liquid,

where full or partial evaporation of the droplet may result in an embedded INP

being exposed to the environment whereupon it may act as a contact nuclei rather

than an immersion nuclei. Locations where this is likely include close to cloud

top where dry air entrains from aloft, or in downdraughts. Once frozen, the ice

crystals may be entrained into eddies that increase their residence time in cloud

and permit them to grow to precipitation size particles.

The CNIO mechanism could be responsible for the time dependent nucleation

observed in a long-lived altocumulus cloud by Westbrook and Illingworth (2013).

The path length in cloud for any given liquid cloud particle will be governed by

the particular turbulence spectra and there will be a spread of different lifetimes in
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cloud. Droplet lifetimes in turbulent environments have been considered before for

warm boundary layer clouds (Nicholls, 1987) and the model developed was capable

of producing an appropriate number of drizzle-sized drops. In the supercooled

environment in this study the drizzle process is potentially short-circuited by ice

production and so the results may be transferable to the production of ice from

supercooled liquid layers.

There are many locations where CNIO could become active, including cloud top,

through entrainment of dry air from aloft or through lateral mixing of sub-saturated

(w.r.t. liquid) air causing contact freezing following evaporation (e.g. Ladino et al.

(2013) and references therein). Or else, during a downdraught, once the descending

parcel becomes sub-saturated and begins to grow in the ice-super-saturated air.

These small ice particles would potentially get re-entrained into updraughts where

they could continue to grow as pristine crystals.

Water saturation being required prior to the initiation of the ice phase does not

restrict the ice production mechanism to these variants of immersion freezing.

Once the turbulence structure is established it may be possible for deposition

nucleation to proceed within updraughts that are ice super-saturated but below

water saturation. Observations of tropical altocumulus using ground based radar

showed evidence of narrow bands of ice nucleation in updraughts just below liquid

cloud base (Ansmann et al., 2009). The question as to why the INP did not

act as a deposition nuclei during the initial updraughts that formed the liquid

altocumulus clouds is not answered. A sudden influx of INP seems unlikely and so

perhaps the INP were produced during cloud processing of aerosol.

By invoking a slow stochastic time dependent freezing process of liquid drops in a

simple 1-D model Yang et al. (2013) were able to represent the expected properties

of a mixed-phase cloud. In the real atmosphere, aircraft measurements of any
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stochastic or time dependent processes (Vali, 2014) are difficult due to the long

sampling time that is required.

Mechanisms such as freezing of evaporating drops, production of INP from an

evaporated drop, of the spontaneous freezing by a stochastic time dependent

mechanism require further study and observations of the properties of liquid and

ice in mixed-phase clouds are one way to do this. Measurement of the smallest,

first-ice particles in mixed-phase clouds is a crucial requirement in the field of

cloud physics study in order to assess the nucleation and production of ice directly

rather than through the indirect observations of INP.

1.3 Outline

The methods used in the study are presented in Chapter 2. Subsequently there

is an overview of each of the clouds under study in Chapter 3, which includes

the new method for studying altocumulus in a similar manner to stratocumulus,

relative to a derived vertical coordinate. The following results chapter presents an

analysis of ice production in a mixed-phase altocumulus cloud and uses aerosol

observations to measure Ice Nucleating Particle (INP) concentrations (Chapter 4).

Characterisation of asphericity-broadening in SID2 observations is presented, and

small ice particles (≤ 100 µm) are observed in mixed-phase altocumulus, using

detailed analysis of cloud microphysics probes, in Chapter 5. Conclusions and

suggestions for further work are given at the end. Supplementary and supporting

materials are presented in appendices at the end of the document.
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Methods

2.1 Introduction

Data were collected from an instrumented aircraft, the FAAM BAe146 Atmo-

spheric Research Aircraft (BAe146) on three research flights, through mixed-phase

clouds. Altocumulus clouds were sampled on 2nd February 2012 (Flight B674),

cumulus clouds on 24th November 2013 (B816) and stratocumulus clouds on

23rd January 2012 (B668) with details given in Table 2.1. The work concentrates

on the analysis of altocumulus clouds from flight B674 and presents these in

contrast to stratocumulus and cumulus clouds. Whilst it would be advantageous

to include additional cases of altocumulus clouds from different flights this has

not been possible. The nature of the clouds themselves means that they are

difficult to forecast using numerical models, and so it is consequently difficult

to schedule research flights to go and sample them. The often transient nature

of the altocumulus cloud systems further complicates the matter. Attempts to

sample mixed phase altocumulus clouds have been made at temperatures warmer
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Flight Date Campaign Cloud Type Instruments

B668 23rd January 2012 PIKNMIX stratocumulus PCASP CDP 2DC
CIP15 CIP100

B674 2nd February 2012 PIKNMIX altocumulus PCASP CDP CIP15
CIP100 CPI

B816 24th November 2013 PIKNMIX-C cumulus PCASP CDP 2DS

Table 2.1: FAAM BAe146 research sorties from the PIKNMIX and PIKNMIX-C,
cloud type and aerosol and cloud microphysics instrumentation (Section 2.6).

than the clouds sampled here, only to be hampered by problems with icing of

instrumentation and the airframe. The FAAM BAe146 has sampled similar clouds

in a similar temperature range on occasion but generally with a reduced suite of

cloud microphysical instrumentation resulting in a weaker dataset, or with less

time on-task, or with a less favourable flight pattern.

Data are available from BADC (2017) (British Atmospheric Data Centre, part of

CEDA - Centre for Environmental Data Analysis). Instrumentation and the data

processing methods employed to analyse the data are presented in this chapter.

2.2 BAe146 Atmospheric Research Aircraft

The BAe146 is a four-engined jet aircraft that is fully equipped to measure the

meteorological and thermodynamic conditions encountered during cloud physics

research flights (FAAM, 2017). It carries a scientific payload capable of making

measurements of a wide range of atmospheric parameters across a wide range

of environmental conditions on research sorties of up to 6 hours. Sampling can

take place between 50 ft (30 m) above the ocean surface and 35 kft (10 km).

During sampling the aircraft typically flies at “science speed” which is an Indicated

Airspeed (IAS ) of 210 kn (approximately 100 m s−1 in the planetary boundary
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layer). The particular payload varies according to the type of science that is being

investigated, described in part by Mirza et al. (2016) and Allen et al. (2014). There

are facilities to record the basic state parameters and positional coordinates along

with specialist cloud and aerosol sampling probes. The information that follows

is a comprehensive list of each of the instruments that feature in this research

but not all were present on each flight. An overview of the data processing and

limitations for each instrument is given but some specific details are covered in

the chapters that follow.

2.2.1 Coordinates and Aircraft Attitude

Three dimensional geographical coordinates were determined using an Applanix

POS AV 510 GPS (Global Positioning System) -aided Inertial Navigation (GIN)

unit and data processing system, which reports at 32 Hz (Woolley, 2009a). Occa-

sionally the data record showed spurious data where Latitude=Longitude=[0, 0]

and these data points were removed from the data stream. GPS altitude data were

corrected to the WGS84 reference geoid using a look-up table method. Aircraft

attitude parameters such as True Airspeed (TAS ), IAS, pitch, yaw and roll, along

with derived Angle Of Attack (AoA) and Angle of Sideslip (AoSS) were also

reported at 32 Hz. Time was provided by synchronisation with a remote time

server and reported as Universal Coordinated Time (UTC).

2.2.2 Defining Slant Profiles and Straight and Level Runs

A research sortie is constructed from individual elements and the two that are

relevant to science sampling are the Straight and Level Run (SLR) and the Slant

Profile (Pro). Data from some instruments, such as those fed with an inlet, only
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Segment Type Parameter Units Limit

SLR / Pro d/dt Heading ° s−1 ± 1.0
SLR / Pro Roll ° ± 3.0

SLR d/dt Altitude ft min−1 ≤ ± ≈ 100
Pro d/dt Altitude ft min−1 ≈ ± 1000

Table 2.2: Parameters and limits used in determining when aircraft is in a Straight
and Level Run (SLR) and a Slant Profile (Pro) on B674.

provide reliable data when the aircraft is sampling with wings level, and where the

altitude does not vary. Other instruments can accept a moderate change in altitude.

Data were selected from times when the aircraft was flying a constant heading

using the limits for rate of change of heading and roll in Table 2.2. No strict limits

were placed on the rate of change of altitude, but an SLR typically has a rate

of change of altitude less than 100 ft min−1. A standard boundary layer profile

is flown at a rate of change of altitude of 500 ft min−1. A faster rate was flown

for the altocumulus sampling, of 1000 ft min−1 which does reduce the resolution

in the vertical on a second-by-second basis, but improves the negative impact of

horizontal variability on the profile data. As will be shown later (Chapter 3), the

determination of the thermodynamic position within the cloud system was not

determined to better than 25 m and increased vertical resolution from a slower

ascent/descent rate was not the limiting factor.

Derived Spatial Coordinates

Aircraft position data from flight B674 were combined with wind, cloud physics

and thermodynamic data to generate an air-relative horizontal coordinate and two

new vertical coordinates. These being the vertical position of the aircraft relative

to i) Cloud Top Height (CTH): Dz(CTH) and ii) the inversion altitude: Dz(inv.).

Details and the results of this process are presented subsequently in Chapter 3.
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2.3 3D and 2D Wind Components

2.3.1 5-Port Turbulence Probe Winds

Three dimensional wind components were sampled at 32 Hz using a 5-port turbu-

lence probe (Brown et al., 1983; Brown, 2009) located on the nose of the aircraft.

The probe has a centre port, and two pairs of ports, one in the horizontal, and

one in the vertical plane between which differential pressure is measured. Impact

pressure, equal to static plus dynamic pressure, is theoretically measured by the

centre port. The 5-port probe pressure-fluctuations and supporting data were all

recorded at 32 Hz which allows for the generation of high frequency turbulent

fluctuations. In truth, the readings at each port depend on both the local turbulent

wind speed and direction, and on the attitude of the aircraft. Pressure fluctuations

at these ports along with a measure of static pressure were combined with the

output of the GIN allowing resolution into northwards: v turb, eastwards: uturb,

and vertical: w turb, wind components.

Data drop-outs occurred infrequently in one or more of the components (≤ 0.01 %).

Large excursions from the mean occurred with a similar frequency. It is thought

that the cause is related to the aircraft positioning data, but the occurrence is

low and the cause was not investigated. Spurious large excursions from the mean

were determined by assessing the standard deviation calculated over 3200 records

(100 s). A point was marked as “bad” if it was found to be more than three

standard deviations away from the mean for horizontal wind components, and

more than 5 standard deviations for the vertical wind component. An unbroken

data record is necessary for making turbulence measurements and so where missing

data, or bad data, were found in the 32 Hz record they were replaced with a simple

nearest-neighbour interpolation. These points occur at such low frequency that
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the impact was assumed to be negligible.

The aircraft AoA and AoSS parameters (Woolley, 2009a) were determined from

this wind vector and the previously computed aircraft attitude variables. Along-

heading mean wind errors were found to be present in the turbulence probe data

on flight B674. Errors could be further minimised by an improved TAS calibration,

but this it not essential for turbulence measurement since the mean is removed.

No problems due to icing of the turbulence probe pressure ports were observed

during B674.

2.3.2 2D Horizontal “Bulk” Wind Components

Along-heading wind errors were present in the turbulence probe data from

2nd February 2012 (B674) and so low resolution (1 Hz) horizontal wind data

were taken from “bulk winds”, calculated as the resultant vector between aircraft

ground speed and airspeed vectors (Woolley, 2017). Data from the science GPS

system and the aircraft RVSM (Reduced Vertical Separation Minima) system were

combined and the wind vector resolved into eastwards: ubulk, and northwards:

v bulk, wind components. Wind speed: wsbulk, and wind angle: wabulk, were then

resolved. Bulk wind components were only calculated when the aircraft was in

straight and level flight. An offset of 0.35° was first applied to the aircraft heading

measurements to account for slight offsets within the system (pers. comm. A.

Wellpot, FAAM).

2.3.3 Turbulent Fluctuations and TKE

Turbulent flux profiles are typically calculated using Reynolds decomposition (e.g.

French et al. (2007), Petersen and Renfrew (2009)) from a vertical stack of level
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flight legs. The flight pattern from the altocumulus flight on 2nd February 2012

did not result in segments suitable for Reynolds decomposition, and so by removal

of a low-pass Butterworth-filtered time-series the high frequency time-series of

fluctuations of horizontal: u′, v′ and vertical: w′ wind fluctuations were generated.

Lenschow et al. (1988) is perhaps the first to have done this and others have used

this method for analysis of stable boundary layers (e.g. Mahrt (1985), Brooks

et al. (2003)). This is the first example of the technique being employed in the

mid-troposphere in altocumulus clouds, and it was applied to both slant profiles

and level flight segments.

A suite of 4-Pole low-pass Butterworth filters were constructed with filter lengths

that ranged from 1.5 km to 16 km to investigate the impact on the derived

fluctuations of thermodynamic parameters (Table 2.3). It was assumed that

TAS = 140 m s−1 throughout the measurement period as the true value varied

by less than 5%. The theoretical vertical offset was calculated using the nominal

vertical rate of change of 1000 ft min−1. The literature reports that the Butterworth

filter should be applied in both directions in order to not phase shift the data

(e.g. Petersen and Renfrew (2009), (Brooks et al., 2003)). The implications of this

omission are not thought to be important for magnitudes of calculated fluctuations

of wind components.

Once the low-frequency variations in wind components are removed an estimate of

Turbulence Kinetic Energy (TKE) was computed from the residual high-frequency

fluctuations were for each filter length using

TKE =
1

2

√
u′2 + v′2 + w′2. (2.1)

The impact of filter length is considered in Chapter 3.
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Filter
Lengths
[km]

1.5 3.0 5.0 6.0 9.0 12.0 14.0 16.0

Filter Fre-
quency
[Hz]

0.093 0.046 0.028 0.023 0.015 0.011 0.010 0.0088

Vertical
Offset [m]

54 109 181 217 326 435 508 580

Table 2.3: Butterworth Filter Lengths and Frequencies, used to investigate tur-
bulence, including the minimum and maximum, along with selected intermediate
values.

2.4 Thermodynamics and Humidity

2.4.1 Temperature

Two Goodrich Type 102 platinum-resistance thermometers were fitted to measure

temperature, one within a de-iced Rosemount housing and one with an ambient

temperature (non-de-iced) Rosemount housing and recorded at 32 Hz (Woolley,

2009b). The instruments typically measure to within 1° C of each other. The

non-de-iced probe data was selected for use on flight B674 (2nd February 2012) as

no evidence of contamination by LWC on the non-de-iced probe was apparent and

the de-iced probe suffered from spurious excursions at high frequency. The non-

de-iced sensor was used on B668, (23rd January 2012) as no impact of supercooled

water was observed on this sensor and the de-iced sensor had excessive noise on

the signal of over 6 K. The de-iced sensor was used on the cumulus cloud sampling

during B816 (24th November 2013) because the higher liquid water contents and

larger cloud particle sizes would be expected to contaminate the data from the

non-de-iced probe.

Potential temperature, θ, is calculated using the approximation from (Bolton,
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1980):

θ = TK

(
Pref
P

)Rd/cp

. (2.2)

2.4.2 Humidity

Humidity data, at 0.4 Hz, were provided by a WVSS2 (Water Vapour Sensing

System Mk. 2) near-infrared Tunable Diode Laser (TDL) absolute humidity

spectrometer which was fitted to a flush mounted inlet (Vance et al., 2014).

The instrument reports humidity volume mixing-ratio, vmr, by measuring the

absorption of light by the optical depth of water vapour molecules in the path

length of the sensing chamber. The benefit of using a TDL hygrometer is the fast

response to sharp changes in humidity as compared to the slower response of a

chilled mirror hygrometer, as discussed by Stevens et al. (2003).

High frequency measurements of total water content, qt were made using an

evaporative technique to measure the combined humidity from vapour, liquid and

ice phases. The Total Water Probe (Nicholls et al., 1990) has a set of heaters that

evaporate any condensed water and a Lyman-Alpha lamp and detection system to

measure the total amount of humidity in the atmosphere. The instrument is fast

(64 Hz), but the calibration drifts over time, and so the data are referenced to the

more stable WVSS2.

Dew point temperature, Td, was calculated by converting the humidity volume

mixing ratio, vmr, from WVSS2 into specific humidity, q, using

q = vmr × Rd/Rw (2.3)
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and converting to mixing ratio, r,

r =
q

1− q
(2.4)

and then computing dew point temperature using Equation 4.15b from Stull (2015)

Td =

[
1

T0
− Rv

L
ln

(
r · P

e0 · (r + ε)

)]−1
. (2.5)

The measured humidity was converted to Relative Humidity w.r.t. liquid, RH liq,

and ice, RH ice, using saturation vapour pressure formulations, for liquid from

(Wexler, 1983), and for ice from (Goff and Gratch, 1946) as reported by Murphy

and Koop (2005). The exact form of saturation vapour pressure formulation does

not have a huge impact at the temperature ranges in this current study.

2.5 Bulk Cloud Properties

2.5.1 Cloud Top Height: Lidar

When the aircraft was above cloud, a nadir-pointing Leosphere ALS450 355 nm

elastic backscatter and depolarisation aerosol lidar enabled the measurement of

cloud top height. Processing details for aerosol observations are given in Marenco

et al. (2011). The return from liquid cloud is strong and so averaging time is

reduced from that study to 2 s (pers. comm. - Franco Marenco) and thresholds

on the backscatter profile are applied as stipulated by Allen et al. (2014). This

resulted in a spatial horizontal resolution of between 200 m and 300 m and the

range gate resolution of 1.5 m is taken to be the location error in the vertical.

Altitude bias introduced by the GPS system is not accounted for, since data are
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considered relative to one another and so this is not necessary.

2.5.2 Condensed Water Content: Nevzorov Probe

A Nevzorov hot-wire probe (Korolev et al., 2008) with a deep-cone total-water

content sensor and a liquid-water content sensor were used to provide bulk mea-

surements of Liquid Water Content (LWC) and Total (condensed) Water Content

(TWC) at 32 Hz. The probe operates by measuring the increase in power required

to evaporate impinging cloud particles and maintain a constant wire set-point

temperature. The magnitude of the power is related to the mass of the impinging

condensed water by the latent heat of vapourisation of either liquid, Lv l or ice,

Lv i. The TWC sensor responds to both liquid- and ice-phase condensed water.

The LWC sensor is designed to only respond to liquid water, because ice particles

should bounce off the sensor before being evaporated, although there is some

residual sensitivity to ice, of the order 10 % of the total IWC.

The processing of hot-wire type bulk water probes requires removal of the dry-air

baseline drift in order to achieve the best possible accuracy of the measurement

(Abel et al., 2014). The baseline of a bulk water probe varies with atmospheric

conditions and if mounted on an aircraft will also depend on parameters such as

the aircraft airspeed and potentially attitude. Essentially the baseline drift is a

function of the magnitude of the cooling of the heated wire due to aspiration by

the airflow over it. Where bulk water measurements are used the baseline was

removed according to the scheme presented by Abel et al. (2014) resulting in a

sensitivity ± 0.002 gm−3 on Condensed Water Content (CWC) measurements.

Additionally, the Nevzorov TWC probe was used to derive a clear-flag (cloud-free)

(Section 4.7.2) and, for this purpose, only the raw power is considered, without
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conversion to physical units of condensed water mass. The method exploits the

fact that variability in-cloud is very different from that out-of-cloud. A 1 Hz

time series of the standard deviation of power was computed from the 32 Hz data

record of power, and thresholds placed on this parameter to partition the data into

cloud-contaminated and clear-sky time periods. A “safety window” of either 2 s

or 5 s was applied to the derived clear-sky flag to account for in-cloud variability,

potential timing offsets between individual logging system clocks, and cloud edges

where the CWC may fall below the sensitivity of the probe. The impact of different

threshold values was investigated.

2.6 Cloud And Aerosol Microphysics Instrumentation

Cloud microphysics instrumentation was fitted to the aircraft in wing-mounted

pods known as PMS (Particle Measuring Systems) Canisters. These instruments

use a laser light source to illuminate a sample volume. Particles that are intercepted

break the beam and are detected by some method and properties of the particle

can be inferred by the detection system. A range of detection techniques are

necessary in order to sample the full size range expected, from aerosol particles as

small as 0.1 µm up to precipitation sized particles larger than 1 mm.

The cloud and aerosol microphysics probes that were used in this study are

presented in Table 2.4, although not all were flown on each flight. Liquid cloud

properties were measured using an Optical Particle Counter (OPC), the CDP

(Cloud Droplet Probe) (Section 2.6.4) (DMT, 2016). Precipitation size particles

were measured with a suite of Optical Array Probes (OAP) (Section 2.6.5): the

2DC (Two-Dimensional Cloud Probe); CIP15 and CIP100 (Cloud Imaging Probe,

15 µm and 100 µm) (all DMT (2016)), and 2DS (Two-dimensional Stereo Probe)
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(SPEC, 2017). Cloud particles were imaged using a Cloud Particle Imager (CPI)

(Section 2.6.6) (SPEC, 2017). Aerosol particles were sampled with a Passive

Cavity Aerosol Spectrometer Probe (PCASP) (Section 2.6.2) (DMT, 2016) with

supporting measurements from CDP. SID2 (Small Ice Detector 2) (U. Herts.) was

used to measure small liquid and ice particles (Section 2.6.7)

2.6.1 Particle Shattering

Previous measurements from aircraft of the number and size of small atmospheric

ice particles have been hampered by shattering of ice particles on probe leading

edges. Recent developments, such as the addition of anti-shatter tips to the leading

edges of probes, have begun to address this particular problem (Korolev et al.,

2011). Where applicable all probes had anti-shatter tips fitted, including CDP,

2DC, CIP15, CIP100 and 2DS. Algorithms, based on the interarrival times of

particles, were applied to CIP15 and CIP100 data using SODA2 (System for

OAP Data Analysis version 2 (Bansemar, 2016)), in order to identify shattering

artefacts (Field et al., 2003, 2006). Maximum observed ice crystal diameters were

often less than 1 mm in this study and so the impact of shattered ice fragments

on microphysical measurements is expected to be low. Careful inspection of

particle imagery from the OAP probes supports this. SID2 is relatively immune

to shattering due to the open path design and the lack of shattering surfaces. CPI

is liable to shattering as the probe is fed by an inlet.

2.6.2 PCASP

In the Passive Cavity Aerosol Spectrometer Probe (PCASP), ambient aerosol

particles are drawn into a sampling cavity through an aspirated needle which
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directs the particle flow through a laser beam protected by a dry sheath flow

(Knollenberg, 1970). Aerosol particles with dimensions between 0.1 µm and 3.0 µm

are detected as they intercept the beam, by collecting the scattered laser light

using parabolic mirrors over a wide forwards and backwards angular range.

The intensity of the detected light pulse is related to the particle size by Mie-Lorentz

Theory, using the refractive index of the material and assuming a spherical particle.

The PCASP was calibrated at FAAM (Nott, 2013) using di(2-ethylhexyl)sebacate

(DEHS) which had been size segregated using a DMA (Differential Mobility

Analyser) and the method of Rosenberg et al. (2012). The calibration that is

relevant to the PCASP data from flight B674 is the “pre-MEVALI” campaign

calibration, performed at FAAM on 23rd February 2012.

PCASP aerosol data are only valid when out of cloud. Contamination due to break

up of cloud and precipitation particles contaminates the in-cloud data. A cloud-free

“flag” was generated using data from the Nevzorov TWC probe (Section 4.7.2) to

segregate the data.

Aerosol Number Concentration

Aerosol Number concentration, NA, is given by

NA = countA/Fpcasp (2.6)

where the sample flow rate, F pcasp, is the measured flow rate, typically 1.0± 10 % cm−3

at STP (Standard Temperature and Pressure). There is no information regarding

the particle shape, and so, particularly for non-spherical particles such as mineral

dust, the optical size may not be strictly related to the particle geometric size.
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2.6.3 Particle Size Distribution

The individual particle sizes from PCASP can be composited over a fixed time

period, by default 1 s, and were placed initially into 30 size bins with calibrated

dimensions. The procedure is analogous for the CDP, 2DC, CIP15, CIP100, and

2DS. Following Ryder et al. (2013) the data from bins adjacent to gain-stage cross-

overs in the PCASP were summed into a single, wider, bin, namely bins 4 and 5,

and bins 15 and 16. The lowest size channel was rejected as the lower bound

is unknown. The calibrated bin dimensions for PCASP (and other probes) are

presented in Appendix A.

Particle Size Distribution Errors

The relationship between scattering cross-section and geometric size is non-

monotonic and so there is uncertainty in the method. For this reason, and

to account for potential step-changes in the calibration and misalignment of the

probe, a sizing error of at least plus or minus one bin was assumed.

With all particle probes there is a counting uncertainty, assumed to obey Poisson

counting statistics, where the magnitude of the uncertainty is the square root of

the numbers of counts in the bin.

A composite error was calculated by combining fractional errors from each contrib-

utor: bin size, counts and flow rate. It is apparent that, even for low bin counts,

the major contribution to the uncertainty in PCASP was from the sizing.

Absolute minimum Limit-of-Detection (LoD) per bin was calculated for aerosol

data from PCASP by assuming that a single particle falls in to the bin in the

averaging period time. When concentrations are low the counts from adjacent
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bins can be combined to make a new wider bin. A new set of bin dimensions

was defined by combining two adjacent bins (or three bins in the case of the

largest 9 bins, and where gain-stage cross-overs are present), to produce a 12-bin

size distribution. This reduces the counting statistics errors as there are greater

numbers of counts-per-bin and LoD is reduced by up to an order of magnitude.

Determination of the bin dimensions is also improved because the uncertainty

of the bin edge locations is the same as at full-resolution, but is a much smaller

fractional error.

Log-normal fitting

Log-normal curves were fitted to the PCASP aerosol particle size distribution using

a similar method to Ryder et al. (2013), in part to verify the aerosol observations

and to validate the clear-flag (Chapter 3). Initially, three log-normal curves were

fitted to the full resolution data using

dN

d logD
=

3∑
mode=1

N0√
2Π

1

log σdp
exp

(
−
(
log dp − log dp

)2
2 log2 σ

)
(2.7)

to account for two accumulation modes and a large particle mode where dp is

the particle mode-diameter, N 0 is number concentration, and σ is the standard

deviation (Seinfeld and Pandis, 2006). These values were then used to initialise a

two-mode log-normal fit to the downgraded resolution data, for a single (the larger)

accumulation mode, and a large mode. The cumulative sum in the large mode

was then used to infer the numbers of large aerosol for input into Ice Nucleating

Particle (INP) parametrisations. Start parameters, intermediate values and final

parameters are presented in Appendix B.
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2.6.4 CDP

Liquid cloud particles between sizes 5 µm and 50.0 µm were counted and sized using

forward scattering over a narrow angular range of 4° to 12° using the Cloud Droplet

Probe (CDP) (Lance et al., 2010). The sized particles data were composited at a

frequency of 1 Hz into 30 calibrated size channels (as per the PCASP, Section 2.6.3).

The performance of the probe was monitored using glass spheres of known diameter

using the method presented in Rosenberg et al. (2012). The CDP was calibrated

prior to PIKNMIX and additional glass bead checks were routinely performed

throughout the field-campaign to ensure that there was no drift in the performance.

Bin dimensions are given in Appendix A. Sizing uncertainty due to non-monotonic

Mie-Lorentz scattering occurs in this instrument.

CDP does not give information regarding particle shape and so in cloud all particles

are treated as spheres. Forward scattering probes are known to suffer from artefacts

when determining particle diameter in the presence of ice in liquid clouds and

interpretation of the droplet spectra requires caution in these conditions (Gardiner

and Hallet, 1985), where FSSP (Forward Scattering Spectrometer Probe) signals

were inconclusive. Both CDP and FSSP operate in a similar manner, by detection

of forward scattered light from cloud particles. Further study on this problem

by Gayet and Febvre (1996) revealed that FSSP responded well to spherical ice

particles such as those in contrail cirrus clouds but not to those ice particles in

natural cirrus, which narrows down the source of the problem in Gardiner and

Hallet (1985) to one of poor response to non-spherical particles. This may in

part be due to the signal qualifier (also present on a CDP), or that the Depth

of Field (DoF) is wider for a non-spherical particle. The probe is sensitive to ice

particles but uncertainty in the scattering phase function of an ice crystal means

that accurate sizing is impossible (Chen et al., 2006).
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The cloud drop number concentration, Nd, was calculated from the number of

counts divided by the sample volume, Vsample,

Nd = countd/Vsample (2.8)

where sample volume was determined from the sample area, SA, and TAS using

Vsample = TAS × SA. (2.9)

Table 2.4 gives probe specific sample areas for SAE : Extended Sample Area and

SAQ: Qualified Sample Area.

When out of cloud, on flight B674, the CDP data were used to measure the number

concentration of large aerosol particles. Number concentrations were expected to

be low, and so adjacent bins were combined as for the PCASP in order to reduce

statistical errors (see Appendix A). Particle shape and complex refractive index

were unknown and un-knowable, leading to uncertainty in the scattering phase

function and hence size.

2.6.5 Optical Array Probes (OAPs)

Larger particles, be they liquid or ice, were counted and sized with Optical Array

Probes (OAPs), also known as shadow imaging probes. OAPs detect and size

particles by recording the shadow cast by the object particle on a previously

illuminated linear detector array as it is moved through the sample volume with

aircraft motion. Four different OAPs were flown in various combinations across

the three flights in order to sample the full size range of ice particles from 40 µm

up to and larger than 1 mm. The 2DS (Two Dimensional Stereo Probe) (Lawson
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et al., 2006) has a pixel resolution of 10 µm with 128 elements. The CIP15 (Cloud

Imaging Probe 15 µm) and CIP100 (Cloud Imaging Probe 100 µm) each have

64 elements and pixel size of 15 µm and 100 µm respectively (DMT, 2016). The

2DC (Two Dimensional Cloud Probe) (Knollenberg, 1970) has 32 pixels at 25 µm

pitch. Bin width in these probes is constant and thus, determination of the bin

dimensions is trivial and is not reproduced here.

Particle sizing is complex even for spherical liquid drops, in part because the size

of the projected imaged particle is partly related to its position within the DoF,

but is well described by Fresnel diffraction for spherical liquid particles (Korolev

et al., 1991). Number concentration and the measurement of the particle size

distribution is also hampered by the particle size-dependent DoF (Knollenberg,

1970). Discretisation of the shadow image and non-zero instrument response time

lead to losses of particles smaller than ≈ 4 pixels (100 µm for 2DC) (Korolev et al.,

1998b). The finite time response also leads to uncertainty in sizing for sub-500 µm

particles and particularly sub-100 µm particles (Strapp et al., 2001). Accurate

sizing of ice is even more complex.

Figure 2.1: Size dependent sample area from CIP15 and 2DS

Figure 2.1 shows a representation of the particle size-dependent sample area for
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CIP15 and 2DS, up to 500 µm (Korolev et al., 1991; Lawson et al., 2006). The

sample area in 2DS reduces at sizes ≤ 100 µm and for CIP15 ≤ 125 µm. At

larger sizes the effective sample area reduces also, because larger particles begin to

extend beyond the width of the detector array. Sample Volume (Equation 2.9) is

calculated from these sample area measurements and TAS. Assuming an error of

3 % on TAS, the total error in sample volume is calculated, shown in Figure 2.2a

for the CIP15 as an illustrative example. The errors in sample volume can be

up to 100 % for the smallest size bins Figure 2.2b, represented by the interior

(smaller) error bar, showing it contributes the majority of the uncertainty.

(a) CIP15 Sample Volume

(b) CIP15 Sample Volume Errors

Figure 2.2: Size dependent sample volume for CIP15 assuming True Airspeed of
140 ms−1 (upper panel) and percentage error (lower panel).

The CIP15 and CIP100 data were processed using the SODA2 package (Bansemar,

2016) from NCAR (National Centre for Atmospheric Research). The specific
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settings used here were i) to not reconstruct particles that are at the edge of

the diode array, and ii) not apply corrections for out-of-focus liquid drops. The

assumption was that the particles were not all liquid. However, CDP data do show

on flight B674 that some liquid particles were present that were large enough to

be detected by the CIP15 probe (considered more completely in Chapter 5). OAP

probes occasionally suffer from “stuck bits” where one pixel remains constantly

“on”. Inspection of the imagery did not indicate that this problem occurred for

any of the pixels and so the option to correct for “stuck bits” was turned off. 2DC

data were processed at FAAM using the core processing (Nott, 2017) with variable

DoF (Depth of Field) as given by Heymsfield and Parrish (1978). 2DS data were

supplied by I. Crawford (U. Man.) following processing using the OASIS Optical

Array Shadow Imaging Software package as described by Crosier et al. (2014);

Taylor et al. (2016). Specifically (Taylor et al., 2016, Appendix A), the Heymsfield

and Parrish (1978) variable DoF, and rejection of particles with short interarrival

times ≤ 1 µs (Field et al., 2006). Poorly imaged particles with fewer than 80 %

imaged pixels were rejected as were particles with an aspect ratio larger than 5:1

(streakers). The OASIS software allows for categorisation of particles by phase

(specifically degree of irregularity). Particles are given a status of low, medium

of high irregularity, which can be used to assess the occurrence of ice and liquid

particles in a sample.

Counts per bin were corrected for variable DoF and ice particle number concentra-

tion, Ni was calculated using

Ni =


nchn∑
bin=1

count(bin)

DoF (Fn(bin))

 /(SA× TAS) (2.10)

by summation of the counts across all size channels and using sample area as
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shown in Table 2.4. For the 2DC probe, and CIP15 and CIP100, the IWC was

calculated from the integrated size distribution and from 2DS using the maximum

ice particle dimension (Crosier et al., 2011), all using the mass-dimensional relation

from Brown and Francis (1995).

OAP probes are able to distinguish between phases by assessing the shape of a

particular shadow image, but only for particles larger than a certain minimum size

which is dependent on the number of pixels in the image (Korolev, 2007b). Probes

require more than 5 shadowed pixels for an assessment of the particle size and

habit to be made. Data processing for 2DS categorises particles based on their

degree of irregularity from spherical. These data have been processed using the

method in Crosier et al. (2011) and the same limits as presented in Taylor et al.

(2016, Appendix A1).

A major aim of this study is to identify and size the ice particles that are embedded

within liquid cloud regions where liquid drops are smaller than 50 µm but that is

not straightforward with the current generation of probes. All OAPs are unable to

identify the phase or habit of a particle with such small size. The best probe with

which to identify the smallest ice is the 2DS, which flew on B816; the cumulus

cloud flight. On the altocumulus flight only the CIP15 and 2DC were fitted, giving

a minimum phase-distinguishable particle size of the order 75 µm. Careful analysis

of the data and combination with the CDP measurements and CPI observations

may permit reduction of this minimum size.

2.6.6 Cloud Particle Imager (CPI)

The CPI (Cloud Particle Imager - SPEC (2017); Connolly et al. (2007)) provides

imagery of individual cloud particles with sizes between 10 µm and 1 mm at an
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optical resolution of ≈ 3 µm. Data are binned into 10 µm wide size bins between

the extremes. For subsequent analysis of habit resolved size distributions, for this

work the data from five adjacent bins are combined to make 50 µm wide bins.

Habit and phase classification are possible to some extent, for particles larger than

50 µm. Bin dimensions are trivial to obtain and are not reproduced here.

The temporal resolution is not as fast as for scattering and shadow imaging probes

as the data rate is limited by the length of time taken to read out the data buffer

from the CCD (Charge Coupled Device) chip. The CCD camera results in the CPI

having a relatively slow response and so sampling of low concentration particles

is not reliable, in fact the sampling is biased towards those particles that are at

the mode of the size distribution. The slow read-out time, combined with the

small sample volume and uncertainties resulting from the flow field through the

inlet, limits the utility for making statistically robust estimates of particle size

distributions from this probe.

2.6.7 SID2: Small Ice Detector 2

The SID2 Small Ice Detector (Cotton et al., 2010) is an OPC that records forward

scattered light from a single particle in the angular range 9° to 22° in a set of 28

azimuthally arranged sectors. The peak intensity measured by each element is

recorded, once a dark-current background has been subtracted (Ulanowski, 2005).

The probe can detect particles with spherical equivalent size ≈ 1 µm ≥ d ≥ 100 µm.

The additional information recorded by the SID probes compared to CDP allows

for determination of particle sphericity and phase and, in some cases, habit. In

SID2, each particle is individually time stamped (much faster than 32 Hz), and it

takes ≈ 50 µs for the probe electronics to recover from a sampling event (Johnson

et al., 2014).
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Figure 2.3: Simulated SID2 response to a synthetic non-spherical particle, showing
the individual response, r, of 28 azimuthally arranged detectors (blue shading),
mean response from all segment is shown in red. Super-sectors (see text for details):
Upper, rup (5 to 9): Orange, Lower: rlo (12 to 23): green.

The sample volume is defined as being where the Field Of View (FoV) of a pair of

photomultiplier tubes overlap. The pair of trigger-detectors activate the detection

system when a particle breaks the laser beam by crossing into the sample volume.

SID2 has a relatively large sample volume (Table 2.4) and has been successfully

used in airborne field campaigns to make measurements of small, low concentration,

ice particles (Cotton et al., 2010). The higher particle number concentrations often

found within liquid and mixed-phase clouds are responsible for a large number

of coincidence artefacts in SID2 data (Johnson et al., 2014). A new method for

identifying and removing coincidence events is presented in this research.

SID2 Scattering Patterns

The scattering patterns from SID2 can be interrogated and the properties used

to size the particle, and, in some situations, determine the phase (Section 2.6.7).

A graphical representation of a scattering pattern from a synthetic non-spherical
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particle is shown in Figure 2.3. The radius in each of the 28 sectors corresponds to

the measured peak intensity in the detector element: the Sector Response, r, with

the mean shown in red. New for this study, super-sectors are defined by segments

5 to 9 (upper, rup) in orange and segments 19 to 23 (lower, rlo) in green. These are

defined for use in a coincidence-finding algorithm (Section 2.6.8). The scattering

pattern from a perfectly spherical particle should have identical radius in each

sector.

SID2 Scattering Pattern Rejections

Particles were rejected if the scattering patterns failed certain quality tests. Those

tests follow those found in Johnson et al. (2014):

i) 9 or more detector elements are blank

ii) 10, or more, detector elements are saturated

iii) inter-arrival times are less than 50 µs, indicative of shattering

iv) negative signals occur on any detector: a result of digitisation errors within

the probe electronics.

Using data from B674 it was found that blank detectors occurred on 1.4 % of

recorded scattering patterns, possibly resulting from the poor sampling of larger

aerosol, and were removed from the dataset. Negative detector values were screened

for, to identify possible digitisation errors, but none were found. There were no

rejections based on saturated detectors, probably because the incidence of large

ice particles was low. For similar reasons, particle shattering incidence is expected

to be low, and no evidence was found when interrogating the interarrival times.

Unlike in Johnson et al. (2014), asymmetric pattern rejection using the strong
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mode-1 in the particle FFT (Fast Fourier Transform) is not undertaken here.

These off-axis/out-of-focus particles should be rejected by the coincidence rejection

algorithm that is developed below (Section 2.6.8).

SID2 Particle Properties: Diameter and Asphericity

Particle water-equivalent geometric diameter, D, was calculated from the mean of

individual detector element responses, r, using

D = 2.15r̄0.53 (2.11)

which has the same functional form as in Cotton et al. (2010).

The pre-factor of 2.15 and the exponent of 0.53 are valid from the time of the

CIRCREX campaign (CIRrus Coupled Cloud-Radiation EXperiment) onwards

(pers. comm. J Ulanowski), and have likely drifted over time as a result of changing

sensitivity of the photomultiplier tubes.

These data were manually binned into 40 size channels with 5 µm ≤ D < 100 µm,

with details given in Appendix A. Ice is likely to be undersized using this method

(Ulanowski, 2005) because there is insufficient information regarding the scattering

phase function of an ice particle (e.g. Chen et al. (2006)). Size defined here

is an expression of the relative size of similarly shaped particles, and may not

apply directly to any observable geometric dimension. For this current study

the main focus of the SID2 observations is on phase discrimination and number

concentration and not absolute size.

The second SID2 parameter, the asphericity factor, A, (Cotton et al., 2010), was

calculated from the sum of the individual detector elements deviation from the
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mean using

A =

k

√
n∑
i=1

(r̄ − ri)2

r̄
(2.12)

where the scaling factor

k = 100/
√
n2−n (2.13)

maps the asphericity values to a scale between 0 and 100 for a detector with n

elements. It will be shown later that this scale is misleading (Chapter 5).

Spherical particles return lower asphericity values, whilst ice particles have higher

asphericity, which allows for some level of phase discrimination although there is

no distinct boundary. A liquid cloud drop is expected to have A = 0.0, whilst

non-spherical ice will have non-zero asphericity values. In practice, noise and

measurement artefacts result in non-zero asphericity factors even for spherical

liquid cloud drops. The impact of noise and off-axis sampling on the measured

asphericity is large. Analysis of SID2 scattering patterns collected in warm liquid-

only stratocumulus cloud show that asphericity can be even greater than 10.0

(Cotton et al., 2010). The source of this asphericity is explored in Chapter 5.

Detector Response Corrections

A modified Detector Response Correction (DRC) algorithm (Cotton et al., 2010)

was applied to account for differences between individual amplifiers for each

detector, and other instrumental artefacts. To locate the most spherical particles

in the clouds on B674 a region was defined where the CDP reported liquid drop

concentrations between 1 cm−3 and 10 cm−3 in order to minimise the probability

of coincident particles producing non-spherical scattering patterns. Scattering

patterns were then selected based on the first-pass diameter being larger than
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5 µm and smaller than 25 µm and with the reported asphericity less than 1.2.

This scheme resulted in a collection of nearly 14000 particles containing the most

spherical particles encountered during the flight. Mean detector element response

was calculated from these quasi-spherical particles and the DRC generated from

the inverse of this response, resulting in individual detector element scaling factors

between 95 % and 105 %. Scattering patterns were then reprocessed, resulting in

updated diameter and asphericity values. Particle diameters remained unchanged

at the significance quoted (0.01 µm) as expected because the mean of the DRC

is very close to 1.0 and so the total magnitude of the scattering is constant.

Asphericity values tended to show a 25% reduction indicating that the particles

now have a more spherical representation.

2.6.8 Coincidence in SID2

The detector of a SID probe is sensitive to light that comes from a wider area

than the well-defined trigger regions. Particles that are outside of the well-defined

sample area may still have an impact on the scattering pattern recorded by the

detector if they are present in the extended sensing volume when the probe is

triggered (Ulanowski, 2005). These events can happen when an object particle

passes into the sample volume and triggers the probe whilst a second particle is

present in the extended sensing volume, and is defined as a “Coincidence Event”.

The extended sensing volume is poorly constrained, and is a major limitation of

the technique. It is defined by (Cotton et al., 2010) to be 12.3 mm3.

Coincidence events between two spherical particles occur increasingly often as

cloud particle concentration increases and lead to errors in sizing, and result

in an asphericity which is higher than would be expected. This results in the

artificial-broadening of the asphericity distribution. Ice-liquid coincidences will
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Figure 2.4: Examples of SID2 Scattering Patterns generated by coincidence events.
The axis of alignment of the sample volume is vertical, Left: “upper” Coincidence,
Right: “lower” Coincidence.

occur too infrequently to trouble the measurements.

The frequency of coincidence is predictable assuming that the cloud particle events

occur randomly and thus follow Poissonion statistics (Johnson et al., 2014). Cotton

et al. (2010) suggested that an upper limit for concentration before coincidence

errors become unacceptable is 30 cm−3 which results in a coincidence frequency

of ≈ 5 %, or 1.5 cm−3. A limit of this magnitude may be acceptable when the

focus is on liquid cloud particles, however, ice particle concentration is of a much

lower order of magnitude and so these errors are unacceptable when attempting

to quantify the small ice concentration in mixed-phase cloud.

An algorithm was defined to attempt to identify and remove coincidence events.

The SID2 sensing volume is elliptical in shape and so any coincidences between two

particles will be preferentially aligned along the major axis, resulting in two types

of coincidence, with canonical examples for “upper” and “lower” coincidences

shown in Figure 2.4. The two super-sectors are aligned with the major features of

these scattering patterns.

The mean super-sector response can be calculated from the 5 bins in each sector,
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srup and srlo, and the range calculated using

Range =
∣∣srup(5) − srlo(5)∣∣ , (2.14)

which can also be presented as a percentage of the derived diameter. The intra-

segment variability was calculated as the sum of the absolute deviation of each

element from the mean super-sector response, ∆up and ∆lo. This measure is not

statistically robust but indicative of similarity of detector response within the

super-sectors.

Coincidence was identified if the particle scattering pattern satisfied the following

two tests:

� Difference between rup and rlo ≤ 20 %

� Low intra-segment variability, ∆up and ∆lo.

It can be seen in the scattering patterns from coincidence events in Figure 2.4

that there is very low fractional variability between the detector element responses

in each super-sector, something that is attributed to the spherical nature of the

particles involved in the coincidence event, and assumed to be general. Limits

were chosen to be ∆i ≤ 0.150 and ∆ii ≤ 0.450. The limit for both super-sectors

was initially set to the more strict value of 0.150. However, this resulted in many

manually identified coincidence events being undetected. Subjective optimisation

by manual inspection of the scattering patterns resulted in the increase in value

of one (either) sector to 0.450. The reason for the need to have different limits

for the upper and lower super-sectors is not understood. The algorithm is also

expected to positively flag for removal any highly asymmetric scattering patterns

that Johnson et al. (2014) may have identified using FFT analysis.
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2.6.9 Particle Concentrations from SID2

Particle number concentration for ice and liquid is calculated as in Cotton et al.

(2010), using

Nl,i =
fl,i

γVsample
(2.15)

where the sample volume scaling factor

γ = 1.0− 50e−6 × (frej + fdead) (2.16)

was applied to account for probe-dead time due to rejected scattering patterns, frej

(including coincidence, blank detectors, saturated detectors, IAT), and for read

out of accepted particles, fdead. The sample area for SID2 is also size-dependent

as seen for the OAP probes (Section 2.6.5). The correction factor only becomes

significantly different from 1.0 for ice and liquid particles smaller than 10 µm and

is not considered here (Ulanowski, 2005).

Both CDP and SID2 provided very similar estimates of concentrations of liquid

cloud particles indicating that both probes worked similarly. Low concentrations

of ice particles would not impact this comparison.

2.7 NAME Model

Observations of aerosol are put into context by using the Met Office NAME

(Numerical Atmospheric Dispersion Model) model (Jones et al., 2007) to run

back trajectories that are used to investigate the source regions for the airmasses.

Meteorological data is from the MetUM global model, which at the time was

running at a nominal horizontal resolution of 25 km (in the mid-latitudes) and
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with 70 vertical levels between the surface and model top at 80 km. At a vertical

level of 6000 m the model level is approximately 400 m deep, varying by around

10% between 5000 m and 8000 m. Processes such as turbulence and wet and

dry deposition are not present in the model, it is simply a way of tracking where

an air parcel has travelled from. The history of the airmasses over the few days

represented here is likely to be complex, and involve various weather systems,

cloud and precipitation formation, and uplift of aerosol and potentially wet and

dry deposition. These are limitations of the back trajectory technique, and so the

trajectories presented in Chapter 4 are only interpreted as a guide to the choice of

which INP parametrisation might be appropriate.
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Observations of Aircraft Case

Studies

Flight data were collected using the FAAM BAe146 Atmospheric Research Aircraft

on three days, in three different types of mixed-phase cloud, altocumulus, stra-

tocumulus and cumulus. These flights took place in the mid-latitudes, in a region

around the UK and North Atlantic. The research concentrates on analysis of mixed-

phase altocumulus cloud data collected during flight B674, on 2nd February 2012.

Supporting data from a boundary layer mixed-phase stratocumulus cloud were

collected during flight B668 on 23rd January 2012 and from a mixed-phase cumulus

cloud encountered on flight B816 on 24th November 2013. This chapter presents

the data collected during those flights and describes the relevant properties of the

clouds and the thermodynamic environment in which they were found.
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Figure 3.1: Means Sea Level Pressure Analysis chart valid for 1800 UTC on 2nd

February 2012 from UK Met Office for North Atlantic . The measurements were
made in the warm sector to the north-west of Scotland, red box indicates the
location of the airborne sampling.

3.1 Altocumulus Case, 2nd February 2012

A mid-latitude cyclone was centred off the southern tip of Greenland on 2nd Febru-

ary 2012. The warm front extended eastwards across Iceland towards Scandinavia,

whilst the cold front extended roughly north-south over the Atlantic Ocean a few

hundred kilometres west of Ireland (Figure 3.1). The broad warm sector covered

the north-west of the UK with high pressure to the south and east. Measurements

were made of a mixed-phase altocumulus layer cloud with precipitating ice virga

in the warm-sector of a mid-latitude cyclone at 9.8 W along a track orientated

north-south between 58 N and 60 N between 1600 UTC and 1900 UTC. The data

collection began in the early afternoon, and the end of the measurement period

was flown in twilight conditions.
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Figure 3.2 shows 10.8 µm infra-red satellite images of (a) the North Atlantic

region from AVHRR (Advanced Very High Resolution Radiometer) and (b) MSG

(Meteosat Second Generation) for the northern half of the UK. Extensive layer

cloud was observed within the warm sector. Close to the low pressure centre,

west of 10 W, the cloud top temperature was colder than -50° C and away from

here to the south-east the cloud top temperature was between -18° C and -29° C

as estimated using Met Office products derived from MSG and NWP output

(Figure 3.3). Discussion regarding this technique is in Hamann et al. (2014).

Supercooled stratocumulus was present beneath the mid- and high-level cloud

observed both visually from the flight deck and by satellite products through

breaks in the higher level cloud.

Figure 3.2: Infra-red satellite imagery (10.8 µm) on 2nd February 2012 from (a)
AVHRR (Advanced Very High Resolution Radiometer) at 1440 UTC and (b)
MSG (Meteosat Second Generation) Satellite at 1430 UTC ( cO EUMETSAT/Met
Office). Layer cloud associated with the warm sector is visible to the west of the
UK. Red box indicates the location of the airborne sampling.

The aircraft measurements took place at the south eastern edge of the high cloud

band to the north-west of Scotland. Constant altitude legs interspersed with

slant profiles were flown between 4500 m and 7500 m. A layer of mixed-phase

altocumulus with precipitating ice virga falling from a liquid layer was observed

from the flight deck upon arrival into the area with the features visible in the
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Figure 3.3: Cloud Top Temperature derived from MSG for 1900 UTC on 2nd

February 2012 (Hamann et al., 2014). Red box indicates the location of the
airborne sampling

photograph in Figure 3.4. The choice of flight track was restricted by air traffic

considerations and so it was impossible to advect with the cloud in a Lagrangian

sampling strategy. Fortunately the north-south flight track was closely aligned to

the direction of the mean wind.

Figure 3.5 shows the flight profile, in black, plotted on a latitude-altitude cross

section. The potential temperature measurements, although not uniformly dis-

tributed throughout the section, were interpolated across the latitude-altitude

space to give an overview of the thermodynamic environment in which the cloud

was found. A freely-available software package was used to interpolate the data

(Fanning (2017)). The liquid water content from CDP, in blue circles, and ice

number concentration from CIP15 in red stars, were over plotted.
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Figure 3.4: Photograph of the Altocumulus layer with precipitating ice virga, taken
on arrival in the operating area at 1617 UTC, 2nd February 2012. The broken
cellular structure of the liquid layer cloud is visible. Ice virga can be seen below
the liquid cloud, being advected with the mean wind from right to left. Boundary
layer stratocumulus cloud is visible below. Photo: S Abel.

Visual observation from the flight deck, real-time inspection of in situ data and

Figure 3.5 revealed that the cloud structure was typified by a thermodynamically

well-mixed layer (hereafter the “mixed layer”), capped by a weak temperature

inversion (≈ 1 K). An optically thick liquid cloud was present below the inversion

with a cellular structure and an estimated areal coverage of between 6 and 7 Oktas.

Cloud top sloped from 5800 m and -31° C at the southern extent of the sampling

region, to 5400 m and -27° C at the northern end. Wind was predominantly from

the south and strongest in the north. Slant profiles were flown and indicated a

pseudo-adiabatic liquid water structure with larger liquid water content towards

cloud tops, similar to observations by Korolev et al. (2007). Cloud top temperatures

in altocumulus are typically between -31° C ≤ T ≤ 0° C (Fleishauer et al., 2002)

and so this cloud is one of the coldest expected.
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Figure 3.5: Aircraft altitude as a function of latitude from flight B674, 2nd February
2012: black line, LWC from CDP: blue circles and Ni from CIP15: red stars. θ
observations, interpolated in altitude-latitude: grey-scale contours.

3.1.1 Coordinate System

The structural similarity to stratocumulus permits analysis of the data relative

to the inversion or cloud top altitude. In the free troposphere however the cloud

systems are not constrained by a fixed surface at the bottom and are free to move

along thermodynamically similar surfaces: isentropes. The sloping cloud top in

this case resulted in an analysis challenge and so, to simplify, the variables were

analysed in a new coordinate system that permitted comparison of thermodynamic

and cloud and aerosol microphysical variables in the vertical.

Air traffic and airspace restrictions limited the flight pattern, and so the measure-
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ments were made as the clouds moved through the sampling region. Horizontal

coordinates were therefore converted to an air-relative position in the mixed layer

to account for this advection. The altitude of the inversion capping the cloud

topped mixed layer varied by 400 m across the sampling region, shown in Figure 3.5.

It was practically impossible to fly at a constant altitude from inversion/cloud

top. Given the slope, an aircraft would have to fly a constant ascent/descent

rate of 100 ft min−1. But, the minimum rate-of-change of altitude of the BAe146

is probably closer to 500 ft min−1 (I. Ramsay-Rea, Direct Flight Limited pers.

comm.). The cloud top height information from the preliminary lidar leg would

not be have been able to assist, since the limiting factor was aircraft performance.

A cloud radar would not offer any benefit, because the liquid cloud layer was much

thinner than the insensitive region of a cloud radar, close to the airframe, which is

likely to be of the order 100 m up and down (Wang et al., 2012).

The new vertical coordinate was therefore specified in relation to a derived time

series of inversion altitude or cloud top altitude, based on the individual spot

measurements, and the air-relative horizontal coordinate. Mean wind speed as

a function of latitude (Lat.) in the mixed layer was determined and then by

accounting for this and the aircraft passage though the air volume, the air-relative

coordinate was determined. It was assumed that wind speed and direction as a

function of latitude remained constant throughout the sampling period and that

the variation of wind speed with height was minimal. There was some degree of

wind shear between the mixed layer and the free atmosphere above (not shown)

and so only those data from below the inversion were used. Because the flight

track was north-south the longitude (Lon.) was considered to be constant.

The mixed layer was humid compared to the relatively dry-air in the free-

troposphere above and was identified by using total water content, qt, as a tracer.
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Figure 3.6: Total water content, qt, distribution from 2nd February 2012, B674.
Bi-modal structure was used to determine the mixed layer data, which have
qt ≥ 0.62.

Data at 1 Hz were considered between 1700 UTC and 1900 UTC in a region

bounded by 58 N, 9.7 W and 60 N, 9.9 W in the altitude range 4.5 km to 6.0 km.

In this volume the distribution of qt was observed to be bi-modal (Figure 3.6).

The mode of the dry layer was close to 0.45 gm−3 and the mode of the moist

layer was close to 0.725 gm−3. Data were defined as within the mixed layer if

qt ≥ 0.62 gm−3 where a distinct minima was found between the two populations.

Northerly bulk wind component data (vbulk) were selected from this mixed layer

and put in six equally spaced latitude bins, and the mean and standard deviation

were calculated (Figure 3.7). Wind speed was lower in the south (6 ms−1) than

the north (8 ms−1). Easterly bulk wind component (ubulk) was ≤ 15% of the

northwards component, and was therefore considered to be negligible. Wind speed

as a function of latitude was calculated from these observations using a linear fit,

valid for the sampling period for the mixed layer.

Air-relative latitude coordinate was then calculated for each point along the flight

track by modulating each location by the total amount of airmass advection
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Figure 3.7: Wind speed as a function of latitude from B674 mixed layer observations
(northwards component (vbulk) in black filled circles, eastwards component (ubulk)
(absolute value) in empty grey diamonds). Linear fit to the data: solid red line.
Empty red squares: latitude bin mean, and red dashed lines, one latitude bin
standard deviations.

during the time since the start of the measurement period. Once the horizontal

coordinate was specified, the vertical coordinate could be derived from observations

of inversion altitude and cloud top altitude.

In total there were 19 inversion crossings and on 16 occasions there was cloud at the

top of the layer (Figure 3.8). The temperature inversions at the top of the mixed

layer were weak, typically 1 K, and the slant profiles of the aircraft through the

inversion introduced some horizontal variability into the sampling. The variability

made it difficult for an automated scheme to identify features of the inversion and

so a manual graphical approach was used to locate the inversion base and top

from the slant profiles of temperature at 1 Hz. When lower resolution data (0.2 Hz

and 0.5 Hz) were subjected to this method the inversions were represented as

being higher and weaker as might be expected from lower resolution data. Higher

resolution data contained more natural variability which did not aid the process.
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Aircraft altitude during the sampling period was taken from the GIN instrument,

and corrected to the WGS84 geoid, shown in Figure 3.8 with a solid black line.

Inversion crossings are plotted in filled circles, for Profile-8 these are blue, for

Profile-12 these are orange (Figure 3.8). Others are plotted in black.

Cloud boundaries were estimated using CDP cloud droplet number concentration

data (1 Hz), and are shown in yellow triangles; upwards for cloud top, and

downwards for cloud base. An initial above-cloud lidar-leg was flown and the CTH

values from this instrument are shown as a solid green line.

Figure 3.9: Inversion altitude from “Profile-8” (black diamonds) and “Profile-12”
(empty squares) plotted against air-relative coordinate. Red line is interpolated
and smoothed “Profile-8”. Black dot-dashed line is linear fit to “Profile-12”. Blue
dashed line is modified linear fit to fix altitude for air-relative coordinate less than
0.5.

The inversion was well sampled between 1710 UTC and 1735 UTC: “Profile-8” -

provides nine individual inversion crossings. Between 1825 UTC and 1840 UTC the

inversion was sampled six times in the southern half of the region (“Profile-12”).

Data from “Profile-8” were interpolated in air-relative space and smoothed to give

an estimate of inversion altitude as a function of air-relative latitude. Figure 3.9

shows the altitudes of the inversion crossing plotted against air-relative latitude.

84



Chapter 3. Observations of Aircraft Case Studies

Figure 3.10: Aircraft altitude relative to derived inversion top, Dz(inv.). A total of
8 flight segments are defined. Even geometrically level flight sections (1,3,4,6) are
slant profiles w.r.t. the inversion altitude.

Inversion altitude was observed to fall by up to 200 m between these two times.

Only the northern half of the region is sampled during “Profile-12”. The inversion

altitude estimate was therefore fixed at the southern-most value for air-relative

coordinate less than 0.5 (blue dashed line). A linear fit applied to the six inversion

crossings valid for air-relative coordinate greater than 0.5 (black dot-dashed line)

gives the inversion altitude estimate as a function of longitude valid for this profile.

It was assumed that the inversion altitude falls uniformly in time, allowing the

inversion altitude estimates from Profile-8 and Profile-12 to be linearly interpolated

in time at 1 Hz (and uprated to 32 Hz) across the range of air-relative latitudes.

The derived time-series of inversion altitude (Figure 3.8, solid blue line) is well

constrained by the observations of inversion altitude. The time series of Cloud

Top Height (CTH) was derived using a similar method (yellow dashed line) and

is also well constrained. Furthermore, by extrapolation backwards in time, the

derived CTH compares well with the lidar observations.
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Parameter Mean [m] Std. Dev. [m] Range [m]

Cloud Top 5656 150 432
Inv. Top 5666 146 439

Inv. Top Diff. 30 25 112

Table 3.1: Cloud Top Height (CDP LWC) and inversion altitude (temperature
profiles) and difference (residual) between the measured inversion altitude and the
derived inversion altitude: mean, standard deviation and range.

Once the inversion altitude time series estimate exists the derivation of a time

series of the vertical position of the aircraft relative to the inversion was trivial,

as shown in Figure 3.10 with individual flight segments coloured. Start and end

times for 8 flight segments (different colours in Figure 3.10) were chosen by manual

determination of when the aircraft was in wings-level constant heading flight.

Whilst some segments were flown geometrically level (1, 3, 4, 7) others were slant

profiles (2, 5, 6, 8). It can be seen that all flight segments were effectively slant

profiles through the thermodynamically mixed layer, even the four that were flown

geometrically level.

Figure 3.11 shows temperature profile data plotted against (top left) altitude

and (top right) the derived inversion altitude, and cloud LWC (Liquid Water

Content) profiles against derived inversion altitude: Dz(Inv.) (bottom left) and

CTH: Dz(CTH) (bottom right). The range of inversion and cloud top height

altitudes (left panels), was greatly reduced from more than 400 m, to closer to

50 m (right panels) by plotting against the derived inversion and CTH altitude.

The residual differences between the derived time series of inversion altitude or

CTH and the observations was typically less than 50 m and in all cases less than

≈ 100 m (see Table 3.1). Lidar CTH data histograms in Figure 3.12 suggest that

the actual variability was of this order. The trend was first removed over both

30 km and 3 km to demonstrate that the variation of CTH was horizontal-scale
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Figure 3.11: Top Left: Temperature profiles w.r.t. altitude, Top Right: Tempera-
ture Profiles w.r.t. derived inversion altitude, Dz(inv.). Bottom Left: LWC profiles
w.r.t. altitude and Bottom Right: LWC w.r.t. derived CTH altitude, Dz(CTH), on

2nd February 2012 (Vertical depth is the same for all figures). Colours represent
individual profiles and are consistent between panels.
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Figure 3.12: Histogram of cloud top height deviation from the mean, as measured
by downward facing lidar, on two different length scales; 30 km in black solid line
and 3 km in black dashed line.

dependent. The standard deviation of CTH at 30 km was of the order 25 m

and at 3 km was close to 13 m. The uncertainty from the inversion altitude and

CTH derived time series is only two or three times larger than the observed lidar

variability.

The method of estimating the inversion and CTH altitude throughout the mea-

surement period allowed the data from both geometrically level flight segments

and slant profiles to be used together to build up a picture of the structure of the

cloud system with as much detail as possible. By applying this new coordinate

system the problem was reduced to a single vertical dimension. This simplification

resulted in a dataset similar to that obtained from a ground-based mast, but for

mid-tropospheric features, with the additional benefit of measurements at all ver-

tical points and approximately doubles the quantity of data available. Application

of this method could also be applied to the airborne study of boundary layers.
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3.1.2 Vertical Profiles of Thermodynamics and Cloud Properties

Data were analysed statistically with respect to the vertical coordinate by taking

all data in a given time period and generating percentiles and Gaussian statistics.

Both dimensions were considered; the vertical coordinate and the parameter under

test. For B674, the parameters were analysed w.r.t. the previously derived

inversion or cloud top altitude. The data were sorted by altitude and segregated

into a number of vertical categories, each with an equal number of data points. By

definition then, the statistics from each vertical level are equally significant but

the vertical depth of each bin is not the same. The number of bins is a balance

between i) a sufficient number of points in each bin on which to perform statistical

calculations, ii) vertical resolution and iii) clarity of figures. For thermodynamic

parameters, 15 vertical categories gave layer depths between 30 m and 100 m.

Between 4 and 7 vertical layers were generated for liquid and ice particle statistics

profiles.

Plots throughout this work make use of the following plotting scheme, but not all

values are displayed on each figure: The 50th percentile of parameter and altitude

coordinate is shown with an empty-diamond; The box-outline indicates 25th and

75th percentile in both directions; bar-and-whisker in parameter space are the

5th and 95th percentiles; 1st and 99th are filled-triangles, and 0.1th and 99.9th,

when plotted, are down-empty-triangles; The mean and standard deviation of

parameters are occasionally plotted as a filled circle and solid bar.

Thermodynamic data were sorted by distance from inversion altitude and binned

into 15 altitude bands each having more than 250 data points. The deepest layer

was of the order 100 m (Figure 3.13) and the separation between the shallowest

layers was on a similar scale to the standard deviation in the inversion top estimate,
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≈ 30 m. Results were not particularly sensitive to the number of bins chosen.

Statistics of cloud microphysics (Section 3.1.4) were calculated over 4 altitude

bins for liquid cloud and 6 altitude bins for ice particles. Cloud fraction (Figure

3.13d) was calculated over the full depth of the profile in 40 m intervals relative to

the inversion altitude estimate using the ratio of cloudy to cloud free data points

using CDP number concentrations. Here, the layers are not comparable in terms

of statistical significance but the results are instructive nonetheless. For the LWC

comparison between calibrated CDP values and Nevzorov data 7 altitude bins

were specified (Figure 3.14).

There was an inversion in potential temperature of the order 3° C which extended

over less than 100 m, giving confidence to the estimate of the inversion altitude

time series (Figure 3.13). A layer below the inversion was found to be well mixed

in terms of temperature (buoyancy) and humidity and will be referred to as the

mixed layer. The air was much drier above the inversion (Figure 3.13a) where

relative humidity w.r.t. liquid fell from saturation at the top of the mixed layer to

≈ 50 % above (Figure 3.13c).

The liquid cloud at the top of the mixed layer had a depth of just over 200 m

with a maximum coverage of 80 % just below the inversion (Figure 3.13d). Ice

cloud fraction was much lower, close to 10 %, found in the lower part of the mixed

layer. Ice supersaturation extended down through the top 500 m of the mixed

layer (Figure 3.13c). The CDP showed a small response to the ice cloud below

the liquid layer. Mean cloud fraction was calculated for the mixed layer depth

(assumed for this purpose to be = 600 m) for ice and liquid cloud, shown in dashed

lines. The depth of this layer is comparable to the vertical resolution of a typical

NWP model (Walters et al., 2017), which is a few hundred metres deep in the mid

troposphere. Simplistically this is one way that a model simulation could treat
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Figure 3.14: LWC statistics profile for the mixed-phase cloud layer with data
from: Nevzorov LWC sensor in black, CDP with TAS corrected sample volume in
blue (offset in vertical for clarity), and TAS corrected and calibrated bins in red
(offset double in vertical). Four theoretical profiles showing adiabatic ascent of a
saturated air parcel from four start altitudes are shown in black lines. See text for
details.

the clouds.

A more sophisticated numerical model might represent the liquid part of the cloud

as having greater horizontal extent and reduced vertical extent in a grid box. By

considering the top 200 m of this cloud, the mean liquid cloud fraction can be

assumed to be cfliq = 0.75 and the mean ice cloud fraction to be cfice = 0.05.

Making a not unreasonable assumption of full overlap between the two phases

gives a maximum mixed phase cloud fraction in the top 200 m of cfmixed ≤ 0.06. If

this values were to be scaled by the full depth of the mixed layer (or grid box) then

cfgridmixed ≤ 0.02. These observations may be useful in the parametrisation of ice

process rates in mixed-phase clouds in large scale numerical models. A similar type

of scaling was applied by Abel et al. (2017) when investigating cold-air outbreak

clouds using numerical model simulations to attempt to reduce the liquid to ice

conversion rate.
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A comparison between the CDP size spectra integrated LWC and Nevzorov LWC

probe is shown in Figure 3.14 with statistics data plotted with respect to Dz(CTH).

The CDP LWC with calibrated bin dimensions show that the magnitudes are

not vastly different, although, as expected, the TAS and calibrated bins data

show slightly higher mean and peak values. Correlations are high (≥ 0.96) for

all combinations. The slope of a linear fit between CDP and Nevzorov improved

(closer to unity) with i) calibrated bins, from 0.71 to 0.81, and ii) with TAS

corrected sample volume, where the slope is 1.12. Being the closest to the expected

value of unity, this calibration was accepted, although, it does introduce artefacts,

including a non-physical looking shoulder to the data on B674.

Theoretical adiabatic LWC profiles were calculated by assuming an ascent of a

saturated air parcel from four different initial altitudes (pers. comm. Philip R.A.

Brown). The first, from the minimum cloud base at −227 m show that peak

observed values compare well with this theoretical estimate to within 20%, for all

calculated LWC values. An ascent from −167 m peaks close to the 75th percentile.

The third ascent from −130 m, and the fourth ascent, beginning at −110 m,

have peak cloud top LWC near the 66th and 50th percentiles respectively. These

observations and theoretical calculations demonstrate that the non-uniform cloud

base probably contributed to the in-cloud variability in LWC at a given level,

implying that there must be a range of turbulent eddies and updraught depths that

contribute to the overall spectrum. It may not be necessary to invoke entrainment

either at cloud top or cloud element edges in order to explain the variability of

in-cloud LWC values.
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Figure 3.15: Profiles of Butterworth high-pass filtered data for wind fluctuation
components u′ (green), v′ (brown), w′ (blue), relative to estimated inversion
altitude for Left: residual mean value for u′ and v′ and Right: standard deviation
of u′, v′, w′. Filter length of 16 km in solid line, and 6 km in dashed line.

3.1.3 Turbulence Structure

Impact of Butterworth Filter Length

Mean values of horizontal wind fluctuations are plotted in Figure 3.15 (left) against

the derived inversion altitude, for u′ and v′, with the 6 km filter and the 16 km

(Section 2.3.3, Table 2.3). Assuming that the synoptic and turbulence scales

are spectrally distinct, a perfect high-pass filter would result in the mean of the

parameter in question being equal to zero at all locations. Throughout the depth

of the layer residual mean is close to zero, but towards the inversion this is not

the case. The situation is worse for the longer, 16 km filter, probably a result of

smoothing of the vertical wind shear across the inversion, thus contaminating the

turbulence fluctuations. The vertical wind fluctuations do not show this behaviour.

The shorter filter length of 6 km (dashed lines) acts to suppress variance at all

levels, as can be seen in the profiles of standard deviation of u′, v′ and w′ in
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Figure 3.15 (right). The longer 16 km filter allows more variance to pass. Vertical

wind fluctuations contribute more to the turbulence variance than either of the

horizontal wind components. Close to the inversion it can be seen that the spurious

contribution from the long filter length horizontal wind data is larger than the

vertical velocity variance, which is not likely to be physical. The well-mixed layer

was ≈ 600 m in depth, although unbounded at the base, and so could be viewed as

being deeper. A perfectly sharp 6 km filter would allow wavelengths of ten times

this depth to pass. Significant loss of variance (TKE) occurs at filters up to 9 km

in length (not shown). The resolved TKE falls below 90 % of the maximum value

for filter lengths shorter than 9 km, below 75 % at 6 km, and then below 50 %

at 2.5 km. The reduction in overall TKE indicates that scales of this order were

contributing to the turbulent fluxes in the vicinity which means that there was

some energy at length scales that are a factor of 10 greater than this depth.

No filter can be perfect, and ringing would occur for a perfectly sharp filter, and

so the roll-off could account for some of this loss, close to the filter length. There

will also be spurious removal of some real variance on those scales by the filter

which implies that there are fluctuations on scales many times greater than the

layer depth. Such scales were not found to be present in altocumulus observed by

Schmidt et al. (2014), who presented a power spectra showing energy containing

scales up to three times the depth of the layer. The observations of those large

scales of motion presented here may be related to gravity waves on top of the layer

at the interface between the mixed layer and the dry layer aloft. The ideal filter is

situation-dependent, and care must be taken when interpreting the results in the

vicinity of sharp gradients such as near the temperature inversion.
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Vertical Profiles of TKE and Vertical Velocity Distribution

Figure 3.16 shows profiles of vertical wind fluctuations, w′ (left) and TKE (right),

with the raw data shown in black, for the Butterworth filtered data (9 km filter

length). The percentiles are shown in 20 vertical levels, each containing 5876 data

points. Extreme values shown as filled upwards triangles for 1st and 99th (58 data

points), and empty downwards triangles for 0.1th and 99.9th (5 data points), in

orange.

Vertical velocity fluctuations (Figure 3.16, left) ranged between -3 ms−1 and

+2 ms−1, with the 9 km filter returning a mean value close to zero, as expected.

The variability characterised by the standard deviation of w′ increased from

inversion top, to a maximum of 0.5 ms−1 at -150 m, and remained reasonably

constant to -400 m. Magnitudes of vertical velocity variance were similar when

a Canberra aircraft was flown through altocumulus clouds by Watson (1967).

The skewness of the vertical velocity distribution was observed to be increasingly

negative with depth through the cloud system, indicating that the turbulence in

this cloud was generated through Long Wave Radiative Cooling (LWRC) from

cloud top (e.g. Hogan et al. (2009)). The extreme values show stronger negative

fluctuations than positive below -150 m. Similar observations in a mixed-phase

cloud system were presented by Simmel et al. (2015), using lidar to measure the

cloud base w′ spectra and radar to return the spectra within the ice virga. The

range, maxima and skewness of the vertical velocity distribution were all similar

in magnitude to these in situ observations.

The TKE profile (Figure 3.16, right) show data computed from the same parameters

with the addition of the mean TKE from 6 km filtered data which is of lower

magnitude than the same parameter as calculated from 16 km filtered data, showing
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that some of the variance was removed by the shorter filter length. Median values

were close to 0.5 m2s−2 from -150 m to -400 m, whereupon they reduced. The

theoretical TKE that results if the horizontal wind components, u′, v′ are each

replaced with the vertical velocity fluctuations, w′ is also shown. This artificial

calculation was performed to explore the impact of the contamination of horizontal

variability, and to minimise the impact of the filtering removing some variance

associated with this. The parameter appears to show a more physically reasonable

profile with a steady increase in TKE from inversion top, to a value of 0.8 m2s−2 at

-100 m, then constant throughout the well mixed layer to -400 m. The implication

here is that the filtering does introduce contamination into the time-series of

fluctuations, but that the impact is understood, and so the observations can still

be useful. The profile is very similar to that observed in stratocumulus in terms of

structure and magnitude (Ghate et al., 2014).

At the top of the mixed layer the TKE tended towards zero. It is likely that some

of the contribution to the TKE in the region -100 m to +100 m is due to the

data processing smoothing the structure across the inversion. Non-uniformities in

inversion altitude could also be generated by updraughts penetrating to different

depths into the inversion due to the distribution of updraught magnitudes and

hence relative buoyancy. A summary of the vertical velocity fluctuations as a

function of distance from inversion altitude is presented in Figure 3.17 for five

vertical ranges. Each PDF contains the same number of 32 Hz data-points, one-fifth

of the total: ≥ 30000. The depth of each level is consequently not identical, but

the standard deviation of depth below inversion altitude range from 15 m to 50 m.

The highest level, within cloud-tops, centred on Dz(inv.) = -55 m, had a narrow w′

distribution, with minimal skewness and a range that was predominantly between

-1 ms−1 and +1 ms−1. Within the bulk of the liquid cloud, centred on -151 m
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Figure 3.17: Vertical velocity fluctuations PDFs from 5 altitudes below inversion
altitude with levels given in the legend. First value gives the centre altitude of the
level, with the second number giving skewness of the vertical velocity distribution.
Standard deviations of depth in each level was between 15 m and 50 m.

the range was larger with peak updraughts of 1.5 ms−1 and stronger maximum

downdraughts of -2.0 ms−1, although skewness was only slightly greater than the

level above. There were more weak updraughts (≤ 0.5 ms−1) than downdraughts.

Peak updraughts were weaker in the next vertical level down, centred on -247 m

and roughly corresponding to the cloud base layer and start of sub-cloud virga.

Here the skewness was much larger and it is clear from the PDF that strong

downdraughts were present at -2 ms−1, whereas similar numbers of updraughts

were only observed for +1.5 ms−1. Deeper into the virga layer the skewness

increased further, to -0.69 at -390 m, and -0.72 at -552 m. The PDF at the lowest

level showed most fluctuations in the range ± 0.5 ms−1, but that occasional strong
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downdraughts up to -1.5 ms−1 were present.

Observations presented by Schmidt et al. (2014) from high-resolution ground based

active remote sensing of mixed-phase altocumulus cloud showed variability of

turbulent motions on a range of scales as a function of depth through a mixed layer

containing altocumulus. Their observations model is reproduced in Figure 1.2.

Cloud top and cloud base rotors were resolved along with circulations spanning the

depth of the liquid cloud and others that penetrated deeper into the mixed layer.

Such a structure could be created by, and maintain, the features of LWC structures

described above and the PDFs of vertical velocity fluctuation observed here. The

PDF of w′ from Dz(inc.) = -151m shows positive and negative fluctuations of almost

equal magnitude and roughly corresponds to the “cloud-layer” where Rayleigh-

Bérnard type-cells were observed (Figure 1.2). At the top of the cloud system

there are shallow cloud top eddies resolved by the remote sensing observations of

Schmidt et al. (2014) which is best represented by the PDF found at Dz(inc.) =-55m.

At the level, close to the inversion, the broader-deeper circulations do not have

space to develop. The “Subcloud Layer 1” is represented here by the PDF from

Dz(inc.) =-247m and -390 m. The “Subcloud Layer 2” shares properties with the

PDF from Dz(inc.) =-552m.

3.1.4 Cloud Microphysical Observations

Liquid cloud particle size distributions for the five vertical ranges (Table 3.2) are

plotted in Figure 3.18 by compositing data from the CDP within the altitude band.

The CDP records at 1 Hz and cloud cover is lower than 100%, so the layers were

chosen to be 80 m deep (except the lowest level: 60 m deep) in order to increase

the number of particles in each distribution and improve counting statistics whilst

still allowing for probing of the vertical structure of the cloud.
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A very small number of cloudy data-points (21) were found at the “lower” level

between 300 m and 240 m below mean cloud top height. All the cloud particles

were smaller than 11 µm, and in very low concentrations. The CDP also responded

to low concentrations of ice particles at this level, as can be seen for the occasional

particle at diameters larger than 11 µm, and for other levels at sizes large than

the liquid cloud population. Similar to previous FSSP observations by Gardiner

and Hallet (1985), this was deemed to be a spurious response by the CDP to

non-spherical ice particles with unknown scattering phase function.

Significant cloud was encountered between -240 m and -160 m (“Intermediate 1”

(Int. 1)) with a mode diameter close to 10.6 µm and a sharp fall in number at sizes

larger than this. On this occasion the probe was seen to respond to ice, at sizes

larger than 30 µm. Concentrations were somewhat greater in the level above and

the mode size was similar (10.8 µm) but with more particles larger than the mode,

up to a similar maximum size of 19 µm (“Intermediate 2” (Int. 2)). Differences

larger than the uncertainties occur mainly for the larger sized bins.

By the “Upper” layer, the mode increased further towards 11 µm and a broad

shoulder of particles as large as 25 µm was present, as expected from an adiabatic

uplift. Particles smaller than the mode were reduced in concentration relative

to other layers, perhaps as some grow out of the size range and possibly, as the

smallest were completely evaporated during mixing with drier air from above. Data

which were occasionally collected from above the estimated cloud top height, were

found with similar properties to the cloud top regime, although the distribution was

broader, with fewer cloud particles at small sizes and around the mode (“Above”).

Mixing of dry air from aloft would result in modification of the size spectra,

through partial or complete evaporation of drops. A limitation of the compositing

technique is that the location and timing information is lost.
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CDP CIP

Name Altitude [m] Altitude [m] CIP15 CIP100

Base Top n Base Top n

Above +80 0 79 - - - -
Upper 0 -80 485 0 -100 499 563
Int. 2 -80 -160 723 -100 -200 817 1116
Int. 1 -160 -240 327 -200 -400 866 1132
Lower -240 -300 21 - - - -

Table 3.2: Vertical level (w.r.t. CTH) ranges for CDP PSD and CIP PSD with
number of data points, n

Following a similar method, the PSD from the two CIP probes are plotted in

Figure 3.18 for three vertical levels, as detailed in Table 3.2. These levels share

some vertical overlap with the liquid cloud layer. CIP15 data are truncated for

d ≥ 600 µm to improve plot clarity at the data sparse sizes. The “upper” level

CIP15 data and the CIP100 data are shown to agree well where the sizes overlap.

The mode of the ice particle size distribution was larger than 100 µm but was

not well defined. The maximum size of ice particles at this level was ≈ 1 mm.

There are large concentrations in the smallest bin of CIP15, and a composite CDP

distribution is shown for all data between -300 m and 0 m with to show that

it is clear that the CDP responded to some particles, presumed to be ice, with

d ≥ 30 µm.

Data from the next layer down in the cloud system: “Intermediate 2”; showed higher

concentrations of particles greater than 200 µm in diameter. The mode diameter

for CIP15 observations is between 250 µm and 300 µm and dmax ≈ 1.5 mm. There

were an order of magnitude fewer particles in the smallest CIP15 channel than in

the upper layer. Data from CIP15 show the mode the ice particle distribution at

the “Intermediate 1” level was between 300 µm and 400 µm and dmax ≈ 2.0 mm.

Ice particles were seen to increase in number and grow in size with increasing
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distance below cloud top.

Statistics were calculated for the in-cloud number concentration (Figure 3.19,

left) and in-cloud CWC profiles (Figure 3.19, right). Cloud drop numbers were

constant in-cloud at ≈ 30 cm−3. Cloud drops were found to be larger at cloud

top, as expected because the largest LWC values were also at cloud top. CIP15

was sensitive to the liquid cloud population (more discussion in Chapter 5) in

the smallest size channels, as shown by number concentration data for all size

channels.

The number concentration data from CIP15 were plotted excluding the smallest

size channel, bin 1 as a proxy for ice concentrations. Median number concentrations

were of the order 0.5 L−1 to 5 L−1, from CIP15, peaking just below the liquid

cloud base. The concentration reduces by a factor of two further up into the liquid

cloud, and there were very few instances of ice observations within the top 100 m

of the cloud. Ice number concentration percentiles from the CIP100 probe are

plotted, showing that the concentration of these particles followed a similar trend,

again peaking in concentration just below cloud base at 0.5 L−1 (50th percentile),

and being a factor of two lower in the middle of the liquid cloud, 0.24 L−1 (50th

percentile). Concentrations of these larger ice particles were found to be between

2 and 10 times lower than those measurements from CIP15 with the smallest bin

excluded. The ratio of the mid-cloud to lower-cloud concentrations is constant with

depth, perhaps implying that ice particles were nucleated uniformly throughout

the cloud depth. The smallest particles at cloud top would not be detectable in

this scenario.

Peak IWC was greater than peak LWC (Figure 3.19, right panel) but the mean

values were comparable in magnitude. Ice was not found at the top of the liquid

layer and, in general, peaked in magnitude below the liquid cloud. Below about
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500 m below CTH the ice water content reduced, assumed to be where the ice

crystals fall out of the ice-saturated layer.

Observations of altocumulus clouds by Heymsfield et al. (1991), from a similar

altitude and temperature to the 2nd February 2012 case, found the peak verti-

cal velocity values to be ± 0.75 ms−1 in the most turbulent cloud, with peak

LWC = 0.05 gm−3 and drop number concentration between 20 cm−3 and 30 cm−3.

The reported IWC values were also similar and had a maximum value slightly

larger than the peak LWC with IWC = 0.08 gm−3, this being found low down in

the mixed-phase system. A cloud with lower maximum LWC = 0.02 gm−3 was

found to have lower turbulence, and the IWC is presumed to be negligible as it is

not reported. These observations suggest there may be a link between the LWP of

a cloud, the turbulence intensity and the production of ice.

3.2 Stratocumulus Case, 23rd January 2012

Figure 3.20: Analysis chart from UK Met Office for North Atlantic valid for
1200 UTC on 23rd January 2012. The measurements were made in the stratiform
region of the cold air outbreak. Red line indicates airborne sampling region.
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Flight B668 took place on 23rd January 2012 over ocean to the north-west of the

Faroe Islands, flying along the 63 N parallel between 12 W and 10 W. The general

airflow was from the north, during a cold air outbreak set-up as seen in the Met

Office surface analysis chart (Figure 3.20). The high resolution MSG satellite

image from (Figure 3.21), valid for 1200 UTC on 23rd January 2012, shows the

transition between the stratiform region and the convective region that was to

the south-west of the Faroe Islands. Measurements of the stratocumulus cloud

took place in a region upstream of the break-up into cumuliform clouds, between

1110 UTC and 1255 UTC. The flight pattern was oriented east-west, across wind.

Figure 3.21: High resolution MSG satellite image of North Atlantic region, showing
the stratiform cloud sampled during B668, 23rd January 2012, 1200 UTC. Cold air
outbreak dominates UK region. Mid-latitude cyclone located to south of Iceland.
Red line indicates airborne sampling region.

Mixed-phase stratocumulus cloud from this flight is presented as a comparison

against the mixed-phase altocumulus layer cloud. The cloud was similar in the

sense that a liquid layer was found atop precipitating ice virga. The cloud top,

and the thermodynamic environment, was geometrically level.

Figure 3.22 shows the potential temperature field, interpolated from the flight
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Figure 3.22: Aircraft altitude as a function of longitude (black line) on flight B668,
23rd January 2012, with Thermodynamic cross section (coloured shading) and
cloud properties (see text for details (as Figure 3.5)).

level measurements, this time on a longitude altitude cross section (as Figure 3.5).

Below 1.5 km the potential temperature data show a reasonably well mixed layer.

The vertical structure above this level showed an increase in potential temperature

and hence the layer was stable to vertical development, and so stratocumulus

cloud could persist. Cloud LWC from the CDP is plotted in blue, showing the

level cloud top. Ice concentration from the 2DC probe shows ice throughout the

liquid cloud layer, and some precipitation down to the surface.

In this case the flight track was across the mean wind direction, and so the cloud

field was advecting through the operating region. Since cloud top/inversion altitude

did not vary significantly, either across wind, or along wind, the correction of the

horizontal coordinate into air-relative terms was not necessary in this case. There

were straight and level flight segments at four levels within the boundary layer
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Figure 3.23: Analysis chart from UK Met Office for North Atlantic valid for
1200 UTC on 24th November 2013. Red diamond indicates the location of airborne
sampling.

connected by slant profiles.

3.3 Cumulus Case, 24th November 2013

The data from 24th November 2013 come from a profile through a developing

convective cloud system that was downstream of the transition from stratocumulus

cloud during a cold-air outbreak. The Met Office surface analysis valid at 1200 UTC

on 24th November 2013 is shown in Figure 3.23 and a high resolution visible satellite

image (MSG) from 1115 UTC is in Figure 3.24.

The BAe146 measurements were taken from a location close to 61 N, 3 E, between

Lerwick in Shetland and Bergen in Norway. The aircraft slant profile climbed

from close to the surface, to be just below cloud base at 1120 UTC and at cloud

top at 1125 UTC. Mixed-phase cloud and precipitation was encountered below

800 hPa. Abel et al. (2017) have used data from this flight to investigate the
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Figure 3.24: High resolution MSG satellite image of North Atlantic region, showing
the stratiform cloud sampled during B816, 24th November 2013, 1115 UTC. Red
diamond indicates the location of airborne sampling.

cold-air outbreak transition from stratocumulus cloud to cumulus.

The tephigram in Figure 3.25 shows the part of the profile that contained the

relevant measurements, with temperature from the de-iced temperature probe and

dew point data from the WVSS2 probe (data provided by S. Abel, Met Office).

The data from the flush-mounted probe were chosen, as the Rosemount inlet

data showed artefacts due to evaporating cloud and precipitation particles when

in-cloud (Vance et al., 2014). All of the data from this slant profile were collected

at altitudes above the zero degree isotherm. Below 770 hPa the thermodynamic

profile was unstable, and conducive to vertical development of cloud. Humidity

data showed that the atmosphere was saturated from 930 hPa to 850 hPa, with

significant amounts of moisture at levels up to the inversion as compared to the

incredibly stable and dry layer above.

Profiles of temperature and condensed water content (LWC, IWC), and ice particle

number concentrations are given in Figure 3.26 which also highlights the two

temperature ranges which were used to calculate ice production rates in Chap-

ter 4. The condensed water estimates shown in Figure 3.26 (centre panel) were
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Figure 3.25: B816 tephigram, temperature from de-iced probe and dew point from
WVSS2 flush.

made by integrating the droplet (CDP) or ice particle (2DS) spectra. The 2DS

data, provided by I. Crawford (Univ. Manchester) were processed such that the

contribution from different species are resolved. The final panel, Figure 3.26 (right

panel), presents the number concentration data, again, from either CDP or 2DS.

Cloud base was close to 930 hPa, at T = -4° C, and predominantly liquid, with a

number concentration, Nd = 50 cm−3 and LWC = 0.1 gm−3 as shown by CDP

The data in the “2DS small” category correlated very well with the CDP data

throughout most of the profile, with the weakest correlation observed when number

concentration was low.

The “low irregular” 2DS category was well correlated with CDP number con-

centrations and “medium irregular” category followed a similar trend, but had

concentrations that were an order of magnitude larger in the -7° C ≤ T ≤ -9° C
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region. The “high irregular” particles were present in concentrations that were

mostly many orders of magnitude higher than other species. It is presumed that

these particles were the product of some secondary ice multiplication process

(Hallett and Mossop, 1974).

3.4 Conclusion

Observations of a highly supercooled mixed-phase mid-level altocumulus cloud

have been presented. Liquid cloud was topped by a weak temperature inversion

and precipitating ice virga were observed falling out of the layer. The structure of

the cloud was similar to long-wave radiatively-driven boundary layer stratocumulus

(e.g. Nicholls (1989)) with liquid cloud underneath an inversion, and precipitating

ice virga. Measurements from such a cloud, sampled on flight B668, 24th Novem-

ber 2013, were presented as a brief comparison of the thermodynamic structure.

There are few observational studies of this kind as the clouds are often transient

in nature.

Cloud top was found to slope significantly which required cloud top and inversion

height to be estimated. The problem was reduced to a single vertical dimension

and the aircraft data were used as though from a “synthetic mast” observing the

cloud advect past. This method allowed for comparison of thermodynamic and

cloud microphysics data from both geometrically level flight segments and slant

profiles, and increased the quantity of data available. For this reason, application

of the same technique to existing flight data in the archive may be useful, and new

ways of planning flights also become possible.

Observations of the thermodynamic and cloud properties in the context of this

vertical coordinate confirm that it worked as expected. The profiles of the variability
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of thermodynamic and cloud parameters in altocumulus with respect to depth

below the inversion should be of use to the modelling community.

Liquid water content was larger at cloud top and the profiles followed adiabatic

type trajectories, with theoretical calculations suggesting that the saturated air

parcels originated from different levels below the inversion altitude. No drizzle

was apparent in the observations; the maximum diameter of cloud drops was

smaller than 30 µm and the integrated CDP measurements compared well with

the Nevzorov values. Ice mass had a maximum just below the liquid cloud base,

a feature observed by others (Carey et al., 2008). Ice number concentration also

peaked just below cloud base.

When placed in the context of other observational studies (e.g. Heymsfield et al.

(1991)) these were typical single-layer highly-supercooled mixed-phase altocumulus

clouds. In fact they are some of the coldest expected given ground based clima-

tologies in both the mid-latitudes (Bühl et al., 2016), and the tropics (Ansmann

et al., 2009) and also in situ aircraft observations (Fleishauer et al., 2002).

Turbulent wind fluctuations were calculated by generating high-pass Butterworth

filtered time series. The turbulence structure showed negative skewness to the

vertical velocity fluctuations in the mixed layer, an indication of LWRC top-

driven mixing (Nicholls, 1989; Hogan et al., 2003a). These observations are a

snapshot in time of a dynamic environment and there is an implicit assumption

that the turbulence is frozen in an extension of Taylor’s Hypothesis to airborne

measurements (Stull, 1997). It is a necessary assumption that the characteristics

of the turbulence do not vary in the horizontal or temporal dimensions. A similar

assumption must be made when flying a more traditional stack of legs in a turbulent

boundary layer study.
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The stratocumulus cloud of B668, 23rd January 2012, was presented to demonstrate

that the thermodynamic and general cloud structure in the altocumulus and

stratocumulus clouds were similar. That is not to suggest that all processes were

active in both types of clouds to the same degree. The stratocumulus cloud had a

geometrically level cloud top height, adiabatic type LWC profiles and precipitating

ice virga.

The flight through glaciating cumulus cloud, B816, 24th November 2013, was

presented to contrast and support the altocumulus measurements of ice production

rate. The aim of the sortie was to investigate the transition between stratocumulus

and cumulus cloud in a cold-air outbreak scenario, and is analysed in detail by

Abel et al. (2017). Here the data from a profile climb through a precipitating

cumulus cloud is used for the sole purpose of calculating ice production rate in a

region where ice multiplication processes were thought to be active.

The mixed-phase altocumulus cloud case study is the basis for the bulk of this

work. Observations are used subsequently to estimate the in-cloud ice production

rate, P0, and the INP budget (Chapter 4). Calculated PIP for the altocumulus

are compared against measurements of SIP rate from a developing cumulus cloud,

sampled on 24th November 2013 (Chapter 4).
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Chapter 4

Ice Production in Mixed-Phase

Clouds

4.1 Introduction

Measurements are presented here of Primary Ice Production Rate, PIP, with an

associated error in mixed-phase altocumulus clouds on 2nd February 2012, flight

B674. Ice Production Rate, P0, and Ice Nucleation Rate (INR) are important

quantities that will go some way to explaining the evolution of a mixed-phase

cloud system. The two are not necessarily the same, for example in cases where

ice multiplication is active, such as Secondary Ice Production (SIP) via rime-

splintering, the Hallett-Mossop (HM) process (Hallett and Mossop, 1974). In

steady-state conditions, P0 will be equivalent to INR. It is assumed that all ice in

this altocumulus cloud is produced via primary ice production since it is outside

the HM temperature zone. Better determination of P0 in a range of conditions

will be very useful in the ongoing development of NWP and climate models.
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The PIP mechanism is likely to be a variant of immersion freezing. Upon nucleation

the ice particles were assumed to have a minimum size equal to that of one of the

liquid particles from which they formed giving a maximum initial size of 30 µm.

None of the cloud microphysics probes here were able to distinguish ice from liquid

at these sizes including SID2 and CIP15 which are discussed in more detail in

Chapter 5 .

An INC did not fly on the BAe146 and so INP concentrations for this study were

derived from observations of the aerosol particles. A clear-sky flag was generated

from bulk condensed water observations from the Nevzorov TWC probe and aerosol

measurements were taken from the PCASP at these locations. Parametrisations

for immersion freezing rates are available in the literature and here the work

of DeMott et al. (2015) and Tobo et al. (2013) are considered. The technique

of measuring INP concentration using the CFDC technique has been shown to

underestimate the INP concentration by up to a factor of 3 (DeMott et al., 2015).

Uncertainty in the flow field within the CFDC instruments is likely to be the main

culprit with values of 2.6 ≤ cf ≤ 9.5 found, for a different instrument, the SPIN

(Spectrometer for Ice Nuclei) (Garimella et al., 2017).

The motivations for making these observations include:

1. Phase partition in mixed-phase layer clouds strongly impact the radiation

budget and hence climate (Sun and Shine, 1995; Hogan et al., 2003a; Morrison

et al., 2012),

2. Phase partition is challenging for numerical weather prediction models that

try to simulate cloud evolution, cloud lifetime and precipitation processes

(Westbrook and Illingworth, 2011, 2013),

3. The liquid to ice phase transition is not well understood (Fridlind et al.,
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2007),

4. Better understanding of the initiation of ice in these layer clouds will help

to constrain the problem.

The next section introduces the Harris-Hobbs and Cooper (1987) method of calcu-

lating ice production rate, followed by the results from altocumulus and cumulus

clouds, discussed in the context of previous measurements of this type. Aerosol

particle size distribution observations are presented next and INP concentrations

are derived. The source region of aerosol was investigated using the NAME dis-

persion mode (Jones et al., 2007) to assist in interpretation of the ice and ice

nucleating particles observations that complete the chapter.

4.2 Calculating In-Cloud Ice Production Rate, P0

Calculations of ice production rate from observations were first performed by

Harris-Hobbs and Cooper (1987) (hereafter HHC87), originally to calculate the

rime splintering Secondary Ice Production (SIP) rate in cumulus clouds within

the Hallett-Mossop temperature range (Hallett and Mossop, 1974). Those same

calculations have been applied to measure primary ice production rate, P0, in

mixed-phase altocumulus layer clouds.

HHC87 calculated P0 from the difference in the cumulative size distribution of

measured ice particles, C, between two size thresholds, L1 and L2,

P0 = [C(L2)− C(L1)]/t21, (4.1)
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where the growth time is given by

t21 = (L2 − L1)/G(T ). (4.2)

The function G(T) is the average ice particle growth rate (see Section 4.2.1).

A number of assumptions must be made in order to apply these calculations. It is

essential that the growing particles remained in a water saturated environment so

that the entire growth history can be represented by a laboratory derived growth

rate, without having to resort to the complex and error-prone task of measuring

the in-cloud temperature and ice supersaturation (e.g. Krämer et al. (2009)).

There must be no processes such as aggregation, which would modify ice particle

number concentration or riming, which would modify particle size. Likewise, the

particle must not be a fragment of mechanical breakup, for example of a large

dendrite. Any change in size must be the result of diffusional growth only: number

must only change via the ice production mechanism.

In HHC87 the ice particles are assumed to have negligible size upon production;

the particles were fragments from rime splintering in cumulus clouds. In the

altocumulus clouds the ice particles were also assumed to initially have small

size since they were formed from the liquid cloud population. In the clouds on

2nd February 2012, the maximum size of cloud drops was ≤ 30 µm.

To ensure these assumptions were satisfied, only ice particles smaller than 137 µm

were considered in HHC87. With the current generation of instruments the

minimum size where calculations are valid should be smaller, due to the improved

resolution of the newer OAP probes. The calculations were performed for all

particles larger than the minimum probe size (for CIP15, this is 30 µm), and the

implications of doing this are discussed. The same calculations were also performed
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for larger size categories, up to 800 µm, to test how far the assumptions hold.

The ice production rate was calculated for adjacent bins using data from the CIP15

(15 µm pixel size) for altocumulus sampling, and 2DS (10 µm pixel size) for the

cumulus clouds.

4.2.1 Ice Growth Rates in Mixed-Phase Clouds

Figure 4.1: Ice particle growth rates as a function of temperature for different
temperature ranges left: (Ryan et al., 1976), 0° C ≤ T ≤ -22° C with construction
lines annotated. right: (Bailey and Hallett, 2012) -40° C ≤ T ≤ -20° C for water
saturated “Region A”.

The altocumulus clouds sampled on 2nd February 2012 were found with CTT = -

30° C. The curve for water saturated “Region A” (Bailey and Hallett, 2012),

Figure 4.1 (right panel) was applied which is a temperature dependent growth

rate for plate-like particles in the temperature range from -40° C to -20° C. At

T = -30° C, the growth rate G(R) = 0.36 µm s−1. The CTT temperature was used

as input to the growth rate equation. This implicitly states that ice nucleation

had taken place here, at cloud top. Uncertainty in the nucleation location was

accounted for by a range in the ice growth rate to account for a possible range in

nucleation temperature (vertical location). At temperatures greater than -20° C

the most appropriate growth rate is found in Ryan et al. (1976), (Figure 4.1,
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Figure 4.2: Composite cloud particle size distribution on 2nd February 2012, for
636 seconds in mixed-phase altocumulus cloud where Nd(CDP) ≥ 2 cm−3 and
Ni (CIP15) ≥ 0.1 L−1. CDP (black), CIP15 (red), CIP100 (grey) and habit
segregated CPI data downgraded to 50 µm bin size (Connolly et al., 2007) (see
figure legend).

left panel, as per HHC). Construction lines were added to the curve to allow

manual extraction of rates from the original figure, for use in the cumulus clouds

encountered on 24th November 2013 and show that G(R)(−7° C) = 0.95 µm s−1

and G(R)(−9° C) = 0.5 µm s−1.
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4.3 Observations of Ice Particles in Altocumulus, 2nd Febru-

ary 2012

The general observations were presented in Chapter 3. Figure 4.2 shows a composite

size distribution of liquid cloud and ice particles from mixed-phase altocumulus

on 2nd February 2012 between 1700 UTC and 1730 UTC. These data were used

in the calculations of ice production rate. Mixed-phase cloud was defined where

drop concentrations reported by CDP were greater than 2 cm−3 and CIP15 data

show concentrations greater than 0.1 L−1, resulting in 636 seconds of data with

T = 243.9 ± 0.6 K (242.3 ≤ T ≤ 246.1 K).

It can be seen in Figure 4.2 that the CDP shows a strong mode at 8.5 µm, and

a maximum size close to 25 µm. The smallest two bins of the CIP15 (red line)

(≤ 30 µm) show lower concentrations than CDP but have a similar shape, and

so this probe is likely to be responding to the liquid cloud population. It is not

possible to distinguish the shape or habit of particles on CIP15 at this size.

CPI data were first re-binned by combining data from 5 adjacent bins, so that

each are 50 µm in width. Then the sizes distributions are plotted, segregated by a

derived habit (Connolly et al., 2007). For the smallest bin the sampled particles

predominantly fall into the “spherical (CPI sph)” category (not shown), with

“small irregular (CPI sir)” (star, and dashed-dotted black) and “columns (CPI col)

(blue diamond, solid)” up to 100 µm. The habit at these small sizes should be

treated with caution, although it is clear that qualitatively the CPI responded to

the large liquid particles and supports the CDP and CIP15 observations at this

size range. The small sample volume also limits the confidence in the reported

number concentrations.
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There is a minima in the distribution measured by CIP15 between 50 µm and

70 µm which represents a crossover between the liquid cloud at smaller sizes, and

the growing ice particles at larger sizes. The CPI did not respond to many particles

in this size range, a consequence of the low sample efficiency of the probe. The

probe suffers from “dead-time” whilst an image is read-out to disk, and so the

triggering is strongly biased to the mode of the size distribution. At all sizes larger

than 100 µm both the CIP15 and CIP100 sample the ice population and agree

reasonably well. The measurements of the particle size sample volume may also

be in error.

From 100 µm and larger there are particles identified by CPI as “budding (CPI bud)”

and “rosettes (CPI ros)” with concentrations increasing with size up to a mode

close to 300 µm and 500 µm respectively. Between sizes of 100 µm and 200 µm

are “small irregular (CPI sir)” that above 200 µm give way to “budding irregular

(CPI bir)”, “plates (CPI plt) and columns, up to 400 µm. Above this size only

rosettes are identified, but at much larger concentrations than either CIP15 or

CIP100 which agree well at all sizes within error margins.
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Chapter 4. Ice Production in Mixed-Phase Clouds

Figure 4.4: CIP15 imagery from 2nd February 2012 mixed-phase region from (a)
close to top of liquid layer and (b) close to base of liquid layer. Each panel is
960 µm deep. The probe responds to liquid cloud particles, predominantly at cloud
top, where they are largest. Close to cloud top the concentration of ice particles is
low. Close to cloud base the ratio is now shifted and ice is the predominant habit.
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The dominant ice particle type sampled by CPI (Figure 4.3) in this mixed-phase

regime appeared to be complex polycrystalline structures. Many images show

particles that are close to 400 µm in size. The particles share many features

of “assemblages of large plates” that are shown by Bailey and Hallett (2009,

Figure 5) to be present at temperatures close to -30° C above water saturation. In

general the particles are complex, also observed by Korolev et al. (2000). But it is

thought that they have grown as single crystals, without aggregation, certainly

for the smaller sized particles ≤ 400 µm. Small pristine particles and columns

were not frequently sampled but some particles of less than 20 µm are present.

If, though, the observations of columns at sizes smaller than 50 µm are in fact

correct then the calculation of primary ice production rate will not be correct. The

observations presented here do show some evidence of particle riming, particularly

at the larger sizes above 400 µm. However, calculations were performed as if

riming was insignificant and the impact of this assumption is discussed below.

There was no evidence of particle shattering on the CIP15 probe when inspecting

the imagery. The maximum particle size was smaller than 2 mm and predominantly

below 1 mm. Minimisation of particle shattering by physical anti-shatter tips

(Korolev et al., 2011) on the probe leading edges coupled with Inter-Arrival-Time

(IAT) algorithms in the processing appeared to be successful in this case. It is

more difficult to diagnose shattering on the CPI (Connolly et al., 2007) and so the

concentrations of small particles ≤ 50 µm are more uncertain.

The evidence supports the notion that these ice crystals have a growth history

in a water saturated environment. CIP15 data are shown in Figure 4.4 for two

short time periods from a location close to the liquid cloud top (Figure 4.4, Top)

that shows predominantly small particles, probably liquid, with the occasional

larger irregular ice crystal. Lower down, close to the base of the liquid cloud layer
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Figure 4.5: Composite cloud and ice particle size distribution for two passages
through cumulus cloud during B816, 24th November 2013, Case 268 K: CDP (cyan)
and 2DS (blue), 265 K case: CDP (orange) and 2DS (red).

(Figure 4.4, Bottom), the frequency of the small (liquid) cloud particles was lower,

and large irregular ice particles were observed in much greater concentrations.

Number concentrations of ice particles increased with distance below cloud top,

to a maximum at cloud base, and remained constant throughout the mixed layer

until Dz(CTH) ≤ -400 m (Figure 3.19, left), taken to be further evidence that the

ice is growing within the cloud layer and falling through it.

4.4 Observations of Ice Particles in Cumulus, 24th Novem-

ber 2013

The cumulus clouds on 24th November 2013, flight B816, were sampled on a slant

profile climbing from liquid cloud base at 930 hPa, and T = -4° C through the

mixed-phase region to cloud top colder than -10° C at 850 hPa (Section 3.3). Two
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segments through mixed-phase cloud were defined, the first in the temperature

range -4° C to -6 ° C, (the 268 K case) and the second between -7° C and -9° C (the

265 K case). Both sections were taken from this single profile, upwards through

a mixed-phase cumulus cloud, and are each only a few seconds long. The size

distribution data from CDP and 2DS are presented in Figure 4.5. The limited

sampling time means that the errors are somewhat larger than for the composite

size distributions presented from the altocumulus cloud. The data are adequate

for the computation of ice production rate.

The CDP data from the 268 K case show that there were much greater concen-

trations of liquid cloud drops at the warmer lower altitude level, with a mode at

10.5 µm. The 2DS data showed good crossover at the larger sizes up to 30 µm.

Above this size, the CDP bin concentrations increased markedly; possibly indicat-

ing spurious data and evidence of CDP responding to large ice, outside the DoF. At

the higher, colder altitude of the 265 K case the liquid drops were present in much

lower concentrations and showed a more flat distribution with a similar increase at

the largest sizes. The cause of this increase is unknown, but may in part be related

to the ice production of elongated columns which are not well characterised by

the CDP, which assumes liquid spheres in the calibration. The flat distribution is

probably the result of ice growth causing drops to both evaporate and reduce in

number, implying that the Wegener-Begeron-Findeison (WBF) process (Korolev,

2007a) was active, reducing the size of and even evaporating the smallest drops,

and also that riming was occurring causing reduction in concentration of larger

particles.

Ice particles with small size were more numerous at the lower level but only

slightly, however there were many more particles larger than 200 µm at the upper,

colder level. These particles were in the correct temperature regime and of the
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appropriate size (Abel et al., 2017) to have been produced by rime-splintering

in the Hallett-Mossop process (Hallett and Mossop, 1974), and were likely to be

growing whilst they were lofted in the updraught that generated and supported

the cumulus cloud, at the expense of the liquid cloud drops.

4.5 Calculation of Observed Ice Production Rate, P0

Figure 4.6: Top: CIP15 Cumulative size spectra with errors and Bottom: Calcu-
lated ice production rates, P0, from CIP15 between 50 µm and 800 µm with errors
(black), and error weighted mean (red-dashed) and standard deviation (red-solid)
between 50 µm and 300 µm, in altocumulus cloud on 2nd February 2012.
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The Cumulative Size Distribution (CSD) from the CIP15 for the mixed-phase

altocumulus cloud sampled on 2nd February 2012 is plotted in Figure 4.6 (upper

panel) for the full range of the instrument. The smallest two bins, which respond to

the liquid cloud population, have been excluded. The gradient of the distribution is

consistent, considering errors, up to a size of 350 µm. At sizes larger than 400 µm

the gradient reduces in steepness, suggesting that a different process was operating,

and so the original assumptions become invalid. This large particle region of the

cumulative size distribution is possibly evidence for growth through the riming

process (see imagery in Figure 4.3) which changes particle size independent of the

vapour deposition growth rate. Applying riming calculations to observations is

considered to present complexities that are beyond the scope of this work (e.g.

)Erfani and Mitchell (2017)).

Ice production rate, P0, was calculated for all data (≈ 45 µm to 900 µm) by

using the difference in counts between a particular bin, and its neighbour below

(Figure 4.6, lower panel). The growth rate was prescribed as 0.36 ± 20% µm s−1

(Figure 4.3, Bailey and Hallett (2012)), with the range accounting for uncertainty

in the nucleation temperature (i.e. altitude in cloud). The liquid layers were up to

300 m deep, and so the temperature range between top and base is of the order

2 K to 3 K.

Calculated rates are presented as a function of particle size and it is interesting to

note that the calculated values vary little across the size range, and this feature is

exploited by using all data ≤ 300 µm (bins 3 to 20) and calculating a weighted

mean P0, valid below this size, accounting for the error on each measurement.

The result is that for this cloud the ice production rate, P0 = 0.65 ± 0.04 m−3s−1,

plotted as a red-dashed-line, with errors in solid-red lines (Figure 4.6).

The same calculations of P0 were performed for the two glaciated cumulus cloud
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Figure 4.7: Calculated ice production rates for flight in altocumulus cloud at
243 K(black) and in cumulus cloud at 268 K (blue) and 265 K (red), from adjacent
bins from CIP15 or 2DS, up to 300 µm. Mean value for appropriate size range
shown in diamond and error bar - see text for discussion. Literature reported
cases of SIP indicated with green filled shapes (Harris-Hobbs and Cooper, 1987)
for three clouds, and grey filled shapes (Taylor et al., 2016) for two clouds (see
text for full details).

passages and the final results are presented in Figure 4.7 as a function of particle

size, in this case with data from the 2DS probe which benefits from a smaller

pixel dimension of 10 µm. The results are from cumulus cloud at a temperature of

268 K and 265 K. The rate of growth for these ice crystals was taken from Ryan

et al. (1976) which covers a more appropriate temperature range. For the colder

case, 265 K, the applied growth rate is 0.5 ± 0.2 µm s−1 and for the warmer cloud

at 268 K is 0.95 ± 0.38 µm s−1, with the ranges here taken from the variability of

growth rate across the temperature range.

At sizes smaller than 100 µm the 2DS probe appears to be sampling the largest of

the cloud drops and so these size bins are excluded from the calculations. The data

are plotted in muted blue and red colours. The warmer cumulus cloud at 268 K
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shows less variability in the ice production rate estimate across a wider range of

bin sizes, up to 200 µm. In the colder case, at T = 265 K, the calculated rates

begin to increase rapidly for sizes larger than 140 µm something that is attributed

to the lofting of ice particles from below into this level.

Particles generated at lower altitudes in an updraught have time to grow to larger

sizes before reaching the upper, colder level. Horizontal variability means that it

is unlikely that the same updraught was sampled on both segments. Any lofted

particles would contaminate attempts to measure the local ice production rate

due to rime splintering. Hence, for the cold case (265 K) only particles between

100 µm and 140 µm were used when calculating a weighted mean and error, shown

with a red-filled diamond with error bars. For the warmer case data from 100 µm

to 200 µm were included in the weighted mean calculation, shown with a blue

filled diamond and error bar.

Also on the figure are the data from the original HHC87 work, for a variety

of cumulus clouds in the USA within the HM SIP zone. The green star is for

Florida clouds, the green downwards-triangle for Montana and the green circle

for California. These observations lie within the range of the cumulus SIP rate

observations presented here. Other more recent results were presented by Taylor

et al. (2016) for observations in cumulus cloud in the UK, shown with a grey-

upwards triangle for 286 K and a grey-square for 261 K. These measurements are

larger than those in this research or HHC87, but are comparable when the quoted

error margin of an order of magnitude is account for.
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Diameter [µm]

Flights Cloud Temp. [K] Instrument Min Max
P0

[m−3s−1]

2nd Feb
2012

Altocumulus 243 CIP15 45 300 0.65 ± 0.04

24th Nov.
2013

Cumulus,
UK

268
2DS

90 200 31.4 ± 4.0
265 90 140 11.9 ± 2.4

Harris-
Hobbs and
Cooper
(1987)

Cumulus,
Florida

268, 262
2DC 112.5 137.5

18 ± 31

Cumulus,
Montana

265±5 11 ± 29

Cumulus,
Calif.

266±6 35 ± 88

Taylor et al.
(2016)

Cumulus,
UK

286
2DS

-
150

140 ±
261 - 110 ±

Table 4.1: Calculated Ice Production Rates, P0 Harris-Hobbs and Cooper (1987).

4.6 Ice Production Discussion

The observations of the ice particle size distribution were used to compute the ice

production rate, P0, in altocumulus and cumulus clouds. The rates calculated for

altocumulus are deemed to be primary ice production rate. The cumulus clouds

were in the ideal temperature range for ice production through rime splintering

and so the ice production is presumed to have been dominated by a secondary ice

production mechanism. The calculated values of ice production rate in altocumulus

clouds were found to be at least one or two orders of magnitude lower than those

found in cumulus clouds where SIP processes were suspected. An ice production

rate could not be calculated for the stratocumulus clouds in this study due to the

presence of drizzle in the cloud observations. The drizzle particles fall in the same

size range as the smallest ice particles and so contaminate attempts to make the

ice production measurements.
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Potential under-sizing of columns by up to 50 % due to orientation was a source

of error in HHC87, leading to an error in ice production rate of a factor of 2.

The same problem is not as large in the altocumulus clouds since the particles

are complex shapes rather than columns. The feature may apply to the cumulus

clouds on 24th November 2013. The constant slope of the altocumulus CSD up to

300 µm is taken to imply that the same process is responsible for the ice production

up to this size. Assuming steady state production and growth: ice production

has been operating for a period that is equal to the maximum dimension divided

by the growth rate, which assuming the growth rate of 0.36 µm s−1 gives an

ice-production-time to get to this size of the order 100 s.

4.6.1 Onset of Riming in Altocumulus Case

Erfani and Mitchell (2017) present results from previous observational and mod-

elling studies that indicate a range of minimum riming dimension thresholds,

Dthresh, for various ice particle habits, between 35 µm for hexagonal columns, and

200 µm for broad-branched plates. Particle imagery in this research shows evidence

of riming. The PSD shows a reduction in number concentration of particles larger

than a few hundred microns suggesting that the onset of riming occurs at sizes

somewhat smaller than 300 µm.

This riming theory could explain the change in PSD gradient or the growth rate

could have been badly prescribed. Assuming that the only other process that

changes the ice particle size is riming then there is information in this gradient that

contains the riming growth rate, as a function of ice particle size. Simultaneous

determination of both the raw ice production rate and the riming rate would

probably require an iterative procedure to find the optimum solution and is not

considered in any more detail here.
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4.6.2 Ice Nucleation Mechanism

The uncertainty on the growth rate means that, in these thin cloud layers, it

is impossible to determine at what vertical level the ice was nucleated. In the

altocumulus clouds it is possible to use ice particles as small as 60 µm because,

fortuitously, the largest liquid cloud particles do not contaminate the ice obser-

vations from CIP15 to the same extent as they do in the cumulus cloud, where

the tail of the size distribution of liquid cloud particles extends up to 80 µm. The

additional resolution on 2DS is therefore redundant in this situation, although it

would be welcome when sampling altocumulus clouds.

The mode of the cloud drop size distribution is of the order 10 µm with a maximum

particle size greater than 25 µm. The ice will have an initial size equal to one of

the particles in the liquid cloud drop size distribution but it is not known which of

the particles freeze during the ice nucleation process. Depending on the immersion

freezing mechanism at work, it could be the very smallest drops, during Contact

Nucleation Inside Out (CNIO, Durrant and Shaw (2005)) or alternatively a large

drop, containing a large INP (de Boer et al., 2010), acting either stochastically

(Vali, 2014) or deterministically.

Observational studies from Arctic stratocumulus suggests that large droplets are

required before ice formation is observed (Rangno and Hobbs, 2001). Large drops

will result in a reduction in the concentration of any contaminants that prohibit

freezing (e.g. de Boer et al. (2010)). The implication is also that there is a drizzle

process prior to initiation of ice, and there is no evidence for that here.

Despite this, the largest drops are found near cloud top and this would mean that

ice crystals are most likely to form close to here where the concentrations of larger

drops is greater. The observations are consistent with this happening here, because
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the size of ice particles is observed to increase with depth, down through cloud.

Confirmation of this is not possible because there is not sufficient information.

It could also be the case that ice particles formed uniformly throughout the

cloud depth, whereupon they begin to grow and sediment, with the probes then

identifying this automatic size sorting.

4.7 Aerosol Particle Measurements

In the absence of an INC, an assessment of the Ice Nucleating Particle (INP)

concentration was made by measuring the number concentration of large aerosols

with d ≥ 0.5 µm and applying empirically based parametrisations from DeMott

et al. (2015) and Tobo et al. (2013). The PCASP only makes good aerosol

measurements when out of cloud, so clear-sky time periods were identified using

data from the Nevzorov Total Water Content probe. Defining a clear-sky flag using

a hot-wire probe is beneficial because it is independent of the cloud microphysics

probes, meaning that CDP could be used to measure the larger aerosol particles.

4.7.1 Thermodynamic Regimes

Four thermodynamic regimes were defined from the flight data collected on

2nd February 2012 to facilitate the analysis of aerosol observations, as can be

seen in the profile of potential temperature, θ, in Figure 4.8a. Details of the

layers are summarised in Table 4.2, which has a summary of the mean and stan-

dard deviations of temperature and potential temperature within the layers. The

Boundary Layer (BL) was defined to extended up to 1000 m. A Stable Layer (SL)

was found between 3000 m and 4200 m. The altocumulus clouds were present

in the thermodynamically well-Mixed Layer (ML), physically located between
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Figure 4.9: Histograms of Left: Nevzorov Total Water Content (NVT) sensor
power, and Right: standard deviation of Nevzorov Total Water Content Power for
use as a cloud flag. All data: black, Thermodynamics regimes (Table 4.2), BL:
grey, SL: red, ML2.0: blue, ML1.5: cyan, UL: green.

approximately 4300 m and 6000 m. The limit at the top of the layer was actually

defined as 50 m below the previously calculated CTH. Two flags were defined,

based on different Nevzorov TWC thresholds. Above 6000 m, and above the

altocumulus clouds, referred to as the Upper Layer (UL), the air was also vertically

stable. For these thermodynamically identified layers the variability of potential

temperature was less than 1 K in the boundary layer and stable layer, and between

1 K and 2 K in the mixed and upper layers.

The cloud and precipitation measurements are shown in Figure 4.8b with number

concentrations of cloud particles measured by CDP, larger cloud and precipitation

sized particles from CIP15 and precipitation particles from CIP100. The vertical

profile of Nevzorov TWC Power (Section 2.5) is in Figure 4.8c, and the 1 Hz

standard deviation of the 32 Hz record of power is shown in Figure 4.8d.
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4.7.2 Clear-Sky Flag from Nevzorov TWC Power Data

Whilst the data from the cloud microphysics probes in Figure 4.8b could be

combined to generate a cloud flag, the lower size limit of 5 µm means that CDP

will miss some of the smaller cloud particles, especially near cloud boundaries,

where nucleation or evaporation occur, and so such a clear-sky flag is prone to

failure. The Nevzorov TWC probe can detect particles smaller than 5 µm , albeit

with a collection efficiency below unity, close to 0.3 (Korolev et al., 1998a). The

probe sensing head was the deep-cone version so the collection efficiency as a

function of particle size is expected to be slightly different from that presented in

the original work.

The power drawn by the hot-wire probe ranges between 3 W and 7 W, with a

general increase in power with altitude when out of cloud (Figure 4.8c). The

drift is related to the dry-air baseline which varies as a function of atmospheric

and aircraft attitude parameters (Abel et al., 2014). The variability was much

larger when sampling in-cloud, as evidenced by comparing observations of standard

deviation of Nevzorov TWC power in Figure 4.8d to those of cloud particles in

Figure 4.8b. The out-of-cloud regions, in the stable and upper layers, show that

typical out-of-cloud variability was between 0.5 mW and 3 mW. When cloud

physics probes reported cloud particles the Nevzorov TWC reported orders of

magnitude greater variability, of up to 1 W.

In Figure 4.9 (left panel) the histogram of the Nevzorov power for the whole flight

is plotted in black. There was no separation between the clear regions and the

cloudy regions, based on power alone. The histogram of the standard deviation

of Nevzorov TWC power shows that data from the flight fell into a bi-modal

distribution (Figure 4.9 (right)). The lower variability mode corresponds to clear
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sky, and the larger variability mode is attributed to in-cloud data, on this scale

of 32 records per second. There is a crossover between these two distributions

somewhere in the region of 8 mW, but the distinction is not clear cut.

The noise, or variability of the signal of the hot-wire probe is assumed to have

a source in the electrical signal noise of the instrument and from unrepresented

changes to the dry-air cooling baseline term. The mixed layer has a high relative

humidity, and below water saturation there will still be some humidification of

aerosol due to water molecules that get adsorbed onto the surface of aerosol

particles. Evaporation of this moisture on the humidified aerosol could potentially

be responsible for some component of the “noise” that is seen on the Nevzorov

baseline signal. More exploration would be required, by looking at data from

different regions, with a range of humidity and aerosol concentrations.

4.7.3 Clear-Sky Thermodynamic Regimes

Clear-sky regions were defined using the four thermodynamic regions and a thresh-

old on the standard deviation of Nevzorov TWC power of 2.0 mW (Table 4.2). A

tolerance window of 5 s either side of any positively-identified cloudy data-point

protects against clock differences on probes, different instrument locations on the

aircraft, and imprecise determination of cloud edges, including rogue particles,

over a length-scale of up to 700 m, at the expense of a reduction in the number

of data points. As a check on the standard deviation thresholds, a second mixed

layer flag was produced with a 1.5 mW limit.

Flagging in this way resulted in nearly 3000 seconds of data in UL, 1800 s in SL,

but only 500 s in ML and less than 100 s in BL. To mitigate against so few data

points in the layer of interest, ML, a composite Higher Layer HL=ML+UL was
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defined, using a lower tolerance window of 2 s. For this to be successful requires

the assumption that the aerosol populations in the two regimes are self-similar.

This is not necessarily the case, as the inversion and the humidity distribution

are suggestive of different airmasses. This is a major limitation of these airborne

observations. The total volume of air sampled during the compositing regions for

CDP and PCASP are give in Table 4.2.

Nevzorov TWC power and standard deviation values for these flagged regions are

indicated in Figure 4.9 with BL, SL, ML, 1.5 mW, ML, 2.0 mW, and UL. The same

regimes are over-plotted on the profiles in Figure 4.8, for Potential Temperature,

Nevzorov TWC Power and Standard Deviation.

4.7.4 Aerosol Particle Size Distribution Data

Aerosol Particle Size Distributions (PSDs) observations from the PCASP and CDP

data were extracted for the clear-sky regimes in order to verify the performance

of the clear flag and to identify the number concentrations of particles larger

than 0.5 µm for input into INP parametrisations (see Section 4.7). The data are

presented in Figure 4.10 for the Higher Level composite layer. Errors were greatly

reduced by using the combined-bin schemes and the measurements were then

above the limits-of-detection by up to an order of magnitude.

The data collected from the Mixed Layer (ML) only are shown in hatched-grey

lines for comparison against the composite. The data from the mixed layer and

upper layer look very similar although data from the mixed layer was truncated

at sizes larger than 1 µm and also are absent in the CDP data. Truncation also

occurred when other choices were made in the flagging routine: the 1.5 mW mixed

layer flag and a flag with a higher power standard deviation of 4.0 mW both
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Figure 4.10: Aerosol particle size distribution observations from 2nd February 2012
from PCASP (27 bins - high (native) resolution (dashed grey)), 12 bins low
(downgraded) resolution (solid black) and CDP (10 bins - high resolution (dashed
grey), 6 bins low (solid black)) for Higher Level (HL) composite. Positive error
bars only are shown for clarity. Fitted two-mode log-normal curve, thin-dashed
grey (accumulation) and dot-dashed black (large mode) and the LoD (native res.
solid red, downgraded res. dashed-orange). CSD (large mode) in solid red curve.
Total CSD and error: empty red triangle, sum of observations and error: filled
black triangle. Observations assuming dust (approximately doubled size bins):
green square.

showed similar truncation (not shown). The reason for the lack of large particles

with d ≥ 1.0 µm in the mixed layer observations is not clear, it could be a lack

of particles due to their removal through ice or cloud processing, or a lack of

sensitivity to them with the processing methods adopted.

Large particles that were observed with CDP in the Upper Layer are of unknown

type and refractive index. The low number concentrations and consequent large

statistical counting uncertainty make the size distribution determination difficult.
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The narrow forward scattering angle makes the measurements more uncertain for

the large particles, which, being potentially non-spherical, may not scatter in a

well known way.

PCASP data from all regimes show that the full size distribution of aerosol particles

was not fully sampled - the mode of the distribution was smaller than the PCASP

can identify, so was not resolved. There is evidence that more than one sub-micron

mode was present with peaks in concentration between 0.2 µm and 0.3 µm, and

possibly a smaller mode in the region of 0.12 µm. Composition data, which could

potentially shed light on this, were not available. The two modes in the sub-micron

range may indicate two different types of aerosol, but there is also the possibility

that this is an artefact of the instrument itself, or of the calibration procedure.

It is suspicious that a very similar feature is also present in all the data from all

different levels.

A freely available package, MPFIT (Bohlender et al., 2009), was employed to

generate fit parameters with the errors considered as in Chapter 2. A two-mode

log-normal curve (e.g. Seinfeld and Pandis (2006)) was fitted to the PCASP data

following the procedure detailed in Appendix B. Initially the data at higher bin

resolution were considered, for particles with d ≥ 0.161µm, in order to exclude the

smallest particles, which could be the result of instrumental or data processing

artefacts. The final curve was generated from the downgraded 12-bin PCASP

dataset, using the initial fit parameters as the new starting values and plotted

in Figure 4.10 as a double-solid red line with the fit parameters shown in the

final column of Table B.1. Higher Level PCASP data look to be reasonably

well represented by this fit, implying that different aerosol types, or species, are

contributing to the two modes. The particles in the large mode have the potential

to be significant for ice nucleation.
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When downgraded CDP data (6 bins) were included in the fit, with the errors,

the fit parameters were greatly altered, with the mode of the large mode reducing

to less than 0.7 µm and the width of the distribution increasing greatly, in a non-

physical way. Artificially increasing the uncertainty on the CDP measurements

by an order of magnitude did not improve the fit. Whilst CDP may have utility

in identifying the presence of large aerosol particles, and counting them, it is

not reliable when it comes to reporting size in this case where unknowns such as

material (refractive index) and shape are unknown.

Summation of the aerosol PSD, from large sizes to small, allowed an estimate of

the number concentration of large aerosol particles with d ≥ 0.5 µm. Observations

from CDP and PCASP were combined and plotted in Figure 4.10, in black. The

black triangle and error-bars show that NA
obs.
(d≥0.5) = 0.066 ± 50% cm−3, calculated

by generating a weighting function for the contribution by the two channels

surrounding the 0.5 µm threshold. A separate value was determined by computing

the Cumulative Size Distribution (CSD) of the large-mode log-normal fit (solid red

curve), resulting in an estimate of NA
lrg.
(d≥0.5) = 0.052 ± 50% cm−3 shown with an

empty red triangle and error bar. The accumulation-mode log-normal curve, has

Nacc.
d≥0.5 = 0.082 ± 50% cm−3 (not plotted). Values from the raw bin concentrations

are very similar to those obtained from the large mode log-normal fitted curve.

Aerosol Discussion

The PCASP and CDP composite aerosol particle size distribution confirms that

the screening for condensed water by using the standard deviation of Nevzorov

TWC power signal is adequate. The aerosol PSD from the PCASP does not look

to be contaminated by cloud particles and this is confirmed by observation of

very low concentrations from CDP for the same regions. The screening within the
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mixed layer is very strict and results in very few data points.

The aerosol size distributions were multi-modal indicating different aerosol types.

It is unclear if there were two small accumulation modes or if the smaller was is

an artefact of the instrument or the processing. The current work is unaffected

by this. Both the PCASP and CDP observed large aerosol particles between

0.5 µm and 3 µm from PCASP, and up 10 µm and larger from CDP. A two-mode

log-normal fit to the PCASP data looks reasonable, and supports the notion of

a distinct large-aerosol mode. There is no way of ascertaining the material that

this mode is composed of and so the refractive index remains unknown, and thus

the sizing is also uncertain. Number should be unaffected, other than to say that

some particles may have been incorrectly placed into an adjacent bin.

The particle composition, if known, could be used to better constrain the refractive

index of the particles and so allow better determination of the scattering properties

and hence size determination. The impact can be significant for the PCASP and

CDP instruments. Mie scattering calculations (Rosenberg et al., 2012) performed

using a refractive index of 1.53 + 0.002i, valid for Saharan dust (Ryder et al.,

2013) show that the bin edges in both of these instruments can vary by over 200%.

Dust can also be highly irregular in shape, which increases uncertainty in the

determination of geometric size from the optical scattering due to uncertainty

in the scattering phase function (Chen et al., 2006), more so for the CDP than

PCASP due to the narrow collection angle of the optics.

Instrumentation that would provide species information was not fitted and so

analysis of back-trajectories from a numerical weather forecast model are one way

of narrowing down the source and type of aerosol at a particular location in time.

The NAME Model (Section 2.7) was employed to calculate trajectories of air
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Figure 4.11: “Back Trajectories” from NAME on 2nd February 2012, ending at
-9.8 W, 59.0 N, at 1800 z, at altitudes of 1000, 2000, 4000, 5000, 5500, 6000, 6500,
7000 and 8000 m. (Graphics generated by Met Office NAME model).
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parcels arriving at a location in the middle of the sampling region, -9.8 W, 59.0 N,

on 2nd February 2012 (for flight B674) at 1800 z. The nine trajectories, ending at

altitudes between 1000 m and 8000 m, are plotted in the automatically generated

Figure 4.11. None of the air parcels that ended above an altitude 1000 m had

been in contact with the surface for at least the previous four days. Trajectories

relevant to the mixed and upper layers were close to the ground between the 26th

and 29th January 2012, over the forested north-western seaboard of North America.

It therefore seems unlikely that the aerosol are dust particles but it cannot be

ruled out. It is possible that some are uplifted from the boreal forest. If so, then

an INP parametrisation which specifically studied the ice nucleating properties of

forest emissions, such as Tobo et al. (2013), would be relevant.

4.8 Ice Nucleating Particle Concentrations

The values obtained for the number concentration of large aerosol were input

into the INP parametrisations from DeMott et al. (2015) for generic aerosol type,

and from Tobo et al. (2013) for forest emissions. Both have a similar functional

form. The calculations were performed for a fixed value of 243 K, equal to the

altocumulus cloud top temperature and hence this is the maximum possible rate.

Deviation from this temperature of ±1 K is explored with calculations performed

using DeMott et al. (2015) at 242 K and 244 K. The results are presented in

Table 4.3 for the Upper Level aerosol number concentrations along with extreme

values at 248 K and 238 K.
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Chapter 4. Ice Production in Mixed-Phase Clouds

4.8.1 Vertical Distribution of Aerosol and Derived INP

Figure 4.12 shows the vertical profile of measured particle number concentration

from the PCASP instrument. Grey dots are data at the native 1 Hz resolution and

larger dark-grey circles are the same data at 0.1 Hz (10 second averaging). High

resolution 1 Hz data, show that close to the surface the NA ≈ 100 cm−3, reducing

with height to 1 cm−3 ≤ NA ≤ 10 cm−3 between 1000 m and 2000 m. Above this

altitude the 1 Hz data were close to, or below, the LoD of PCASP, as can be seen

from the banding structure in the vertical, except for higher concentrations up

to 30 cm−3 at 3000 m. Data averaged over 10 s, did not have the same banding

structure and show that these data were above the limit of detection at the expense

of reduced sampled variability. Further averaging to 100 s (0.01 Hz) show a similar

picture with this data plotted in filled-grey triangles.

Aerosol number concentrations of large particles with d ≥ 0.5 µm are plotted

at 0.1 Hz in red down triangles, showing that many observations were close to

the mean LoD. Further averaging to 0.01 Hz (grey-squares) show that there were

between 3 L−1 and 100 L−1 with mean values and variability constant with altitude.

The averaging time corresponds to a length scale of the order 14 km, similar to a

state-of-the art global NWP model (Table 4.4). The higher resolution data show

that the maximum values can be larger, up to 400 L−1, at a length scale of 1.4 km,

which is more similar to a high-resolution limited area numerical model (Table 4.4).

Longer averaging time results in reduced sensitivity to small scale variability.

Figure 4.12 (right panel) shows the calculated INP number concentration profile

using the the large aerosol observations in Figure 4.12 (left panel) with 0.01 Hz

data in grey squares. The range of INP concentrations was 0.1 L−1 to 0.7 L−1

for an activation temperature of 243 K. The limit of detection for INP is shown
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Time
period
[s]

Length Scale
[km]

Model Type Model Resolution

10 1.4 Regional NWP 1.5 km (-)
- - Global NWP (current) 10 km (N1280)
100 14 Global NWP 14 km (N768)
- - Global NWP (future ensem-

ble)
20 km (N640)

200 28 Global NWP Ensemble, Hi-
Res Climate

28 km (N400)

400 56 Global Climate / Climate
Ensembles

56 km (N216),
208 Km (N96)

Table 4.4: Sampling averaging scales (assuming TAS = 140 ms−1) compared against
Met Office Unified Model (Walters et al., 2017) NWP and Climate modelling scales
and resolutions, N, where resolution is half the number of horizontal grid points.

for the DeMott et al. (2015) case at 243 K with a dashed black line, close to

0.02 L−1. Longer temporal averages are calculated for the INP data with blue

empty stars representing 200 s averaging and open magenta circles for 400 s of

data-per-record, corresponding to spatial length scales of 28 km and 56 km. Each

downgrade reduces the sampled variability as would be expected. The data from

the 0.1 Hz aerosol record is plotted in black dots, but should be interpreted with

caution due to the proximity of aerosol data to the PCASP LoD.

Figure 4.13 shows the histograms of calculated number concentrations of INP

using DeMott et al. (2015) and Tobo et al. (2013) with the latter equation

producing about 80 % of the INP number concentration that the DeMott et al.

(2015) parametrisation does. The impact of applying the correction factor cf = 3

(DeMott et al., 2015) is shown in a red outline. The variation that can be obtained

using the two equations and accounting for instrumental uncertainty is large, close

to two orders of magnitude.

It is difficult to relate the ice production to the budget of INPs. Large aerosols
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Figure 4.13: Histograms for INP concentration at 243K using Tobo et al. (2013)
(green outline), DeMott et al. (2015) (filled grey), and DeMott et al. (2015) with
correction factor of 3 applied (red outline).

are typically implicated in the creation of atmospheric ice particles, with much

discussion around the reasons and nature of this. Efficacy of a particle as an INP

is likely to be material-dependent, and have some relationship to the surface area

of those materials, and the initial ice formation might take place on an active site

on the material. Cloud processing may be important.

A large amount of sampling time is required to make robust estimates of the INP

number concentrations, either using the method here of sampling the aerosol PSD,

and then applying a parametrisation, or by direct observation with an INC. When

measurements are to be made with an instrumented aircraft the long sampling

time requirement is restrictive. As a minimum, in order to have meaningful INP

concentrations, data must be collected over much more than ten seconds; here

100 seconds or more are used. If the data were required to provide a measure

of sub-grid-scale variability in NWP then many more data points are required.
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Table 4.4 gives a summary of the time period and consequent length scale to

which the observations are applicable. More than 30 minutes and up to an hour of

sampling is required to generate a mean and variability for a length scale of the

order of the current generation of global NWP models (≈ 10 km).

The number of observations of particles that it is possible to make in these low

concentration regimes is a great limitation, as is not knowing the composition

and source region. The life-cycle of aerosol particles in the atmosphere, including

the processing of them by weather systems, is a field of study in its own right.

The identification of the INP budget and the PSD of aerosols when in cloud in

a mixed-phase layer cloud is a major challenge, one that requires a wide range

of instrumentation to sample the full size distribution of aerosols with suitable

counting statistics, as well as coincident measurement of cloud properties and

ideally aerosol mineralogical composition.

4.9 Attempting to Close the INP/Ice Production Bud-

get

INP reservoir depletion time, ΦINP , can be calculated by dividing the number

concentration of INP by the ice production rate and assuming steady state. For

the observations presented in Figure 4.12 there were 0.1 L−1 ≤ INP < 1.0 L−1.

Taking the ice production rate, P0 = 0.65 ± 0.04 m−3s−1 from Figure 4.7 gives

an INP reservoir depletion time of 145 s ≤ ΦINP < 1639 s [< 0.5 hr] for the INP

concentrations considered.

Cloud Glaciation Time, τ gl, is a related quantity and can be calculated by making

some assumptions of simple ice and liquid cloud microphysics and either zero,
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positive or negative vertical velocity (Korolev and Isaac, 2003). The ice production

rate concerns only the generation of an ice particle and, if INP limited, can be

used to estimate the time taken for all INP to activate. Calculations of cloud

glaciation time give the period of time taken to convert all the liquid in a given

volume into ice particles, given an ice number concentration.

Taking the same, typical, ice concentrations as above, and the observed cloud

top upper-quartile LWC75th = 0.05, and for the case of zero vertical velocity

(Korolev and Isaac (2003)) the calculated glaciation times were found to be

2.45 hr [1 L−1] ≤ τ gl < 11.3 hr [0.1 L−1]. Without consideration of the dynamics

of the cloud, it is clear that the lifetime of the liquid cloud, is controlled by the

transfer of condensed water from the liquid phase to the ice phase, rather than by

the ice nucleation rate.

In real clouds, especially this turbulence-driven altocumulus cloud, the dynamics

are important. Consideration of positive vertical velocity was shown to both

extend and decrease τ gl depending on the magnitude of the updraught (Korolev

and Isaac, 2003). A simple model of an oscillating cloud parcel shows that in

certain cases a quasi-equilibrium state can be attained where the LWC and IWC

vary, out of phase with one another, for longer than 25000 s (Ni = 10 L−1), or

10000 s (Ni = 100 L−1). Much of the real-world physics is missing from this model,

including ventilation, habit dependent growth rate etc.

Ice nucleation could occur immediately once a threshold temperature was reached.

The longevity of the cloud would then be determined by the dynamics and the

rate of uptake of moisture by the ice crystals. This might suggest that there are

many small ice particles that reside with the liquid cloud, which would presumably

remain spherical, awaiting mass-transfer to become efficient enough to allow them

to grow and precipitate.
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4.10 Conclusions

The technique of HHC87 has been applied to altocumulus clouds for the first

time to calculate the primary ice production rate. An altocumulus cloud with

CTT = -30° C was sampled on 2nd February 2012 and the observations were used

to calculate the ice production rate, using HHC87, of P0 = 0.65 ± 0.04 m−3s−1.

A contrasting case, in cumulus cloud sampled on 23rd November 2013, found ice

production rates several orders of magnitude greater, with P0 = 11.9 ± 2.4 m−3s−1

at 268 K and P0 = 31.4 ± 4.0 m−3s−1 at 265 K. The cumulus observations

were assumed to be from SIP and compare well with literature reported values

(Harris-Hobbs and Cooper, 1987; Taylor et al., 2016).

Observations of aerosol PSD were made using data from the PCASP and CDP. In

order to make this possible it was necessary to determine cloud-free conditions

so as to avoid contamination of the observations by liquid and ice particles. A

clear-sky flag was produced using the variability on the Nevzorov TWC probe and

recognising that the standard deviation of power drawn by the sensor is bi-modal,

with one mode generated in-cloud and the other in clear-skies.

The PCASP and CDP aerosol measurements were used to show that at least

two distinct modes existed: these were likely to be formed from two different

materials. It might be that there were particles smaller than 0.5 µm that are

active as INP but these cannot be disentangled from other aerosols. The fitted

log-normal distribution is one way to do this, but the width of the distribution

was poorly constrained at the larger end of PCASP, and from CDP.

INP concentrations were found to be 0.1 L−1 to 0.7 L−1 at 243 K using DeMott

et al. (2015). Number concentrations as great as 400 L−1 may be observed at
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high temporal resolution, but with low confidence in the measurement validity.

Comparable values calculated with Tobo et al. (2013) were some 80 % of those

calculated with DeMott et al. (2015). The uncertainty due to corrections factors

associated with the INC technique (of a factor of three or more) is larger than the

variation due to an assumed aerosol type, demonstrated here.

The INP reservoir depletion timescale is much smaller than the calculated cloud

glaciation time, assuming no dynamical effects. However, the dynamics is important

and perhaps more important than the details of the aerosol and INP budget.

There is no information here on how the INP act to form ice crystals, but the ice

production rate is determined from observations.
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Further Small Ice Observations

5.1 Introduction

Data from the SID2 and CIP15 probes in altocumulus on 2nd February 2012 were

further interrogated to attempt to reduce the minimum size of ice particle that can

be positively identified as ice and distinguished from liquid. Trying to assess the

concentrations of small ice using the SID2 probe is complicated by instrumental

artefacts and coincidence events, that are expected to occur at a larger frequency

than the small ice events in the altocumulus clouds in this study. Coincidence

events in SID2 were identified, explored and interpreted.

Calculation of correlations between individual size channels in CIP15 and with

CIP100 were made in order to separate ice and liquid modes. These improved, and

better characterised, observations were then used to look at the concentrations

of small ice with reference to the vertical coordinate. Finally CIP15 ice particle

concentrations data were segregated by size to test the relationship between size

resolved ice particle number concentration and the vertical velocity spectra.
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5.2 The Performance of SID2 in Mixed-Phase Clouds

5.2.1 Asphericity: Idealised Ice Scattering Patterns

For SID2 scattering patterns, the maximum observable asphericity reduces with

increasing particle diameter, a result that was obtained by calculating the as-

phericity for a range of synthetic ice “columns”. The theoretical maximum value

of asphericity that can be obtained, will be obtained, for a column which, in

the simplest case, will have scattering recorded in only two opposite detectors as

plotted in Figure 5.1, top-left. This scattering pattern results in a asphericity of

63.9, up to a particle derived spherical equivalent diameter of 26.6 µm, obtained

when digital detector signal is at its maximum value of 2048 counts. The value is

obtained for any values of scattering in only two detectors, and in fact they do

not have to be opposite one another. In reality, the scattering pattern would be

rejected since there are too many black detectors.

Further increase in diameter in SID2 for a “perfect column” can only be achieved

by including scattering in additional detectors. This is done for 2, 3, then 4

adjacent detectors, and so on to the maximum, and is shown to consequently

reduce the derived asphericity values. Three further examples are shown in

Figure 5.1: top-right shows two pairs of two fully illuminated detectors, with

d2|2 = 37.6 µm and A2|2 = 47.1; bottom-left shows 2 pairs of four detectors, where

with d2|4 = 53.2 µm and A2|4 = 30.4 and bottom-right shows two pairs of 12

detectors with d2|12 = 92.1 µm and A2|12 = 7.85. These calculated diameters are

water-sphere equivalent and so because ice is expected to be undersized, the impact

on maximum observable asphericity will be larger in reality. For this reason, it is

deemed unsatisfactory to remap the asphericity scale between 0 and 63.9 on to the

current 0 to 100 scale. A maximum value of A = 63.9 would also never be attained
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Figure 5.1: SID2 scattering patterns of idealised columns where groups of op-
posite detectors are illuminated with maximum illumination of 2048, for single
opposite detectors (top-left), 2-detectors (top-right) 4-detectors (bottom-left) and
12-detectors (bottom-right). Reported diameter is liquid-sphere equivalent.

in reality, and any consistency between new and old observations would be lost. In

summary, the asphericity parameter is not able to offer a size independent method

of partitioning scattering patterns into ice- and liquid-phase.

5.2.2 Synthetic Liquid Scattering Patterns

Previous SID2 measurements in warm clouds, where the drops are known to

be spherical, show a large tail to the asphericity distribution with values up to

and greater than 10 (Cotton et al., 2010). Instrumental artefacts, off-centre or

off-axis sampling and detector noise as well as the coincidence of two or more

particles in the sensing volume can introduce artificial broadening of the asphericity

distribution.
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Figure 5.2: Perturbations applied to a perfectly spherical SID2 scattering pattern,
used to replicate real world factors that degrade the collected scattering patterns.
Detector Response Correction: dashed line, noise: 5 µm: thin black line, 10 µm:
thick black line, 30 % offset filter example: black dot-dashed line, rotated 30 %
offset filter grey dot-dashed line.

Synthetic scattering patterns of five perfect spheres have been constructed that

consist of a uniform detector response in each of the 28 elements. Detector

magnitudes of 4, 5, 6, 10 and 25 result in nominal particle diameters of 4.40 µm,

4.81 µm, 5.38 µm, 6.95 µm and 11.0 µm respectively.

Figure 5.2 introduces a collection of perturbations that are functions of detector

element. These perturbation functions attempt to replicate some of the real-world

sources of asphericity to model the impact they have on SID2 observations. The

original work on SID2 suggested that variation of up to 30 % is to be expected

due to positioning of the particle within the sample volume (pers. comm. J.

Ulanowski). The dot-dashed black line shows an example of a function to account

for this off-axis sampling, and variation of particle position, within the Field of

View (FoV). An additional example is shown, rotated about the detector by a

random amount, in a grey dot-dashed line. There will be preferential alignment of
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“Perturbation” New Properties

Diameter [µm] rdet. Noise Offset 30% Diameter [µm] Asphericity

4.40 to 4.91 5 Y n 5.06 3.32
6.60 to 6.95 10 Y n 7.05 1.65
10.7 to 11.0 25 Y n 11.0 0.67

4.40 to 4.91 5 n Y 4.82 2.74

4.40 to 4.91 5 Y Y 4.97 4.86
6.60 to 6.95 10 Y Y 6.92 3.62
10.7 to 11.0 25 Y Y 10.8 3.01

Table 5.1: Synthetic SID2 scattering pattern properties using perturbations from
Figure 5.2, for three spherical particles with resolved diameter range shown in
the first column for the detector magnitude, rdet., shown in the second column.
Modified parameters refer to the upper end of the size range.

this function along the sample volume axis but this is not replicated here since

this simple model is not intended to be a statistically robust determination of the

sources of uncertainty in SID2, but to demonstrate the sources of the uncertainty.

Random noise was generated, normally distributed, around a magnitude of 3

counts, on a scale of 0 to 2048 so as to mimic real detector noise. Application of

this noise to a spherical 5 µm particle is shown in the thin solid line, and to a

10 µm particle in thick solid line. From Section 2.6.7 comes the Detector Response

Correction (DRC) which varied by a few percent across the detector, shown in a

dashed-line, and is seen to be the lowest of the perturbations, and the only one

that can be reliably and deterministically corrected for. Each of the perturbations

impacts the representation of sphericity and to a lesser extent diameter, with the

interaction between effects causing a spread in the distribution of asphericity.

Table 5.1 shows a summary of the impact of the perturbations in Figure 5.2 for

three of the synthetic particles, with uniform detector responses of 5, 10 and

25. Due to digitisation within the detection system the detector responses cover
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Figure 5.3: Synthetic SID2 asphericity values presented as histograms for individual
initial particles: d = 4.40 µm (black line), 4.91 µm (cyan line), 5.38 µm (blue line),
6.95 µm (grey outline, red shading) and 11.0 µm (green outline).

particles within a size range. For this case the ranges are 4.40 µm to 4.91 µm,

6.60 µm to 6.95 µm and 10.7 µm to 11.0 µm respectively.

Noise and offset perturbations were applied in isolation and in concert for a single

realisation, with the consequent impact on asphericity shown in the final column.

Diameter is affected by less than 1 %. In general noise has a reduced effect on

asphericity for larger particles as can be seen in the top section. The impact of the

offset perturbation alone is of similar magnitude to noise for the smallest particles.

Combined, the two perturbations make for increased asphericity over and above

the individual response, but in a non-linear manner.

Histograms of asphericity were generated for each of 5 original synthetic particles

by rotating the offset perturbation function and the noise function around the

detector ring, resulting in 784 individual realisations . The resulting distribution

in Figure 5.3 shows that the magnitude and spread of asphericity decreases with
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Figure 5.4: SID Coincidence algorithm PSD (solid-black line) for cloud sampled
in altitude range -100 ≤ Dz(CTH) < -75, with resulting cloud particle PSD (grey
dot-dashed line). Coincidence percentage rejections, Frej in orange dashed line on
right-hand axis, with black dotted line highlighting 100 %.

increasing size of particle as expected: noise has a reduced impact. Even though

these distributions are not statistically robust it is clear to see, even from this

simple model, how the large spread of asphericity values can emerge from noise,

and offsets within the SID2 detection system. Making a statistically robust model

would require detailed laboratory work to better characterise the sample volume

and and the impact of off-axis sampling, something which is beyond the scope of

this study.

5.2.3 Results of Coincidence Algorithm

Once SID2 particles from the altocumulus clouds flight on 2nd February 2012 were

identified as coincidence using the tests in Section 2.6.8 they were removed from

the cloud data set, but not before an exploration of their properties and where

they occur was undertaken. Diameter data from scattering patterns identified as

“coincidence events” were plotted as a PSD in Figure 5.4 from -100 m ≤ Dz(CTH) <-
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Figure 5.5: Vertically resolved SID2 Coincidence fractions as a function of
particle size for various levels. -25 m ≤ Dz(CTH) < 0 m: solid black line, -
50 m ≤ Dz(CTH) < -25 m: black dot-dashed line, -75 m ≤ Dz(CTH) < -50 m: grey
solid line, grey dashed line: 100 m ≤ Dz(CTH) < -75 m and -225 m ≤ Dz(CTH) < -
200 m: orange dashed line.

75 m and show a modal diameter that is just larger than 10 µm. A PSD of the

remaining particles, following removal of these coincidence events, is also shown.

the rejected fraction, Frej , was computed as the percentage of actual particles in

each size bin. For this level in cloud, the coincident fraction increases from less

than 0.01 at a size of 3.5 µm, to is a maximum of just over 0.1 close to 20 µm.

Coincidence frequency as a function of diameter is shown for other levels in cloud

in Figure 5.5. For larger particles, d ≥ 20 µm, the computed coincidence-fraction

increases from 10 % at Dz(CTH) = -100 m, to 40 % at cloud top. Results are similar

at all levels for particles with d ≤ 12 µm down to a layer at -225 m ≤ Dz(CTH) < -

200 m. Here there is an slight increase of coincidence-frequency at particle size

8 µm ≤ d < 12 µm and a reduction in the bin size above this. There are very few,

if any, particles larger than 15 µm at this level.
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5.2.4 Coincidence Discussion

Curves show the rejected fractions as a function of particle size were strongly

centred on the mode of the size distribution, as expected as frequency of coincidence

should be biased to the mode. Increased coincidence frequency at large particle

sizes occurs closer to cloud top, where more particles are expected to be larger,

again following the statistics of the situation. The “range” criterion will also

preferentially select larger particles since the particles have to be large enough so

that a 10 % change can be registered on the digital output scale, something that

is increasingly more likely for larger particles.

Probability of coincidence was calculated by assuming the process obeys Poisson

statistics, using equations given by Johnson et al. (2014). Cloud droplet number

concentration observations were taken from the CDP, the extended sample volume

from Cotton et al. (2010), and SID2 beam depth from Johnson et al. (2014). The

CDP fitted to the BAe146 has the “pin-hole modification” (Lance et al., 2010)

resulting in coincidence frequency of much less than 0.1 %. The expected SID2

coincidence frequency for 20 cm−3 ≤ Nd < 35 cm−3 is between 2 % and 5 %, with

a 30 % error for an uncertainty of 20 % on the sample volume estimate. Results

of the algorithm suggest that the observed frequency was twice as large. Particle

scattering patterns that Johnson et al. (2014) may have identified using the strong

FFT mode 1 may be included in the number here.

The coincidence identification scheme results in an overall coincidence rejection-

frequency of almost 10 % of the SID2 scattering patterns. A relatively small error

on the sample volume could explain the discrepancy, but, the false positive rate is

currently unknown and may contribute to the enhanced frequency.

Concentrations of coincidence events would be 1.5 cm−3 assuming the theoretical
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calculations to be correct, and were double this, 3.0 cm−3, for the observed

results. Both are orders of magnitude larger than the expected ice particle number

concentration in the altocumulus clouds.

More refinement of the technique could be performed, and more datasets interro-

gated in order to get a more well-tuned set of tests to identify coincidence. There

are myriad algorithms and tunings that could give similar answers. Without man-

ually assessing the results of such a scheme it would be very difficult to determine

if the output was correct or if it simply returned a realistic looking answer for the

wrong reasons.

A better strategy might be to apply machine learning algorithms to try to find

correlations between the particle scattering properties and the types of particles,

be they liquid, ice, coincidence or other class of event that require rejection. For

data from altocumulus cloud in the mixed-phase regions there are expected to

be many fewer ice particles than liquid and there should be an intermediate

number concentration of coincidence events, and “bad” scattering patterns, which

should be identified for rejection. There are numerous specific types of machine

learning, including simple regression algorithms. Identification of phase in SID2

scattering patterns may be suitable for a clustering algorithm such as hierarchical

agglomerative clustering, a technique that has been successfully used in similar

circumstances to identify categories of aerosol particles in an optical instrument

(Robinson et al., 2013). Hierarchical agglomerative clustering is renowned for

being able to handle clusters that are very different in terms of the number of

members that each may contain.
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5.3 Diameter and Asphericity from SID2, 2nd Febru-

ary 2012

Vertically resolved particle diameter and asphericity distributions are shown for

the SID2 data in Figure 5.6. The size distribution plot in Figure 5.6 (upper panel)

shows that close to cloud-top, the SID2 data from -50 m ≤ Dz(CTH) < -25 m were

similar to the CDP data which were interpolated onto SID2 bins. For context, the

composite liquid and ice PSD for the mixed phase cloud region can be found in

Figure 4.2 where it was shown that the liquid and ice have different properties of

size and number. The mode is just larger than 10 µm with a maximum dimension

of this mode, close to 20 µm. Larger particles with d ≥ 30 µm are presumed to

be the response of SID2 to ice particles which, due to unknown scattering phase

function, have an uncertain diameter (Chen et al., 2006). Attempts have been

made previously to correct for this deviation from pure forward scattering from

spherical drops by applying a scaling factor of 1.7 (Cotton et al., 2010). The actual

scaling factor will be habit-dependent and no attempt will be made here to apply

a correction since many atmospheric ice particles are irregular (Korolev and Field,

2008) and the main focus is on phase-resolved particle number concentration.

The asphericity distribution in Figure 5.6 (lower panel) shows that the vast majority

of these SID2 particles have very low asphericity (≤ 2). The phase of all particles

is not known but there are asphericity values as large as 25 with very low frequency

of occurrence.

At the higher altitude of -25 m ≤ Dz(CTH) < 0 m there are fewer particles observed

at d = 10 µm. The mode is close to 8 µm and there are more particles at smaller

sizes, probably due to entrainment of dry air from aloft causing particle evaporation

and a shift in the PSD towards smaller diameters. At this altitude there is also
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Figure 5.6: Vertically resolved (a) PSDs and (b) Asphericity distribution, relative
to derived CTH in altocumulus on 2nd February 2012 from SID2 probe, with CDP
PSD for comparison near cloud top. -50 m ≤ Dz(CTH) < -25 m: solid black line,
(and CDP PSD interpolated to SID2 bins in grey), 25 m ≤ Dz(CTH) < 0 m:
dot-dashed black line, -200 m ≤ Dz(CTH) < -175 m: orange solid line, -
300 m ≤ Dz(CTH) < -200 m: red dashed line, -400 m ≤ Dz(CTH) < -300 m:
dashed black line, -600 m ≤ Dz(CTH) < -400 m: dot-dashed grey line.
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evidence of ice in low concentrations from the response of SID2 at sizes larger than

30 µm. Asphericity is increased markedly for values larger than 8, which must be

predominantly from the increased numbers of smaller and evaporating particles.

These observations all agree with those presented in previous chapters.

Descending through cloud sees a reduction in the size of the mode, and in the

number of particles at sizes larger than the mode. Close to cloud base at -

200 m ≤ Dz(CTH) < -175 m the particles have 7 µm ≤ dmode < 8 µm. The

occurrence of particles with d ≥ 30 µm is much increased compared to the layers

above. There is a corresponding increase in the frequency of asphericity ≥ 20,

with a broader shoulder to the asphericity distribution at A ≥ 30, indicative of ice

particles.

Due to reduced numbers of particles in the lower part of the cloud system the

depth of the layers is increased (-300 m ≤ Dz(CTH) < -200 m). The mode size

is still close to 8 µm, but numbers are vastly reduced at sizes larger than this

either because cloud particles that have not had sufficient time to grow to the

larger sizes, or as evaporating cloud particles embedded within downdraughts.

Ice particles with d ≥ 20 µm are found in greater numbers when compared with

concentrations in the layer above and the corresponding increase in the asphericity

frequency of occurrence for A ≥ 15 supports this observation. Below the liquid

layer at -400 m ≤ Dz(CTH) < -300 m the response to ice at sizes larger than

20 µm is similar to the layer above, whilst there is almost no response to particles

smaller than this, except in very low concentrations, and with unknown phase.

The asphericity distribution is nearly as broad as for the layer above, with the

source potentially being both ice and small liquid particles. Deeper in the virga

layer (-600 m ≤ Dz(CTH) < -400 m) there is no response to particles smaller than

15 µm, and the resulting asphericity distribution is flatter, and extends to values
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of 60, close to the theoretical asphericity maximum of 63.9.

5.3.1 Diameter vs. Asphericity Joint-Histograms

The observations presented may well be contaminated with the artefacts of coinci-

dence. Joint-histograms of diameter and asphericity were constructed to investigate

this. The method follows the one presented by Cotton et al. (2010) which showed

such histograms for various cloud and aerosol types. Here, the data from vertically

resolved levels within the mixed-phase altocumulus cloud system are presented in

Figures 5.7 and 5.8 along with coincidence events and corrected data. Data from

all other cloud levels, in 25 m increments, are plotted and included in Appendix D.

The diameter vs. asphericity raw-data joint-histogram is shown in Figure 5.7a is

for the cloud-top level -25 m ≤ Dz(CTH) < 0 m. Positively identified coincidence

events were used to generate the coincidence-event diameter vs. asphericity joint-

histogram in Figure 5.7b. It is possible to remove these coincidences from the

raw-data. Figure 5.7c shows the coincidence-corrected joint-histogram. In each

panel there is a diagonal-hatched region that corresponds to combinations of

diameter and asphericity that are not physically possible in the SID2, as derived

above.

In the top 25 m of cloud there were no observations of particles with d ≥ 20 µm,

and no highly aspherical particles (A ≥ 20). This data represents the scattering

patterns obtained from the liquid cloud population in the very top 25 m of the

cloud system. The most common particles were present in the diameter range

8 µm ≤ d < 10 µm, with 0.9 ≤ A < 2. At sizes close to the mode of the size

distribution the asphericity distribution took values of 0.4 ≤ A < 15. Digitisation

by the probe detection systems resulted in reported asphericity values for particles
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with d ≤ 3 µm in the range 5 ≤ A < 20. Occasionally the probe would sample

particles with diameter larger than 20 µm.

The distribution of asphericity was artificially broadened at all sizes by the physical

features of the probe itself. Coincidence is another mechanism for this broadening.

The coincidence metric determined above results in the distribution shown in

Figure 5.7b for coincidence events in the altitude range -25 m ≤ Dz(CTH) < 0 m

and these are closely related to the most frequently occurring drops, as expected.

There are no instances of coincidence for particle diameter ≤ 4 µm. There is a

lower chance of this occurring based on the low concentrations at those sizes and

the statistical nature of the mechanism. But, there is a limit to the smallest size

of particle that could be identified that is implied in the test that stipulates a

difference between the upper and lower super-segment variability be larger than

10 % (Section 2.6.8). This range will not be achievable for the smallest of particles.

Larger and more aspherical particles were present in the data from -50 m ≤ Dz(CTH)

< -25 m, (Appendix D), and the frequency of these particles was further increased

at the -75 m ≤ Dz(CTH) < -50 m level (Figures 5.7d, 5.7e 5.7f). The particles

larger than d = 20 µm with asphericity values 4 ≤ A < 20 were very rare in

comparison to the smaller cloud particles. These particles are assumed to be the

smallest discernible ice particles in this cloud.

Two regimes were apparent in the distribution throughout the depth of the cloud,

down to cloud base at -275 m ≤ Dz(CTH) < -250 m, (Figures 5.7f to 5.8i): a liquid

cloud particle mode with sizes smaller than 10 µm to 20 µm depending on altitude

and a larger ice particle population with d ≥ 15 µm to d ≥ 25 µm. There is no

clear distinction between these two populations based on the asphericity alone.

Coincidence frequency is lower in magnitude towards cloud base and the diameter

and asphericity range are smaller (Figures 5.7e, 5.8h)
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Figure 5.9: Synthetic SID2 Diameter vs. Asphericity joint-histogram using data
from Figure 5.3, as Figure 5.7.

Using the previously modelled synthetic scattering patterns it is possible to create

the synthetic diameter vs. asphericity plot shown in Figure 5.9. These five

particles are not intended to be a statistically robust distribution the figure is

merely designed to illustrate the impact of artificial asphericity-broadening in SID2

and similar scattering probes. The particles smaller than 5 µm show asphericity

values of 2 ≤ A ≤ 4.

5.4 SID2 Conclusions

There is currently no objective way of determining the phase of a particle from

the information contained in a SID2 scattering pattern. SID2 can distinguish

ice particles as small as 30 µm on the scale of 25 m in the vertical, by using

both diameter and asphericity observations in combination with CDP particle size

observations, and making an assessment of coincidence events.

A coincidence finding algorithm for SID2 scattering patterns was developed. Iden-

tified coincidence events occur from 4 µm ≤ d < 20 µm, with most found close to

the modal diameter at d ≈ 8 µm, with a range of asphericities of 0.8 ≤ A < 12.
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These events are more common at the top of the cloud, reducing in frequency with

depth in cloud. It is not clear how many of the real coincidence events have been

identified, and how many are false positives. CDP and SID2 size distributions

agreed well, implying that potential missed coincidence events did not impact the

resulting PSD. Liquid cloud observations from CDP were critical in determining

the maximum diameter, on a statistical basis, but not on a particle-by-particle

basis.

Calculations were performed that show that some combinations of diameter and

asphericity are not possible within the SID2. In all cases ASID2 ≤ 63.9. For

spherical-equivalent d ≥ 26 µm the maximum possible asphericity value begins to

fall rapidly.

SID2 suffers from artificial asphericity-distribution broadening. Large asphericity

values, typically associated with ice particles, were also found for small liquid

particles. Asphericity was greater than 1.0 for all particles smaller than 4 µm

and the minimum observed asphericity increased at smaller particle diameters. In

part, this is due to the nature of the detection system and digitisation levels of the

electronics and the gain of the amplifiers (hence the size range of the instrument).

Positioning of individual particles within the sample volume is also a contributor.

A simple model of the instrumental asphericity broadening has been developed

that shows how the observed large asphericity values could emerge by consider-

ation of physically reasonable perturbations to a group of synthetic scattering

patterns. Similar to the problem with the coincidence algorithm itself though,

is the identification of the parameters that generate the required results. There

are many conceivable solutions though that could result in the same output. For

both tasks the use of machine learning algorithms may be required to probe for

correlations between parameters that are relevant and to identify specific categories
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of “event”. An unsupervised hierarchical agglomerative clustering technique such

as that presented by Robinson et al. (2013) for analysis of aerosol particles might

be a useful method.

Manual assessment of the diameter-asphericity joint-histograms allows the iden-

tification of ice particle and liquid drop regimes. The observations of the mixed

phase altocumulus clouds showed that the very top 25 m were liquid phase, or

any ice particles that were present were undetectable by SID2 because they were

too small, or too spherical to be distinguished from the liquid cloud drops. The

identification of ice separate from liquid was possible between -50 m and -25 m

from cloud top where occasional particles larger than 30 µm were present, which

had asphericity values greater than 5. Particles from this category were observed to

increase in number with distance below cloud top, to a maximum between -150 m

and -125 m. Below here the concentrations reduced once again. The particles were

observed up to the theoretical limits of asphericity for a given diameter, with the

digitisation of the histograms. The two regimes could be separated by a fitted line

that is a function of diameter and asphericity, but this would be arbitrary without

additional information and so was not done.

Most ice particles are expected to be irregular (Korolev et al., 2000) and so will

result in more complex scattering patterns in SID2 with lower asphericity values

than pristine ice habits would generate. This will be especially true for any

ice particles that have just formed from a freezing liquid drop. The distinction

between ice and liquid is therefore blurred, but the problem is further complicated

in mixed-phase clouds by the high frequency of coincidence events in only moderate

concentrations of liquid particles. These coincidence events mean that the phase

determination of particles that have dimensions on the same scale as the liquid

cloud drops is not possible, and remains an important measurement challenge.
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Figure 5.10: PDF of CIP15 and CIP100 concentrations. CIP15, all bins: black
dashed line, CIP15 excluding smallest size bin: red line, CIP15 excluding ten
smallest size bins: dashed green line, CIP15 Excluding smallest seventeen bins:
grey dot-dashed line, CIP100 all data: blue solid line.

5.5 Small Ice Observations using CIP15

5.5.1 Identifying Small Ice with a Multi-Probe Approach

Another source of small ice particle information in altocumulus from 2nd February

2012 is found in the OAP data which, in the case of CIP15, sampled the larger cloud

drops and the population of ice particles. Observations of number concentration

from CIP15 are presented as Probability Density Functions (PDFs) in Figure 5.10.

Integrated concentrations from all size bins show concentrations in the range

10−4 cm−3 ≤ N ≤ 35 cm−3 in a bimodal distribution. The same data excluding

the smallest CIP15 size channel, bin 1, (d ≥ 15 µm) are strikingly different and it

is postulated that this is down to the impact of CIP15 responding to the largest

liquid cloud drops in the smallest size channel. The second smallest CIP15 channel,
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Figure 5.11: Correlations between CIP15 bin 4 concentrations and other CIP15
size channels: solid black line, and additionally, between CIP100 concentrations
and CIP15 size channels: dot-dashed grey line.

bin 2 (d ≥ 30 µm), does not sense these particles, supported by similar shaped

PDF when the lowest 10 bins are excluded and when the smallest 17 bins are

excluded. Peak concentrations of these distribution are between 20 L−1 and 30 L−1.

CIP100 data follow a very similar distribution and have almost identical peak

number concentrations as CIP15 data when the smallest bin sizes are excluded, as

expected.

Correlations are plotted between the number concentrations from CIP15 of particles

in bin 4 (60 µm) with the concentrations of particles of all sizes (Figure 5.11),

from the smallest at 15 µm (bin 1) up to 375 µm (bin 25). There is no correlation

between bin 1 and bin 4, which is taken to imply that the smallest bin was

responding to the liquid cloud particles and bin 4 (60 µm) was not. Between bin 4

and bin 2 (30 µm) the correlation is 0.8, which is much lower than that expected

if the two bins were both only responding to ice. The smaller bin responds to

the liquid cloud particles some 20 % of the time. A new regime is apparent once

particles are larger than 45 µm (bin 3) where the correlation approaches unity, at

0.989, and correlations are strong, > 0.90, between bin 4 and larger bins, up to
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bin 13 (≈ 200 µm). These correlations confirm that for sizes larger than 45 µm

the CIP15 probe was only responding to ice particles. Up to bin 43 (a particle

size of 660 µm), the correlation is still greater than 0.5.

A similar structure was observed when the CIP100 concentration was used in place

of the CIP15 bin 4 concentration as shown in Figure 5.11. In all cases the CIP100

was assumed to respond to only ice particles in these clouds. No correlation is

observed with the CIP15 liquid contaminated bin 1 and similar correlation is

observed with bin 2, confirming liquid contamination. The peak of the correlation,

with a magnitude of 0.91 is observed to be with CIP15 bin 8 (120 µm). The

comparison is not between identical parameters because the CIP100 value is total

concentration and so this value represents excellent agreement.

Ice production rate observations, which varied little across the size range 30 µm ≤ D

i < 300 µm, lends support to the hypothesis that CIP15 only senses ice particles

above the lower size bound since the narrow spread in computed values of P0

indicates that those data are not contaminated by liquid particles. Following this

logic, the CIP15 observations, above the smallest two size bins (≥ 45 µm), are able

to report the number concentration of small ice particles at 1 Hz, by exclusion of

other particles known to be liquid.

5.5.2 Ice Particles Cloud Structures

Structures within the cloud were explored by looking at autocorrelations and

cross-correlations between concentrations in different CIP15 bin combinations.

Figure 5.12 shows the autocorrelation functions, for CIP15 number concentration

parameters, for time-lag in the range -20 s ≤ tlag ≤ 20 s . There are significant

correlations greater than 50% at tlag = ± 15 s for the integrated number concen-
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Figure 5.12: Autocorrelation as a function of time-lag, tlag, for CIP15 concentra-
tions with different bin combinations. CIP15 All bins: solid black line, CIP15
(ex. bin 1): dark red line, CIP15 (ex. bin 1-10, d ≥ 150 µm): dashed yellow line,
CIP15 (ex. bin 1-30, d ≥ 450 µm): dot-dashed grey line, CIP15 (ex. bin 1-40,
d ≥ 0.6 mm): solid grey line.

trations from all bins, which corresponds to a length scale of-the-order 2 km, and

this structure is interpreted as relating to physical length scales in the liquid cloud

environment.

A series of autocorrelations were calculated for concentrations of particles larger

than a certain minimum size, starting with particles larger than 15 µm, where

correlations were greater than 0.45 at ± 1 s, indicative of frequent similarity

of number concentration on length scales up to ≈ 400 m. Similar correlations

are observed on a similar length scale for 150 µm particles, reducing slightly for

450 µm particles where correlations of 0.35 persist at tlag = ± 1 s. For particles

with d ≥ 0.6 mm the correlations at ± 1 s are lower than 0.2. The information

contained in these correlations relates to the width of these (the ice-virga) regions

of similar sized ice particles, and it is noted that the width of regions decreases

with increasing particle size. The scale of these observed ice virga structures in

the cloud system have similar scale as and agree qualitatively with the notion of
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Figure 5.13: Cross-correlation functions between CIP15 channel concentrations.
Nall, and Nd≥15: dot-dashed black line, Nall, and Nd≥30: dark-red dot-dashed line,
Nd≥30 and Nd≥45: yellow thin solid line, Nd≥45 and Nd≥60: grey dashed line, Nd≥30
and Nd≥300: dark red solid thick line.

narrow strong downdraughts where air tends to be sub-saturated w.r.t. liquid and

super-saturated w.r.t. ice.

Smaller particles are found in wider ice virga sections, and larger particles are found

in regions with reduced horizontal extent. The cross-correlation between Nd≥30

and Nd≥45 is strong (Figure 5.13), greater than 0.8 for a time-lag of 0 s, and similar

between Nd≥45 and Nd≥60. The cross-correlation between Nd≥45 and Nd≥60 is more

than 0.4 at tlag = ± 1 s. These correlation structures in ice particle concentrations

are observed up to larger particle sizes, as evidenced by the correlation between

Nd≥30 and Nd≥300, showing that ice virga were often present up to 500 m wide,

and up to 800 m wide in decreasing frequency, and that they contain particle sizes

that range from 30 µm up to at least 300 µm.

Analysis of this type would benefit greatly from higher temporal resolution, or

particle-by-particle data, which would allow for finer spatial resolution than with

the 1 Hz (≈ 140 m) shown here. The flight strategy was not intended to make a

non-biased sample of these properties and so the details are not to be relied upon,
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(a) d > 45 µm (b) 60 ≤ d < 105µm

(c) 75 ≤ d < 210µm (d) 225 ≤ d < 405µm

Figure 5.14: Joint-histograms of w′ and CIP15 ice particle number concentrations
for different ice particle size ranges. Note: number scale varies between panels.

although the subjective picture is trusted.

Cross-correlation functions between concentrations of Nall, and Nd≥15 confirm the

findings of Section 5.5.1 that the two parameters were not strongly related, with

coefficients less than 0.25 for all time-lags (Figure 5.13), this moderate value being

controlled mainly by the presence of the many small liquid cloud particles in the

lowest bin, and a non-zero but small number in the second smallest bin. Weaker

still was the cross-correlation between Nall, and Nd≥30, effectively this was zero.
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5.5.3 Ice Particle Properties in Updraught and Downdraught Re-

gions

Downdraughts and updraughts both act to modify any existing cloud and ice

PSD by acting as either a source or sink of moisture available for condensation.

The Butterworth 9 km filtered time series of vertical wind fluctuations were

used to generate regimes of similar vertical velocity fluctuations in the range

-2 ms−1 ≤ w′ ≤ +2 ms−1 in 0.4 ms−1 increments at 1 Hz for comparison with

CIP15 data. The length scale at this temporal frequency is ≈ 140 m. Ice particle

concentrations were considered on a logarithmic scale.

Figure 5.14 shows 2-dimensional joint-histograms of variation in vertical velocity

fluctuation, w′, and CIP15 ice particle number concentrations in four different ice

particle size ranges. The top-left panel shows data for all ice particles, larger than

≥ 45 µm (excluding bins 1 and 2). Predominantly the ice particles were found at

w′ = ± 0.2 ms−1 in concentrations of between 0.15 L−1 and 8 L−1. Significant

occurrence of ice was found in moderate downdraughts where -0.4 ms−1 ≤ w′ < -

0.2 ms−1 in a lower occurrence of higher concentrations. The incidence of ice

particles found in updraughts was low. The top-right panel shows the distribution

from ice particles within the size range 60 µm ≤ d < 105 µm. There were very

few occasions where the number concentrations were greater than 1 L−1 and

the distribution as a function of vertical velocity fluctuation is broadly similar,

with the majority of events found close to zero or slightly negative values. The

two lower panels show the distributions for larger ice particles within the range

75 µm ≤ d < 210 µm (left) and 225 µm ≤ d < 405 µm (right). These larger

particles were found most often in lower concentrations, and, again at zero or

slightly negative vertical velocity, below ≈ 0.7 L−1 and ≈ 0.5 L−1 respectively.
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The occurrences are absolute values: they are not scaled to the frequency of

occurrence of a particular magnitude of vertical velocity fluctuation and reference

is made to the prior observations that showed skewness to the vertical velocity

distribution, especially at levels below the liquid cloud, where the ice particle

number and size is greatest (Section 3.1.3). However, the ice particles are certainly

found predominantly in quiescent regions and in downdraughts with no sorting by

particle size apparent. The strongest signal is for the highest concentrations of

ice particles at low values of vertical velocity fluctuation. Low magnitudes of w′

are typically found close to cloud top, at the inversion where the downdraughts

are generated and updraughts terminate. Significant but lower concentrations

are found in downdraughts which is taken to imply that there is no evidence

for enhanced number concentrations of small ice particles within the updraught

regions in these clouds, unlike observations reported by Ansmann et al. (2009).

The very small mean value for the vertical velocity fluctuations (Section 2.3.3)

gives good confidence that the errors are at worst a few cm s−1 and so there is

low expectation that the results would alter significantly due to uncertainty in w′.

A simple calculation can help understand where the ice particles were formed. An

ice particle with a compact hexagonal habit with d = 60 µm may have a maximum

fall speed vmax = 0.07 ms−1 (Westbrook, 2008). Taking this fall speed to be a mean

value for a particle growing from negligible size to d = 100 µm and the laboratory

derived growth rate at these temperatures of 0.5 µm s−1 (Bailey and Hallett, 2012),

the quiescent-air fall-distance from the nucleation site will be zfall ≈ 14 m. This

small vertical displacement means that any particles smaller than 100 µm were

effectively formed at the observation location, since the resolution in the vertical

is lower than the maximum fall distance. Unless there is significant lateral mixing

it seems unlikely that the “first-ice” particles were nucleated in the updraughts.
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5.6 Observations of the Progressive Glaciation of a

Mixed-Phase Altocumulus Cloud

A series of slant profiles were extracted from saw-tooth ascents and descents that

were flown through the depth of the mixed-phase cloud system over the course of

one hour. They were not chronological repeat passages through the same cloud.

Observations are presented from those profiles, plotted against Relative Alti-

tude (Dz(CTH)), that show liquid cloud in various stages of glaciation. The first

stage, Figure 5.15, shows a well developed adiabatic LWC structure, with Fig-

ures 5.16, 5.17 and 5.18 showing stages in the progressive glaciation of the liquid

layer. Supplementary figures in Appendix E show other profiles through this cloud

system during the same time period, of intermediate-stage glaciation, to show the

similarities between multiple cloud passes.

Each figure is composed of four panels. The vertical velocity fluctuations, w′,

from Butterworth 9 km filtered time series at 32 Hz are shown in the left most

pane; e.g. Figure 5.15a. Relative humidity is plotted on the upper axis, with

respect to liquid, and with respect to ice. The vertical profile was saturated with

respect to water in Figure 5.15a above -200 m, and with respect to ice, for the

full depth of this profile, to -300 m. Vertical velocities ranged between ± 2.0 ms−1

below -100 m, with stronger negative values than positive. The magnitude of

the positive and negative excursions increased with depth below cloud top. The

range was smaller above -100 m, with w′ = ± 1.0 ms−1. Negative excursions were

geometrically shallower (≈ 15 m) than positive ones (≈ 40 m) corresponding to

horizontal distances of 750 m and 2000 m respectively.

Figure 5.15b shows LWC from the Nevzorov LWC probe, on a linear scale. CIP15
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and CIP100 CWC values are plotted against the log scale (upper, marked “IWC”)

and use the IWC formulation given by Brown and Francis (1995). Integrated

CIP15 measurements do not necessarily correspond to IWC.

LWC increased towards cloud top reaching a peak of 0.07 gm−3. Condensed Water

Content from CIP15 is shown on the log-scale and had a maximum value close to

0.03 gm−3 at cloud top. There was some contribution to the total CIP15 mass from

both LWC and IWC. The integrated CWC mass from the CIP15 from channels

above bin 1 (> 15 µm) decreases closer to cloud top, and is lower than CIP15

CWC for all bins when in liquid cloud above -150 m. Below -150 m in-cloud,

and also below cloud, the values from both estimates were similar, centred on

10 mg m−3 and ranging between 1 mg m−3 and 50 mg m−3. The second estimate

of CWC is from CIP15 above bin 2 (> 30 µm), and this value was generally the

same as for the CIP15 above bin 1 (> 15 µm) estimate in almost all cases. CIP100

mass estimate is assumed to be IWC since there were no liquid particles close

to the size range that this probe can detect, with values close to 0.5 mg m−3

at 50 m below cloud top, but increasing to 10 mg m−3 in the lower part of the

cloud layer (Dz(CTH) = -150 m) and below. The CIP15 bin 1 and bin 2 CWC

measurements had similar structure to the CIP100 IWC values and this, coupled

with the correlations presented in the section above, shows that CIP15 bins 1 and

2 parameters are responding to IWC. No ice was observed within 20 m of cloud

top.

Liquid and ice particle number concentrations are shown in Figure 5.15c. Number

concentrations of cloud drops from SID2 were relatively constant with altitude, at

Nd ≈ 30 cm−3, very similar to the number concentration of SID2 particles with

asphericity less than 2.0. In the interest of clarity, CDP data are not shown, but

agreed well in all cases. SID2 coincidence rates are also not shown for clarity, but
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correlated very closely with cloud drop number concentration, typically 10 %, as

shown above. The CIP15 number concentration for all particles increased towards

cloud top from 20 L−1 in the sub-liquid layer to 2 cm−3 at 20 m below cloud top.

The number is a composite of the ice particles and the very largest cloud drops,

follows what looks to be an adiabatic-type gradient, up through cloud.

The data from the CIP15 bins 1 and 2 (d > 15 µm and d > 30 µm) summations

show that the number concentrations of ice particles varied between 0.3 L−1 and

10 L−1 with variability within the liquid cloud layer but no distinct trend. CIP100

ice number concentrations were lower at cloud top, Ni = 0.5 L−1, and closer to

1.0 L−1 at cloud base. No particles were observed within 20 m of cloud top by

either CIP probe. Coincidence rate in the SID2 data is orders of magnitude larger

than these observed ice concentrations.

SID2 categories of large or aspherical particle observations are interpolated to

15 m vertical resolution and are presented to assess their usefulness as a proxy

for ice concentration in this cloud. Number concentrations of particles reported

by SID2 that were larger than 20 µm, and larger than 25 µm, were observed to

be reasonably constant from cloud top to 150 m below cloud top. There were

some observations of concentrations between 50 L−1 and 100 L−1 below -80 m, to

cloud base at -300 m, and below. The concentrations of particles with asphericity

greater than 10 is shown in filled blue stars, with values of 1 L−1 at cloud top and

up to 100 L−1 below -170 m.

The vertically resolved asphericity distribution from SID2 is presented as a joint-

histogram in Figure 5.15d with the pseudo-logarithmic scale given below the

figure. The range is over three orders of magnitude, and shows that the vast

majority of particles within the cloud layer had asphericity less than 2.0. Number

concentrations of particles with asphericity greater than 10 showed a steady
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increase with increasing distance below cloud top from 1 L−1 to 100 L−1. The

particles are likely to be small evaporating cloud drops and not small growing

ice particles, but asphericity alone is not sufficient to make this distinction. The

smallest “first-ice” particles are not expected to have developed large asphericity

values. There is no strong correlation between the vertical velocity fluctuations and

asphericity, just the observation of larger excursions of vertical velocity low in the

cloud system and also increased concentrations of particles with large asphericity

values.

The set of profiles in Figure 5.16 are intended to show the initial stages in a

glaciation process that erodes away LWC. Vertical velocity fluctuations showed

fewer large magnitude excursions which might support LWC, especially below

-150 m, which was below water saturation. The LWC did generally increase with

height as in Figure 5.15b and the droplet number was again, also reasonably

constant with altitude. Above -150 m the layer was saturated w.r.t. liquid, but

there were notable intrusions in shallow layers, between 10 m and 20 m deep,

where LWC and cloud drop number were reduced especially at altitudes above

-100 m. At the intrusion levels the asphericity distribution showed an increase

to more than A = 4, suggesting an increase in either evaporating cloud drops

(non-spherical aerosol residuals), or ice particles. The large particle (d ≥ 20 µm

and d ≥ 25 µm) number concentrations from SID2 were very similar in this cloud

passage to those from the CIP15 bins 1 and 2 concentrations, and numbers of

particles with A ≥ 10 also looked similar, with number concentrations of the order

10 L−1. Concentrations from CIP100 were an order of magnitude lower than this,

between 0.1 L−1 at cloud top and increasing to 1 L−1 at cloud base.

There were similar magnitudes of condensed water mass, assumed to be IWC,

reported by both the CIP100, probe and CIP15 larger than bins 1, and 2, implying
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that most of the mass was contained in particles larger than 100 µm. The

magnitudes were in the range 0.1 mg m−3 to 1 mg m−3 in the top 50 m of cloud,

on both probes, and up to 10 mg m−3 at cloud base.

These observations show that glaciation occurred in discrete regions. The glaciation-

regions were often only 10 m deep, which corresponds to a horizontal range of

400 m. The depth of the remaining liquid layers was at least double (20 m), giving

a horizontal scale of 800 m. The length scale of the ice sections corresponds to

the correlated ice particle concentrations from CIP15, nearly 50 % of the time

(Figure 5.12). The vertical velocity fluctuations, both for this profile and others

suggest that the peak negative excursions existed on a similar depth scale, 10 m to

15 m in the vertical suggesting a link between the turbulence and ice properties. The

regions where these downdraughts occurred did not, however, directly correspond

to the regions where enhanced ice particle number concentrations, or IWC values

were found. This suggests a temporal offset or time lag in the process. Since the

downdraughts were created by LWRC, the implication appears to be that even

if the ice was created, or grew within the downdraughts, it did not necessarily

remain where it formed.

The progressive glaciation of mixed-phase layer cloud is further demonstrated by

the profiles in Figure 5.17 that show a drastic reduction in the LWC profile as

compared to the more triangular (adiabatic) LWC profiles in Figure 5.15b and

even Figure 5.16b, implying that moisture was being removed through a diabatic

precipitation process. The asphericity histogram shows large increases in numbers

of particles with asphericities greater than 10 at all levels throughout the cloud

depth. Observations show that the magnitude of IWC as measured by both CIP

probes was greatest in this profile, greater than 0.1 g m−3 in places. Both CIP

probes reported similar quantities, and so the mass was contained in particles
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larger than the CIP100 lower limit of 100 µm, and smaller than the 1 mm limit

of the CIP15 probe. Number concentrations followed a similar pattern to those

from the previous profiles, with CIP100 concentrations increasing with depth

down through the cloud. CIP15 concentrations excluding the smallest bin were

similar and comparable with the SID2 concentrations of large particles. Asphericity

greater than 10 does not look to be a good indicator of ice particles in this profile

since at times it agrees, and, at other times is similar to the number concentrations

from all CIP15 channels indicating sensitivity to the liquid drop population. Three

additional sets of profiles are presented in Figures E.1, E.2 and E.3 in Appendix E

to provide additional observations of this intermediate glaciation stage.

More fully developed glaciation is observed in Figure 5.18 which shows a shallow

layer some 120@m deep with LWCPeak ≤ 0.02 g m−3. IWC magnitude from CIP15

was typically between 1 mg m−3 and 10 mg m−3, occasionally close to 100 mg m−3.

CIP100 IWC magnitudes were in agreement with CIP15 data above -400 m, but

below the CIP15 had greater magnitude. Number concentrations were similar

from CIP15 and CIP100. Particle with small asphericity (≤ 2) were observed by

SID2 as low as Dz(CTH) = -180m. These particles were assumed to be small, as

the CWC from all CIP15 parameters are in agreement which means this mass was

contained in particles larger than 45 µm above -400 m. Below this level there was

a shift to mass being contained in smaller particles. SID2 large particle number

concentrations are 0.1 L−1 which is an order of magnitude greater than either CIP

probe which reported number concentrations between 0.01 L−1 and 1 L−1.
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5.7 Ice Formation Discussion

Altocumulus clouds require the formation of the liquid phase before any ice is

observed at all, which often has been taken to mean that an immersion freezing

mechanism is required (Westbrook and Illingworth, 2013). Large drops are often

observed prior to the initiation of the ice phase (Rangno and Hobbs, 2001).

Large drops could be responsible for larger LWP (assuming constant number

concentration) and when cloud is driven through LWRC (Smith et al., 2009),

this implies greater turbulence. The actual ice nucleation mechanism may be

a combination of freezing during evaporation in downdraughts, and deposition

nucleation originally from clear-sky conditions in the resultant upwards air motions

which cause ice supersaturation prior to liquid supersaturation such as observed

by Ansmann et al. (2009).

There are two possible explanations for the nature of ice nucleation in this cloud,

either:

� ice formed in regions sub-saturated w.r.t. liquid through some evaporative

process (Fridlind et al., 2007) or CNIO (Durrant and Shaw, 2005) or through

deposition in ice super-saturated updraughts (Ansmann et al., 2009),

or

� ice nucleation proceeded via immersion freezing and was distributed through-

out liquid saturated regions.

If evaporative freezing was important (Fridlind et al., 2007) then cloud would

predominantly glaciate upwards from cloud base. There may be some freezing

events that take place at cloud top due to entrainment mixing dryer air from aloft.

Recent work (Ansmann et al., 2009), using ground based remote sensing, identified
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that ice nucleation occurred below liquid cloud based within updraughts that were

a response to LWRC initiated downdraughts. Because this occurred below water

saturation, this implies a deposition nucleation mechanism process that could also

be happening in addition to evaporative freezing in this cloud. There is no strong

evidence for this mechanism as ice particles are distributed through cloud, but

not found in updraughts regions, so they were not formed at cloud base and then

lofted into the liquid layer.

Alternatively, there could be a process of ice nucleation occurring at either cloud

top or distributed throughout the cloud in water saturated regions. The particles

would then begin to grow and sediment at an increasing rate. At cloud top,

the particles may not yet exhibit large asphericity values initially, and so be

undetectable by SID2, until they have had chance to grow and develop into more

spatial particles, or be large enough to be detected by CIP15.

Korolev (2007a) showed that in situations where vertical velocity is only moderate

(a few cm s−1 to a few m s−1) that the ice and liquid can both co-exist, and grow,

and that the growth rate of ice will be slower than in the WBF case. Example

values are presented for moderately supercooled (t = -10° C), low level (800 hPa)

clouds and have been reproduced in Table 5.2. For low concentrations of small ice

only very light updraughts of a few cm s−1 will result in co-existence of growing ice

and liquid. Ice will grow in downdraughts at the expense of liquid (WBF process)

when downdraughts are very light, of the order 10 cm s−1. Stronger than this

and both liquid and ice will evaporate. The processes may be slowed once some

of the drops have already evaporated and the others reduced in size, as seen for

the final row of the table. Further evaporation of liquid would only occur for a

downdraught stronger than -0.7 m s−1.

For this cloud with peak concentrations nd = 30 cm−3, and a mode radius
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Ni [L−1] ri [µm] u∗z Notes

10 10 > 0.5 cm s−1 ice and liquid grow
10 100 > 4 cm s−1 ice and liquid grow
100 10 > 4 cm s−1 ice and liquid grow
100 100 > 0.5 m s−1 ice and liquid grow

Nd [cm−3] rd [µm] u0
z Notes

30 15 < -0.09 m s−1 ice and liquid evaporate
30 10 < -0.1 m s−1 ice and liquid evaporate
10 8 < -0.7 m s−1 ice and liquid evaporate

Table 5.2: Impact of updraughts on evolution of liquid and ice phase particles.
Limits are given that represent the boundary between WBF and other regimes
(Korolev, 2007a). The top half of the table give threshold updraughts for the growth
of liquid and ice. The liquid particle observations are from data in Figure 3.18. Ice
observations are taken from Figure 3.19 for high concentrations regions, assuming
‘first ice” at 10 µm and growing ice at 100 µm.

close to 10 µm the vertical velocity, required to short-cut the WBF process is

1.0 ≤ u∗z < 1.5 ms−1. These conditions did occur in these altocumulus clouds and

so the updraught regions would develop both IWC and LWC simultaneously. The

observations suggest though, that the occurrence of ice in the updraught regions

was low.

5.8 Conclusions

The largest cloud drops in these altocumulus clouds were up to ≈ 25 µm in diameter.

Ice was positively-identified, even in liquid bearing regions, when d ≥ 45 µm on

CIP15, and when d ≥ 25 µm on SID2, and although these SID2 diameters were

not as reliable as those reported by CIP15, the number concentrations should be.

This step forward in terms of in situ mixed phase cloud observations was possible

by combining the data from multiple cloud physics probes, two OPCs: CDP, SID2;

a Nevzerov LWC hot-wire probe, and OAPs. Perhaps in some cases the CIP15
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can identify ice particles in a bin diameter lower (30 µm), but with the additional

caveat that a rogue large liquid particle could be present.

The frequency of occurrence of positively identified ice particles close to the cloud

top was lower than when deeper in the cloud layer. Ice particles were observed in

narrow discrete layers some 10 m to 15 m deep although the nature of the slant

profile data means that horizontal scale is between 400 m and 600 m. Highest

concentrations of ice particles were observed in quiescent cloud conditions, with

the next most common dynamic environment being moderate downdraughts. Very

few ice particles were observed in the updraughts.

Constant ice particle number concentration from cloud base to a few hundred

metres below is evidence that the ice particles originated within the vicinity of the

liquid cloud layer and then sedimented out. At the very lowest levels, there was a

reduction in number concentration of ice particles, and relative asphericity shifted

to lower values indicating evaporation or aggregation or both.

Ice particles within the liquid cloud might have been smaller than 25 µm and

have lower asphericities, and then grow and become more aspherical as they fall

through the cloud.

SID2 has particular characteristics that make observations of small ice within

liquid cloud complicated. Limitations of SID2 were explored in detail and with

changes to probe operation and some design modifications could be vastly improved

upon. Coincidence was identified in SID2 scattering patterns and the properties

of the rejected patterns explored. Sources of asphericity-broadening in SID2 were

modelled and the magnitudes of the impacts investigated. Asphericity alone from

SID2 cannot identify ice.
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Conclusions

6.1 Summary

Detailed measurements were made of isolated highly-supercooled single-layer mid-

latitude mixed-phase altocumulus clouds which, with a cloud top temperature of

-30° C, were some of the coldest expected and were typical of clouds in such an

environment.

The key outcomes of this research are

� improved observations of small ice with d ≥ 45 µm, in mixed-phase layer

clouds, by exploiting a multi-probe approach to allow improved measurements

of small ice particles from the CIP15 probe, when in mixed phase conditions,

� an assessment of the primary ice production rate in supercooled altocumulus,

� detailed observations of the turbulence structure and thermodynamic prop-

erties of an altocumulus cloud system, and

� a new characterisation of the SID2 probe in terms of diameter, asphericity
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and coincidence in mixed phase clouds.

By carefully measuring the properties of both the liquid and ice particles simultane-

ously it was possible to observe ice particles as small as 45 µm within mixed-phase

altocumulus clouds for the first time. An estimate of the variation of cloud top

height over the duration of an airborne research flight allowed these measurements

to be analysed in a new derived vertical coordinate system. Turbulence within

the cloud and the surrounding environment was assessed at high vertical resolu-

tion, using a Butterworth filtering technique which was transferred from previous

boundary layer studies to the mid-troposphere. Ice particles were found to be

concentrated within quiescent air and downdraughts and this indicated cloud top

nucleation or nucleation throughout the cloud depth. Primary ice production rate

was measured using airborne observations and presented for the first time for super-

cooled altocumulus clouds. The ice nucleating particle budget was calculated using

published parametrisations from measured aerosol size distributions within the

mid-troposphere. This required that cloud free conditions be successfully identified

using the background variability on a hot-wire bulk water probe. The effective

mixed-phase cloud fraction on scales relevant to numerical weather prediction was

determined.

6.2 Altocumulus Cloud Observations

The altocumulus was found to be topped by a weak temperature inversion. Because

cloud top sloped along an isentrope a new coordinate system was defined by

estimating the cloud top height and inversion altitude throughout the sampling

period. This allowed for analysis of cloud and thermodynamic properties against

a new vertical coordinate with vertical resolution as low as 15 m, once data were
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composited.

The thermodynamics were analysed against the derived inversion altitude time

series. Vertically-resolved mean properties and the variability of thermodynamic

and cloud properties were presented and these observations can be used to inform

numerical models.

Butterworth filtering, a technique borrowed from boundary layer studies in stable

layers (Lenschow et al., 1988; Mahrt, 1985; Brooks et al., 2003), was used to

condition the wind components into mean-values and high-frequency turbulent

fluctuations. The technique has been applied to data from a turbulent altocumulus

layer for the first time and in situ measurements of the vertical velocity fluctuations

and turbulence kinetic energy structure are presented at high vertical resolution,

of ≈ 15 m. The magnitude and structure that was found in the altocumulus

clouds is analogous to that of stratocumulus driven by long-wave radiative cooling

from cloud top, with a negative skewness to the vertical velocity fluctuations

distribution (Nicholls, 1989; Hogan et al., 2003a). Vertically resolved PDFs of

the vertical velocity fluctuations were presented and showed that skewness was

greatest below the liquid cloud within the ice virga layer. A more symmetrical

vertical velocity distribution was found within the liquid layer cloud itself, where

only weak skewness was observed.

Cloud properties were measured with modern cloud microphysics probes, and those

measurements used to calculate the in cloud ice production rate. Observations

of ice particles at sizes as small as 45 µm from CIP15 was made possible by

combination of data from multiple probes, sampling different size ranges and

using different techniques: forward scattering (CDP); shadow imaging (OAPs) and

detection of the full scattering pattern in the forward direction (SID2). Minimum

discernible ice particle size is case dependent and in the altocumulus clouds here,
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the minimum size was found to be between 30 µm and 45 µm.

LWC was greater at cloud top and calculations using theoretical adiabatic ascents

showed that in-cloud variability was related to non-uniform cloud bases, a finding

supported by the ground based observations of altocumulus clouds by Schmidt

et al. (2014) and the in situ turbulence observations. Mean LWC was 0.05 gm−3

and the largest drops were smaller than 25 µm and total number concentrations

were ≈ 30 cm−3. No drizzle was observed. IWC was greatest just below cloud base,

a feature which has been observed by others (Carey et al., 2008), the maximum

magnitude was 0.08 g m−3.

Multiple profiles through glaciating altocumulus cloud show that the liquid, which

initially had a pseudo-adiabatic profile with height, decayed through conversion

to ice precipitation in discrete regions. Ice particles were only observed in low

concentrations close to cloud top, typically 0.5 L−1 to 1 L−1, and increased towards

a maximum at liquid cloud base, where concentrations of 10 L−1 were common.

Number concentrations of ice particles larger than 100 µm were 1 L−1. Smaller

ice particles were more common, with a maximum value of 10’s L−1.

Ice particle concentrations from CIP15 were generally much greater in quiescent

cloud with significant concentrations observed in downdraughts and little ice in

updraughts, at a temporal frequency of 1 Hz (≈ 140 m). Observations of ice

particles from the smallest distinguishable at 45 µm, to at least 400 µm, followed

the same pattern. Consequently, it seems more likely that the ice formation

and growth took place in quiescent regions of cloud, close to cloud top, where

vertical velocity fluctuations reduce to zero, and growth continues taking place in

downdraughts in this cloud.

An effective cloud fraction was determined for the mixed phase regions based on a
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scale assessment for numerical modelling applications. The areal cloud fraction in

the altocumulus cloud system was generated from observations of the ice particle

and liquid drop number concentrations. True liquid cloud fraction was ≈ 0.8 in

a layer 200 m deep and ice cloud fraction was closer to 0.1 in a region ≥ 600 m

deep. These data were found to give an effective volume cloud fraction in the

600 m deep cloud system of cfliq ≈ 0.25 and cfice ≈ 0.10. The depth here, of

600 m, corresponding to a typical numerical weather prediction grid box in the

mid-troposphere. By assuming that the numerical model would be able to fix the

areal coverage of the liquid cloud at 0.8 in the upper part of this grid box, a new

effective mixed-phase cloud fraction could be calculated, assuming the maximum

possible overlap. The result was a maximum mixed-phase cloud fraction of 0.06 on

a scale relevant to a numerical weather prediction grid box in the mid-troposphere.

This information is expected to be useful for numerical modelling studies.

Mean values and distributions of the thermodynamic variables were presented

along with complimentary observations of cumulus and stratocumulus clouds for

comparison. The observations presented could be used to test the output of

numerical models.

6.2.1 In-cloud Ice Production Rate, P0, and Ice Nucleating Par-

ticles

The technique of calculating in-cloud ice production rate, P0, used by Harris-

Hobbs and Cooper (1987) has been applied to altocumulus clouds for the first

time. In the cloud sampled on 2nd February 2012, observations were used to show

that the primary ice production rate was, P0 = 0.65 ± 0.04 m−3s−1. Cloud top

temperature in this cloud was 243 K. The rate could be compared with numerical
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model simulations. In comparison, observations of secondary-ice production via

rime-splintering in a cumulus cloud on 24th November 2013 (Hallett and Mossop,

1974) were found to be several orders of magnitude greater: P0 = 11.9 ± 2.4 m−3s−1

at 268 K and P0 = 31.4 ± 4.0 m−3s−1 at 265 K. It is clear that temperature was

not responsible for the difference in ice production rates between the cumulus and

altocumulus clouds.

The Ice Nucleating Particle (INP) budget was determined from the measurement

of aerosol particles. Cloud-free data points were identified using a technique that

assessed the variance of the Nevzorov TWC probe and distinguished between cloudy

and cloud-free points. Clear-sky data points were used to extract observations

from PCASP and CDP of large (> 0.5 µm) aerosol particles, for use in INP

concentration parametrisations. A series of fitted log-normal curves demonstrated

that the large aerosol mode was distinct and the observed number concentration

of large aerosol was used as input to the schemes of DeMott et al. (2015) and

Tobo et al. (2013). Accounting for correction factors the INP concentrations were

found to be between 0.1 L−1 and 3 L−1 at 243 K. Simple cloud glaciation-time

calculations (Korolev and Isaac, 2003) suggested that the clouds may not simply

be controlled by the INP budget, but also by the transfer of moisture between

phases.

205



Chapter 6. Conclusions

6.3 SID Characterisation and Importance for Mixed-

Phase Clouds

6.3.1 Coincidence in SID2

A scheme was developed to identify coincidence events in SID2 by interrogation of

the returned scattering patterns. The tests were based on anecdotal observations

that coincidence events results in particular features in those scattering patterns.

Once identified the coincidence events were determined to occur in the range

4 µm ≤ d < 20 µm, most being found close to the modal diameter at d ≈ 8 µm,

with a range of asphericities of 0.8 ≤ A < 12. These events were more common at

the top of the cloud, reducing in frequency with depth in cloud. It is recognised

that any algorithm such as this is likely to be statistically biased to the most

common particles, but that this is also the physical reality. Frequency of identified

coincidence was a nearly a factor of two larger than that predicted by statistical

considerations using Poisson statistics (Johnson et al., 2014). Some off-axis,

or otherwise, spurious scattering patterns may have been wrongly identified as

coincidence. It is not clear how many of the real coincidence events have been

identified, and how many are false positives.

6.3.2 Determination of the Phase Space of SID2

There is currently no a priori way of determining the phase of a particle from the

information contained in a SID2 scattering pattern. Neither asphericity, or the

large particle number concentrations are able to objectively identify ice without

supplementary information. Calculations were performed that show the limits of

asphericity as a function of diameter, given the optics and detector arrangement,
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that it is possible for SID2 to measure, in all cases. The maximum possible

asphericity value is ASID2 = 63.9 and this reduces greatly once particles have

spherical equivalent d ≥ 26 µm. Values as large as these would not be attained in

reality as the requirement of some blank detectors would result in application of

the scattering pattern rejection criteria. Previous work by Cotton et al. (2010)

defined the asphericity on a scale 0 ≤ k < 100 that was independent of the

number of detector elements. The scaling factor, k, is unable to account for

the physical operation of the detection system in the presence of real particles.

Many combinations of diameter and asphericity are physically impossible. A new

scaling parameter could be included to account for this feature but it is not done

here because traceability with previous measurements would be lost. Previous

measurement should be reassessed in light of this new understanding.

6.3.3 Asphericity Broadening

A model is developed that replicates some sources of artificial asphericity-broadening,

including off-axis sampling, detector digitisation and realistic noise levels. It is

shown that the large asphericity values obtained in warm clouds are easily repli-

cated using this simple model. A statistically robust assessment whereby full

treatment of the sources of asphericity are modelled for real clouds is deemed

unnecessary, in part because the features have been demonstrated successfully. The

complexity of understanding the true nature of the impact of off-axis sampling and

out-of-focus particles near the edge of the sample volume would require detailed

laboratory work to better understand the sample volume and extended sample

volume and is beyond the scope of this work.
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Further Work

7.1 Cluster Analysis

7.1.1 Cluster Analysis of SID2 Scattering Patterns

The diameter, asphericity and individual detector element response data from

SID2 could be used for interrogation by machine-learning algorithms, in particular,

the hierarchical clustering technique employed by Robinson et al. (2013). The

technique is able to resolve populations that have similar properties even when

the number of members of each of the categories is vastly unequal; as is the case

for liquid and ice concentrations in altocumulus. It is highly probable that this

technique can be used to identify key properties of coincidence events and other

instrumental artefacts so that objective categorisation algorithms can be designed.
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7.1.2 Multi-Instrument Clustering: “Cloudy Clusters”

There is no reason to limit the cluster analysis to just one microphysics probe.

The inclusion of CIP15 data, CPI habit resolved concentrations, as well as the

underlying thermodynamics, and properties of bulk condensed water contents

could prove to be useful when trying to determine the phase composition of cloudy

parcels. Such a method could be used to identify parcels where ice nucleation is

occurring by virtue of the fact that those parcels contain different distribution of

cloud and ice particles than more mature mixed-phase regions, or even ice-free

regions.

7.2 SID2 Operation In Mixed-Phase Clouds

Coincidence and asphericity-broadening are two critical limitations of the SID2

probe. The instrument has been designed to observe particles with 1 µm≤ d< 100 µm.

It is recommended that for mixed-phase cloud observations that the gain is in-

creased so that the maximum particle dimension is reduced to ≈ 50 µm. This

will allow for reduction in noise on the smaller particles, and thus reduce the

instrumental asphericity-broadening.

Additionally, the trigger threshold of SID2 can be tuned to only respond to larger

sizes of particles. Raising this above the expected mode diameter would reduce

coincidence sampling frequency. The narrower range of operation, if correctly

specified, will allow better observations at the cross-over size range between the

liquid cloud population, and the growing first-ice particles. Laboratory tests could

determine the best settings and calibration of the new response of the SID2 probe

should be undertaken before, before collecting in situ data.
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Newer OAP probes including CIP15 and 2DS now have a resolution that permits

the observation of particles in the 50 µm to 100 µm particle range and so it is no

longer necessary to use SID probes to measure in this size range.

7.3 Additional In Situ Data

Sampling within the liquid cloud layer for extended periods would help to provide

additional data to make more statistically robust measurements of size-resolved

ice number concentrations found in updraught and downdraught situations, which

may help identify the ice nucleation mechanisms. This is complicated by the fact

that extended periods in supercooled liquid cloud increase the likelihood of icing

affecting the instrumentation.

Drizzle was not found in these clouds, and it will be interesting to know in which

clouds, if any, drizzle occurs prior to ice formation. Similar instruments will be

able to provide useful additional information even given the limitations.

Sampling similar altocumulus clouds at different temperatures, and in different

aerosol loading situations might help understand the phase space of controls on

these clouds and in particular provide insight into the ice nucleation process and

ice production rate.

7.4 Instrumentation

7.4.1 Holographic Techniques

Holographic techniques have been employed in the past (Brown, 1989). A new

holographic instrument (HALO-HOLO (Spuler and Fugal, 2011)) has recently
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been fitted to the FAAM BAe146 research aircraft and has produced interesting

observations in cirrus cloud (O’Shea et al., 2016). Data from HALO-HOLO at ice

particle sizes smaller than 50 µm showed a general reduction in concentration with

a decrease in particle size, in contrast to the observations from 2DS in the same

size range. This throws the observations of existing instrumentation into some

doubt. Whilst their measurements were made in pure ice cloud, the simultaneous

recovery of the size distribution of both liquid and small ice in a co-located volume

could revolutionise understanding of mixed-phase clouds and the ice nucleation

process. The HALO-HOLO instrument has great potential for making observations

of particles in mixed-phase clouds with phase discrimination and should be flown

through altocumulus clouds where possible.

7.4.2 Using SID3 to Redesign a High-Resolution SID2

The scattering patterns recorded by SID3 (Vochezer et al., 2016) show an improved

level of detail over and above that of the SID2. The limitation of this probe is the

speed of readout of the CCD device, similar to that of CPI, which prohibits use in

making statistically robust estimates of particle size distributions in mixed-phase

cloud systems. SID3 scattering patterns could be used to help understand the

minimum level of detail required to make the distinction between liquid, ice and

coincidence events, and lead to an improved SID2 detector, that might have

more sectors, or a different geometric arrangement, specifically designed to exploit

differences in the expected scattering patterns of the various categories of particles

in mixed phase conditions.
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7.5 Large Eddy Simulation (LES) Study of Observed

Altocumulus

To fully explore the details of the evolution and phase changes in this cloud would

require a detailed cloud resolving model such as a Large Eddy Simulation (LEM)

model. The calculated ice production rate and INP budget observations can be

used as input to the numerical model. Some example topics are

� Do INP concentrations have an impact? Observations suggest 0.1 L−1 to

1 L−1 in this cloud. Were there more at the start of glaciation?

� How does LWC affect TKE and hence evolution of the ice phase?

� Is ice production rate a steady continuous process, or does it happen in

discrete bursts, then glaciation proceeds, then elsewhere, or at a different

time, the ice production begins again? One unknown is where in cloud the

ice nucleation takes place.
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Bin Diameter [µm]

bin # Min. Mid. Max.

1 0.117 0.119 0.120
2 0.120 0.123 0.125
3 0.125 0.128 0.131
4 0.131 0.137 0.143
5 0.143 0.147 0.152
6 0.152 0.156 0.161
7 0.161 0.165 0.170
8 0.170 0.179 0.188
9 0.188 0.197 0.206
10 0.206 0.216 0.225
11 0.225 0.235 0.245
12 0.245 0.256 0.266
13 0.266 0.306 0.345
14 0.345 0.399 0.453
15 0.453 0.490 0.527
16 0.527 0.654 0.781
17 0.781 0.858 0.935
18 0.935 1.012 1.088
19 1.121 1.304 1.487
20 1.454 1.546 1.638
21 1.665 1.776 1.887
22 1.841 1.928 2.014
23 1.959 2.028 2.097
24 2.171 2.255 2.339
25 2.351 2.458 2.565
26 2.559 2.667 2.774
27 2.768 2.873 2.979

Table A.1: PCASP Bin Dimensions at Native Resolution (gain-stage-crossover
bins (4, 16) combined (Ryder et al., 2013)).
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Bin Diameter [µm]

bin # Min. Mid. Max.

1 0.117 0.121 0.125
2 0.125 0.134 0.143
3 0.143 0.152 0.161
4 0.161 0.174 0.188
5 0.188 0.206 0.225
6 0.225 0.246 0.266
7 0.266 0.360 0.453
8 0.453 0.617 0.781
9 0.781 0.935 1.088
10 1.121 1.504 1.887
11 1.841 2.090 2.339
12 2.351 2.665 2.979

Table A.2: PCASP Bin Dimensions at Downgraded Resolution (12 Bins), (gain-
stage crossover bins combined (Ryder et al., 2013)).
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Bin Diameter [µm]

bin # Min. Mid. Max.

1 n/a n/a n/a
2 8.15 8.50 8.84
3 8.44 8.83 9.23
4 8.82 9.33 9.83
5 9.52 10.00 10.48
6 10.18 10.61 11.05
7 10.44 10.89 11.34
8 10.54 11.01 11.48
9 11.12 11.75 12.39
10 11.86 12.66 13.45
11 12.37 13.21 14.05
12 13.42 14.58 15.75
13 13.54 16.41 19.28
14 17.07 18.81 20.55
15 18.60 19.83 21.06
16 19.70 21.86 24.01
17 21.90 24.12 26.34
18 23.98 26.31 28.63
19 26.51 28.50 30.49
20 28.74 30.38 32.01
21 30.21 31.96 33.71
22 31.64 33.99 36.34
23 34.14 36.21 38.28
24 36.46 38.25 40.03
25 38.34 39.88 41.42
26 39.76 41.41 43.06
27 41.19 43.24 45.28
28 43.38 45.31 47.24
29 45.48 47.06 48.64
30 47.08 48.50 49.92

Table A.3: CDP Bin Dimensions at Native Resolution (30 Bins).
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Bin Diameter [µm]

bin # Min. Mid. Max.

1 8.15 8.99 9.83
2 9.52 10.43 11.34
3 10.54 11.99 13.45
4 12.37 15.82 19.28
5 17.07 20.54 24.01
6 21.90 26.19 30.49
7 28.74 32.54 36.34
8 34.14 37.78 41.42
9 39.76 43.50 47.24
10 45.48 47.70 49.92

Table A.4: CDP Bin Dimensions at Downgraded Resolution (10 Bins) for Aerosol
Observations.

Bin Diameter [µm]

bin # Min. Mid. Max.

1 8.15 9.60 11.05
2 10.44 12.24 14.05
3 13.42 18.72 24.01
4 21.90 27.80 33.71
5 31.64 37.35 43.06
6 41.19 45.55 49.92

Table A.5: CDP Bin Dimensions at Downgraded Resolution (6 Bins) for Aerosol
Observations.
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Bin Diameter [µm] Bin Diameter [µm]

bin # Min. Max. bin # Min. Max.

1 0.51 0.61 21 7.9 10.2
2 0.61 0.68 22 10.2 10.5
3 0.68 0.75 23 12.5 15.0
4 0.75 0.82 24 15.0 20.0
5 0.82 0.89 25 20.0 25.0
6 0.89 0.96 26 25.0 30.0
7 0.96 1.03 27 30.0 35.0
8 1.03 1.10 28 35.0 40.0
9 1.10 1.17 29 40.0 45.0
10 1.17 1.25 30 45.0 50.0
11 1.25 1.5 31 50.0 55.0
12 1.5 2.0 32 55.0 60.0
13 2.0 2.5 33 60.0 65.0
14 2.5 3.0 34 65.0 70.0
15 3.0 3.5 35 70.0 75.0
16 3.5 4.0 36 75.0 80.0
17 4.0 5.0 37 80.0 85.0
18 5.0 6.5 38 85.0 90.0
19 6.5 7.2 39 90.0 95.0
20 7.2 7.9 40 95.0 100.0

Table A.6: SID2 Defined Bin Dimensions.
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Asphericity

bin # Minimum Maximum

1 0 1
2 1 2
3 2 3
4 3 4
5 4 5
6 5 6
7 6 7
8 7 8
9 8 9
10 9 10
11 10 12
12 12 14
13 14 16
14 16 18
15 18 20
16 20 25
17 25 30
18 30 40
19 40 60
20 60 80
21 80 100

Table A.7: SID2 Defined Asphericity Thresholds.
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Aerosol Data Processing

B.1 Aerosol Log-Normal Fitting

The double mode log-normal fit is generated in multiple stages by considering

the PCASP data only. Initially a single mode log-normal is fitted to the 27 bin

native resolution data in an accumulation mode, with 0.17 µm ≤ d < 0.935 µm

(10 bins). The output is then used to initialise a two mode log-normal fit, to

two accumulation modes, in the size range 0.125 µm ≤ d < 0.935 µm (15 bins),

keeping the previous parameters held fixed. The output initialises a fit to a three

mode log-normal curve for particles with 0.125 µm ≤ d < 2.97 µm (25 bins).

The small accumulation mode is then neglected. A single mode log-normal is then

fitted to the reduced resolution PCASP data in the size range 0.174 µm≤ d< 0.935 µm

(6 bins) with start parameters for the larger accumulation mode. A final stage

uses the output of this as the start parameters for a two mode log-normal fit to

the reduced resolution PCASP data with 0.161 µm ≤ d < 2.97 µm (9 bins).

The details of the fit parameters and the fitting process, are given in Table B.1
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Stage

S1 S2 S3 S4 S5
Parameter Values

Mode Parameter Full Res. Low Res.

AccA

N0 - 0.022 0.022* - -
σ - 1.045 1.045* - -

d - 0.134 0.134* - -

AccB

N0 4.01 0.089* 0.089* 0.087 0.0809
σ 1.05 1.63* 1.63* 1.625 1.568

d 0.29 0.176* 0.176* 0.191 0.199

LarA

N0 - - 0.012 - 0.00026
σ - - 2.81 - 1.915

d - - 7.53 - 1.44

Table B.1: Fit parameters for Upper Layer Particle Size Distributions, derived
for a three mode lognormal curve. The process is described in the text. A star, *
indicates that the parameter is held fixed during that particular fitting stage.

for the Higher Level. In these tables there are three major rows which give the

fit parameters for each mode, either one of two accumulation modes, AccA and

AccB, and a larger mode, LarA. The three parameters for the log-normal curves

for the minor rows, N0, the number concentration, σ the standard deviation, or

width of the distribution, in units of microns, and d, the geometric mean of the

size distribution, in units of microns. The columns under “Stage” give the fit

parameters at the various stages through the fitting process.

B.2 Lower Level Aerosol

The data from the boundary layer and stable layer have very similar properties

across the size range of PCASP, with slightly lower concentrations. There are

greater concentrations of large particles in the boundary layer than the stable

layer by almost two orders of magnitude for particles between 5 µm and 8 µm.
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Figure B.1: Lower Level layer, composed of Boundary Layer and Stable Layer.

222



Appendix C

FAAM Sortie Briefs for Flights

B668 and B674

The candidate undertook the drafting and execution of the two sorties presented

here, B668, and B674. The sortie B816 was drafted and executed by S. Abel (Met

Office). A copy is not available.

Sorties taken from documents hosted by BADC (2017).

223



Appendix C. FAAM Sortie Briefs for Flights B668 and B674

224



Appendix C. FAAM Sortie Briefs for Flights B668 and B674

225



Appendix D

SID2 Additional Figures
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Appendix D. SID2 Additional Figures

(a) -25 m ≤ Dz(CTH) < 0 m (b) -50 m ≤ Dz(CTH) < -25 m

(c) -75 m ≤ Dz(CTH) < -50 m (d) -100 m ≤ Dz(CTH) < -75 m

(e) -125 m ≤ Dz(CTH) < -100 m (f) -150 m ≤ Dz(CTH) < -125 m

Figure D.1: Vertically resolved corrected diameter vs asphericity joint-histogram,
for 25 m deep vertical levels between -150 m ≤ Dz(CTH) < 0 m, as Figure 5.7c
with coincidence (as Figure 5.7b) over-plotted in green contours, and logarithmic
colour scale replicated below.
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(a) -175 m ≤ Dz(CTH) < -150 m (b) -200 m ≤ Dz(CTH) < -175 m

(c) -225 m ≤ Dz(CTH) < -200 m (d) -250 m ≤ Dz(CTH) < -225 m

(e) -275 m ≤ Dz(CTH) < -250 m (f) -300 m ≤ Dz(CTH) < -275 m

Figure D.2: Vertically resolved corrected diameter vs asphericity joint-histogram,
for 25 m deep vertical levels between -300 m ≤ Dz(CTH) < -150 m, as Figure 5.7c
with coincidence (as Figure 5.7b) over-plotted in green contours, and logarithmic
colour scale replicated below.
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Krämer, M., C. Schiller, A. Afchine, R. Bauer, I. Gensch, A. Mangold, S. Schlicht,

N. Spelten, N. Sitnikov, S. Borrmann, M. de Reus, and P. Spichtinger, 2009:

Ice supersaturations and cirrus cloud crystal numbers. Atmos. Chem. Phys., 9,

863505–3522.

Ladino, L., O. Stetzer, and U. Lohmann, 2013: Contact freezing: a review of

242



Bibliography

experimental studies. Atmos. Chem. Phys., 13, 9745–9769, doi:10.5194/acp-13-

9745-2013.

Lance, S., C. A. Brock, D. Rogers, and J. Gordon, 2010: Water droplet calibration

of the cloud droplet probe CDP and in-flight performance in liquid, ice and

mixed-phase clouds during ARCPAC. Atmos. Meas. Tech., 3, 1683–1706.

Larson, V., A. Smith, M. Falk, K. Kotenberg, and J. Golaz, 2006: What determines

altocumulus dissipation time. J. Geophys. Res., 111, D19207.

Lawson, R. P., D. O’Connor, P. Zmarzly, K. Waever, B. Baker, Q. Mo, and

H. Jonsson, 2006: The 2D-S (Stereo) Probe: Design and Preliminary Tests of a

New Airborne, High-Speed High-Resolution Particle Imaging Probe. J. Atmos.

Oceanic Technol., 23, 1462–1477.

Lenschow, D. H., X. S. Li, C. J. Zhu, and B. B. Stankov, 1988: THE STABLY

STRATIFIED BOUNDARY LAYER OVER THE GREAT PLAINS I. Mean

and Turbulence Structure. Boundary-Layer Meteorology , 42, 95–121.

Lloyd, G., T. W. Choularton, K. N. Bower, J. Crosier, H. Jones, J. R. Dorsey,

M. W. Gallagher, P. Connolly, A. C. R. Kirchgaessner, and T. Lachlan-Cope,

2015: Observations and comparisons of cloud microphysical properties in spring

and summertime Arctic stratocumulus clouds during the ACCACIA campaign.

Atmos. Chem. Phys., 15, 3719–3737, doi:10.5194/acp-15-3719-2015.

Lock, A., A. Brown, M. Bush, G. Martin, and R. Smith, 2000: A new boundary

layer mixing scheme. Part I: Scheme description and single-column model tests.

Mon. Weather Rev , 128, 3187–3199.

Mahrt, L., 1985: Vertical Structure and Turbulence in the Very Stable Boundary

Layer. J. Atmos. Sci , 42, 2333–2349.

243



Bibliography

Marenco, F., B. Johnson, K. Turnbull, S. Newman, J. Haywood, H. Webster,

and H. Ricketts, 2011: Airborne lidar observations of the 2010 Eyjafjallajökull

volcanic ash plume. J. Geophys. Res., 116, D00U05.

Marsham, J., S. Dobbie, and R. Hogan, 2006: Evaluation of large-eddy model

simulation of a mixed-phase altocumulus cloud using microwave radiometer,

lidar and Doppler radar data. Quart. J. Roy. Met. Soc., 132, 1693–1715.

Mason, S., C. Jakob, A. Protat, and J. Delanoeë, 2014: Characterizing observed
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Stetzer, O., B. Baschek, F. Lüönd, and U. Lohmann, 2008: The Zurich Ice Nucle-

ation Chamber (ZINC) - a new instrument to investigate atmospheric ice forma-

tion. Aerosol. Sci. and Technol., 42, 64–74, doi:10.1080/02786820701787944.

Stevens, B., D. H. Lenschow, G. Vali, H. Gerber, A. Bandy, B. Blomquist, J.-

L. Brenguier, C. S. Bretherton, F. Burnet, T. Campos, S. Chai, I. Faloona,

D. Friesen, S. Haimov, K. Laursen, D. K. Lilly, S. M. Loehrer, S. P. Malinowski,

B. Morley, M. D. Petters, D. C. Rogers, L. Russell, V. Savic-Jovcic, J. R. Snider,

D. Straub, M. J. Szumowski, H. Takagi, D. C. Thornton, M. Tschudi, C. Twohy,

M. Wetzel, and M. C. van Zanten, 2003: Supplement to Dynamics and Chemistry

of Marine Stratocumulus DYCOMS-II Flight Summaries. Bull. Amer. Meteorol.

Soc., 84, 12–25.

247



Bibliography

Storelvmo, T., C. Hoose, and P. Eriksson, 2011: Global modelling of mixed phase

clouds: The albedo and lifetime effects of aerosols. J. Geophys. Res., 116,

D05207, doi:10.1029/2010JD014724.

Strapp, J. W., F. Albers, A. Reuter, A. V. Korolev, U. Maixner, E. Rashke, and

Z. Vukovic, 2001: Laboratory measurements of the response of a PMS OAP-2DC.

J. Atmos. Oceanic Technol., 18, 1150 – 1170.

Stull, R., 1997: An Introduction to Boundary Layer Meteorology . Kluwer Acca-

demic Press, Dordrecht, The Netherlands.

— 2015: Practical Meteorology: An Algebra-based Survey of At-

mospheric Science. Univ. of British Columbia, Vancouver, BC,

Canada, https://www.eoas.ubc.ca/books/Practical Meteorology/,

https://creativecommons.org/licenses/by-nc-sa/4.0/.

Sun, Z. and K. Shine, 1995: Parameterization of ice cloud radiative properties and

its application to the potential climatic importance of mixed-phase clouds. J.

Climate, 8, 1874–1888.

Taylor, J., T. Choularton, A. Blyth, Z. Liu, K. Bower, J. Crosier, M. Gallagher,

P. Williams, J. Dorsey, M. Flynn, L. Bennet, Y. Huang, J. French, A. Korolev,

and P. Brown, 2016: Observations of cloud microphysics and ice formation

during COPE. Atmos. Chem. Phys., 16, 799–826.

Tobo, Y., A. J. Prenni, P. J. DeMott, J. A. Huffman, C. S. McCluskey, G. Tian,
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