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ABSTRACT

Motivated by the importance of clouds for weather and clardaie to their radiative impact, this
thesis addresses the current poor representation of tratifarm mixed-phase clouds by state-of-
the-art numerical weather prediction (NWP) models. Dudééostupercooled liquid water present
at cold temperatures near the cloud top, mixed-phase clsindsgly influence the amount of

solar radiation reaching the surface and have a net codiiegt®n the climate.

Supercooled liquid water content is underestimated, byctoifeof 2 or more, in all 5 NWP
models tested and ERA-Interim when compared with groursddhaemote-sensing observations
of mixed-phase clouds. The ice water content is better giedli but ice cloud fraction is under-
estimated. A new ice cloud fraction parameterization isettged to correct this bias, based on

radar observations.

EMPIRE, a new high-resolution single column model is depetband used to determine the
most important processes for maintaining mixed-phasedslolt is found that altering the model
specification of ice particles (size, fall speed, conceiatnaor habit) affected the liquid water
content and most also affect the ice water content. A keyoreagy models underestimate liquid
is an overestimate of ice growth rate but parameteriiggas a function of ice water content

based on aircraft measurements leads to a significant iraprent.

A strong sensitivity to the model vertical resolution isntied. At coarse resolutions EMPIRE
produces less than 2% of the liquid water content of highluéism simulations. This is because
the coarse resolution model does not resolve the verticdligrof temperature, liquid and ice
near the cloud top. By adding a parameterization of theaadrsitructure of the upper part of the
cloud, the resolution sensitivity is largely removed sigiigg that the implementation of such a

parameterization in NWP models could improve their simatabf mixed-phase clouds.

Pageii




ACKNOWLEDGEMENTS

There are many people to whom | owe thanks for their professiand/or personal input to my
thesis. Firstly, | show my gratitude to my two supervisBigbin Hogan andRichard Forbesfor
their enthusiasm, help, support and guidance throughewtdtrse of my work. | have thoroughly

enjoyed working with both and hope to continue to do so in there.

| also owe thanks t&€hris Westbrook for interesting discussions about mixed-phase clouds
and cloud microphysicslon Shonkfor his understanding of radiative transfer @&adb Thomp-

sonandEwan O’Connor for their MATLAB expertise.

I am very grateful tdRoel Neggersfor providing the ERA-Interim forcing dataset, without
which much of the work for this thesis would not be possibie] toMartin Kohler for assisting
me in understanding how to use it. | am also thankful to evadybworking atChilbolton who

maintain the instruments that give us a dataset of cloudreésens.

There are many other people in the department with whom | hrdeeacted with for work
or social purposes, but particularly the member2d06, radar group, the department cricket
teamandAbi van der Linden, Dan Peake Dirk Cannon andKim Bartholomew for providing

both welcome and unwelcome distractions.

- Andrew Barrett - June 2012

Pageiii




Contents

Contents

1 Introduction

1.1

1.2

1.3

1.4

Motivation . . . . . . . . . e

Stratiform mixed-phaseclouds . . . . .. .. ... ... ......
1.2.1 Observed frequency and structure . . . . . ... ... ... ...
1.2.2 Radiativeimpact . .. .. ... ... ... .. .. .. ...,
1.2.3 Cloud microphysics . . . .. .. .. ... .. ... .....

1.2.4 Maintainence of mixed-phase clouds

1.25 Numericalmodelling . . . . . .. ... ... ... ......

1.2.6  Weather impact of mixed-phase clouds

1.2.7 Representation in NWP and climate models . . . . . ... ....

Observingclouds . . . ... ... ... ... ... . ... . . ...
1.3.1 Methods of observingclouds . . . . ... ..........
1.3.2 Remotesensingtheory . .. .. ... ... ... ......

Thesisoutline . . . . . . . . . . . . e

2 EMPIRE: A Single Column Model for studying mixed-phase claids

2.1
2.2
2.3

2.4

Motivation . . . . . . . ..
Specification . . . . .. ...

Model equations . . . . . . . . . ...
2.3.1 Basicassumptions . ... ... ... ... ... ... ...
2.3.2 Timeevolutionobiandv . .. .. ... ... .........

2.3.3 Prognostic equations for advection and diffusion

2.3.4 \Vertical transport of ice by diffusion . . . . . ... ... ..
2.3.5 Calculatingr, g, andqg from6 andg; . . . .. ... ... ..

Parameterizationsused . . . . .. .. ... .. ... .
2.4.1 \Verticaldiffusion . . . ... ... ... . oL
2411 Localmixing . . .. ... . ... .. ... ...
24.1.2 Non-localmixing . .. ................

2.4.2 Ice production and sedimentation

2.4.3 Radiativetransfer . . . . . .. ... ... ... . .. ... .
2.4.4 Partialcloudiness . . . . . . ... ... ...




Contents

2.5 Modelinitialization and forcing . . . . . .. ... o L 43
2.6 Modelnumerics . . . . . . . .. 4 4
2.7 Radarand Lidarforwardmodels . . . ... ... ... ... ... . ... 45
3 Evaluating numerical model predictions of mixed-phase duds 48
3.1 Remote sensing dataand processing . . ... ... .......00... 49
3.2 Details of numericalmodels . . .. ... ... ... ... ... ... ... 51
3.3 Definition of diagnostics . . . . . .. .. ... .. .. . o e 52
3.4 Modelevaluation . . ... .. .. ... .. ... e 55
3.4.1 Selectionofdaysforanalysis .. .................. 55
3.4.2 Cloudstatistics . . . . .. ... ... .. ... 6 5
3.4.3 cecloudfraction . . . ... ... ... .. ... e 95
3.4.4 Mixed-phase cloud structure . . . .. ... ... ... ....... 64
3.5 Radiative impact of mixed-phase cloud structure . . . ...... . .. .... 66
3.6 Conclusions . . . . . .. e 07
4 Important physical processes in maintaining mixed-phaselouds 73
4.1 Comparison of EMPIRE with observationsand GCMs . . . . ...... . .. 74
4.2 Processrates . . . . ... e e e 6 7
4.3 Processtypes . . . . . . . e 8 7
4.3.1 Turbulentmixing . . . . . .. .. . .. e 79
4.3.2 Radiation . . . . .. ... 81
4.3.3 IcemicrophysiCs . . . . . . . . . . . 83
4.3.4 Liquid cloud fractionscheme . . . .. .. ... ... ... ..... 87
4.3.5 \Merticalresolution . . . . . . ... 89
4.3.6 Summary of model sensitivites . . . . .. ... oL 90
4.4 Improvements to the physical parameterizations in BMEPI. . . . . . . . .. 93
441 Icecloudfraction . . . . . . . .. ... .. .. e 39
4.4.2 Ice particle size distribution . . . .. ... ... o0 95
4.4.2.1 Theice particle size distribution construct . . . ... . 96
4.4.2.2 Comparison of observed and parameterized smbdtxbns .97
4.4.2.3 Smallice particles concentrations . . . . . 97
4.4.2.4 Calculation of growth rates, fall velocities andanaeterlzed
size distribution . . . . ... L L L 98
4.4.2,5 Impactofice particle shattering . . . . . ... .. .. ... 102




Contents

4.5

4.4.2.6 Applying corrections inEMPIRE . . . . . . ..
4.4.3 Combination of parameterization changes . . . . . .. ... ...

Conclusions . . . . . . ..

5 \Vertical resolution sensitivity

5.1
5.2
5.3

5.4

5.5

5.6

Idealised simulation . . . . .. ... ... ... ... ......
Effect of vertical resolution . . . . . . . . ... ... ... ...

Causes of resolution dependence . . . .. ... ... .....

5.3.1 Processrates . . ... ... ...

5.3.2 Resolution dependent processes . . . . .. .. .. ... .. uu.
5.3.2.1 Resolving cloud vertical structure . . . .. .. ... ....
5.3.2.2 Evolutionof cloudice . ... ... ... ....
5.3.2.3 Icesedimentation . ... ... .........
5.3.2.4 Radiativecooling . ... ............
5.3.25 Turbulentmixing. . .. .. ... ........

5.3.3 Identifying importance of each process

Correcting for resolution dependence . . . .. .. .. ... ..
5.4.1 \fertical structure of mixed-phaseclouds . . . . . .. ...... .. ..
5.4.2 Parameterization of sub-grid vertical structure ...... . . . ... ..
5.4.2.1 Fundamental assumptions . . . .. ... ...
5.4.2.2 Correcting ice growthrate . . . .. .. ... ..
5.4.2.3 Correcting ice sedimentationrate . . . ... .. ... .. ...
5.4.2.4 Representing liquid cloud structure . . . ... ... ......

Testing the parameterization . . . ... ... ... ......
5.5.1 Idealised simulation . . ... ... ... ........
5.5.2 Testingovermanycases . . .. .. .. ... .....

Conclusions . . . . . ...

6 Conclusions and future work

6.1

6.2 Future Work

Summaryofresults . . . . ... ... ... .. .

104

....... 061

Pagevi




CHAPTER 1:

INTRODUCTION

1.1 Motivation

Clouds are unquestionably an important part of the weatta@rwe experience. Their presence
affects the amount of sunlight reaching the surface, ang #tters near-surface temperature as
well as the liklihood of precipitation. For this reason itimsportant to understand clouds and
cloud processes, their global coverage and their radiatipact. It is also important that these
are all accurately predicted by numerical weather and ¢peediction models if their output is

to be believed.

From a climate perspective it is important to correctly dimteithe radiative impact of clouds
but not necessarily the clouds themselves. Because cloteisict with both solar (shortwave)
and terrestrial (longwave) radiation they strongly motkildne amount of energy reaching the
surface and leaving the atmosphere. During the day clodlixtsome of the incoming short-
wave radiation and always, though most notably at nighty thegp longwave radiation near the
Earth’s surface keeping it warm. There are considerablerteiaties in how clouds will change
as the planet warms and comparisons of numerous climatdagions suggest that cloud feed-
backs are the largest single cause of inter-model varlilipredicted climate scenarios during
CMIP3 (Dufresne and Bony, 2008; Bony et al., 2006) and thiginaes to be the case in CMIP5
(Andrews et al., 2012).

Mixed-phase clouds are those that contain both liquid aad There are multiple types of
mixed-phase clouds which include convective, frontal, Eyer clouds. Convective clouds are
often mixed-phase with large liquid water contents in thengdraft and ice particles, or even
hail, forming at higher altitudes and falling back througje tloud. Frontal clouds may contain
both liquid and ice in a similar way (e.g. Hogan et al., 2002}he large-scale ascent along the

frontal surface is strong enough a whole layer of air may loaidpnt to liquid saturation and ice
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Chapter 1: Introduction

may form in this layer or higher in the cloud as the liquid gedsected to colder temperatures. On
fronts with weaker ascent, not sufficient to bring air to ldhsaturation, mixed-phase regions may
still exist due to embedded regions of turbulence whichllpgave enough ascent to form liquid
water within an otherwise ice cloud. Mixed-phase layer dbaxist in the Arctic boundary layer
(e.g. Morrison et al., 2012) and in the mid-levels of the apieere at mid-latitudes as well as in
the tropics (Rithimaki et al., 2012). Cloud systems areroftemplex and can contain multiple

types of mixed-phase clouds, such as reported in Crosidr(@04d.1).

This thesis is concentrated on mixed-phase, mid-levetaitalus clouds which are unusual
in that they comprise a thin layer of liquid water a few hurntdraeetres deep with ice particles
falling beneath this layer (e.g. Rauber and Tokay, 1991js eans that the liquid water occupies
the coldest part of the cloud and ice is present at warmerdesiyres, contrary to our expectation
that the amount of liquid water present in the atmospherebeilless at colder temperatures.
These clouds are similar to those observed in the Arctic Ganlayer, differing only in that
they are physically distant from the surface and therefor@facted by surface processes such
as heat fluxes and their associated turbulence. Additipiiadir existence for many hours or
sometimes days (e.g. Marsham et al., 2006; Shupe, 2011jddoret al., 2012) is unexpected as
growth of ice by the Wegener-Bergeron-Findeison procesgovguickly remove the small liquid

water contents of these clouds.

Stratiform mixed-phase clouds have a net cooling effecherctimate system (Hogan et al.,
2003a) because of their structure and because of theimdednd large areal extent their effect
may be large. However, they are poorly simulated by curremberical weather and climate
prediction models (Marsham et al., 2006). It is therefokelyi that this cooling effect is mis-
represented by climate models. The way in which mixed-plebmels are prescribed in climate
models has been shown to be important (e.g. Mitchell et@89;1Senior and Mitchell, 1993) and
can significantly change the climate sensitivity of the ni®dAs these clouds have the potential

to be important in the climate system then they should b&ded correctly in numerical models.
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Chapter 1: Introduction

1.2 Stratiform mixed-phase clouds

1.2.1 Observed frequency and structure

Stratiform mixed-phase clouds can occur in the mid-tropesp of the mid-latitudes and have
been observed in the United States (Fleishauer et al., ZDA2y et al., 2008), Canada (Korolev
et al., 2003; Vaillancourt et al., 2003), the United Kingd¢ifogan et al., 2002, 2003a,b; Field
et al., 2004; Marsham et al., 2006) and also in the Arctic dawy layer (Shupe et al., 2008a,b;
Lawson and Zuidema, 2009; de Boer et al., 2009; Morrison.g2@l 1a,b, 2012), over the South-
ern Ocean south of Australia (Morrison et al., 2011a) anthénttopics (Riihimaki et al., 2012).

Compilations of surface observations of clouds show thatamulus and altostratus together
cover 22% of the Earth’s surface (Warren et al., 1986a,b)naimdd-phase clouds were observed
46% of the time during the Third Canadian Freezing Drizzl@étiment (Cober et al., 2001).
Observations from a lidar mounted on the space shuttle iteSdyer 2004 detected supercooled
liquid at temperatures as cold as80°C and across all latitudes from 60 to 60°S and found
that 20% of clouds between10 and—15 °C contained liquid water but with a larger fraction in
the southern hemisphere (Hogan et al., 2004). A study ubimgpaceborne lidar CALIPSO by
(Zhang et al., 2010) found that 33.6% of all mid-level cloads liquid-topped stratiform clouds

and they cover 7.8% of the Earth’s surface at any time.

Typically, stratiform mixed-phase clouds consist of a flayer of liquid water a few hundred
metres deep in which ice particles form and fall out beneR#wber and Tokay, 1991; Shupe
et al., 2008a). The liquid layer was observed to be betwe®mabd 800 metres deep in mixed-
phase clouds observed over North America (Fleishauer,&t(f)2) for a number of cases where
the cloud top temperature was betwee® and—31 °C. In these clouds the largest mean liquid
water content observed was 0.359 g%in single layered clouds. The largest ice water content

in the same clouds was910~* g m~2 with largest values near cloud base.

These are broadly similar to observations reported by Hagaal. (2003a), where thinner
liquid water clouds only 100—200 metres deep had a totaldiguater path between 10 and 20
g m2. In these clouds the typical ice water path was a similar ritag@ (10-30 g m?) but

is spread over a considerably deeper layer than the liqyit.larhe liquid layer has an almost
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Chapter 1: Introduction

adiabatic profile of liquid water when the layer is less th@f fetres deep and less than half of

liquid layer clouds observed by Korolev et al. (2007) exezkthis depth.

Aircraft observations by Korolev et al. (2003) and later bgadrre and Hallett (2009) show
that on scales of 100 metres in the horizontal the fractionooidensed water in the cloud was
typically greater than 90% liquid or 90% ice, with relatiydittle genuinely mixed-phase regions.
This is in direct contrast with Field et al. (2004) who repgadrthat mixed-phase conditions do
exist on 100 metre scales, although did not state how oftaitlaxcourt et al. (2003) also found a
near constant number of aircraft samples at all liquid foast between 0.05 and 0.95 from longer

averages with samples approximately 1500 metres in length.

Recent studies by Westbrook and lllingworth (2011) fourat #timost all of the ice in clouds
with a cloud top temperature warmer tha27 °C originates from a pre-existing liquid water
cloud and therefore it is likely that the liquid water layeitlze top of mixed-phase clouds is the
source of the ice found falling beneath the liquid layer. sTisialso true in Arctic mixed-phase
clouds, where ice is not observed until after a liquid layas formed (de Boer et al., 2011).
Arctic clouds composed only of ice are less frequent thasehopped by supercooled liquid
at temperatures warmer thar25 °C to —30 °C, suggesting ice formation generally occurs in

conjunction with liquid.

1.2.2 Radiative impact

Because of their structure, large areal extent and longntige stratiform mixed-phase clouds
are a significant contributor to the cloud radiative effe¢te liquid present within the cloud
tends to be located at the top (e.g. Hogan et al., 2003a; Sttugle, 2008a) and consists of a
large concentration of small droplets with effective radiismall as 21m (Hogan et al., 2003a).
Largely due to the large concentration of liquid dropletss tayer is very effective at reflecting
solar radiation incident on the cloud. Because this layéwdated at the top of the cloud there
is little opportunity for the cloud to absorb the radiatioefdre it is reflected back away from
the Earth and therefore this layer increases the albedceatltud relative to an ice only cloud

(Hogan et al., 2003a).

Mixed-phase clouds are an important contributor to the daitgty in the magnitude and sign
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Chapter 1: Introduction

of the cloud feedback. Typically they have a net cooling @ffélogan et al., 2003a), although
the magnitude of this effect for an individual cloud will dey on the time of day and other
clouds that are present. The specification of mixed-phasedslin GCMs is a large source of
variability in climate simulations. This was first shown byitéhell et al. (1989) who changed
the cloud scheme in a GCM from a relative humidity to a cloudewacheme. The model cloud
fraction in the relative humidity (RH) scheme is based onghid-box mean relative humidity
and the radiative properties such as albedo and emissirgtya dixed function of height. By
contrast the cloud water scheme calculates the cloud draethnd water content within a grid-
box, the ratio of liquid and ice within the grid-box is detened by temperature and the cloud
ice precipitates towards the ground. The change from thedRidrae to the cloud water scheme
resulted in a reduction from 5.2 Kto 2.7 K in the annual aversigrface warming due to doubling
CO, concentrations. This sensitivity of climate models to rdiaase cloud specification has
been confirmed by other papers; Senior and Mitchell (19984 4sdifferent cloud schemes in a
GCM and this gave values for the climate sensitivity paramat between 0.45 and 1.2€ (W
m~2)~1. It was also reported that the simulation with the cloud wstdeme had a negative cloud
feedback as temperature increased as less cloud water Wessioe phase and therefore did not
precipitate. This effect was further increased when arracoteze radiation scheme was included
that treated liquid and ice cloud separately (Senior anaéit, 1993). Also, by changing the
range of temperature in which mixed-phase clouds can egisifisantly changed the radiation
budget (Gregory and Morris, 1996). GCMs are also sensitithe cloud altitude and how the
liquid and ice are assumed to be mixed within the cloud aslthelalbedo is very dependent on

the phase of the cloud condensate (Sun and Shine, 1994,.1995)

The radiative impact of mixed-phase clouds is also felt abbaentocal scale. Because of the
longwave emission from cloud top, a strong cooling is obsérat the top of the cloud. This
cooling was calculated to be more than 70 K dhin two cases observed by Pinto (1998) and
cooling rates of 90 K day* were reported by both Jiang et al. (2000) and Hogan et al.3@00
This cooling will have effects on both the microphysics witlthe cloud and the dynamics of
the cloud, with the strength of cooling sufficient to dediabithe cloud top and drive turbulent

eddies.
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Chapter 1: Introduction

1.2.3 Cloud microphysics

The liquid phase is found at the top of stratiform mixed-ghelouds and therefore occupies the
coldest part of the cloud. The layer of liquid water is oftemywthin, sometimes as little as 100
metres in depth (Hogan et al., 2003a) but can be deeper tltiam&@es (Korolev et al., 2007).
Concentrations of liquid droplets within altostratus h&esn observed at around 25-50cn
with sizes between 2 and 50n (Crosier et al., 2011). These particles are much smallér an
many times more numerous than the ice particles presentdiadiphase clouds. Because a large
number of droplets exist they can, collectively, react Klyitco any changes in saturation of the
air; they are able to grow in the presence of supersaturamahremove the excess vapour from
the air and equally evaporate quickly when the air becomlesagurated. As such the growth rate
of liquid droplets is often neglected in model parametgidgraschemes (e.g. Wilson and Ballard,

1999), where it is impossible for the air to exceed liquidisation.

Evidence indicates that ice formation is dependent on thegmce of liquid at temperatures
warmer than-40°C (Hobbs and Rangno, 1985; Westbrook and Illingworth, 2@&1Boer et al.,
2011). The ice in stratiform mixed-phase clouds forms witthie liquid layer through hetero-
geneous nucleation where a liquid droplet freezes with tthefan ice nucleus. Unlike cloud
condensation nuclei, ice nuclei are rare and often limitrtheleation rate of ice particles. As a
result there are many fewer ice particles observed in cldhals liquid droplets, with observed
values in mixed-phase clouds around 0.2 lat —12 °C (Crosier et al., 2011). The ice nuclei
number concentration increases with decreasing temperadwcollection of previous observa-
tions collated by Meyers et al. (1992) showed an increase fess than 0.1 ! at —10°C to
more than 100 ! at temperatures colder thar25 °C. Because ice particles are less numerous
than liquid droplets they grow to be significantly largenthaeaching hundreds of microns across.
By the time they reach this size their terminal fall veloditgs become large enough to allow the

particles to fall from the liquid layer and begin forming &e ionly layer below.

Once ice has been nucleated, the habit (shape) that icelpsudicquire as they grow is deter-

mined by both the supersaturation and the temperature @iittire which they exist (Rogers and
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Yau, 1988). The growth rate of a single ice particle can beutaled as
d_m B ATCFS$S
dt (L Ls  RT ’
(RV—T - ) KT T &(M)D

wheremis the mass of the ice crystal in Kg,is the capacitance of the ice particle in m, dependent

(1.1)

on its size and shapé, is the ventilation coefficientS$ is the supersaturation of the air with
respect to icel g is the latent heat of sublimatioif is the thermal conductivity of aib) is the
diffusivity of water vapour in air and, is the saturated vapour pressure over ice. The capacitance
of the ice particle is dependent on the size and habit of ty&tal; with larger particles and those
with the largest aspect ratios (e.g. thin plates or dergjritaving larger capacitances (Westbrook
et al., 2008), although when normalised by size, spheres tin@vgreatest capacitance. The habit
of the ice particles can affect the cloud structure by chamgth the growth rate and the terminal

fall velocity of the ice particles (Avramov and Harringt®Q10).

The terminal fall speed of the ice particles is also a fumctb their size and shape. Much
work has been done to describe the fall speed of a numberfefeatit shapes of particle, often
using power-law relationships with their mass (Mitche98). The relationships are often based
on theoretical or lab-based experimental work as measuheadall speed of ice particles in
clouds would be very difficult. This is particularly the cdsecause the effects of aggregation of
numerous ice particles and riming of the particles can Bgmitly alter the fall speed (Locatelli
and Hobbs, 1974).

Ice clouds are made up of a collection of different ice plesicof different sizes. It is of
interest to describe the number of different sized padicleserved within a particular volume of
the cloud. This is described through the ice particle sisgribution. Following from the early
description of raindrop size distributions by Marshall &almer (1948) as inverse exponentials,
similar expressions for snowflake size distributions foko (Gunn and Marshall, 1958). Houze
et al. (1979) observed that most size distributions fittésl ittverse-exponential distribution but
that the intercept parameter was a function of both temperand total water content; addition-
ally it was noted that the distribution often deviated frdmstinverse exponential at small sizes.
The Wilson and Ballard (1999) microphysics scheme curyegikrational in the Met Office Uni-
fied Model uses a distribution very similar to the distribatiof Houze et al. (1979). Ryan (2000)

collated a number of previous observations all of which sfgban increase of the slope parameter
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Chapter 1: Introduction

at colder temperatures suggesting a greater number ofesrpaliticles. More recently Field et al.
(2004) and Delanoé et al. (2005) have attempted to norendtis particle size distributions to
find a universal distribution that can be used in numericadl@to accurately represent the size
distribution in a number of different conditions. This isportant as the size distribution strongly
influences the total growth rate and mean fall velocity of bection of ice particles. This issue

will be studied in more detail in the context of mixed-phakmids later in this thesis.

1.2.4 Maintainence of mixed-phase clouds

Mixed-phase clouds have been observed to persist for mamg oo longer (e.g. Shupe et al.,
2006; Marsham et al., 2006); however, theoretical calmratsuggest that in mixed-phase clouds
with liquid water contents below 0.5 g T and ice particle concentration$ ~ 10°—10° L1,
the liquid should glaciate within 20—40 minutes (Korolewddssac, 2003). This glaciation is
expected due to the Wegener-Bergeron-Findeisen procesgefwr, 1911; Bergeron, 1935; Find-
eisen, 1938) where ice grows at the expense of liquid watersvtine two phases coexist because
of the difference in saturation vapour pressure over liqand ice surfaces. Strictly this only
applies when the air is supersaturated with respect to itsufasaturated with respect to liquid
and conditions can exist where both liquid and ice partighesv together (Korolev, 2007). How-
ever, ice grows faster than liquid at all temperatures bé&la@due to the difference in saturated
vapour pressure and means that the presence of ice alway®aeiduce the amount of liquid

water present.

Despite the theoretical expectation that these cloudsheaitome glaciated quickly, the nu-
merous observations of long-lived mixed-phase cloudslgieaquire some other process to as-
sist in their maintainence. Rauber and Tokay (1991) exeththe existence of supercooled liquid
water at the top of cold clouds due to an imbalance in the awate supply rate and the bulk
ice particle growth rate in regions of ascent. Liquid waten e produced in updrafts that are
sufficiently deep so as to bring air to liquid saturation anfficiently strong so as to achieve
saturation before the ice growth has had time to reduce thewacontent of the parcel to below
liquid saturation. The minimum requirements on updrafeskend depth increase with increasing
ice particle concentrations and with decreasing temperaRiauber and Tokay (1991) suggested

that these conditions would not be difficult to meet at warteerperatures (e.g. 0.1 m'sover
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Chapter 1: Introduction

a depth of 100 metres at5°C) but are more difficult to obtain at colder temperatureg.(€.4

m s ! over a depth of 600 metres at32°C) and also become more difficult to achieve when
the ice number concentration is larger. On the whole, olesemixed-phase clouds do not exist
in the presence of a strong sustained updraft, with typicedmmvertical velocities close to zero

throughout the cloud layer (Shupe et al., 2008a). Howelierctoud top is turbulent as a result

of the radiative cooling at cloud top (described in sectidh2) and in the ascending part of the

turbulent eddies the criteria for producing liquid may bes$i@d. Rauber and Tokay (1991) sug-

gested that updrafts could be caused by entrainment of aueathe cloud top into the cloud or

by vertical wind shear across the top of the cloud.

Possible mechanisms by which mixed-phase clouds are rnradtavere also studied by Ko-
rolev and Field (2008). Using a theoretical framework arehth simple modelling study they
investigated how liquid water could be maintained in thesprnee of ice and whether uniform

ascent, harmonic oscillations or turbulent fluctuationgld¢grovide the mechanism. Their con-
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Figure 1.1 Schematic diagram of the primary processes and physiaaitste of Arctic mixed-phase
clouds from Morrison et al. (2012)
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Chapter 1: Introduction

clusions, similar to those of Rauber and Tokay (1991), wieat vertical ascent that was both
sufficiently strong and sufficiently deep is required to brair to liquid saturation. This is true
for all three scenarios presented, but long lived mixedsplaouds similar to observations could
only be maintained under harmonic vertical motion or tuebtifluctuations, with the former giv-
ing greater liquid water contents on average. Under harenoscillations it was possible for

cycles of liquid activation to occur with each parcel onlyt@oning liquid for a short time.

Morrison et al. (2012), Smith et al. (2009) and Shupe et &082) have each published a
schematic for the structure of mixed-phase clouds and howegses contribute to their main-
tainence. Figure 1.1 shows the schematic from Morrison é2@l2) as the most complete of the
three, although all three are broadly consistent. It shbaldoted that this schematic is for bound-
ary layer clouds observed in the Arctic and whilst the striteof these clouds are similar to the
altocumulus clouds studied in this thesis potential differes lie in the fact that the Arctic clouds
can be coupled to the surface. The schematic shows the lepiier layer at cloud top and the
radiative cooling associated with this layer. The rad&tiooling requires only a small amount
of liquid water and causes condensation to occur withinapeof the cloud and also destabilises
the cloud layer by cooling the air parcels at cloud top whielodime negatively buoyant. The
destabilisation of parcels at the cloud top results in auigrt mixed layer throughout the cloud
where profiles of potential temperature and total waterexrdre roughly constant with height.
Ice nucleates within the liquid layer and grows rapidly do¢hie supersaturation with respect to
ice present in the liquid cloud. These ice particles thenrbegsediment out of the liquid layer
and grow further or evaporate dependent of the ice supeasiatu they experience once out of
the layer. The turbulent eddies present as a result of thatrag cooling generally have strong
narrow downdrafts and broad, weak ascent. This can giveaigertical motions strong enough
to bring the air to liquid saturation and the deviations frtha mean velocity can b&2 m st
(Shupe et al., 2008a). There is also evidence that bothdlignd ice water contents are higher
in the cloud at times of upward air velocity and reduced ice laquid contents during times of

descent (Shupe et al., 2008a).
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1.2.5 Numerical modelling

Surprisingly, given their important radiative and clincatmportance, there are relatively few
high-resolution numerical (e.g. cloud resolving or largdyg simulations of mixed-phase clouds,
particularly at mid-levels (Fleishauer et al., 2002). Muwfhthe modelling that has been done
pertains to Arctic mixed-phase stratocumulus or stratog,adthough these clouds have a similar
structure to mid-latitude mid-tropospheric mixed-phaseds they can be coupled to the surface.
The findings of these studies may still be relevant to migdepheric clouds, but the possible

influence of the surface needs to be remembered when comgpasults.

Much of the modelling of mixed-phase clouds uses large eddgats (LEMS) or cloud re-
solving models (CRMSs) at high resolution (e.g. Marsham eR2806; Fridlind et al., 2007, 2012;
van Diedenhoven et al., 2009; Avramov et al., 2011). Thisoissurprising given the turbulent
nature of the cloud top and enables focused experimentsrania high resolution. Their small
domain size and high resolution can be excellent for testimg) improving microphysical pa-
rameterizations over a small number of cases. It is possiblese computationally expensive
microphysics schemes (e.g. double-moment or bin resolveghpstic ice) in limited domain
models and these high resolution simulations enable 3fthiapal turbulent or convective cir-
culations to be resolved. In coarser resolution modelsh siscoperational NWP models, the
microphysics schemes are often simpler and the turbulahtanvective processes are parame-
terized or neglected. It can therefore be difficult to undard deficiencies in coarse resolution
models using CRM or LEM simulations due to the differencegrid-scale and resolved physics

and the typical focus on a small number of cases.

In general, the microphysics schemes in current NWP andatéirmodels tend to fall into
well defined groups. The first of these groups contains maslighsa single prognostic variable
for condensed water and uses a diagnostic split betweeigthé &nd ice water content of clouds
based on temperature alone. As will be shown later, theselmtehd to better predict the mean
amount of liquid and ice than models with prognostic ice,dug to the temperature dependence
are unable to model the correct structure of mixed-phaselslavith liquid at colder temperature
at cloud top (Marsham et al., 2006) and therefore perfornrlpaghen used for case studies.

Secondly there are models with a prognostic ice water corlet is separate from the liquid
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water content, determined using a physically based paeaipation of the ice particle growth
rate by deposition of vapour (e.g. Wilson and Ballard, 1288) an assumed inverse-exponential
(or more complex) ice particle size distribution (e.g. Wilsand Ballard, 1999) or that each ice
particle is the same size (e.g. Rotstayn et al., 2000). Timeskels are able to model the correct
structure of mixed-phase clouds, particularly in the Ar¢é.g. Jiang et al., 2000), but often find
that the ice number concentration in the parameterizatstm® large resulting in rapid glaciation
of the clouds (Harrington et al., 1999; Jiang et al., 2000jeduction of the ice number concen-
tration allows a more realistic, persistent cloud to be t@@ired (Jiang et al., 2000). Thirdly,
more complex models containing prognostic ice nuclei andrpaterized ice nucleation have
been used (Morrison et al., 2005; Fridlind et al., 2007). SEhmodels can struggle to produce
enough ice when compared to observations (Fridlind et @07, but are able to sustain a liquid
layer at the top of ice clouds, primarily due to the depletbice nuclei from the liquid layer and
therefore also removing the sink of vapour and liquid watéorfison et al., 2005). The inclusion
of additional nucleating pathways, for example the fregzif supercooled droplets, improved

the ice water contents in these models. However, these pgthare currently only hypothetical.

Three dimensional large-eddy simulations (LES) of micelewixed-phase clouds performed
by Smith et al. (2009) have helped to quantify how much eadh@processes contribute to the
maintainence of mixed-phase clouds. By simulating threesand assessing the relative contri-
butions to changes in the liquid and ice water contents withé cloud they concluded that the
most important terms for determining the lifetime of theutlavere the large scale ascent/descent,
depositional growth of snow and radiative heating and ogoliOf the three cases studies, both
cases where the liquid layer persisted longer than 3 hodrsdalin the presence of large scale
ascent while the other case had large scale descent. It ressfdle be the case that these deli-
cately balanced cloud systems are largely controlled biatige scale motions of the atmosphere,

although this can not be conclusively stated from 3 casaestud

Adequate simulations of mixed-phase clouds are possibémpler single-column models
too and are comparable in terms of liquid and ice water castercloud resolving models (Klein
et al., 2009). Previous studies have harnessed the rektiyaicity of single-column models
(relative to 2 or 3 dimensional simulations) to study theeefffof different ice nucleation mech-

anisms (Morrison et al., 2005) and new microphysical patarimtions on the simulation of
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mixed-phase clouds (Yuan et al., 2006). Underestimatdsedfquid water content by a factor of

2-3 were found across 17 SCMs and 9 CRMs by Klein et al. (2009).

1.2.6 Weather impact of mixed-phase clouds

Mixed-phase clouds are important to understand and modedatty for the sake of both weather
and climate predictions. For weather forecasting they hpa forecasts for the public, aviation

and the military whilst their radiative impact is partictilaimportant in climate simulations.

As already discussed, the existence and radiative impmtahmixed-phase clouds prevents
some solar radiation reaching the surface whilst acting asuace of ice and increasing the
amount of trapped terrestrial long-wave radiation. Depandn the time of day this will warm
or cool the surface air temperature and possibly affeat &teospheric dynamics (e.g. triggering

of convection, boundary layer depth) as a result.

This was particularly notable in experiments using two igrs of the ECMWF model, one
with a single prognostic for condensed cloud water and therowith separate prognostic vari-
ables for both cloud ice and liquid (Richard Forbes, persooammunication). The single prog-
nostic scheme prescribed the ratio of liquid and ice wateitesd within the a grid-box as a
function of temperature, with no liquid permitted at tengiares colder thar-23°C, whereas
the scheme with two prognostic variables used physicalbetayrowth rates and fall velocities
to determine the ice water content. In the simulation with fwognostic variables the amount
of supercooled liquid in the simulations is substantiaflguced. This simulation also exhibited
surface temperature errors of up to A0 colder than observed where supercooled liquid was
absent from the simulations over Scandinavia. By reintcoduthe supercooled liquid (through
reducing the ice growth rate at the top of clouds), the teatpes errors were largely removed.
This clearly highlights the importance of realistic sintidas of mixed-phase clouds for weather

forecasting as well as for climate.

Mixed-phase clouds are also important for aviation as theqarce of supercooled liquid water
contents greater than 0.01 g fare related to aircraft icing conditions (Brown et al., 199¢ing
can be a significant hazard to aircraft where the dropleez&®n to the cold aerofoil surfaces of

the aircraft reducing the aerodynamic lift and increashmg weight, making it more difficult to
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keep the plane in the air.

On slightly longer timescales mixed-phase clouds are itapbiin the Arctic too. Despite
forming primarily in the boundary layer, Arctic mixed-pleaslouds are of a very similar structure
to those observed in the mid-troposphere but may also beeidkd by surface processes. Their
presence again has a large radiative impact and can infltleackate of transition into and out of

winter where the ocean melts or freezes over (Curry and Eb@92; Jiang et al., 2000).

The importance of clouds in climate and climate change adeniable, but also uncertain.
The role of clouds in our changing climate is still poorly enstood and cloud feedbacks remain
the most uncertain part of our current understanding of ingate system (Dufresne and Bony,
2008; Bony et al., 2006) and intermodel differences in clfaatiback constitute by far the most
primary source of spread of both equilibrium and transiéiniate responses simulated by GCMs
(Dufresne and Bony, 2008; Andrews et al., 2012) and is apmabely three times larger spread
than the water vapour, ocean uptake or radiative forcinglfaeks . In fact the magnitude and
even the sign of the cloud feedback is highly uncertain imate models and monthly compar-
isons of the cloud feedback suggested that it is likely pasiand contributes an extra 0-68.74
W m~2 per degree of warming (Dessler, 2010). In reality monthsimath comparisons are too
short to draw conclusions, however, reliable longer terta dae unavailable and hence there is

still a large uncertainty in cloud feedback.

As mixed-phase clouds have a cooling effect on the Earth @éHag al., 2003a) then an in-
crease in the amount of cloud in the mid-latitudes at mielkeand lower level polar clouds as
predicted by some climate models (Tsushima et al., 2006)dvoanstitute a negative climate

feedback (Senior and Mitchell, 1993).

1.2.7 Representation in NWP and climate models

Given the large radiative impact of all clouds, it is impoitéhat they are represented accurately
in numerical models if their radiative transfer calculagcand future climate states are to be be-
lieved. Mixed-phase clouds are an important part of thealcddiation budget and their accurate
representation is key because models are particularlytiserts their specification (e.g. Mitchell

et al., 1989; Senior and Mitchell, 1993).
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Previous studies have compared many models with obsemgatioth over a long time period
and from case studies. The Cloudnet project (Illingwortal e2007) observed cloud with ground
based remote sensors at sites across Europe and assessédrettidtions of cloud over the same
sites. This analysis found an absence of mid-level cloudsdhthe 7 models, some missing as
much as one-third of all mid-level cloud fraction. The liquvater content of the models was
typically too large relative to the observations in someesasy a factor of 2 to 3. The exception
came from the Met Office Unified Model which was largely witliire range of observations for
the global model and underestimated in the mesoscale mételrange in liquid water content
at a given altitude between the model with the lowest and tbéainwith the highest value was
approximately an order of magnitude in the lowest 6 km of timeosphere. This was similar in
magnitude to that of the condensed cloud water path of oimaidels (Stephens et al., 2002).
The ice water content was found to be better predicted tlrandliby many of the models, in
agreement with the findings of Vaillancourt et al. (2003)] avas largely within or close to the
observed range but again the inter-model spread was appaitely an order of magnitude at the

warmer temperatures.

In a comparison of 10 climate models with observations fr&@@CP and CERES (Zhang
et al., 2005) show a similar low bias in the mid-level cloudcamt. The multi-model mean of
cloud fraction in the 10 climate models only 30—40% of thelite derived cloud amount and 9 of
the 10 models underestimated the mid-level cloud amountidicalso failed to predict enough
thin cloud and this meant a substantial underestimate otaijyt thin and intermediate mid-
level cloud as shown in figure 1.2. In many models this was @meated for by upper or lower
level cloud amounts greater than observed. These erroteud amount lead to problems with
the radiative balance of the model and only half of the modakysed simulated the radiative

impact of clouds within the observed range, with the othdfrtiaving too large an effect.

Hogan et al. (2003a) outlined a few possible reasons why leaodlight struggle to represent
stratiform mixed-phase clouds. As the supercooled ligdienoforms in thin layers at cloud top
and the liquid can be maintained by turbulent updrafts nkardctop the horizontal and vertical
resolution of the model may be important. The coarsenessroérit NWP and climate models
means that they cannot resolve the turbulent motions witiéncloud and even the magnitude

of the cloud scale vertical motions will be underestimated tb the large grid-box sizes. Also,
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Figure 1.2 Cloud frequency averaged from®0to 60°S in the DJF season for the nine ISCCP cloud types

in satellite measurements and in a number of climate motteis (Zhang et al., 2005). Note particularly

the low frequency with which clouds in panels d and e are miedgthe thin mid-level clouds.

the coarse vertical resolution may prevent a liquid lay@ndpdiagnosed using the grid-box mean

quantities. Additionally some of the numerical models seimimum temperature at which liquid
can exist (e.g.—23°C in the ECMWF model (ECMWF, 2010)) and warmer values-df5 °C

(Smith

1990) and-9 °C (Moss and Johnson, 1994) have been suggested. Clearly dhes

inconsistent with observations of supercooled liquid taxgsat temperatures down te40 °C.
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1.3 Observing clouds

1.3.1 Methods of observing clouds

There are many ways of observing clouds, the simplest meatirotyes a human observer looking
up. Because of this simplicity the cloud type, amount andudk are commonly reported in
SYNOP reports from around the planet. These have been aeartpibbtain statistics of observed
cloud amount and type (Warren et al., 1986a,b), but to enableore quantitative analysis of
cloud structure and microphysics data from instrumentectait, ground based remote sensors
and satellite measurements can be used to give high resoiaformation of, for example, the

liquid water content and liquid droplet sizes and indeedyrather properties.

Aircraft observations allow a small portion of the cloud te directly sampled by numer-
ous instruments mounted on the aircraft but the data becomied more useful when used in
conjunction with data from other instruments, for examplgreund based remote sensing site
comprising at least a radar, but may also include a lidadivand radiometer, wind profiler, fur-
ther radars and radiosonde launches. This allows, for thedoef the field campaign, a great deal
of data about the clouds to be gathered and analysed andsdlevaircraft data to be interpreted

within the larger scale context of the whole cloud system.

In some instances the remote sensing equipment may be pamthyainstalled (e.g. Cloudnet
(Illingworth et al., 2007) and Atmospheric Radiation Me@snent (ARM, Stokes and Schwartz,
1994)), allowing for a prolonged period of observation ajuzls that pass over the site. This
gives enough information to start compiling a local climagy of clouds but unfortunately these
sites are rare, with approximately 15-20 in the world, Ibrgkie to the expense of setting up
and maintaining these sites. Therefore it is difficult toenstiind the global coverage using only

ground-based measurements.

In order to get larger spatial coverage, remote sensinguimgints have been placed on satel-
lites. These instruments fall into two categories, active passive. Active sensors (e.g. TRMM
(Simpson et al., 1996), CloudSat (Stephens et al., 2002),IE30 (Winker et al., 2002)) both
transmit and receive radiation and can retrieve detailEdimation from within clouds and about

their vertical structure. Passive sensors only receivatiad either emitted or reflected from
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the clouds or Earth’s surface at a number of wavelengths entharefore only able to retrieve
vertically integrated cloud properties or information abthe cloud near the cloud top. Because
passive sensors are not able to resolve the vertical steuofuclouds they are often placed in
geostationary orbits and are able to sample a much largercdithe planet as a result, but even
polar orbiting passive sensors have a larger sample sizibet¢hey do not need to both transmit

and receive signal.

1.3.2 Remote sensing theory

As mentioned, a number of sites and satellites have remigangginstrumentation. In this section
the theory of retrieving cloud properties from these obsons is discussed with a focus on
instruments based at Chilbolton, UK as these form the bé&samsioh of the observations of mixed-
phase clouds used in this thesis. Much of these data havecbéeoted and processed as part
of the Cloudnet project (lllingworth et al., 2007). The suif ground-based remote sensing
instrumentation at Chilbolton observes clouds using a ¢oation of cloud radars, lidars and
microwave radiometer from which it is possible to retrievahbthe cloud boundaries and the

liquid and ice properties of the cloud.

Cloud radar observations

The 35 GHz cloud radar at Chilbolton points vertically andsunear continuously. The radar
transmits pulses of microwave radiation, with powerthat travel through the atmosphere. Some
of this microwave radiation is reflected or scattered by aisjan the atmosphere back towards the
radar and detected by the receiver. This means that the datlzcts some returned pow@k)
from liquid and ice cloud condensate, as well as birds, itissaied aircraft. Using the time delay
from pulse transmission to returned signal the distancbefdrget from the radar can be calcu-
lated. The meteorological form of the radar equation, raijlg attenuation due to atmospheric

gases, is (following Probert-Jones, 1962):

Pr(r) = Tﬁgo’ 1.2)

whereC;4q is a constant that depends on the radar hardwassthe mean distance of the targets
from the radar in metregy is the backscatter cross section of each target which is uhaver

the volumeV. The backscatter cross section of a single small spheriedteser is related to its

Pagel8




Chapter 1: Introduction

diameterD, assuming the Rayleigh approximation, by (Rogers and Ya83)t
™
o= F\KFDG, (1.3)

where) is the wavelength of the transmitted pule= (m? —1)/(n? + 2) is the dielectric factor

andmis the complex refractive index. Using this (1.2) can be & as

érad‘K’2 6
=——9% D", (1.4)
Vo r? AZ,

Pr(r)
with Crag NOW including further radar specific constanits|? is assumed constant for all particles
in the volumeV, but it is different for liquid & 0.93) and ice £ 0.21) and also as a function of
temperature and radar wavelength (Rogers and Yau, 1988)tetirned power can therefore give
information about both the size and number of targets withiolume, although it is ambiguous
whether a few large targets or many small targets have betectdd. To enable comparisons

between different radar equipment, the radar reflectity defined only as
1 6
Z= v g D>, (1.5)
in units of mn® m=3 and is often expressed in @B= 10l0g;,(Z).

Lidar observations

The 905 nm wavelength lidar at Chilbolton also points neaticadly (5° off vertical to avoid
specular reflection from horizontally oriented ice crystand can be used to help identify layers
of liquid water in mixed-phase clouds. The lidar works inraitar way to the radar, transmitting a
pulse of radiation and waiting for returned signal from &isgn the atmosphere. As the frequency
of radiation used is in the near-infrared region and theecfoe wavelength is much shorter than
the size of cloud particles, the amount of power returnedhftargets follows Mie and geometric
optics approximations. The lidar equation in its most comrfaym and in the single-scattering

limit is (Wandinger, 2005):

PR(r.A) = H%B(r,A)eXp[—Z / ra(rmdr] | (L.6)

wherePr is the power returned to the instrumeRy; the amount of power transmitte@;y a
constant dependent on the lidar hardwarthe range from the instrument in metrasthe lidar
wavelength. The exponential term deals with the transomsisisses (extinction) of the transmit-

ted power to a range, quantified by the extinction coefficiertt, defined as

a(rA) = \1/ gcext(r,)\), (1.7)
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where Oy is the extinction cross section per unit volume of air. Ascdiégd in the section
above for radar, a value of the measured returned power émdigmt of the instrument hardware
is defined. For lidar this i§’, the lidar attenuated backscatter in units of'sm=1. This is

expressed as
B(r.A) = B(rA)exp [—Zn / ra(rmdr] | (.8)

where, following Platt (1973) an additional term, has been included to account for multiple
scattering of the lidar beam. The maximum multiple scattgis included when this value is 0.5
reducing to no multiple scattering for a value of 1. The vaperopriate for the 905 nm lidar at
Chilbolton is 0.7 (O’Connor et al., 2004). In addition, ariegtion-to-backscatter ratis,= a /3,

is included such that (1.8) can be written in termsiof

r
B'(r\) = &s’)\)exp {—Zn/ a(r,)\)dr] , (1.9)
0
A typical value ofsfor liquid water drops measured by the 905 nm lidar is #88 sr (O’Connor

et al., 2004) but for cirrus a much larger range has been wi$€5—-150 sr, Lynch et al., 2002).

Microwave radiometer
At Chilbolton, the vertical integral of the liquid water demt, known as the liquid water path, is
derived from two brightness temperatures measured atdraigs close to 23.8 and 36.5 GHz.
The approach for deriving an improved liquid water path fimimrowave radiometer is described
by Gaussiat et al. (2007) with the addition of a co-locatddrli At times when the lidar indicates
there is no liquid cloud present the radiometer brightnesgeratures are effectively recalibrated
which avoids the need for manual recalibration to correctfdt in the brightness temperatures.
The stated error of liquid water path retrieved using thishoe is+10—15 g n7? (Gaussiat et al.,
2007).

1.4 Thesis outline

In this thesis we aim to bridge the gap between NWP and climmat@els, high resolution large
eddy models and observations of mixed-phase clouds. Toig@thew single column model
is created, EMPIRE (Evaluate Mixed-Phase Importance irdtad Exchange), designed to be

similar to the cloud microphysical schemes in current NWRlet® and following the same con-
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straints on computer resources. As EMPIRE is similar inmeato the NWP models, the results
obtained from running it should be transferable to NWP m&deld ultimately lead to improved
simulation of mixed-phase clouds in these models. Theivelagimplicity of EMPIRE can be

utilised and it can be run many times with changed paranzetiéoins to explore the parameter

space and identify which processes are important in thetaia@nce of mixed-phase clouds.

By carefully analysing remote sensing observations of thiglease clouds from a number of
days, statistics about mixed-phase clouds and their reptason in both existing NWP models
and EMPIRE have been produced and model parameterizaéstexit Throughout the research,
where indications that current parameterizations can lpeaved then work has been undertaken

to suggest an improvement.

Throughout the thesis improvements are suggested to tletoigd fraction parameterization
and ice patrticle size distribution parameterization witlthbshowing significant improvements
in the model simulations of mixed-phase clouds. Additipnéhe issue of the model vertical
resolution has been addressed, where models with a coateaMesolution struggle to simulate
mixed-phase clouds. A new parameterization is introduceallow mixed-phase clouds to be

simulated correctly in coarse vertical resolution modatshsas operational NWP models.

The thesis is structured with chapter 2 describing EMPIRE,riew single column model.
Chapter 3 compiles the observations made by ground basedeaensors at Chilbolton to gen-
erate statistics on the nature of mixed-phase clouds ancettieacts comparable quantities from a
number of NWP models. Additionally this chapter containgealuation of the ice cloud fraction
parameterization and an investigation into the importaria@®rrectly simulating the structure of
mixed-phase clouds for radiation calculations. Chapteseésithe same observed statistics and
compares with EMPIRE and then looks in greater detail at teelanisms that maintain lig-
uid water in the EMPIRE simulations to identify which proses are most important to model
correctly. Additionally this chapter includes a number vfigested improvements to parameter-
izations, identifies what the correct parameterizatiorukhachieve and compares the improved
parameterization with the original by using EMPIRE. In adar this is done to justify a pro-
posed change to the ice particle size distribution paraizaten. Chapter 5 then addresses the
problem with low resolution models not correctly predigtimixed-phase clouds, which itself is

identified in chapter 4. The reason for this problem is araly@nd a parameterization to allow
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coarse resolution models to simulated mixed-phase claudssigned, implemented and tested.
Chapter 6 summarises the key findings of the thesis togetiiersuggested future directions of

research on mixed-phase clouds.
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CHAPTER 2:

EMPIRE: A SINGLE COLUMN
M ODEL FOR STUDYING MIXED -PHASE

CLOUDS

2.1 Motivation

As outlined in chapter 1, current numerical forecast modelgot represent clouds well, specifi-
cally mixed-phase clouds. In order to understand the refasaheir misrepresentation in forecast
models, the forecast models themselves need to be undfatsio These models are, by neces-
sity, large and complicated and therefore take a long timarno Also, their 3D advection and

dynamics makes interpreting changes in cloud fields diffixdl attributing the cause of changes
in model clouds equally difficult. One cannot say, for ins@nwhether changing a parameter-
ization has directly caused a cloud to form that would notnpilise have done, or whether the
parameterization has caused a change in the dynamics oftlithev system which in turn results

in a change in the clouds within that weather system.

To be able to sensibly assess the consequence of changirticalpamodel parameterization
or process, a simpler model is required to assess the effeliua physics in isolation from the
dynamics. One type of model that can be used for this typeudfysare single column models
(SCMs) and a number of studies have used SCMs to model mixasiepclouds (e.g. Morrison
et al., 2005; Yuan et al., 2006; Liu et al., 2007). A SCM is $amto a 3D model, but only
has grid boxes in the vertical. Horizontal transports of elogriables (e.g. temperature and
moisture) as well as vertical wind are prescribed, usuatignfa larger 3D model, or as is standard
throughout this thesis ERA-Interim re-analyses (Dee et2811). This model contains all the

relevant cloud, turbulence and radiation physics of a 3D ehduolt with the added advantage
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that it can run quickly and parameterizations can be easdgified and new ones introduced.

Despite SCMs already existing, a new 1D model has been dr&ata scratch so that changes in

model output can be fully and rapidly understood and the gbsim simulated clouds explained.

Additionally this flexibility allows parameterizations twe added and removed more easily that
would be possible with an existing model. The model has begh dpecifically to Evaluate

Mixed-Phase Importance in Radiative Exchange and is thexefiven the name EMPIRE.

In this chapter the construction of the model and the pararzations used within it are
summarised. The prognostic equations are described aa@retthe parameterizations in turn,
the numerics used to solve the equations and methods ofidmwadelling radar and lidar from

model output to compare with observations.

2.2 Specification

The EMPIRE model is designed as a quick to run and easy to ehargion of a GCM. Design-
ing EMPIRE in this way means that the model is simpler thanllaGCM but the results will
by applicable to GCMs. With this in mind we are restricted@sdw complicated and compu-
tationally expensive the model is to run. Some featuresaranot currently in GCMs are also
implemented so as to see their effect on the simulation oediphase clouds. Possible short-
comings of GCMs include their poor vertical resolution aadki of non-local turbulent mixing
scheme above the boundary layer. Both of these are addiiesE8PIRE as the vertical resolu-
tion is increased to 50 m where typical GCM resolutions wdagdb00-1000 m, and a non-local
mixing scheme based on Lock et al. (2000) is included. GCHMIs mpresent ice microphysics in
a crude way, in some cases (such as the ECMWF model) theoinasftcloud condensate in liquid
and ice phase is a function of temperature only. Almost alM3@lso use a bulk parameteriza-
tion for ice growth, assuming all ice crystals are the sarme i spread over an assumed patrticle
size distribution. This is not ideal, but the use of more claxgchemes such as dual-moment or
bin-resolved microphysics in a GCM is more computationakpensive and allows extra degrees
of freedom that is not currently constrained by observatidhhas been shown in previous work
that mixed-phase clouds can only be simulated correctlly aviteduction of the ice number con-

centration (e.g. Harrington et al., 1999; Jiang et al., 2@0@he ice nucleation rate (e.g. Marsham
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et al., 2006). Either of these may result from the depletibit® nuclei within the cloud of all
types of ice nuclei or a particular type such as depositiocomdensation freezing nuclei (Mor-
rison et al., 2005). For this reason prognostic ice nucleetzeen included in some simulations
of Arctic mixed-phase clouds (Morrison et al., 2005) wheridal ice nuclei concentrations were
parameterized. For prognostic ice nuclei to be includedgiobal model it is first required that
their concentrations be known and their sources and sinkthese are currently not known and
provides an extra degree of freedom in the models which @ taezonstrain. Whilst the inclusion
of prognostic ice nuclei is possible in small models suchi@asdcresolving models (CRMs) over
a limited domain where ice nuclei concentrations are measut is currently not practical for
GCMs. Therefore, EMPIRE is restricted to using a single-rapnbulk microphysics scheme so
that a direct comparison can be made between the results @ws@nd any improvement of

mixed-phase cloud representation can be directly app€aiGMs.

As EMPIRE is a single column model and only represents aeingitical profile of the at-
mosphere it is not completely able to simulate all proce#isgiscause changes to the conditions
within the model. The most obvious situation is where theasphere is not horizontally homo-
geneous and horizontal advection therefore causes chemtfesprognostic variables. EMPIRE
uses advective forcing derived from the ERA-Interim (Dealgt2011) reanalyses in all situa-
tions. This dataset gives changes due to horizontal adweofipotential temperature, humidity
mixing ratio, and the zonal and meridional components othitrizontal wind. These values are
specific to Chilbolton having been extracted from the full&=Rterim dataset and having had
the effect of local processes (e.g. radiation, microplsysiemoved as these will be simulated by
EMPIRE. Values from this ERA-Interim dataset are also usethitialise the model values of
potential temperature, humidity and pressure and to pbestne vertical velocities and surface

fluxes of heat and moisture.
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2.3 Model equations

2.3.1 Basic assumptions

EMPIRE is designed to be only as complex as is required fortdbk of modelling mixed-
phase clouds. As it is a single column model there are somamt®ns that must be made.
The first such assumption is that large scale temperaturenaigture variables are horizontally

homogeneous, enabling the use of a single column model, reatdhe horizontal derivitaves,
d d

dx dy

As the mixed-phase clouds being modelled are at mid-levethe troposphere it is also
assumed that they are not related to surface processesefdigethere is no surface scheme in
included in EMPIRE although there are some elements of adaryriayer scheme. This may
lead to some biases near the surface, but these are expeb&driimportant in our representation
of mixed-phase clouds. Any ice that falls to the melting leseassumed to turn to rain and fall

to the surface instantly.

Model variables
The two most important prognostic variables in a cloud madelthose that control cloud forma-
tion, namely the temperature and moisture variables. In IR#PO;, the liquid-water potential
temperature and, the total water mixing ratio are used. These are choseregsatie both con-
served within reversible moist adiabatic processes (BE#83). 6, is the potential temperature
air would have if all the liquid water present were to be evaped. If there is no liquid water
present the®, just becomes the potential temperat@rerhe liquid-water potential temperature
is defined as

9 ze—c';—iq., (2.1)
wherelL is the latent heat of condensatian, is the specific heat of air at constant pressure and
q is the liquid water mixing ratio. The weak temperature dejgerce ol is neglected; EMPIRE
uses a constant value bf= 2.5 x 10° J kg~!. The total water mixing ratiog, is the sum of the

water vapour mixing ratio and the liquid water mixing ratio

G =0+ 2.2)

It is assumed that liquid water evaporates and condensafyraghen present in comparison to
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the model timestep and therefore can treat the liquid waterdiagnostic variable. Ice sublimes
more slowly than liquid and therefore a prognostic variableccount for the growth of ice is
required. In the simplest scenarm,is calculated from the value of in excess of the saturation
mixing ratio, gs. In practice, the calculation @f; requires the air temperature, however, as only

6, is known, this in turn requires prior knowledge®f g can be written as

— if o >
g = G —0s Gt C-ls 2.3)
0 otherwise

These prognostic variables were first introduced by Be@33) and the validity of their use was
discussed in Tripoli and Cotton (1981). The method of sgvior T, g, and q is detailed in
section 2.3.5. The EMPIRE model has 3 other prognostic blesa These are the zonal and

meridional horizontal windspeed,(v) and ice-water mixing ratiocf).

2.3.2 Time evolution ofu and v

It may appear odd to have prognostic horizontal wind speeds single column model. The
horizontal winds are not required for advection calculatias they would be in 2D or 3D model as
advection is governed by the model forcing. However, theyraquired to calculate the dynamic
stability of air (through the Richardson number, see sacfi@l.1.1) and correctly implement

vertical mixing parameterizations.

Using prognostic equations farandv allows well-mixed layers to develop in terms of mo-
mentum as well as temperature and humidity. This allowsrdagars to be present at the edges
of the mixed layers and these shear layers may be importathieirevolution of mixed-phase

clouds.
The prognostic equations

The horizontal momentum equations are written as:

ou ~1op 10, ——
E—I—U.DU— paX+fv paz(puw’), (2.4)
ov 1ldp 10, —
EJFU'DV__Ba_y_fu_Ba_z(pVW)’ (2.5)
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where f = 2Qsing is the coriolis parameter witlp being the degrees latitude afdthe earth’s
rotation rate p is the air pressure amalis the air density. In frictionless conditions and assuming

a steady state then these equations become the geostrapdiequations:

vg= % %’7 (2.6)
fug:_gg_;’. (2.7)
Substituting these back into the original equations gives
%:—f(vg—v)—%agz(pW), (2.:8)
%’ - f(ug—U)—%a%(pW)- (2.9)

These equations show that the change in windspeed at a giverstdetermined by the difference
of the current wind speed from geostrophic and a flux divergerlated to turbulence. The flux
divergence term can be approximated using “flux gradienK-tiheory, which states

_ x99
- %2

qw (2.10)

whereq can be any variable ari, is the eddy diffusivity pertinent to that variable irfer . So

our final prognostic equations become

Du 10 ou
o = fg—v)+ ooz (me_az> : (2.11)
Dv 10 ov

E = f(Ug—U)—FBa—Z <me6_z> s (212)

whereKp, is the eddy diffusivity for momentum. Details of hddy, is parameterized are given in

section 2.4.1.

2.3.3 Prognostic equations for advection and diffusion

The standard advection equation for any variajés defined as:

0 0 0 0
&(pQ) + &(PCIU) + @(qu) + a—z(qu) =& (2.13)
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where§; is the source term of the variabig, By settingg = 1 andS; = 0 this gives the continuity
equation:
ap

LT

0 0
% ax (pv) + % (pw) =0. (2.14)

ay
If it is assumed that the variation of density with time is ligigle (f,—g’ - o) then the equation

becomes

p 0 9 o
o a_x(p“) + @(PV) + a—z(pW) =0. (2.15)

Using Reynolds averaging to breakandq into means and variations about the mean gives
wq = wq+wq (2.16)

and applying this to (2.13), expanding the terms and makiegcommon assumption thgt is
negligible gives
oq 0dp

I T I ——
pgﬂq+a—x(p(qu4rqU))+@(p(qvw\/))Jra—z(p(quw))—Sq (2.17)

As already discusse% = 0, so removing this term and rearranging the others yields:

Por T ax (P + 5 (PA) + 5o (PQV) + 50 (PAV) + 5 (PAW) + 5 (PAW) = &, (2.18)

and by further expansion of terms

o (0 9 9 0§ 0§ _oq
Pt + q(a—x(plDJr@(p\ﬂJra—z(pM)+p<u&+v®+wav

i 11 3 ~/\/ 3 ) —

Here the whole of the second term is zero from the continugtyaéion (2.14), leaving us with
99 0q o9 _0q\ 0 —— 0 —— 0 ——
P35 TP (u& oy TWor ) T ax PAY) + a—y(qu)+ 3, PAW) =S, (2.20)
but the horizontal advection and diffusion terms dealt vogtERA-Interim forcing (or assumed

zero due to horizontal homogeneity otherwise) therefoesditerms are included as part of the

source termg,). Removing these terms and dividing pyields:

__|_W___|___(pq/—vv’):§' (2.21)
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The third term on the left hand side now refers to the smalilatians of q andw about their
mean value and correlations between these variations.yfgpK-theory (equation 2.10) to this

introduces a diffusion term and gives our final prognostigatipn:

og 0q 10 9\ &

Equation 2.22 is used for the variablés g andg;, althoughKg is set to 0 so ice is not

affected by turbulent mixing. The source terms can be suniseas

S =R+ =S, (2.23)
Cp

S =—% (2.24)

S =N+D. (2.25)

whereR is the layer averaged heating or cooling rate passed fromathation scheme\ is the
change in ice mass from nucleation dnds the net effect of depositional growth and evaporation

of ice. Equation 2.22 can also be usedd@ndyv if the source terms are written as
S=pf(v—vy) (2.26)

S =—pf(u—uy) (2.27)

2.3.4 \Vertical transport of ice by diffusion

Throughout this thesis, the turbulent mixing scheme is pptied to the ice water content. This
choice has been made as the choice of how to implement theléatbmixing of ice is difficult
and does not necessarily follow the same route as the tuntbmi&ing of the thermodynamic

variables.

The largest value of eddy diffusivity() in the simulations in this thesis is around 108 sn’
and occurs around 200 m below the cloud top. The effect ofuttiitent mixing in the top of the
cloud layer to the ice water content can be thought of a \@ntielocity (), with an appropriate
scaling (v = K/z where z is the depth from cloud top in metres). This gives &imam value

of wof 0.5 m s, At this depth from cloud top the grid-box mean ice fall vétpds around
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0.8 m s1. From this we can see that the effect of turbulent mixing @nitle is always smaller
than the effect of the gravitational pull on the ice paricéad as such the inclusion of turbulent
mixing on the ice only serves to slow the fall of ice from theuwd top, rather than increasing
the ice water content there. In many cases the turbulentnmiisi less strong than this and has
a smaller effect. In addition there are two negative feekibdbat largely negate the effect of
the reduced sedimentation rate and therefore larger icerwahtents near cloud top - these are
(a) increase in fall velocity due to increased mass of icéigdes and (b) reduction in turbulent
mixing strength due to less liquid water and hence less tigeiaooling to destabilise the layer.
These act to reduce the amount of ice near cloud top due t&r festlimentation. The resulting
change is a movement in the equilibrium position of the cJdud not a change to the structure

or dynamics of the cloud itself.

The inclusion of a the turbulent mixing scheme for ice maledifference to the conclusions
of the thesis. Using the exact implementation as for thetbeynamic variables (which probably
overestimates the effect) reduces the amount of supertbgled water in the control simulations
by 40% and across the range of sensitivity tests reduceseha by 35%. This is associated with
a reduction in cloud duration of 5% in the control simulatemd sensitivity test average. This
is a similar magnitude as the sensitivity tests where thieutant mixing scheme is modified,
which is one of the smallest sensitivities of all those t&stdhe main conclusions regarding
the importance of the ice growth processes and the sehsitivivertical resolution are robust,
whether or not ice mixing is included. Additionally, the treal profiles of liquid water and ice
- which are important when parameterizing the sub-grid [erafi chapter 5 - do not change in
shape. The vertical profile of ice water content in the top@Qif the cloud layer remains a linear
function of height, although with an increased value of i@ewr content throughout the depth of
the layer and hence the parameterization still fixes the mhaficiencies in the coarse resolution

models.

2.3.5 CalculatingT, gy and g, from 6, and ¢

6, andq; are good as prognostic variables because they are consemneersible moist adiabatic
processes. However, the model usually requires the airdeatyre and liquid water mixing ratio

for use in various parameterizations. Therefore a procesaltulate these is required.
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Equation 2.1 can be written equivalently usifigthe liquid water temperature, instead@pf
as

T-T-tq. (2.28)
Cp

Assuming that any water vapour in excess of the saturatisimmratio (s) is converted instantly

to liquid thenq, can be calculated as

—qs(T,P)  if q > qs(T,P),
o — & —ds(T,P) & > gs(T,P) (2.29)

0 otherwise

whereqs(T,P) is calculated using the following approximation to the Glas-Clapeyron equa-

tion:

as(T,P) = %’ « 611 exp<l7.269>< (2.30)

T-273 16>
T-3586 )’
wherem, andmy are molar masses of water vapour and dry air respectialy,air pressure in
Pascals and is air temperature in Kelvin. Whild® is known, T itself depends oms so T is
approximated using;. For this a first-order Taylor series expansiorggT, P) aboutT, is used:

d
0s(T,P) ~ qs(Ti,P) + = F

a7 (T-T), (2.31)

T
and whilst this assumes that the exponential functigiis linear aboufT;, the approximation
gives good results for values 6f below 290 K. This approximation allows us to be reasonably
accurate for the simulation of most supercooled mixed-@lases. Using this Taylor series

expansion allows us to solve for, g, andq, using the following equations:

T-— , (2.32)
1+ £ 53|
cp dT T
a = maX[q[ - qS(T7 P)7 0] ) (233)
=0 G, (2.34)

and to further increase the accuracy of these equationg atigesolved in a four stage iterative
process where our initial estimate ©ffrom the first stage is used in place §fin the second

iteration, and similarly for the third and fourth iteratmn
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2.4 Parameterizations used

There are many important atmospheric processes that eqoariameterizations to be incorporated
into numerical models, either because they represent ggeseon scales smaller than the grid-
scale (e.g. turbulence and cloud formation) or to reprabernthange of other prognostic variables
with time (e.qg. radiative transfer and ice growth processes

In EMPIRE the processes that are parameterized are:

1. Vertical diffusion (local and non-local turbulent migh
2. Ice nucleation, growth and sedimentation
3. Radiative exchange

4. Partial cloudiness

2.4.1 \Vertical diffusion

In equations (2.12) and (2.22) derived earlier, terms fdoulent vertical fluxes of variables calcu-
lated as the gradient of the variable in the vertical muégbby an eddy diffusivity<y. Described
below are two methods for parameterizikg for use in these equations using schemes based on

‘local’ (Louis, 1979) and ‘non-local’ (Lock et al., 2000) riing.

Which of these two schemes is used at a given time and loc&idetermined from the

Richardson number, defined as

Ri— Ng _ %322 (2.35)
dz

whereN? is the Brunt-Vaisala frequency and tells us about thiécssability of the atmosphere

andSis the vertical wind shear. Where the Richardson numbesstigan zero the atmosphere
is statically unstable and the non-local scheme is usedyuede it is positive the local scheme
is used. If the local scheme gives larger valueKgfthan the non-local scheme in unstable

conditions then the larger value is used to ensure smoatluidke diffusivity profile.

Pages33




Chapter 2: EMPIRE: A Single Column Model for studying mixeblase clouds

2.4.1.1 Local mixing

The local vertical mixing scheme in EMPIRE is based on Loli7Q), and is very similar to the
scheme used in the Met Office Unified Model, where the valulé,a6 parameterized based on
the local atmospheric stability and vertical wind shearegentwo terms are combined through

the Richardson number (2.3%4 is parameterized as

du

Kq=1? | F(Ri) (2.36)

whereF (Ri) is given by
(1-5Ri)> 0<Ri<0.1,
F= (2.37)
(20Ri)~2 0.1 <Ri.

and| is the neutral mixing length, increasing in size with dis@rabove the ground; and

calculated using
0.4z

= Tﬁ)
The function off is taken from Met Office Documentation (Lock, 2007, pp. 1B)cases where

| (2.38)

Ri < 0 the value oK is calculated as iRi = 0, but the non-local mixing scheme is also active.

The value ofKy used is the larger of that parameterized by the local andowal-schemes.

2.4.1.2 Non-local mixing

In addition to the local mixing parameterization a non-latéxing parameterization is used to
allow enhanced mixing in convectively unstable regions.evétthe atmosphere is statically un-
stable, that is to saii < 0, thenK, is parameterized using an unstable parcel method. The thetho
follows that described in Lock et al. (2000) but only the jmdithe scheme dealing with negatively
buoyant parcels is used. This is because localised heatiaty occurs away from the Earth’s sur-
face, but localised radiative cooling occurs at the top loélalids and can lead to destabilisation.
As boundary layer dynamics are not of concern then neglgdhie positively buoyant parcels

should not result in erroneous simulatioks,.is parameterized using the following method:

1. Find unstable layer tops. This is done by identifying tayehereRi < 0 and finding the

highest model level in each of these layers where the radiattheme diagnoses cooling.
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2. Modify 8y for an air parcel at the top of this layer to account for radéatooling using

emod — g% —tR (2.39)

— Ml

whereR is the model level radiative cooling rate in K'sandt is the cloud-top residence

timescale for mixed-layer eddies, taken to be 500 seconitslaxck et al. (2000).

3. Find the equilibrium height where the negatively buoygantcel will sink to by searching

downwards from the layer top to firl};(z) < 9{,’,‘0" and takez to be the equilibrium height.

4. Use the mixed-layer depth to calculate entrainment raterden two model levels at the

top of the mixed layer using
AV
SN gy oG AF
We = — 2l (2.40)
V2
Ab+ cp 24T
Zn

from Lock et al. (2000), wheré; = 0.23, zy in the mixed-layer depth in nr ~ T1,
a; = 0.2, AF is the radiative flux divergence in K nT$, Ab is the buoyancy jump across
the inversioncr = 1 andvg,,= V.3, +V2 which are the velocity scales for radiation and

buoyancy reversal respectively, in (M3, defined as:

3 OZmAF

Viad = T (2.41)
Vir = Aprxémax[0, —3b]Ab®°z;°Cirac (2.42)

whereAy, = 0.24, z. is the cloud depth in nC+4c is the cloud fraction and

14+ &s
= Q2 2.43
Xs qlmaqut YY) ( )
b~ g <—AT9' + 1.644Aqt> (2.44)
dgs
_ 2% 2.45
Ys aT ( )

whereAB,; andAq; are the grid level changes 6§ andg; across the inversion argy, _, is

the cloud top liquid water mixing ratio.

5. Use the entrainment rate to improve the estimate of clop@j using

gmod _ gtop W8, — AF .

vl — Yyl Vsum

(2.46)
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6. Re-calculate the equilibrium height as in step 3 using 9@99.

7. Apply the following function folKy throughout the mixed-layer:
212 7 0.5
Kq = 0.8%Veym— [ 1— — 2.47
. e (1- ) 2.47)
as in Lock et al. (2000), where= 0.4 andZ is the distance from the bottom of the mixed
layer, z. Note that the exponent on the final term is set to 0.8 in the Udtk, 2007),
unlike the value of 0.5 in Lock et al. (2000). The shape of theameterized diffusivity

profile can be seen in figure 2.1.
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Figure 2.1 Vertical profile of eddy diffusivity for a mixed-layer deptsf 1000 m andVgym= 1 m/s as

calculated from the non-local mixing scheme using equéaidi, with an exponent of 0.5 and 0.8.

2.4.2 Ice production and sedimentation

Ice production in mixed-phase clouds is the main factor tvietermines the glaciation rate and
therefore, together with sources of liquid such as radiativoling and turbulence, determines
how long the liquid persists for. There are three differactdrs which are important for defining
how much ice is produced; these are: nucleation, depoaltignowth and sedimentation. Other
microphysical processes, such as ice-rain interacti@ns,production and Hallett-Mossop (Hal-

lett and Mossop, 1974) ice multiplication are thought to benportant in stratiform mixed-phase
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clouds and are therefore not included in EMPIRE. The icersehis consistent with Wilson and
Ballard (1999) although with the implicit assumptions abioe crystal habit, terminal velocity
and mass-diameter relation removed and can be changey fid®$ in turn makes it similar to
the Rotstayn et al. (2000) scheme with the difference bdiagthe Rotstayn scheme assumes all
ice crystals are the same size, whilst Wilson and Ballard @MPIRE) assume an exponential

distribution of sizes based on temperature and ice watdentn

Nucleation

Ice nucleation occurs through either homogenous or hetemg nucleation. Homogenous nu-
cleation is where ice is produced from the freezing of liquithout the need for an external
mechanism for freezing. In contrast, heterogeneous nimteaccurs when liquid water is frozen
with the aid of an ice nucleus. Homogenous nucleation ontyrscat temperatures belewi0°C
whereas heterogenous nucleation dominates at temperdtetween 0C and—40 °C, with an
increasing number of available ice nuclei, and therefoceeiasing chance of a nucleation event,
at colder temperatures (Rogers and Yau, 1988). Ice nudeai@ras abundant in the atmosphere
as cloud condensation nuclei and therefore often limit éite of production of ice particles; how-
ever, for simplicity it is assumed that there are always ghoige nuclei present in EMPIRE.
Following Wilson and Ballard, ice is nucleated every timepstwithin a grid-box when the fol-

lowing conditions are satisfied:

1. Attemperatures colder thard0°C, if liquid is present, then all liquid is converted instignt

toice.

2. Heterogenous nucleation occurs in a grid-box if thergigd present and the temperature

is colder than—-10°C.

The number of ice crystals nucleated follows the Fletch862) relation, but limited to a maxi-

mum value, as used in Wilson and Ballard (1999):
n=min (0.01 exp(—0.6T), 10°) (2.48)

wheren is the number of ice crystals activated per cubic metre apéatureT (°C). Each ice
crystal nucleated is given an initial mass of 102 kg. The size of the initial nucleated mass is
not important in the model simulations as the depositionalvth term dominates the ice particle

growth once it has formed.
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Depositional growth of ice particles
Growth by deposition is the primary way that small ice p&taan grow. The growth of a single
ice particle by vapour diffusion can be calculated follogvihis equation from Rogers and Yau

(1988)
dm 4TICFSS$

dt ([ Ls Ls . RT
(W‘)W+m

wherem s the mass of the ice crystal in kG,is the capacitance of the ice particle in m, depen-

(2.49)

dent on its size and shapk, is the ventilation coefficientS$ is the supersaturation of the air
with respect to icelg is the latent heat of sublimatiok is the thermal conductivity of aib) is

the diffusivity of water vapour in air and is the saturated vapour pressure over ice. The ven-
tilation coefficient is computed &8 = 0.65+ 0.44S¢/3Re"/? (Pruppacher and Klett, 1978) with
the Schmidt numberSc= 0.6) and the Reynolds numbeRé= v(D)pD/u) wherev(D) is the
fall-speed of the ice particle andis the dynamic viscosity of air. The temperature dependence
of Ls, K andD are neglected; EMPIRE uses values suitable fd€0which arel = 2.83x 10°
Jkgl, K=240x102IJmlstKlandD =221P 1 m? s 1, whereP is the air pressure

in Pascals. The total growth rate of ice in a grid-box is dal@d by applying equation (2.49) to

each ice particle. This involves integrating over an assudigtribution of ice particle sizes:

1 ,dm
deposiion pJ dt ee(P) dD (2.50)

dg
dt

whereNice(D) is the number of ice particles of diametér, in metres given by the Wilson and

Ballard size distribution as:

whereNgice = 2.0 x 10° m™* andT is the temperature in degrees Celsilig is defined as

-1

IwC )>b+_1

Pica = <al\loicer(b +1)exp(—0.1222T (2.52)

where IWC is the ice water content in kg /) I is the gamma function and andb are the

coefficient and exponent in the mass-diameter relationafému 2.53).

The mass (kg) of an ice crystal is commonly related to its ét@m(m) through the following
relationship
m=aD (2.53)
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wherea andb are constants with values for different particle habitegiin Table 2.1. In many
ice schemes the ice particles are assumed to be spheridah ishunphysical as almost all ice
crystals are not spherical and results in both the growthaat terminal fall velocity of the ice
particles being calculated incorrectly. However, by assgnspheres and that the capacitance,
C = D/2, then the diffusional growth equation (2.49) reduces #i tif spherical droplets but
with supersaturations and latent heat terms relevant érlicreality the shape (habit) of the ice
crystals is variable and the primary mode of growth depemdbath temperature and supersat-
uration of the air (Rogers and Yau, 1988). The capacitandegendent on the habit of the ice
crystal but is not a well defined function. Numerical simas by Westbrook et al. (2008) found
that the capacitance of aggregates is around half that @rephimplying that models assuming
spherical ice particles may overestimate their growth bgita factor of 2. Table 2.1 shows values
from experimental data and model parameterizations féergint habits, which are included in

EMPIRE as alternative habits.

Table 2.1 Summary of different crystal habits used in EMPIRE with eadora, b, ¢, d for use

in equations 2.53 and 2.54 and how the capacitabcis, assumed to vary with diametBr

Habit a b C c d Reference
Spheres 0.069 2.00 D/2 25.2 0.527 Wilson and Ballard (1999)
Spheres 366.519 3.00 D/2 - - Rotstayn et al. (2000)
Spheres 0.0185 1.90 - - - Brown and Francis (1995)
Hexagonal Plates 0.00376 2.00 1O/ - - Rotstayn et al. (2000)
Hexagonal Plates - - - 179 0.62 Heymsfield and Kajikawa (1987
Dendrites 0.2423 253 @ 3.29 0.33 Avramov and Harrington (2010)

Ice sedimentation
Ice crystals are assumed to fall at their terminal veloeitlyich is assumed to be related to the

diameter in a similar way to the mass by
V =cDd. (2.54)

values forc andd are given in table 2.1 for diameters in m and fall velocitiemis . The transfer

of ice from grid level to grid level is calculated using thesaaveighted fall speed, defined as

 [V(D)M(D)Nee(D) dD
V= (D) Nea(D) dD (2.59)

Page39




Chapter 2: EMPIRE: A Single Column Model for studying mixeblase clouds

and uses the same assumed size distribution as for the isghgrdce is not permitted to fall
more than one grid level in a timestep. To improve the acquoddce sedimentation a Total
Variation Diminishing (TVD) advection scheme is used; th&dps to preserve gradients of ice

water content. The TVD scheme is described in section 2.6

2.4.3 Radiative transfer

The radiative transfer in EMPIRE is calculated using the &dis-Slingo radiation code (Ed-
wards and Slingo, 1996). A radiation scheme is required torately model the atmospheric
temperature changes due to the emission and absorptiodiafioa. In mixed-phase clouds, this
happens most notably at the cloud top where a layer of liquatewvemits longwave radiation.
Other radiative impacts, such as the absorption and reftedti solar radiation by clouds, will

need to be modelled accurately to correctly simulate théugea of mixed-phase clouds.

The Edwards-Slingo radiation code is a two-stream modethvbalculates the longwave and
shortwave fluxes through layers of the atmosphere and ingsatng and cooling rates from the
radiative flux convergence/divergence. The effectiveusdi liquid droplets is set to 2Jim and
the effective radius for ice crystals is set to|B@. The radiation scheme also includes the effects

of water vapour, ozone, carbon dioxide, methane, oxygémus oxide and CFCs.

By default the radiation scheme is called every 15 minutesutfhout the simulation so that
the model is able to react quickly if cloud forms. GCMs tyglicaall the radiation scheme less
frequently than this, typically about every 3 hours for cie models, and this could be one
reason why GCMs do not represent mixed-phase clouds weked4phase clouds are thought to
be largely driven by the radiative cooling from cloud top @sdsuch a good representation of the

radiative exchange is important.

2.4.4 Partial cloudiness

Most atmospheric variables vary on spatial scales muchlentban typical grid-box sizes. Most
models, however, only store information about the grid-beean values. In some cases, such as

for pressure and temperature this is reasonable, but fer e#tniables this does not give the model

Page40




Chapter 2: EMPIRE: A Single Column Model for studying mixeblase clouds

sufficient information to achieve realistic simulationsnédsuch example is for cloud formation;
clouds form when the humidity of the air reaches or exceetisat#on. However, cloud does not
usually form uniformly across scales of many kilometresoudks can form even when the large-
scale mean humidity is below saturation due to local an@saif moisture and/or temperature.
By assuming some variation of humidity within the grid boe flormation of cloud as the grid-
box mean humidity approaches saturation can be paranegterf2ne can assume many things
about the sub-grid scale variability of moisture and terapee. In EMPIRE this variability is
parameterized following Smith (1990) where a triangulatribution of total water mixing ratio
within the grid box is assumed and the fraction of the grid-imowvhich cloud exists and the liquid

water mixing ratio of the cloud that is present is calculdted this distribution.

Figure 2.2 lllustration of a typical sub-grid distribution of total wex mixing ratio as parameterized by the
Smith (1990) scheme. The mean of the distribution is grehtarqi; so part of the grid-box is assumed
to be cloudy. The fraction of the grid-box which is cloudy épresented by the grey shaded area relative

to the whole area under the distribution.

Figure 2.2 illustrates the triangular moisture distribatfrom Smith (1990). If the tempera-
ture and pressure are know, can be calculated, so the only further thing needed to cleul
the cloud fraction and the liquid water mixing ratio of thewtl is the width of the triangle. The
width of the triangle is the measure of moisture variancéiwithe grid-box. In the Met Office

model the width of the distribution is described by RKHthe critical relative humidity at which

Page41




Chapter 2: EMPIRE: A Single Column Model for studying mixeblase clouds

cloud starts to form. The grid-box megnat which cloud begins to form is therefore:

Qerit = RHcritGs, (2.56)

so it then follows that the width of the distribution (frometinean value to either extreme) is
AQ = gs — Qerit = (1 — RHerit) Os. (2.57)
The maximum and minimum values of the distribution can aksdéfined for later use as

Omax= Gt +AQ; Omin = Ok — AQ. (2.58)

There are three options for defining B

e a fixed constant value which may vary with height (e.g. Metce@ffnodel)

e a prognostic variable which is modified by various physicaicpsses (e.g. Tompkins,
2002)

e avalue diagnosed from other model fields using similarigotly from turbulent boundary

layers

EMPIRE uses a fixed value of R = 0.85 for all model levels, this is in the range of values
used by the Met Office Unified Model, which decreases from @the surface to 0.83 in the
4km resolution model in the free troposphere and to 0.80ergtbbal model (Humphrey Lean,
personal communication). If the shape of the triangulatriBistion, H(q), is defined such that

qqmaxH dg = 1, then the cloud fraction, CF, and liquid water mixing ratig can be calculated

as

COmax
cF= [ "Hdq (2.59)
Os

a = / qmax(q —0s)H dq (2.60)

S

This gives a one to one relationship between the liquid wedatent of the grid-box and the
cloud fraction for given temperature, pressure and,[RHrhe ice cloud fraction is calculated in
a similar way using the ice water content of the grid-box touwate the cloud fraction using the
same equation but with a saturation mixing ratio relativéceo Although there is no physical

basis to relate the ice mixing ratio to ice cloud fractiontie same way as is done with liquid
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cloud this is the method used by the Met Office model and is is&MPIRE for consistency.
When both liquid and ice exist within a grid-box they are assd to be minimally overlapped
(again following the Unified model) meaning that the modetglaot produce truly mixed-phase

cloud until the grid-box cloud fraction reaches 100%.

2.5 Model initialization and forcing

As a single column model, EMPIRE knows nothing about the aphere outside of the single
column. To be able to deal with the time varying nature of ttmosphere, a way of forcing the
model such that it evolves in time in a suitable way is reqlir&here are two methodologies
for forcing a single column model, these are a) using a rélaxao some known state or b)
incrementing the prognostic variables based on adveatimnor out of the model column. Each
method has its advantages and disadvantages; the retaratithod will not allow the simulation
to drift too far from the forced state and will significanthhange the variables in EMPIRE if
the forced state is very different to the modelled state. v€mely, using increments only from
advection allows EMPIRE to maintain an entirely differetats from the forcing data but this

means that large drifts from the forced state are not pratést

Adding terms for relaxation and advective forcing to ourgmrostic equation, (2.22), gives

oq og 190 dq & |, 0q d— Gtruth

b A (pK— | = A L 2.61

o Voz paz< qaz> p ot ltorcing . Trotae (2.61)
Where% is the advective forcing terngys, is the observed state that the model is being

forcing
relaxed towards antejax iS the relaxation timescale, typically 3 hours where usdaNiPIRE.

We are fortunate to have access to an advective forcingatdtased on ERA-Interim. This
advective forcing dataset gives 3-hourly increments ofterature, moisture, and horizontal wind
speeds due to horizontal advection. These are calculaistdERA-Interim 3-hourly changes, but

with the changes due to physical parameterizations suchasphysics and radiation removed.

The ERA-Interim reanalysis forcing data is used in EMPIREdbmost all cases. This is
used alone and without any relaxation to an observed stdte. parameterized model physics

is expected to be the dominant part of any observed changariperature and humidity and
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therefore EMPIRE would not drift too far from ERA-Interimhi$ assumption was tested and
found to be acceptable with temperature differences betEdPIRE and ERA-Interim typically
less than 1 K after 24 hours. As all models and ERA-Interimenestimatey (shown later) the
relaxation term is not used in EMPIRE as this would force thedeh towards a state that is
potentially to dry. Small errors in the thermodynamic pesidue to leaving out the relaxation
term are more acceptable than forcing cloud formed in EMPiR&issipate in cases where the

forcing data may well be incorrect.

The EMPIRE model is set up in such a way that it can be run fratrmirconditions from
a variety of sources. This flexibility allows the model to Indtialize using profiles from other

models, atmospheric radiosonde ascents, ERA-interimahgsia or idealised profiles.

2.6 Model numerics

The prognostic equations derived earlier are solved usifidlyaimplicit scheme for the time
derivative and a centred scheme for spatial derivativebdtir the advection and diffusion terms.
A tridiagonal solver is used to solve all grid-levels sinankkously. The only exception to this
is the ice sedimentation scheme which is solved using a Vatghtion Diminishing (TVD, e.g.
Sweby, 1984) advection scheme. A TVD scheme is used to giae@urate representation of the
ice sedimentation which preserves gradients and has mimuomaerical diffusion. This cannot
be achieved with conventional advection schemes. Thisrtpkarly important as it is expected
that the formation and sedimentation of ice is a large faictdine depletion of liquid water from

mixed-phase clouds.

The TVD scheme works to prevent numerical instabilities asalllations whilst maintaining
gradients in the ice water content field. To do this it reqigeflux limiter, that is a means of
limiting the flux from one grid-box to the next to a sensibléugasuch that spurious extrema and
negative values and spurious amplification of existingesrtx are avoided (Thuburn, 1997). This
is done by calculating the gradient of the field around eaahmpint and defining a ratia,, of

the gradients on each side of the point

G —0-1
f[[=—-— 2.62
I Gi+1—0i ( )
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where subscripts, i — 1, i + 1 refer to the grid-point index. The flux from one grid box te th
next can be approximated in many ways. The TVD scheme rafjbioth a high-order and a
low-order scheme to work. High-order schemes are genearaile accurate and better represent
gradients in the advected field but can introduce osciltatievhilst low-order schemes are stable
but are artifically diffusive and are generally less acairdtn example of a high-order and low-
order scheme would be a 2nd order, centred-in-space scheananaupwind advection scheme

respectively. These are the two schemes used in EMPIRE’s §&/ieme.

Fluxes calculated from the high- and low-order schemeshamreweighted at each point based
on the gradient of the quantity at that pointMany different functions exist for the weighting of

the high- and low-order fluxes and EMPIRE uses the van Leéi4)lRinction:

L rr

ifr>0 or =0 otherwis 2.63
17 ® e (2.63)

and the flux is calculated at each point using

whereF is the total flux,F_ is the low-order fluxf is the high-order flux. By requiring that the
flux leaving one grid-box enters the next grid-box the scheperfectly conservative. An im-
proved representation of the time varying nature of thersedtation is captured by the addition

of a fourth order Runge-Kutta scheme.

2.7 Radar and Lidar forward models

Many of our observations of mixed-phase clouds come frorrungented sites where surface
based radar, lidar and microwave radiometers give infaomatbout cloud structure. These in-
struments do not provide perfect information about the d$opresent due to the way that they
work. For instance, the lidar signal can be fully attenuatgdiquid water and therefore any
clouds above that height cannot be sampled by the lidar. diitiad, the radar sensitivity de-
creases with distance from the instrument and thus cirausdsl with low reflectivity, high in the
troposphere are not detected. To allow reasonable coropabstween these observations and

EMPIRE simulations, radar and lidar forward models are iagpio the EMPIRE output. This
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means taking the model output and sampling the cloud fietésafnd liquid water content) as if
it were seen by a radar and lidar. By doing this any potentedds of unsampled clouds are re-
moved and this also allows us to directly compare model dutjith radar and lidar observations

for case studies.

Radar Forward Model

The radar forward model is constructed using an expression Hogan et al. (2006). This pro-
vides ice water content as a function of radar reflectivigtdaZ (dBZ) and temperaturgé (°C).
The relationship has been derived by comparing radar memsunts with in-cloud observations
using aircraft-based sensors across many mid-latitude stadies. The appropriate relationship

for ice water content, IWC (g/kg), from radar reflectivity38GHz frequency is
log;o (IWC) = 2.42x 10 4ZT + 0.069% — 0.0186T — 1.63 (2.65)

which can be inverted to give radar reflectivity factor (inZ)Bn terms of IWC and temperature

_ log;o(IWC) +1.63+0.0186T

Z
2.42x 10-4T +0.0699

(2.66)

The minimum detectable signal for a radar decreases as tlaeesqf the distance from the
antenna. This is because the amount of power returned frgieiseat a greater distance decreases
following the inverse square law. For the 35 GHz radar atliitibn the minimum detectable
signal (in dBZ) is given by

Zinin = —105+ 20log, of (2.67)

wherer is the radial distance from the radar antenna in metres. ahee sconstraint on the
minimum detectable signal is also applied to the forward ehcd that low reflectivity clouds

that could not be observed in reality are not included.

The reflectivity in the forward model is only calculated wsthe model ice water content field
and does not include liquid water. This is because it is assuthat the liquid water observed
in these supercooled clouds has a small size and as the edanr is proportional td° these
small droplets will likely not influence the radar reflectywpredicted from the forward model.
The return from rain is not included, as rain is not a variahl&EMPIRE and the effects of

attenuation in the radar forward model is neglected bectugskquid and ice water contents are
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low in mixed-phase clouds and therefore the sensitivity ikiély have a much larger effect than

attenuation.
Lidar Forward Model

The lidar forward model predicts the attenuated backscettefficient,3’ that would be de-
tected by the instrument. This is done following Marshamle{2006) and briefly described
below. The extinction coefficienty; is assumed to be

WC,;
Pjrej

a;=15x (2.68)

where the subscrip} refers to the phase of the hydrometeor (liquid or ice), WChis water
content in kg m3, p is the density of liquid or ice antk is the effective radius. The effective
radius for liquid is held at a constant value of 1 to be consistent with the radiation scheme,
whilst the ice effective radius is calculated from the meam particle mass assuming they are

spheres with a density of 700 kgthfollowing Rotstayn et al. (2000).

The backscatter coefficien8, can be calculated from the extinction coefficient if theatid
ratio, S, is known. A value ofS= 18.5 sr is assumed for both liquid and ice as in Marsham et al.

B is summed across both liquid and ice species and then thiatezl backscatter coefficient is

Bj (2.69)

calculated using
1—exp(—2n a Az)
2nalz

B'=Bexp(-2nT) ; (2.70)

wheret is the optical depth of hydrometeors between the lidar ardbtise of the model level

being calculated, defined as
z
T:/ o dz, (2.71)
0

andn accounts for multiple scattering of the lidar beam (Pl 3) which takes a value of 0.7
for the Chilbolton lidar (O’Connor et al., 2004) where 0.5uagive the maximum multiple scat-
tering and 1 gives no multiple scattering. The fraction amrilght hand side of (2.70) accurately
deals with the attenuation within the layer being calculgtdogan, 2006) wherAz is the depth

of the model layer.
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CHAPTER 3:

EVALUATING NUMERICAL MODEL
PREDICTIONS OF MIXED -PHASE

CLOUDS

Clouds are one of the biggest factors that influence radiaichange and surface temperatures
on daily, seasonal and longer timescales. It is therefoporitant to evaluate the skill of models
in predicting clouds and their radiative impact. As suclev@us studies have evaluated model
cloud forecasts and attempted to understand deficiencibe imodel that lead to erroneous cloud
forecasts (e.g. Hogan et al., 2001; Tselioudis and Jakdl;a0ingworth et al., 2007; Bouniol
etal., 2010; Delanoé et al., 2011). In this chapter thegasspecifically on mixed-phase clouds.
Ground based radar and lidar observations of clouds are tosintify mixed-phase clouds
and estimate the liquid and ice water contents of these slolising these data, a number of
days for which good observations of persistent mixed-plwseds exist are selected and the
observed clouds from these days are collated. The obselwed properties are then compared
with a number of numerical model predictions of cloud at thms time, in terms of their mean
liquid and ice water contents, cloud fraction, structurd eadiative impact. Much of the analysis
follows the approach of lllingworth et al. (2007) by averagihe high resolution observations on
to the model-grid of each model analysed. However, by salgcanly days where mixed-phase
clouds are present, comparing the cloud properties withrgbsons as a function of temperature
rather than height and evaluating the liquid and ice cloadtions separately detailed information

specifically about mixed-phase clouds can be extracted.
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3.1 Remote sensing data and processing

The data for the observations of mixed-phase clouds usddsithtesis come from ground based
remote sensing instrumentation based at Chilbolton, Ukclvifiorms part of the Cloudnet re-
search project (lllingworth et al., 2007). Much of the ranvtad&om the instruments has been
combined and processed as part of the Cloudnet project.ifdligles quality control of the data,
conversion of reflectivity, backscatter and brightnesspmatures to liquid and ice water contents
and cloud fractions, averaging of the high resolution dataddel grid scales and incorporation
of model forecasts of temperature and pressure. An exanfijlee@rocess to combine these
observations is shown in figure 3.1 for an observed mixed@ltdoud on 2 April 2005 and a

description of this process follows.

The radar reflectivity (panel 3.1a) and lidar backscattanéb 3.1b) are used together with
the radar Doppler velocity (not shown) to determine the reatii the target (target classification,
panel 3.1c). Because the lidar is sensitive to the numenmadl §quid droplets and the radar is
most sensitive to the larger ice particles it is possibledtenine the phase of the target; this is

aided by the radar Doppler velocity which highlights fajjiice particles.

Where ice particles are observed, the ice water contentrwatiich pixel is determined using
the empirical relationship from Hogan et al. (2006). Thig@ioal relationship was derived from
aircraft observations of clouds made during EUCREX; whités$ relationship was formulated
on mid-latitude clouds which were not specifically mixedzpl clouds it is anticipated that the
ice falling from mixed-phase clouds will follow a similarla¢éionship between ice water content
(IWC in g m3) and radar reflectivityZ in dBZ) to that derived by Hogan et al. (2006). The

relationships used are
log;o(IWC) = 0.00024ZT + 0.069% — 0.0186T — 1.63 for 35GHz radarand  (3.1)
log;o(IWC) = 0.00058& T + 0.092% — 0.00706I — 0.992 for 94GHz radar  (3.2)

whereT is the temperature irC.

The liquid water content values are obtained through theofisdl three instruments. The
Cloudnet retrieval algorithm uses the lidar to identify tase of a liquid cloud layer, but due to

the attenuation of the lidar beam by liquid water it is unableletect the cloud top reliably, so
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Figure 3.1 lllustration of the a) radar and b) lidar observations froAf&il 2005 used together in c) to
determine the nature of the target. The liquid water pathsoneal by the microwave radiometer is shown
in d) and the derived ice and liquid water contents in e) andliese are then averaged to the Met Office

Mesoscale model grid scale for water contents and cloudsdraof liquid and ice (g-j).
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instead the cloud top height derived from the radar is usesindthe cloud top and base height
and model temperature and pressure, the liquid water coptefile is calculated assuming that
the cloud is adiabatic from cloud base to cloud top. The tiquater path (the integral of the
liquid water content) measured by the microwave radion(ganel 3.1d) is then used to scale the
in-cloud liquid water content profile such that both liquidter paths agree. There are a number
of complications with this method, primarily caused by thesgnce of multiple layers of cloud.
With multiple layers the attenuation of the lidar beam mdagker layers may not be detected at
all and if they are then the liquid water path of each layemisantain as there exists only a single
retrieval of liquid water path for the atmospheric columns Aresult of this only single-layer
mid-level mixed-phase clouds have been selected for daalgs only at times when there are no
low level clouds; this restriction significantly reduces thumber of days and times suitable for

analysis.

Once the liquid and ice water contents have been calculaidaechigh-resolution data (pan-
els 3.1e,f), it is then averaged to the model grid scale. ihk@ves averaging over height ranges
consistent with the spacing of the model vertical levels awvet sufficient time to represent the
horizontal grid spacing of the model (calculated using tloelets horizontal wind speed). This is
done separately for each model and therefore results in d&uoh different ‘observations’. The
liquid and ice water contents (panels 3.1g,h) are the obdemean in the vertical and horizontal
(time) space corresponding to the model grid-box whilstibead fraction is the number of pixels
where the liquid or ice water content in larger than zero. dlbad fraction is not split by phase
in the Cloudnet data so the total cloud fraction is assumdxk tice and the liquid cloud fraction
has been calculated using the same code used to generatd¢alheldud fraction but using the

liquid water content values.

3.2 Details of numerical models

A number of numerical weather prediction (NWP) and regiatiahate models (RCMs) will be
compared later and their ability to predict mixed-phasedsoanalysed. In this section an outline
of each of the models used in this comparison is given anddiialifferences in the models are

highlighted, particularly that may explain their varyingildty to predict mixed-phase clouds.
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Table 3.1 Details of the numerical models and their cloud schemes imskader comparisons. Modified

from lllingworth et al. (2007).

UKMO- UKMO- Météo ERA
-Meso -Global ECMWF -France RACMO  -Interim
Horizontal Resolution (km) 12 60 40 (25) 23.4 18 79
Number of Vertical Levels 38 38 60 (91) 41 (60) 40 60
Grid-box depth at 5 km (m) 615 636 551 (397) 491 523 548
Minimum Liquid Temperature°C) —40 —40 —-23 —40(—23) -23 —-23
Prognostic Cloud Variablés O, G G, G O, A O Oc, A O, A

lPrognostic cloud variables age— total water mixing ratiog. — cloud (liquid + ice) water mixing ratio,

g — ice water mixing ratio ané\ — cloud fraction.

Table 3.1 shows details of the model resolution, which rarggween 12 and 79 km in the
horizontal and 397 and 636 metres in the vertical at 5 kmudkit Our dataset spans 7 years
from 2003 to 2009 and as these models are being compared twreg period, where the model
settings have changed, the initial value is given and thet meegnt value is given in brackets.
The table also gives details about the cloud scheme usedlinneadel, the prognostic variables

used and the coldest temperature at which liquid water imiped to exist.

Only two of the models have a cloud scheme where cloud ice iegnpstic variable sepa-
rate from liquid (UKMO-Meso and UKMO-Global). The other nmadd have a single prognostic
variable for total condensed water in the cloud and the dtlmuid and ice in any grid-box is a
diagnostic function of temperature. This simplificatioredmot allow the models with diagnostic

ice to capture the structure of mixed-phase clouds thatlzsereed (Marsham et al., 2006).

3.3 Definition of diagnostics

To be able to compare the model output with the observatibnsx@d-phase clouds diagnostics
need to carefully chosen so that they can be equivalenttulzded from both modelling and
observational datasets. Three diagnostics are chosewithserve as the method of comparison;
each of these are mean quantities over the whole datasetifsssbelow) and are divided up into
temperature ranges each spanniffC5 The data is averaged over particular temperature ranges
as it is expected that microphysical processes such as @eation, deposition growth rate and

ice particle habit are the important processes in contiglthe structure of mixed-phase clouds
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and these processes are themselves dependent on tengeratur

Mean liquid water content
The mean liquid water content is our primary chosen diagnodthis is the mean liquid water
content observed from the whole dataset, including timesnwito cloud is observed. This is an
important diagnostic because it is a physical quantityotiyecomparable to the model liquid wa-
ter content and because it is an important factor in calicuiatof radiative exchange, particularly
for solar radiation. It also has the advantage that, as aelataean, it is not sensitive to the reso-
lution of the data and is not dependent on making any otheings$ons to make the model data
comparable with observations. The drawback with this diatjo is that it requires a minimum

of two instruments to locate and quantify the amount liquid & therefore liable to large errors.

Mean liquid cloud fraction

The mean liquid cloud fraction is calculated from all timeleather or not a cloud is observed.
Like the mean liquid water content this quantity is not séwvesito the resolution of the data used;
however, it is not as easy to ensure that like values fromrghtens and models have the same
physical interpretation. Models typically only have a $engloud fraction quantity which applies
to both liquid and ice cloud. In some models (e.g. the Met @ffimified Model) the liquid
and ice cloud fractions are calculated separately and thebined to create a single value. The
Met Office model uses a minimum overlap assumption for licand ice clouds which means
that the liquid and ice clouds are assumed to fill differenmtspaf the grid-box whilst the total
cloud fraction is less than 1. Therefore the liquid and i@adlfractions are added together to
obtain the total cloud fraction, assuming this gives a valoegreater than 1. The liquid and ice
cloud fractions can therefore be calculated separatehgusie model water contents and these
values are used in the comparisons. Other models calcutitgle cloud fraction from the total
condensed water content regardless of phase and detefmiregio of liquid to ice water content
later. In these cases it is not possible to determine how rotithe cloud fraction comes from
liquid and ice or whether it is all mixed-phase. It is therefassumed that the liquid and ice
are maximally overlapped and uniformly mixed throughowt thoudy part of the grid-box and
this allows us to use the cloud fraction value output fromriael for both the liquid and ice
cloud fractions in our comparisons. Another difficulty isithhe cloud fractions output from the

model do not have a strong physical basis. Model cloud fsastare diagnosed largely for the
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radiation scheme calculations and have little impact oftloelel evolution in any other way. The
parameterization of ice cloud fraction is particularly kdéraging as there is no theoretical reason
why a higher mean ice water content should mean a higher acel draction and indeed some
studies have shown this assumption to be false (Bodasd®akteal., 2008). For liquid water it
might be expected that a grid-box that has a higher fractturated with respect to water to also
have a larger liquid water content as is suggested by Sm@&80)L However, the relationship
between liquid water content and liquid cloud fraction is Bubject of ongoing research (e.g.

Wood and Field, 2000).

The observed liquid cloud fraction is calculated using tlaetion of lidar measurements de-
tecting liquid water. Points where the lidar was unable tieckeanything due to attenuation by
lower altitude clouds are not included but additional peiate added at the top of liquid-layers
where the lidar has been attenuated within the liquid-ldygithe radar observations indicate the
cloud extends higher than this and is likely to contain lijiAs a result of this the colder temper-
atures have fewer data points than the warmer temperatueedhe lidar being attenuated. It
is expected that the omission of these points where thedidaal was attenuated will artifically
increase the cloud fraction at these colder temperatutgshat the overall effect of this will be

small because the selected cases have only single-laye&tsclo

Mean in-cloud liquid water content

The mean in-cloud liquid water content is simply the meamafloud liquid water content calcu-
lated by dividing the mean liquid water content in each dpick-by the liquid cloud fraction. This
enables us to determine whether modelled clouds are preglitie correct ratio of liquid water
and cloud fraction. This quantity is the most sensitive ® fisolution chosen as, for instance,
a single small cloud passing over the observation site \&ileha high mean liquid water content
when present, but when averaged to the scale of a model gxithds a cloud fraction below 1 and
a lower grid-box mean liquid water mixing ratio. Dividingetbe quantities for a single cloud will
give the same result regardless of resolution; howeves,sténario becomes more complicated

if a second cloud occurs within the same grid-box but witfedént properties.

Ice cloud quantities
The three equivalent quantities are calculated for iceddoas well as liquid clouds. They are

calculated using the same methodology, however, the dquaritice detected is calculated from

Page54




Chapter 3: Evaluating numerical model predictions of mipéase clouds

the radar reflectivity on a point-by-point basis using thepgital relationships from Hogan et al.

(2006) described earlier before being averaged to the nuwitkl

3.4 Model evaluation

3.4.1 Selection of days for analysis

Many previous studies of clouds have chosen to compare\aigers of clouds with models us-
ing a case study methodology. This methodology allows atdaemparison to be made between
observed cloud variables and those from the model, but ¢adis can be unrepresentative and

therefore an analysis of many cases is sought to allow atrabugparison.

Although a study of the full climatology of mixed-phase dguwould be ideal, obtaining
reliable information about their structure from surfacedzhremote sensors is difficult. To detect
the liquid layer in mid-level clouds requires that the liddgnal is not attenuated by low-level
clouds. The nature of low-level clouds is that they are uguigluid-phase and typically have an
optical depth large enough to completely attenuate the $igmal. In addition, to obtain the liquid
water content within the cloud a measure of the liquid wasth jis needed. This is obtained from
microwave radiometer measurements but when multiple diyets are present it is not possible

to reliably determine the relative contribution to the ldjwater path from each layer.

Therefore a number of days are selected where reliableaigers of mid-level mixed-phase
clouds have been made. Days are chosen if they contain iedjtiquid layer clouds and at the
times when this cloud is present, there is no low level cload ideally no cirrus. Times where
multiple layers of liquid or mixed-phase cloud are presestaso excluded as the liquid water
content in each layer can not be retrieved. Unfortunatély slgnificantly reduces the number
suitable days for analysis relative to the number of days bithvmixed-phase clouds occur.
Days that are suitable for part of the day are included, byt the parts of the day that fit the

above criteria are included in the analysis.

This situation gives us more useful information than a casayswould, but is not as satis-

factory as a full climatology. It is also possible that byesting days where mixed-phase clouds
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are observed, but without using any information from the etedthat the model data may be
biased from that of a true climatology. The full data set aorg around 7 years of data, however,
after selecting suitable days and restricting times indlsestable days to those with no low-level

clouds the data set contains 312 hours of data from 21 saitiyls.

3.4.2 Cloud statistics
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Figure 3.2 Mean liquid and ice cloud properties from radar and lidareoations and also from a number
of NWP forecast models, regional climate models and ERAfInt reanalyses. Shown are: a) mean liquid
water content, b) mean liquid cloud fraction and c) meanlaud liquid water content, each as defined in
section 3.3. Panels d-f) show the same quantities but foiTicese data are for the selected 21 days where

mixed-phase clouds or clear skies are observed, eachgbste function of temperature.

Figure 3.2 shows the three cloud quantities described afoovieoth the liquid and the ice
phase from observed cloud derived from radar and lidar @hens and also from a number
of NWP forecast models, regional climate models and the ER&4m reanalyses. Each of
these are plotted as a function of temperature, with therebdeuantities being the mean of the

observations averaged on to the numerous model grids arsthéioied area representing the range
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of these observations at that temperature.

The observations of mixed-phase clouds shown by this asadys interesting. On average,
for the 21 days analysed, the mean liquid water content fop&zatures between 0 ar@®0°C is
roughly constant with temperature with a value betwe@r41 x 102 g m—2 depending on the
model grid chosen. For temperatures colder th&0 °C the mean liquid water content decreases
exponentially until at-40°C there is virtually no liquid water. The observed liquidwiofraction
shows a peak at aroundl8°C with a maximum cloud fraction of.3% whilst the in-cloud liquid
water content decreases steadily with decreasing tenaperfom a value of 0.11 g n¥ at 0°C

to0 0.011 g 3 at—40°C.

The observations of the ice phase show a maximum in mean iee eantent (74 x 10-2 g m3)
and a peak in the ice cloud fraction (23.7%)-at2 °C. This peak in the ice water content is
around 5°C warmer than the peak in the liquid cloud fraction as mighekpected given the
typical structure of mixed-phase clouds with thin liquigidas atop a thicker ice layer. The mean
in-cloud ice water content is fairly constant with changiegperature at temperatures colder

than—5°C at around M2 g nT3,

In terms of the liquid water clouds this analysis shows a remu differences between ob-
served clouds and those simulated by the models. All motedéesi here underestimate the mean
supercooled liquid water content at temperatures beld °C. The worst performing model is
the Met Office Mesoscale model which has no liquid at tempeeatcolder thar-10°C. The
Meteo France (2003-5) model is the best performer and lidggmthe range of observations for
temperatures betweenl5°C and—40°C, albeit on the extreme low side of this range and has a
mean liquid water content too low by a factor of 2 betweelD °C and—30°C. This model, like
most models, uses a diagnostic scheme to determine theofdidpiid and ice cloud condensate
based on the temperature, but is the only diagnostic scheamaltows liquid to exist at temper-
atures as cold as40 °C. Other diagnostic schemes have a different temperatonie Beyond
which liquid is not able to exist; in this sample all other retsdwith a diagnostic ratio of liquid

and ice do not permit liquid at temperatures bele23 °C.

The Meteo France (2003-5) model has a much higher mean lgjoid fraction than the

observations, particularly at the colder temperatureswbrst example being a predicted liquid
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cloud fraction of 19.5% at-37°C where the maximum of the observations at this temperature
is only 0.02%. From 2006 onwards the model changed and thienmin temperature at which
liquid can exist changed te23°C. This brought the model in line with other diagnostic msdel
and improved the prediction of liquid cloud fraction, buisthlso reduced the total liquid water

content and now shows a similar underestimate as other smodel

The Met Office mesoscale and global models are particulatrésting as they are the only
models in which ice water content is a prognostic variableasste from liquid. At tempera-
tures warmer thar-10°C the predicted liquid water content is just 4.5% (meso$caie 62.7%
(global) of that observed whilst most other models ovemnestie the liquid water content at these
temperatures. Model performance is worse at colder ternesawith no liquid at temperature
colder than—10°C in the mesoscale model are2(°C in the global model. These are the two
models with the least amount of liquid water and the lowesimriuid cloud fraction. This is an
important point; the Wilson and Ballard (1999) microphgsscheme used in the Met Office Uni-
fied Model is a collection physically-based parameterzetiof the microphysical process rates.
The fact that this parameterization scheme results in arsenderestimation of the supercooled
liquid water highlights the fact that either these paramizttions are not accurate in the case of
mixed-phase clouds or that other processes not includeldeimiodel must be involved in the
maintainence of mixed-phase clouds. The poorer performancthis physically-based param-
eterization compared to the temperature-dependent $piguid and ice used by other models

motivates much of the work throughout this thesis.

The model predictions of the ice phase are somewhat betarftn liquid with the models
spanning the range of observations throughout the tempersange analysed. The ice cloud
fraction, however, is too large for all models at tempeiedurolder than-30°C by as much as
0.1, doubling the observed value. At warmer temperatutes@iels underpredict the ice cloud
fraction and at-12°C the mean observed cloud fraction is 23.4% but the multiehatean is
only 7.3% and the largest model value is only 9.5%. The dustenodel predicted ice cloud

fractions is remarkably tight given how different they amenfi the observations.

There are two possible explanations for this absence ofl@elat —15°C, one being that
the models fail to predict ice cloud at this temperatureroieough and the other being that the

model predicts too little cloud fraction when it does prédioud. This implies that either the
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clouds are not forming often enough, or that when they do fibvey are dissipating too rapidly.

This issue with ice cloud fraction is addressed furtherwwelo

3.4.3 Ice cloud fraction

In this section the large difference present between therged ice cloud fraction and that pre-
dicted by all of the models is investigated. At temperatweasmer than—30 °C the mean ice
cloud fraction predicted by the models is similar acrossraitels between 5 and 10%, but the
observations show a peak-all2°C of 23.4%. Throughout the same temperature range the mean
ice water content observed and modelled agrees very wellcartainly does not indicate that

60% of ice clouds are not predicted as the cloud fraction sstgg

Of the models used in the comparison above, there are thfeeedi methods for the calcula-
tion of the cloud fraction. The Met Office Unified Model sepaha calculates cloud fraction for
liquid and ice using the Smith (1990) scheme. For liquid,dloaid fraction can be calculated by
the fraction of the grid-box where the water vapour exceadigration. This gives a monotonic
relationship for how cloud fraction changes with liquid ®mmixing ratio, and this relationship

is used in a slightly modified form to calculate the ice clotatfion from the ice water content.

In the ECMWF model a prognostic equation is used to calctleg¢otal cloud fraction within
the grid-box based on advection of cloud and sources froatifstrm and convective clouds and
sinks from evaporation (ECMWF, 2010). There is no sepatateddraction for the liquid and ice
phases. RACMO is based on the ECMWF model and therefore issaine scheme. The Meteo
France model also uses the Smith (1990) scheme, but usestdh@itjuid plus ice) condensed
water mixing ratio to determine the cloud fraction (Lope@02). Therefore, the Unified Model
is the only model to attempt to calculate the ice cloud faacexplicitly. Itis surprising, given the

differences in approach, that the mean predicted ice cl@atién is so similar across all models.

Figure 3.3 shows a scatterplot of the grid-box mean ice wadetent and ice cloud fraction
from the Met Office Mesoscale model and observations avdragthe same model grid for the
times analysed above. Each point represents a single gxicdd the lines in panel d show the
mean cloud fraction for a given ice water content in sepaeatgerature intervals. Notably, the

observed data points are shifted up and left on this figuegivelto the model points, indicating
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that the observed ice cloud fraction is larger for a givenvieger content than is predicted by

models. Whilst not shown, this result is consistent acrisaedels.

Figure 3.3d shows the mean ice cloud fraction for a given iegewcontent for different
temperature intervals. The Met Office model has a fixed weighip between ice water content
and cloud fraction which varies as a function of temperatarel therefore there is a very clear
temperature dependence of this quantity in figure 3.3b afaabntrast to this there is very little
temperature variation in the observations, and the smalbégature dependence shown is of the

opposite nature to that suggested by the model paramdieniza

This large difference in behaviour between models and ebderlouds is addressed further

by expanding the dataset to many more days and looking as tivhere clouds other than mixed-
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Figure 3.3 Ice cloud fraction plotted as a function of ice water contesihg data from the 21 days selected
for comparison. The panels show: a) observed clouds at @tdlb using radar derived values b) the
UKMO-Mesoscale model for the same period. Panel ¢) showsldltee from panels a) and b) overlayed
and d) shows the mean cloud fraction for data binned by icewegaintent and temperature. The colours in

panels a, b and d relate to temperature as shown by the kepéh ga
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a) Observed Ice Clouds b) Standard Deviation of Cloud Fraction
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Figure 3.4 Panels a, c and d are as figure 3.3 but for 2 full years of da@3(2). Panel b also shows 2
years of data but shows the standard deviation of cloudiéraetithin each ice water content-temperature

bin for comparison with the mean values in panel d.)

phase clouds are observed. From figure 3.4, which shows the gaantities as figures 3.3 in
panels a,c and d but for two years of observations over Clulivothe relationship between ice
water content and cloud fraction is found to be robust andspetific to mixed-phase clouds.
Again, there is little evidence of a temperature dependenitk all except the warmest tempera-
ture bin showing the same relationship. Itis possible thattarmest temperature bin is affected
by significant contamination of liquid water which is beingtected by the radar and therefore
cloud fraction is being calculated from both liquid and iEer colder temperatures, as discussed
above, where liquid water contents and physical dropletssare small, the radar return is small
and does not contribute significantly to the calculateddlbaction, especially in the presence of

falling ice particles.

Despite the considerable spread in the data in each ice watéent bin, the mean cloud
fraction in each bin is similar for all temperature rangesvai This suggests a robust distribution

independent of temperature and allows us to calculate theldtaction as a function of ice water
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content only. Doing this will give a significant improvementer the current assumptions made

by the models.
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Figure 3.5 As 3.2, but the ice cloud fraction values from the models Haaen adjusted using the mean

relationship from observations in figure 3.4d).

The mean ice cloud fraction is calculated in a number of iceene@ontent ranges, each span-
ning one quarter of an order of magnitude. Using this catedlanean, and adjusting each model
cloud fraction to the observed mean in the equivalent icem@intent range results in a substan-
tial reduction in the predicted ice cloud fraction bias (fig3.5). The ice cloud fraction increases
significantly, particularly at the warmer temperatures] &is the observations much more closely
whilst still slightly underestimating the peak. At coldentperatures there is also an increase in
the cloud fraction, but it is smaller and the modified meandlo&id fraction still matches the
observations quite well. It is also notable how the meanlont ice water content reduces as
the cloud fraction increases and that the modified cloudifracmow gives a very good fit of the

mean in-cloud ice water content.

Obviously this change to the model output does not allow tlelehto interact with the

changed cloud fraction in any way. It might be expected thatradiation scheme calculations
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would be significantly affected by an increased cloud faact@nd reduced in-cloud ice water
content, as indeed may precipitation and microphysicatgsses where the fraction of a grid-
box that contains ice is important (e.g. calculating waigpour contents in cloudy and clear
air) or where vertical overlap of cloud is important (e.gllif@ precipitation). These changes
can not be evaluated without re-running the full models duedeffore are unable to answer this
question. However, experiments described in the next ehaging EMPIRE will look at the

effect of changing the ice cloud fraction parameterization

This change in ice cloud fraction relationship to ice watartent increases the cloud fraction
at mid-levels, a region that has been identified beforen@Wiorth et al., 2007; Bodas-Salcedo
et al., 2008) as an area commonly missing cloud in NWP modéigrefore, it is possible that
changing the parameterized ice cloud fraction in the moaglsesult in an improved mean cloud

fraction when compared to observations.

These observations show a clear relationship between iter wantent and cloud fraction.
However, given the large spread of the cloud fraction arctinedmean (standard deviation of
0.25) the ice water content is clearly not the only contngllfactor. This is in agreement with
Bodas-Salcedo et al. (2008) and Delanoé et al. (2011) vawofild that ice cloud fraction cannot
be parameterized as a monotonic function of the grid box n@amater content if it is to be
consistent with observations. Both studies were conduetgdCloudSat observations and com-
pared forward modelled radar reflectivity to the CloudSaasueed reflectivity and found that in
some regions the comparison was good, but the modelled &lactibn in the same regions was

too low.

The reason for the large spread of cloud fractions with tineesime water content is unclear
and definitely warrants further exploration but it seemslyikthat the difference may in part be
due to differing cloud regimes. For instance, the mixedsphaouds studied here often have a low
ice water content, but due to their persistent nature andusecthe source of ice is a long lived
liquid layer cloud, these clouds often have a large cloudtiva when observed by radar, even
if their optical depth is small. In contrast, convectivewtds may have large ice water contents,
particularly in the updraft region, but may only fill part ofgaid-box. It may therefore be the
case that the ice cloud fraction also varies as a functioredfoal velocity or perhaps is related

to the variance of ice water content within the grid-box. Hweer, further exploration of ice
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cloud fraction is beyond the scope of this thesis but cdstainneed of additional analysis. The
relationship used here, based on the mean cloud fractiandiven ice water content removes the

significant bias from the model, however, does not reprasearty way the observed variability.

3.4.4 Mixed-phase cloud structure

The vertical structure of mixed-phase clouds is derivedhfradar and lidar observations. The
liquid and ice water contents are calculated at 60 metrécedresolution and are then averaged
across all observed mixed-phase clouds during our sel@dtathys. Figure 3.6 shows that the
mean liquid water content decreases rapidly down from ctopdhrough the top 300 metres with
a peak value of 0.083 g ni and then decreases more slowly as distance from cloud togeises
further. In contrast, the ice water content increases appedely linearly down from cloud top
through the top 500 metres of the cloud where it reaches itsrmem value. Further from the

cloud top the ice water content slowly decreases.

This structure helps us to understand the processes in thms#s. The liquid layer at the
cloud top is commonly near-adiabatic in structure, paldidy in turbulent updrafts, but the depth
of the layer can vary. Figure 3.7 shows a histogram of liqaiget depths and whilst the mean

depth is 380+ 38 m (95% confidence), some much deeper layers do exist. gingrghis adi-
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Figure 3.6 Observed mean liquid and ice water contents averaged bi 8epeath cloud top. Values are

derived from radar, lidar and microwave radiometer obg@ma for the 21 days analysed.
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Figure 3.7 Histogram of cloud liquid layer depths, derived using a coration of radar and lidar obser-
vations at Chilbolton for the 21 days analysed. In each dejpthhe relative contribution of clouds in 10

°C intervals is shown by the colours. The sum of frequencies all depth bins is 1.

abatic profile of differing depths will lead to larger valuekliquid water content at cloud top
where liquid is always present and a reduced value lowerdrckbud where liquid is not always
present. The ice particles initially form and grow withiretliquid layer, so low values of ice wa-
ter content near the cloud top are expected. They grow sapililst in the liquid layer, leading

to a peak in ice water content just below the mean depth ofidjuéd! layer and then evaporate
when they fall in to air unsaturated with respect to ice lomehe cloud. The mean depth of the
liquid water layer is 380Gt 38 m and is independent of temperature as shown in figure 3&¥rewh

all temperature ranges have a peak in observed frequenagchBD0 metres.

The structure of mixed-phase clouds as predicted by maslalsé analysed. For this analysis
the same 21 days are used, selecting only clouds that halwedeoand liquid in the top cloudy
model level and no condensed cloud water in the layer abase The averaging is similar to
that of the observations but first the model data is intetpdl@o a 60 metre grid centred on the
middle of the upper-most grid-box. The model liquid and ioafiees shown in figure 3.8 are quite
different to those observed, with the exception of the Mdic®imodels. The mean liquid and ice
water contents are roughly constant with height througlioeitmodel clouds. The mean model

liquid water contents are typically less than 0.01 gmearly an order of magnitude less than
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the peak in the observations, whilst the peak ice water otstere also underestimated by at least
a factor of 2. Generally the liquid water content increasbgsivthe ice water content decreases
lower in the cloud which results from the temperature depahtiquid and ice splitin the models.
The exceptions are the two Met Office models, which both haughly the same mean structure
as the observations but underestimate the peak in both leya faf 3. In addition, as has already
been seen, these models with prognostic ice water contemtqmoduce mixed-phase clouds or
indeed supercooled liquid nearly often enough when condparth observations and hence the

underestimate of liquid water content values is enhanced.
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Figure 3.8 Mean liquid and ice water contents averaged by depth bemdéatk top from models. The
distance offset from zero at cloud top represents half thenmnggid-box depth of the uppermost cloudy

grid-level.

3.5 Radiative impact of mixed-phase cloud structure

Correctly predicting the phase of the cloud condensaterig iveportant for calculating the ra-
diative impact of mixed-phase clouds. This is the reasorthferdarge sensitivity to mixed-phase
cloud specification in GCMs (e.g. Mitchell et al., 1989; S®r@nd Mitchell, 1993; Sun and Shine,
1994; Gregory and Morris, 1996). Calculations of the raggaimpact of mixed-phase clouds by
Hogan et al. (2003a) showed that the supercooled liquidrnayer at cloud top dominated the
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overall radiative impact of the cloud, strongly increasthg amount of reflected short wave ra-
diation and only slightly decreasing the total outgoingdomave radiation. The net result is a
reduction in the amount of radiation absorbed by the atmergpbf between 63.7-133.9 Wh
Clearly the presence of supercooled liquid in mixed-phdseds is having a large (cooling) ef-
fect on the planet, but Hogan et al. (2003a) did not assessnihartance of the liquid-over-ice
structure of mixed-phase clouds. Sun and Shine (1994) le#dclithe radiative impact of three
different cloud structures of liquid and ice (uniformly retk horizontally stratified and hori-
zontally adjacent), concluding that the impact of a unifyrrmixed cloud was largest, but the
horizontally stratified cloud was ice over liquid, oppositewhat is observed in mixed-phase
clouds studied in this thesis. As has been seen in this ahaptelels generally are not able to
simulate both the quantity of supercooled liquid water dr&ldtructure of mixed-phase clouds,
and in some cases models struggle to get either correctisiaghtion the importance of correctly

predicting the structure of mixed-phase clouds for radggtiansfer calculations will be assessed.

Taking the Edwards and Slingo (1996) radiation scheme usEMPIRE (see section 2.4.3),
five experiments are performed and the long wave (LW) andtskave (SW) cloud radiative
forcing (CRF) is calculated at both the top of atmosphereAX)rénd the surface (sfc) in each

case. The CRF is defined as

__pup up
CRFroa = I:clear, TOA™ I:cloudy, TOA (3.3)
_gup down up down
CRFsic = Fclear, sfc I:clear, sfc™ I:(:Ioudy, sfct I:cloudy, sfo (3-4)

whereF is the up- or down-welling flux of either short or long wave iggbn in W m 2. Fgear
was calculated by setting all liquid and ice water contentb@oud fractions to zero whil$toudy
was calculated under various assumptions about the Vatistabution of liquid and ice outlined
below. The results of these experiments are summarisetli 3a2. The vertical distribution of
the liquid and ice in the five experiments are:

(A) All Cloud - Feiouqy is calculated using the observed liquid and ice water casiierall clouds
observed during the 21 day sample.

(B) No liquid - as (A) but any supercooled liquid is removed and added ta@ctherater content.
(C) No mixed-phase- as (A) but with liquid and ice at temperatures between 0-aA@°C re-
moved.

(D) Mean structure - as (A) but where cloud exists between 0 andi0°C the in-cloud liquid
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water content is set equal to the mean in-cloud liquid wabdetent in that temperature range at
the time of observation. The ice water content is changedasignand ensures the liquid water
path and ice water path are unchanged.

(E) Temperature dependence- as (A) but the liquid and ice contents in each grid-box are
summed and then split following to the ECMWF scheme (ECMWFL®. The function of

this diagnostic split is

2
a T— Tice>
- for Tiee < T(K) < To, 3.5
q+aq <TO—Tice ce < T(K) < To (3:3)
where -9 s the fraction of condensate that is in liquid phafg, = 25016 K is the temper-

g+
ature below which all condensate is ice alyd= 27316 K is the temperature above which all

condensate is liquid.

The data in table 3.2 demonstrated that cloud structure poitant, even if the liquid and
ice water paths are themselves correct. In experiment Didlélland ice optical depths are,
on average, unchanged from experiment A and in experimehe Bptical depths change only
by —7.5% and 6.8% for liquid and ice respectively. However, tiRFS change significantly,
particularly in experiment E where the SW TOA CRF becomes tesjative by 15.01 W nf,
reducing by more than half the short wave effect of all mipdése clouds (relative to experiment
C which has no clouds between 0 and0 °C). Experiment D modifies all clouds such that the
ice and liquid water content are constant with height, arréduces the CRF for both SW and
LW at the surface by 1.29 W nt and at the top of atmosphere by 5.43 W4rand therefore
reduces the cooling effect of mixed-phase clouds. The sasdts are found for experiment
E but the magnitude of all the changes are greater with acidacrease of 9.86 W T and
top of atmosphere decrease of 9.93 W2m The changes in experiment E are more complex,
however, as there are two changes occurring together. Bintpthe cloud condensate to follow
the parameterized fraction of liquid and ice there is a tabdigion of the liquid and ice within the
cloud but for temperatures below 250 K the liquid is beingvested to ice and thus decreasing

the liquid water path and optical depth.

To understand the changes in experiment E, further expatgrare run for A and E, but
separating times where the liquid cloud top temperaturer(GS colder than 250 K from times
where it is warmer. For the experiments (A2, E2) where CTleisvieen 250 and 273 K the liquid

and ice optical depths are almost unchanged. This is ca@ncil (or a sign that the liquid fraction
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Table 3.2 Summary of cloud radiative forcings calculated for diffgrexperiments in both short wave
(SW) and (LW) at the surface (sfc) and top of the atmosphe@[T Also included are the mean liquid

and ice optical depths.
Mean Cloud Radiative Forcing (WM) Mean Optical Depth

Experiment IWtoa SWroa [Weie SWsice Tiig Tice
A) All cloud 2430 —-4858 2661 -5216 239 249
B) No liquid 1440 -2812 1770 -34.23 1.15 3.72
C) No mixed-phase 435 —-2049 867 —2246 1.15 0.13
D) Mean structure 2383 —4268 2032 -4458 2.39 2.49
E) Temperature dependence  19.22 —-3357 2297 -—-38.66 221 2.66
(E-C)/(A-C) 75% 47%  80% 55% 85% 107%
A1) CTT < 250K 4008 —-4592 3393 -—-4545 1.62 222
A2) 250 K< CTT < 273K 3061 -—7212 3702 -79.80 400 471
A3) CTT < 273K 3477 —-6062 3566 —64.72 296 3.62
E1)CTT < 250K 2359 2213 2299 -26.04 099 2.86
E2)250 K< CTT < 273K 2947 5286 3605 -6254 3.94 477
E3)CTT < 273K 2689 —3993 3031 -4651 264 3.93

parameterization has been tuned to give this result) adghi land ice contents in each grid-
box are assigned using the local temperature only and ndragrtsis made on the total water
path of either phase. In contrast, the experiments (Al, EErevCTT is colder than 250 K the
liquid optical depth is reduced on average by 39% and theptiea depth is increased by 29%,
largely because liquid water at these colder temperatamesgrioved and replaced with ice, whilst
the compensating conversion of ice to liquid at warmer taatpees only occurs if these clouds
are very deep or multi-layered, which is rare. Experimentcafbines times used for A1 and
A2 (and likewise for E3) as a comparison with the earlier eixpent A. However, A3 does not

include times where liquid is present only at temperaturaswer than 273 K, or where no liquid

is present at any height and the values for CRF are increasadesult of using times only when

cloud is present.

Where liquid clouds are observed at temperatures colder2b@ K a large decrease in the
magnitude of CRF is found, for both long wave and short wa\theicondensate is split according
to temperature. This is expected as this is largely comgeiiguid to ice and therefore reducing
the total optical depth of the clouds. The net CRF of this geais +7.30 W m? at TOA and
+8.47 W 2 at the surface. Where the liquid cloud tops are restricteubtaveen 250 and 273
K, the change in optical depth for both liquid and ice is spwdlthe observed change in the CRF
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is a result of the cloud structure rather than a mean chantie iamounts of liquid and ice. The
changes in LW CRF are small at both the surfac®.07 W n2) and TOA (-1.14 W n1?);
however, the change in SW CRF is of much greater magnitudéa¢su —17.26 W n12; TOA:
—19.74 W n12). This results in an overall large reduction in the cooliffiget of the clouds of

38% (16.29 W m?) at the surface and 44% (18.12 W R) at the TOA.

By combining these results the changes observed earlietparienent E can be explained
more fully. The CRF changes between E3 and A3 are caused bfatiars, a removal of liquid
from temperatures colder than 250 K and the restructurirgoeids warmer than 250 K, moving
the liquid towards the bottom of the cloud and the ice towdhdstop. The removal of liquid
from cold temperatures reduces the total optical depth B¢ a8d therefore also reduces the
CREF for both LW (TOA by 41%; surface by 32%) and SW (TOA by 52%rface by 43%)
whilst the restructuring affects the SW much more stronigintthe LW, particularly at the top of
atmosphere where the SW is reduced by 27% and the LW by onlyT##combination of these
two effects is a decrease in magnitude of LW CRF but a largeredse in the SW CRF, therefore
using this temperature based split of liquid and ice resulgsreduction of the cooling impact of

mixed-phase clouds.

In comparison, experiment B, has even less of a radiativadtnfpom mixed-phase clouds.
This experiment has no supercooled liquid water, insteagrevtt was observed it has been con-
verted to ice. This gives an indication of how the models vpthgnostic ice might perform
currently, if they were able to model the cloud perfectlydasirom the phase of the condensate.
All the CRF values decrease in magnitude, even comparee tdidgnostic split experiment (E).
Therefore the presence of liquid water in these clouds isvshin be exteremly important in
capturing the radiative impact and models that simulateididn the incorrect vertical location
relative to the ice are better simulating the cloud radeaéffect than the models with prognostic

ice that have almost no supercooled liquid present.

3.6 Conclusions

In this chapter, numerical model simulations of mixed-ghakuds have been compared with

those observed through a combination of ground-based eeg#otsing instrumentation. The
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comparisons required careful processing of the data torerdwe with like comparisons are
made, particularly in terms of temporal and spatial resmtubdf the data and by using forward

models of the radar and lidar to ensure the model clouds aeraodble.

The comparisons highlighted the fact that models genedallyot predict mixed-phase clouds
well. All models underpredict the liquid water content beem—10 and—30 °C by a factor of
2 or more and the low bias gets worse as the temperature desrebhey seem able to simulate
the ice water contents better than those for liquid; howawest showed problems in predicting

liquid or ice cloud fraction as large as observed.

Of the two approaches for predicting cloud ice in the nunabmeodels, fully prognostic or a
diagnostic fraction of the total water content, neithewifisient to produce adequate simulations
of mixed-phase clouds. Whilst the models employing a teatpee-dependent diagnostic split of
liquid and ice are clearly more able to produce and sustgrrsooled liquid water, the structure
of the simulated clouds is not the same as the observedwteucthe liquid is in larger concen-
trations near the base of the cloud where the temperaturariaev and the ice is distributed fairly
evenly throughout the depth of the cloud. This error in clstrdcture is shown to be significant
when calculating the radiative influence of the clouds amdctbud radiative forcing is less neg-
ative by 18.60 W m? at TOA for mixed-phase clouds when the liquid and ice is parted as a

function of temperature in this way.

Models with prognostic ice schemes are better able to rejomthe observed cloud structure;
however, they have the largest underestimate of the amdwuipercooled liquid water present
in the simulations as a whole and therefore also fail to captue important radiative impact of
these mixed-phase clouds. The radiative effect of cloudsale completely glaciated is much
smaller than clouds that have an incorrect structure. Ttieliat these schemes, with physically
based microphysical parameterizations and a separataqgstig variable for ice, are unable to
reproduce the long-lived mixed-phase clouds means thatatfiative impact of these clouds is
not represented correctly in these models. The reasonsdamiderestimate of supercooled liquid
water content in these models is not clear and motivatessh@ithe simpler, but similar, model

EMPIRE in the rest of the thesis.

Our analysis also highlighted a large difference in the nleskice cloud fraction and that
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produced by the model. Further investigation, using twayeé data, led to the discovery that
ice cloud fraction is a function of ice water content, as peeterized in the models, but that
there is no evidence of the parameterized temperature depee. The mean cloud fraction
as a function of ice water content slightly increases at vearremperatures, which is in direct
contrast with the modelling assumptions that it decreaBgsorrecting the relationship between
ice water content and cloud fraction and applying this sgiextively to the model output data,
a much better simulation of the mean ice cloud fraction formaddels is found. The observed
peak of ice cloud fraction at 12 °C is captured better by all models with cloud fraction at this
temperature increasing by 50-117% for the models wheregmo&ic split of liquid and ice is
used and by 219-288% for the versions of the Unified Model witignostic ice water content.
The total ice cloud fraction improved from 5.9% atl2 °C to 20.9% in the Unified Model,
comparing much better with the observed value of 23.4% aedytbbal model was within the
range of observations. This correction could very easilgfy@ied in weather and climate models
and may, at least partially, remove the underestimates thlewiel cloud fraction observed by

lllingworth et al. (2007).

Numerical models for weather prediction are not currenilg @& predict mixed-phase clouds
sufficiently well and either have too little liquid water ovesiage or have the cloud vertical struc-
ture incorrect. For accurate weather and climate predistinodels are required to perform better
than they currently do and simulate mixed-phase clouds bgth the correct frequency of occur-
rence and a correct vertical structure such that their timdiamportance is accurately captured.
To achieve this there is a need for a better understandingeafiasons why mixed-phase clouds
are able to persist for long periods of time and what is mgssinincorrect in the models with

fully prognostic microphysics schemes that prevents #astence in models.
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CHAPTER 4:
| MPORTANT PHYSICAL PROCESSES IN

MAINTAINING MIXED -PHASE CLOUDS

In this chapter, a number of different approaches are uséetewmine which of the physical pro-
cesses parameterized in EMPIRE are most important in thetanaénce of mixed-phase clouds.
As EMPIRE is constructed to be very similar in structure to@\Gthe results about the important
processes in EMPIRE can be used to infer the likely imponpaotesses in GCM simulations.
Because EMPIRE is able to run much more quickly than a GCM @vbelable to, it is possible
to perform many experiments to determine the relative itgpme of various physical processes

on modelling mixed-phase clouds.

First, the ability of EMPIRE to simulate mixed-phase clouslsissessed using observations
and is compared to other numerical models analysed in thviopisechapter. The processes in the
simulations important in allowing mixed-phase clouds tseare also determined, by assessing
the change in liquid water content caused by each process. ndst important processes to
be included in numerical models to allow successful sinabf mixed-phase clouds is also
assessed. This is done by performing a number of experimégtiisEMPIRE, modifying the
settings of the parameterizations and adding and remowngerous physical processes which

may contribute to the long lived nature of mixed-phase coud

The results of these changed physics experiments are diintiesections based on the phys-
ical nature of the change. The first such section addressegjeh to the turbulent mixing spec-
ification in EMPIRE and determines the importance of theiwakttransport of moisture and
temperature for maintainence of supercooled liquid. The section assesses the impact of de-
creasing the frequency of calling the radiation scheme @adging the parameterized effective
radius of the liquid droplets. Thirdly, many changes to tteermicrophysics scheme are assessed

including changes to the ice particle fall speed, growth,daabit and number concentration. Sec-
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tions four and five describes the impact of changing.RIh the liquid cloud fraction scheme
and changing the vertical resolution respectively. Theadiohf all these changes are compared
in terms of the liquid and ice water contents and the radigtroperties of the simulated clouds

in section six.

Based on the findings of these experiments, a number of p@gsiprovements to the current
physical parameterizations that are most important or stignificant sensitivity are identified.
For this reason the parameterizations of ice cloud fraction the ice particle size distribution
used in numerical models are modified. These improvemeatdescribed, justified and imple-
mented in EMPIRE to quantify the possible improvements nmuations of mixed phase clouds

in GCMs.

4.1 Comparison of EMPIRE with observations and GCMs

As described in chapter 2, EMPIRE is a single column modetdhas the Met Office Unified
Model. The model is designed to be similar in structure to af38ut has higher vertical res-
olution (50 m by default) to capture the thin mixed-phaseidtoand also has improved physics
including non-local turbulent mixing in unstable condit®oanywhere in the troposphere and fre-
quent radiation updates. This should allow EMPIRE to captnixed-phase clouds in a physical

way that GCMs are currently unable to do.

The same framework is used to analyse EMPIRE as was used preékmus chapter for
the GCMs. The results of this analysis are shown in figure #He mean liquid water content
in EMPIRE is greater than all GCMs analysed except the eaniersion of the Meteo France
model, but is still not as large as the observed mean liquigtweontent at temperatures colder
than—15 °C. In terms of cloud fraction, EMPIRE has significantly moaieuld cloud fraction
than either of the two models with prognostic ice water confeoth versions of the Unified
Model) but is still much less than the observations and is alsich less than predicted by the

models with diagnostic ice water content.

The ice water contents simulated by EMPIRE are similar tsefredicted by GCMs and also

similar to observations throughout the range of tempegatanalysed, although there is too much
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Figure 4.1 Mean liquid and ice cloud properties from EMPIRE simulasidblack), from observations
(blue) and also from a number of NWP forecast models, regicitaate models and ERA-Interim re-
analyses (grey; as shown in figure 3.2). Shown are: a) meait ligater content, b) mean liquid cloud
fraction and c) mean in-cloud liquid water content, eachefindd in section 3.3. Panels d-f) show the
same quantities but for ice. These data are for the seledtddyzs where mixed-phase clouds or clear skies

are observed, each plotted as a function of temperature.

ice at temperatures below25 °C. The ice cloud fraction is very similar to the GCM predicted
cloud fraction and shows the same biases as the GCMs, ndtatilyg too little cloud fraction at
warm temperatures and particularly not capturing the peakaaund—12°C. There is a stronger
indication of the excess ice at cold temperatures in thedcfaaction comparison than in the ice
water content. This excess ice is as a result of cirrus cloftés forming as persistent layers in
EMPIRE; this is partly as a result of the single column apphdaeing unable to simulate the hor-
izontal variability observed in reality. In addition themtncal turbulent mixing scheme allows
continual glaciation at the cloud top in some conditions nghs, in reality, sporadic glaciation

events might be expected leading to a well defined fall streak

Overall EMPIRE performs better in terms of liquid water anttthan most of the GCMs and
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better than the models with prognostic ice in terms of ligelimud fraction. However, in both
instances the quantities are less than the observed valutesfperatures below15°C. The ice
water contents are similar to both observations and GCMsrendoud fraction similar to GCMs
but dissimilar to the observations, due to the reasons ithestin the previous chapters pertaining
to model ice cloud fraction parameterization errors. Themiee water content is too large at

cold temperatures in EMPIRE, peaking at around a factor aefger at—40°C.

4.2 Process rates

In this section the dominant processes in generating andtaepliquid water from mixed-phase
clouds are identified. To do this, an idealised simulatiorurswith no vertical velocity but oth-
erwise the model contains all the standard physics destiib€hapter 2. The vertical resolution
for the idealised experiment is improved from 50 to 25 metiEe model is initialised from a
radiosonde sounding from Larkhill at 0600 UTC on 05 Septem2083 and then run for 60 min-
utes to allow the cloud to reach equilibrium. During thedaling 60 minutes the change to the
liquid water content is calculated from each process at gadital level during each timestep.
The average tendency from this 60 minute period is shown as@ibn of height in figure 4.2
together with the profile of liquid water content after 31 migs, denoted by the red dashed line.
The black line represents the average total tendency oggd@iminute period, a sum of all the

tendencies.

During the simulation the radiative cooling at cloud top tifmutes most to the production
of liquid water (+0.45 g kg* h~1) whilst turbulent mixing near the cloud top reduces theitiqu
water content significantly-0.40 g kg'* h—1) by mixing the radiatively cooled air with warmer
air lower in the cloud. Lower in the cloud the turbulent mixiacts as a source of liquid water,
by enhancing the upward transport of water vapour and thendewnd transport of radiatively
cooled air which increases the total water mixing ratio agtlices the saturation mixing ratio.
The radiative impact on the cloud at this level is a weak wagrds the absorption by the ice
particles is larger than the cooling, resulting in a negatendency for liquid water. Ice growth
by deposition increases with depth from the cloud top with ¢ginowth rate related to the ice

water content. The net result of all of these processes iglat seduction (0.03 g kgt h™1) in
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Conserved cloud water (ql) budget, Idealised case, averaged: t=31 to 90 min
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Figure 4.2 The sources and sinks of cloud condensed liquid water stokbgt each process type for an
EMPIRE simulation of mixed-phase cloud. The values areagyen between 31 and 90 minutes from the
start of the simulation. The red dashed line shows the ligladd water content at the beginning of this

time period in units of g kg

the amount of liquid water throughout the depth of the cldadyely related to the depositional
growth of ice particles. However, at the cloud top, at andvaltbe height of maximum liquid
water content there is an increase in the amount of liquicem@0.20 g kgt h~1), caused by
radiative cooling but unlike lower in the cloud the coolediginot mixed with warmer air lower
in the cloud by turbulent mixing. This results in the incliegstendency at the cloud top and as

the simulation evolves this leads to an increase of cloudh&ght with time.

These findings agree well with those of Smith et al. (2009wshmn figure 4.3 who used
large-eddy simulations to assess the process rates in +phask clouds. The process rates are,
by coincidence, of roughly equal magnitudes to the procatesfrom EMPIRE, but the main
difference is that the increasing liquid water content atidltop is largely a result of large scale
ascent whereas in this EMPIRE simulation there is no largéesescent and the increasing ten-

dency is caused by an offset in the location of the maximuniimp@nd peak in the turbulent
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Conserved cloud water (rc) budget, Nov.02, avgd: =91 to 150 min
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Figure 4.3 The sources and sinks of cloud condensed liquid water stkbgt each process type for an

LES simulation of mixed-phase cloud from Smith et al. (20@@&mparable with figure 4.2.

mixing. The other significant difference between these tree@ss rates analysed is the inclusion
of the riming term in Smith et al. (2009), which is similar iragnitude to the rate from depo-
sitional growth in the top of the liquid layer, whilst in EMRE riming has an almost negligible
contribution. The difference is due to the assumed denaitytabit of the ice particles in Smith
et al. (2009); the particles are much less dense resultirgparticle of larger diameter for the
same ice mass. For a given mass, particles have a largemslzbexefore “sweep out” a larger
volume. For low values of ice water content (as found in mipkdse cloudsx 10-3 g m~3) and

air density the difference in riming from EMPIRE can be anesrdf magnitude or more as a re-
sult of the ice particle density and habit differences. Asitie water content or density increases

this difference reduces.

4.3 Process types

In the coming sections the importance of changes to the ghysiEMPIRE is assessed. The
changes are split into sections according to the type ofgdhamade to the model. Changes to the

model liquid and ice water contents are assessed, togettieth® cloud fraction of each phase
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and the mean in-cloud water contents. In the coming figures{44.9) the EMPIRE control
simulation is shown in black, the range of observations @shin blue, the values from the
NWP models are shown in grey and the results of simulationtagiing changes to the physics
are shown in colours. Differences in liquid and ice watertenhbetween simulations are quoted
as changes to the mean at temperatures betw&8AC and—30°C. At temperatures colder than
—30°C the liquid water content is negligibly small and the iceavatontent is too large relative
to observations, whereas at temperatures warmer-ti#r? C the cloud scheme can cause some
falling ice to effectively melt and become liquid, artifittigincreasing the liquid water content at

these temperatures and is therefore not included in the redaes stated.

4.3.1 Turbulent mixing
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Figure 4.4 As figure 4.1, showing liquid and ice water contents and cloactions from EMPIRE exper-
iments where the turbulent mixing specifications have béamged. The experiments are: (red) non local
turbulent mixing not included, (yellow) eddy diffusivitydm non local scheme halved in model, (green)

cloud top entrainment set to 0 and (magenta) non local tarthuhixing ofg; not included.

Figure 4.4 shows the liquid and ice quantities defined in @wap but for changes in the
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specification of turbulent mixing in the model. The grey §mepresent the GCMs which were
discussed in Chapter 3. The specification of turbulent miigrfound to have a small effect in the
EMPIRE simulations of mixed-phase clouds and changes tduitbellent mixing specification
change the amount of liquid water in the model simulatiorgu(g 4.4a). Turbulent mixing, of
which the non-local mixing is the major contributor, is arpiontant process affecting the amount
of liquid water in both EMPIRE (figure 4.2) and LES simulasoffigure 4.3). These parameteri-
zations represent the turbulent overturning at the topettbud caused by the radiative cooling
of the liquid water layer and reduces the amount of liquidewat cloud top but also supplies
additional water vapour to the cloud top. The importancénefturbulent mixing is not surprising
as the radar observations of mixed-phase cloud layersatatican area of strong turbulence at
the cloud top. Experiments with the non-local mixing ina@ddhave more liquid water than ex-
periments that do not have this scheme included, with thenrigaid water content 23% lower
between-10°C and—30°C when the non-local scheme is absent. There are, howeecadm-
peting processes at work. The turbulent mixing scheme estatllemove the region of instability
at cloud top which has been caused by the cloud top radiadigkng from the liquid layer. The
cooling of this thin layer at rates of around 90 K dayesults in a layer which is absolutely un-
stable and the turbulent mixing is required to represenhégatively buoyant air parcels sinking
into the cloud and in effect spreading the cloud-top cooliwgr a deeper layer. At the same
time the mixing will also increase the total water mixingioah the region of the cloud top by
bringing up higher values from lower in the cloud. The resdithe turbulent mixing is to warm
the very top of the cloud layer by removing the cold, rad&tninduced, anomaly and to increase
the total water mixing ratio at the cloud top. The warming waduce the amount of liquid water
at the cloud top by increasing the saturation mixing ratmyéver, the upward transport of water
vapour counteracts this and results in more liquid watetazdron average in simulations with

the non-local turbulent mixing scheme.

Current GCMs do not have a non-local turbulent mixing schewiside of the boundary
layer, and therefore they will not maintain liquid water wiis in this manner. If they do form
liquid water clouds that are persistent and interact wighrddiation scheme then the subsequent
radiative cooling may be problematic for the model evoluti@vithout a turbulent mixing scheme
the radiative cooling will likely feed back and further isase the liquid water mixing ratio of the

cloud, enhancing the cooling. Eventually this will resuita layer that becomes unstable and
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may result in the convection scheme being triggered. Thigdcresult in the stratiform cloud

developing into a convective cloud in an unphysical way.

As EMPIRE does not have a convection scheme, model simofatlat no not include the
non-local turbulent mixing scheme evolve differently. Abés where a liquid layer forms and
induces radiative cooling in the cloud layer the cold angmibét is produced remains at the
cloud top. The liquid layer cools radiatively and producedHer liquid water by reducing the
saturation mixing ratio. This is clearly an unphysical aitan as the resulting cloud layer can
be many degrees colder at the top of the cloud than at a degfest hundred metres below
cloud top. This situation requires the local mixing schemestmove the cold anomaly from the
cloud top but this is a slower process and the radiative rgalustains the cold anomaly. Despite
this, simulations that do not include non-local turbulemmting contain 23% less liquid water on

average than simulation that do include it.

To assess the importance of the non-local turbulent miximghe lifetime of mixed-phase
clouds an experiment was performed where the vertical pahsf the total water mixing ratio
variable €;) by turbulent mixing was turned off, whilst the turbulentximg of the temperature
field was maintained. As can be seen in figure 4.4 this resuitsdynificantly less liquid water
clouds in the simulations at all temperatures, but paditylthe colder temperatures with simu-
lations containing only 27% of the liquid water of the cohsionulation at temperatures between
—10°C and—30°C. This indicates that the turbulent mixing processes aicttop are important
in maintaining liquid water clouds in EMPIRE but the incloisior absence of a non-local scheme
does not affect the liquid water content sufficiently to grieMPIRE close to observations. As
we will see in the coming sections other changes have a mugérlaffect, so whilst turbulent
mixing is important to include correctly to simulate thewdostructure it is certainly not the sole

reason for the poor performance of models.

4.3.2 Radiation

The above section outlines the importance of the turbulexingnon the maintainence of liquid
water clouds. This turbulent mixing at the cloud top is atiéd by radiative cooling of the liquid

water layer at the top of the cloud that destabilises theTairdo this the radiation scheme must
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Figure 4.5 As figure 4.1, showing liquid and ice water contents and cloactions from EMPIRE exper-
iments where the radiation scheme specifications have theerged. The experiments are: (red) radiation
scheme only called once per hour, (yellow) once per 3 houtg@gmeen) never. The magenta line is for the
run where the effective radius of liquid drops is reducednfrtO to 2 microns. In the control simulation

the radiation scheme is called every 15 minutes.

be called frequently enough that the scheme is able to ‘seeliquid water cloud before the
cloud becomes completely glaciated. Liquid water at thactkop significantly increases the rate
of radiative cooling, and to some extent is self sustainipgdwoling its surrounds and initiating
turbulent mixing. Without the radiative cooling at this é\the liquid will quickly be removed
by the depositional growth of ice. Often GCMs call the radiatscheme too infrequently (e.g.
every 3 hours) and this allows a large proportion of liquidhia newly formed cloud to become
glaciated before it has any radiative effect. In this sitrathe model may never able to implement

the cooling that would maintain the liquid water layer.

Figure 4.5 shows the effect of reducing the frequency of #duation scheme, showing a re-
duction of 65% in the mean liquid water content betwedi® °C and—30°C when the frequency

is reduced to once every 3 hours. Where the radiation schewmyi used once per hour the re-
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duction in the same temperature range is only 23%. With niatiad at all the reduction in mean
liquid water content is 94%. Long intervals between radiatalls in NWP models are required
due to computational expense of running the scheme butghdsntributing to the absence of

liquid water in their simulations.

The radiative properties of the cloud particles is also irtggd as identified here by changing
the effective radius of the liquid droplets from 10 to 2 mitso Observations of mixed-phase
clouds by Hogan et al. (2003a) found that the effective mdiuliquid droplets was 2 microns.
This has the effect of increasing the optical depth of thaididayer by a factor of 5 and therefore
increasing the radiative effect of the liquid phase. Th&led in an increase of 39% in the mean
liquid water content between10 °C and—30 °C whilst the mean ice water content remained

almost unchanged.

4.3.3 Ice microphysics

The ice microphysics is of fundamental importance to thdutim of mixed-phase clouds as it
is the conversion of liquid water to ice in the clouds thaedaiines the length of time the liquid
cloud remains. There are many factors that affect the ratdaafation, these may be physical
parameters such as the ice particle habit and the termithalelacity of the ice particles. It is

also important to understand the size of ice particles irctbed and how the ice particles exist

in the cloud relative to the liquid water (i.e. the liquid aicd cloud overlap).

Our initial experiment completely turns off the ice prodantin EMPIRE, and the result of
this is a large increase in liquid water cloud to values wbthe those observed (not shown).
This demonstrates that the combination of the model and Bw-Eterim forcing used is able
to produce an adequate amount of liquid water in the absdrmeygrocess which removes the
liquid. It must therefore be concluded that models are ableroduce enough liquid water, on

average, but that the reason they do not is due to an ice grodwate that is too quick.

Changing the relationship between the ice particle masstanteérminal fall velocity of that
particle also has an effect on the model simulations. Istngathe fall speed by 50% results in
a 75% increase in the amount of liquid water betweel® °C and—30 °C in the simulations.

As the ice particles are falling faster, they fall through tthoud more quickly, spending less time
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Figure 4.6 As figure 4.1, showing liquid and ice water contents and clfstadtions from EMPIRE ex-

periments where the ice microphysics specifications haee lbhanged. The experiments are: (red) ice
particle fall speed reduced by 50%, (yellow) ice partickkdpeed increased by 50%, (green) ice particle
growth rate reduced by 50%, (magenta) ice particle growtthirereased by 50%, (cyan) ice particle habit

changed to hexagonal plates and (orange) ice particle tiadnitged to spheres.

in the liquid-saturated layer at the cloud top. As the grovette has not changed, the fact that
they spend less time co-existing with the liquid resultseiss| deposition on to the ice particles
and therefore a greater fraction of the cloud condensatairsnn liquid phase. The converse of
this is also true, where halving the terminal fall velocifyiee particles reduces the liquid water
between-10°C and—30°C by 76% as the ice and liquid co-exist for longer, growing bpaur
deposition and removing a greater quantity of liquid watent the cloud. This means that for
slower terminal velocities the liquid cloud lifetime is ster due to more rapid glaciation by the
ice particles. This in turn removes the source of ice pasidtom within the liquid layer and
ultimately reduces the lifetime of the cloud overall. Thssaf particular interest as this result
is of opposite sign to that for cirrus clouds where incregdhre terminal fall velocity of the ice
particles means they fall more quickly out of the supersdéa region and result in a shorter

cloud lifetime. As a result of this, the ice particle fall gelty is one of the parameters within the
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cloud scheme that are popular tuning parameters in climatieta (Bender, 2008) as the cloud
lifetime and therefore the radiation balance can be chaggié simply without influencing other
processes too greatly. However, increasing the fall vgladiice particles to decrease the amount
of cirrus will increase the amount of mid-level liquid watdoud and decreasing the fall velocity
to increase the cirrus cloud amount will decrease the amuofusitpercooled liquid water in the

model simulations.

The model is also sensitive to changes in the specified ideleagrowth rate. An increase
in the ice particle growth rate of 50% results in a 70% de@edthe mean liquid water content
for temperatures betweenl0 °C and—30 °C. However, unlike changing the fall velocity, this
does not change the mean ice water content significantlyltireg in only a 1% increase. This
suggests that the increased growth rate only glaciateddbd more quickly and hence reducing
the time the liquid is present for but does not produce anyenm® overall. The opposite of this
is also true, where a decreased growth rate by 50% resultd%6% increase in the amount of

liquid water but only a 2% decrease of the ice water content.

Ice crystals form in different habits (shapes) at differeamhperatures and supersaturations
(Rogers and Yau, 1988). The change in habit has two consegsidar ice crystal growth. As
the habit of the ice crystal changes so does its ability tavdrg vapour deposition, this change is
described though the capacitance, and shapes with extrgmeetaatios (much larger horizontal
extent than vertical extent) have the largest capacitarioesgure 4.6 experiments are run with
three different habits: aggregates (control), hexagolzatp and spheres. In the model, the habit
is controlled by changing the description of the mass-dtamelationship, the terminal velocity

and capacitance of the particles; these are summariseddbrrebit in table 4.1.

The capacitance for an ice particle of a particular masspsceqmately doubled for hexag-
onal plates relative to the aggregates used by default butapacitance of spheres is about 25%

less than aggregates, although these ratios change witblgpanass. The change in habit also

Table 4.1 Summary of the habits used in EMPIRE for particles of diam&egin metres.

Habit Capacitance Mass (kg)  Terminal velocity (M}
Control (aggregates) D/2 0018D!° 25.2D09-527
Hexagonal Plates D/t 0.0037@? 17.9D0%62
Spheres D/2 0.069D2 25.2D0-527
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Figure 4.7 As figure 4.1, showing liquid and ice water contents and cloactions from EMPIRE experi-
ments where the ice particle size distribution specificetioave been changed. The experiments are: (red)

Np in ice particle size distribution scaled by 0.5, (yelloMg scaled by 0.2, (greemo scaled by 0.1.

affects the terminal fall velocity of the ice particles, agaith the extreme aspect ratio particles
falling more slowly. In EMPIRE aggregates fall around 10%lfaster than spheres of the same
mass and hexagonal plates fall speed is only 50-60% thaigoéaates. The net result of this is
that the particles which are plate- or dendrite-like (egxdgonal plates) grow more quickly than
spherical or aggregate ice particles commonly assumed dtelmand also fall more slowly. Both
of these effects, as individually identified earlier in thepter, result in a net increase in growth
rate of ice particles and a net decrease in the amount ofiligater in model simulations. As a
result of this, the ice crystal habit is one of the changesEMPIRE is most sensitive to in terms

of liquid water content.

A more subtle way of changing the mean ice particle growth eatd fall velocity within a
grid-box is to change the ice particle size distribution.tesgrowth rate of a single ice particle is
dependent on its size, or more exactly its capacitance wd@pknds on both size and shape, then

changing the relative contributions to the ice mass fronsthall and large particles can alter the
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mean ice growth rate and similarly the fall velocity. Large particles grow by vapour deposi-
tion more quickly than small particles do, this is becausy thave a larger surface area on to
which vapour can deposit. However, the smaller particle® fess initial mass and therefore can
increase in mass at a faster rate relative to their initidsn@he result of this is that a population
of small ice particles will enable quicker growth than a darahumber of larger particles with

the same total mass. It is common, at least in the simpleesimgiment microphysics schemes
used in GCMs, for the ice particles size distribution to greésented by an inverse exponential

function, similar to that of Wilson and Ballard (1999),
N(D) = Noexp(—0.1222T ) exp(—I'D), 4.2)

whereN is the intercept parameter ahds the slope parameter. The integral of the product of this
function and the mass-diameter relationship gives the¢it#avater content and therefoldy and

I" are inversely related such that an increaddginauses an increase in the slope of the exponential
function to keep the integral constant. Therefore a chandlee size distribution of ice particles
can be represented by changing Mygparameter. An increase My results in an increase in the
number of small particles and a compensating decrease muthber of large particles, whilst a
decrease ilNg increases the mean ice particle diameter. The result oédsitrgNy in EMPIRE

is to increase the mean liquid water content, particularlyodder temperatures. A reduction of
No by a factor of ten increases the mean liquid water contenoappately an order of magnitude
at temperatures betweer20 °C and—30 °C (figure 4.7). There is considerable variability and
uncertainty in the ice particle size distributions meaduremixed-phase clouds, indeed in all
clouds, due to a number of factors. Therefore it is not urmealsle forNg to be incorrect by

a factor of 10. In fact, there may be fewer ice crystals in thired-phase clouds where there
is not an abundant source of ice nuclei. The uncertaintyyirs potentially a significant reason
why mixed-phase clouds cannot currently be modelled anbdb&iinvestigated further later in

this chapter.

4.3.4 Liquid cloud fraction scheme

The cloud fraction scheme is a key part of the model in det@nmgihow much cloud cover exists
and the in-cloud water contents. There are a number of diffarloud schemes used in the GCMs,

however, EMPIRE uses the Smith (1990) cloud scheme as ttigheabasis for the Met Office
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Figure 4.8 As figure 4.1, showing liquid and ice water contents and clfstadtions from EMPIRE ex-
periments where the cloud fraction scheme specificatione haen changed. The experiments change
RHcit in the cloud fraction scheme to : (black) Control (85%), {r88%, (yellow) 90%, (green) 80% and
(magenta) 75%.

Unified Model. This scheme calculates the cloud cover anémaintents using the grid-box
mean total water mixing ratio and temperature. It assumastiiere is a distribution of values
of g; within the grid-box and that once any part of that distribntexceeds the saturation mixing
ratio then cloud exists in that part of the grid-box. Thisasnfiulated using RH;;, the critical
relative humidity that the grid-box mean total water mixiragio must reach for cloud to begin
to form. In the Met Office Unified Model this changes with bottitade and model resolution.
Typically values are around 0.90-0.95 at the surface, veithdr values for the finest horizontal
resolution, reducing to 0.80 above the boundary layer fon@iizontal resolutions (Humphrey
Lean, personal communication). This means that above thedawy layer, once the grid-box
mean relative humidity exceeds 80% cloud begins to form. h&smodel horizontal resolution
increases it might be expected that the sub-grid varigholity; to reduce, and as such the values
for RH;i; are greater in the Unified Model with highest horizontal heson. EMPIRE’s default

value is 0.85, but as can be seen from figure 4.8, changingriti@akrelative humidity in the
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model can change the amount of liquid cloud that is predicted

This in itself is not particularly surprising, as with a lomealue for RH,;; it becomes easier
for some part of the grid-box to reach saturation. Intengfi increasing Rk}, and therefore
making it more difficult for the model to produce cloud and mtikely to predict clear skies,
the total amount of liquid water and liquid cloud fractionthre model actually increases. One
explanation for this result is that for lower values of gHhe model produces cloud more readily,
however, the cloud it produces only fills a small part of thid-gpox and has a lower water content
than would be found for an equal cloud fraction if RHwere higher. As there is less liquid this
allows the cloud to glaciate more quickly, as this only regslia small amount of ice production
within the cloud. For higher R§; values the cloud has a larger water content and therefote wil

take longer to glaciate.

4.3.5 \ertical resolution
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Figure 4.9 As figure 4.1, showing liquid and ice water contents and cloactions from EMPIRE exper-
iments where the vertical resolution has been changed. ditteat simulation has a vertical resolution of

50 metres whilst 500 metres is nearer the resolution of @&y @CM.
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EMPIRE is also sensitive to the vertical resolution at wliigéhrun. The default resolution is a
grid-spacing of 50 metres in the vertical. However, chagdiris to 500 metres, a resolution more
representative of GCM vertical resolutions in the mid-ogphere, results in a marked decrease
in the mean liquid water content and cloud fraction of theudations. For temperatures between
—10°C and—30°C the mean liquid water content falls fron68x 104 g m3to 7.68x 106
g m3 as the resolution changes from 50 to 500 metres. This los8.88®of the liquid in this
temperature range has a number of causes that are furthersadd in chapter 5. Such a large
change in the liquid water content with changing resolytiaith almost no change in the ice
water properties of the cloud, is likely a key reason why entritGCMs and NWP models fail to
simulate these mixed-phase clouds as their resolutionliesit300 metres in the vertical in the
state-of-the-art weather forecasting models and muchitegkbal models, climate models or

less sophisticated models constrained by a lack of congptitime.

4.3.6 Summary of model sensitivities

So far in this chapter a large number of processes and padrations to which mixed-phase
clouds are sensitive in some way have been identified. Inséttion greater detail about the
nature of the changes is given and the magnitudes of the ekandiquid and ice water content

are compared as well as an estimate of the albedo of the cloud.

For the comparison, only clouds that exist betwedi® °C and—30°C in the simulations are
included. In this temperature range the mean liquid and etemcontents and mean albedo of the
clouds are calculated. The albedo is estimated using th@xipgate relationship from Cahalan

et al. (1994)
T

o0=——
T+ 10

wherea is the albedo and is the optical depth of the cloud condensate, whether liguitte.

(4.2)

This allows a comparison of the radiative impact of the clesnig cloud properties to be made
that is independent of the time of day or year and also unaffieby clouds, whether correctly

forecast or not, outside of this temperature range.

These summaries are presented in table 4.2 and the modifisgt EMPIRE are ordered

by the mean liquid water content in the simulations. The fications that produce the largest
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Table 4.2 Summary of the control and modified simulations with EMPIRIEBwing the mean water con-
tents and albedos for liquid and ice clouds separately. ©lolyds in the temperature range 610 °C
to —30°C are included. Modified simulations show quantities as agraage of the value in the control

simulations and ordered by their mean liquid water content.
Mean liquid water content  Mean ice water content  Mean liglittdo  Mean ice albedo

Control 4.60x 104 gm3 2.82x103gm3 0.127 0.0434
Modification Percentage of control

Np x 0.1 274 69 206 72
Growth rate x 0.5 256 98 197 99
Np x 0.2 232 78 183 80
RHcrit = 0.95 182 105 133 103
Fall speed x 1.5 176 71 148 74
Spheres 172 107 142 106
Np x 0.5 155 90 139 91
Liquid re =2 um 139 101 123 101
RHcrit = 0.90 134 101 120 100
Half non-local mixing 101 100 105 100
No entrainment 87 100 92 100
No non-local mixing 77 100 88 100
Radiation once per hour 77 99 83 99
RHcrit = 0.80 66 99 78 100
RHerit = 0.75 39 102 58 103
Radiation once per 3 hours 35 100 53 100
Growth rate x 1.5 30 101 39 101
No moisture turb. mixing 27 102 44 101
Fall speed x 0.5 24 162 35 148
Radiation never 6.02 79 13 80
Resolution 500 m 1.67 100 3.92 102
Hexagonal plates 0.50 155 1.31 142

changes of mean liquid water content in th@0 °C and —30 °C temperature range are those
that reduce the intercept parameter of the ice particledistgbution, half the ice particle growth
rate, increase the critical relative humidity requireddmi clouds and increase the fall speed of
ice particles. Aside from the change to RHall of these madifications affect the ice growth rate,
either directly or indirectly by means of altering the disatof liquid and ice particle coexistence.

In the case of altering the size distribution both of thesanges occur.

The modifications with the lowest liquid water content areevehthe ice particle habit is
changed to hexagonal plates, the resolution is coarsen&@Dtmetres and the radiation scheme
is not used. The hexagonal plates fall more slowly than thedstrd assumed habit and grow

by diffusion more rapidly. The effect of resolution invofvenany processes and is investigated
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in chapter 5 and the lack of radiation scheme prevents thedslcooling from cloud top and

preventing liquid clouds from maintaining themselves.
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Figure 4.10 Frequencies with which the grid-box mean liquid water cohfalls between the extreme
values of each box, shown for 4 temperature ranges. Thes/edpeesent the fraction of grid-boxes in that
temperature range that have liquid water content valudgiappropriate range. The scale for liquid water
contents below 0.01 g n? is shown in the fourth column. The scale of the two right-haaldimns have
been expanded for clarity by a factor of 5 and 100 respegtivelative to the remainder of the figure, as
illustrated by the scales shown at the bottom of the colurihe. five different observations are those on

model grids, shown in the same order as the models subségsieoivn.

To further understand the changes caused by the modifisatioEMPIRE, PDFs of liquid
water content in certain temperature ranges are creataslintémperature ranges, each span-

ning 10°C between C and—40 °C. The PDFs are split in figure 4.10 to allow comparison
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between the different modified simulations. The valuesesgmt the fraction of grid-points in

that temperature range that have liquid water content imethge shown.

The frequency of liquid water contents below 0.01 g%is well represented in the 0 to10
°C temperature range; however, the high bias in EMPIRE is @ltre$ excessive frequency at
which liquid water contents above 0.01 g frare predicted. At temperatures colder that0°C

there are too few points with liquid water content less th&1.@ n1 3.

There is evidence that modified EMPIRE simulations that netmsely match observed mean
liquid water contents, particularly at temperatures betwe20 and—30 °C is a result of an
increase in the number of high liquid water content valuet) aimost all modifications showing
very little variation in the number of lower liquid water dents. The exception to this is the
increased number of small liquid water contents wherg Rlrhs been reduced. As hypothesised
earlier, these simulations allow part of the grid-box tactesaturation more easily, however, when

they do so only a small amount of liquid water is produced.

Whilst EMPIRE is seemingly unable to reproduce the obsefremgliency of low liquid wa-
ter contents, it is producing significantly more liquid atdmr temperatures than the Met Office
models do. As the only prognostic models included in this ganson, this suggests that EM-
PIRE is performing better but that none of the modificatiorasslenare able to capture a realistic

distribution of liquid water contents at colder temperagur

4.4 Improvements to the physical parameterizations in EMPRE

4.4.1 Ice cloud fraction

In the previous chapter it was identified that the paranmagdrice cloud fraction used by current
GCMs is not representative of the true relationship betwieencloud fraction and ice water
content found from observations. The corrected relatignbased on observations was applied
to the NWP models in the previous chapter and found that ttpéased the difference in the
predicted and observed ice cloud fraction. However, thesgle was made on the model output

and it was not possible to change the cloud fraction usedemthbdels and understand how this
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change would affect the model simulations.

Here the parameterization used in EMPIRE is changed to thelefined in the last chapter
based on the observed relationship between ice water ¢andrcloud fraction. The change of
the mean ice water content and cloud fraction shown by theems@nalysed as is the change in

the liquid cloud properties, if any.

Implementing the parameterization in EMPIRE (figure 4.143 kimilar effects to the post-
processing change to the GCMs from the earlier chapter andsbthe predicted cloud fraction
to better agree with the observed cloud fraction, excepoldattemperatures where the high bias
in ice water content exists that causes an excess cloudbfradthis improvement is as expected
from the earlier change and it is encouraging to see thatki@iage does not significantly change

the simulated cloud properties other than increasing thedciraction.

Interestingly, the increase in ice cloud fraction from gsthis new parameterization also
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Figure 4.11 As figure 4.1, showing liquid and ice water contents and cfoactions from EMPIRE exper-
iments where the ice cloud fraction parameterization has lohanged. The control simulation uses the

standard parameterization whilst corrected paramet@izases the relationship described in chapter 3.
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increases the liquid water content and liquid cloud fractibhe reason for this is not immediately
apparent; however, investigation identifies the calcotatif the supersaturation with respect to
ice as the source of the change. This change may be specifidRoRE, and the Unified Model
upon which it is based, as the calculation of the superdataravolves splitting the grid-box in
to 4 regions and calculating the vapour content of each. ©heregions are liquid cloud, ice
cloud, mixed-phase cloud and clear sky, with the size of elegfendent on the cloud fraction of
liquid and ice and the overlap between the two (assumed tatienomm overlap in both EMPIRE
and the Unified Model). By increasing the ice cloud fractithe fraction of the grid-box with
no cloud has been reduced. The mean vapour mixing ratio ioléae portion of the grid-box is
proportional to the total cloud fraction, equalling Rilsi once the grid-box becomes completely
cloud-filled. Therefore, increasing the cloud fraction & increased the vapour in the clear
part of the grid-box and consequently reduced the vapoutreobrof the ice cloud partition to
maintain a constant water vapour content in the whole goxl-bThis reduction of the water
vapour content in the ice cloud partition reduces the catedl supersaturation and hence the
depositional growth rate decreases. This results in liguater cloud that glaciates more slowly

and therefore the liquid cloud persists longer before bglagiated.

In summary, the change of the relationship between ice veatgient and cloud fraction has
shown obvious benefits. Primarily the simulated ice cloadtfon is improved, as expected, but
this does not change the overall ice water content notalilthédsame time, at least in this model
setup, the mean liquid water content is increased as lidoitls persist longer due to a reduced

depositional growth rate for ice.

4.4.2 Ice particle size distribution

As shown earlier both the ice particle growth rate and thenmea particle fall velocity have
significant impact on the amount of supercooled liquid revimgj in the simulations. Each ice
particle has a particular growth rate depending on its sizeshape (its capacitance), but of equal
importance is the assumed ice particle size distributidme Jize distribution describes the sizes
of numerous ice particles within a volume of air and whetherite water content is comprised
of many small particles or a few large ones. Changing thediszgbution will result in a change

in the mean growth rate and fall velocity of all the ice pdeticin the sample volume.
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4.4.2.1 The ice particle size distribution construct

The size distribution describes how many large and smalparéicles exist within the volume

of air in question, in this case the model grid-box, and isangmt in the model as many micro-
physical process rates depend upon it. Observed distritmi{e.g. Houze et al., 1979; Field et al.,
2005; Delanoé et al., 2005) demonstrate a wide variety ettncentrations of small and large
particles. Whilst typical distributions are largely vdni@ and do not generally fit inverse expo-
nential distribution used by some models it should be p@ssiestimate different moments of
the distribution reasonably using an inverse exponeirtkiat,is, the number of ice particles within
a given size interval decreases exponentially as the i¢elessize increases. More complex, and
more simple, formulations of the ice particle size disttitn exist, and the scheme used within
the UK Met Office Unified Model is an inverse exponential witmadification for temperature

similar to Wilson and Ballard (1999) which is apparently déé®n the observations of Houze

et al. (1979). The size distribution is given below:
N(D) = Noexp(—0.1222T ) exp(—I'D), (4.3)

where T in temperature in degrees CelshNgexp(—0.1222T) is the intercept parameter ahds

the slope parameter. By defadlg has a value of 210° m—* so the intercept parameter changes
from 2x10° m~* at 0°C to 2.6<10°® m~* at—40°C. The slope parameter is calculated such that
the ice water content, calculated from the integral of tlze slistribution, matches that predicted
by the prognostic ice mixing ratio. This means that the nundfesmall ice particles is nearly
unchanged from small to large ice water contents, with trengh being mainly a result of an

increased number of larger particles.

The ice particle growth rate is dependent on the shape aadpacitance) of the ice parti-
cle and the mass of an ice particle of a given size is known fitmerBrown and Francis (1995)
relationship. Using these two pieces of information it igrfd that the ice particle growth rate is
largest for the largest ice particles; however, the fagieswing particles in terms of a percent-
age change are the smaller particles, which have a muchesnatial mass. Therefore, for a
given ice water content, a cloud volume of small ice parsickell grow more rapidly than one
containing only a few larger particles. In addition, the Bergarticles will have a smaller termi-

nal velocity and therefore remain within the cloud for a lengime. This increases the particles
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ability to remove liquid water from the cloud. It is therefamportant to adequately represent the

distribution of ice particles within the grid-box.

Earlier in this chapter it was shown that EMPIRE has a sigaificensitivity to the value of
the intercept parameteXy, chosen by default. Reducimd, by an order of magnitude increased
the amount of supercooled liquid present in the simulatlonsn order of magnitude between
—10°C and—30 °C. The physical interpretation of this is a reduction in thenber of small
ice particles and therefore an increase in the number o legy particles. As discussed earlier
it is the small ice particles that contribute most to the glovwate and also fall more slowly.
Therefore, decreasing the number of small ice particlesl@atl to an increase in the number of
large particles and a decrease in the amount of liquid wateoved by depositional growth. As
there is substantial sensitivity to the choiceNgfin mixed-phase clouds it is therefore important

to understand if the values currently used in models aratsleit

4.4.2.2 Comparison of observed and parameterized size digiutions

To evaluate whether the parameterized size distributiad us the Met Office Unified Model
is physically realistic, the parameterization is compatedhe size distributions from aircraft

observations.

Aircraft observations of the size of ice particles in mititlade clouds from the EUCREX
field campaign in the early 1990s are used. More than 100@0dsstributions (each a 5 second
average) are used and these size distributions and thalri¢etwater content are compared the
mean ice growth rate and fall velocity calculated from theapseterized size distributions of

equal ice water content.

4.4.2.3 Small ice particles concentrations

Smallice particles concentrations are hard to measurafordéasons: firstly because the particles
are small and appear near-spherical to the cloud parti@giimy instrument and therefore become
difficult to identify the difference between them and liqeldud droplets. Secondly, the measured

volume of the cloud is often contaminated by shattering mfdaice particles on the aircraft or
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on the tips of the instrument themselves (Korolev and Is8805). This results in a number
of larger particles not being detected and a very large @asmeén the number concentration of
the small particles. It has been shown by comparison to [Ropilar measurements that these
small ice particles are an artifact of aircraft measureséwWestbrook and Illingworth, 2009).
This problem has recently been addressed in part with dgedisigned tips on the instrument
which deflect the shattered ice particle fragments away fiteensensor, but is still a source of
error in current measurements. Software detection algonstcan also identify small shattered
particles as they often appear in clusters (e.g. Field €2@06) and can therefore be identified and
discounted. These advances have improved the qualityrfoeétiobservations recently, however,

much of the earlier data still contain these problems ancektbee need to be addressed.

The data are from the EUCREX field campaign in early 1990s hatktore likely suffers
from the problems identified above. Therefore the conctoirs for the small ice particles are
likely to be unreliable. In the coming comparison the dataduare the same as in Hogan et al.
(2006). The number of small particles in this dataset is fedlifrom the original EUCREX
observations due to problems with undercounting by the 2pr@be (Heymsfield and Baum-
gardner, 1985; Francis et al., 1998; Strapp et al., 2001shattering. The sub-10@x particles
are represented by a gamma function of solid ice spheresawitbdal diameter of @m and such
that the 10Qum concentration is unchanged from that measured but the2&ncentration is a
factor of 2 larger than measured (Hogan et al., 2006). Thamgé increased the total ice water

content by 5% on average.

4.4.2.4 Calculation of growth rates, fall velocities and peameterized size distribu-

tion

Information about the number and size of ice particles &t fggnporal resolution are available
from the aircraft observations. This information is fromédcaend subsets of the aircraft data,
which equates to a horizontal distance of approximately 1 kor each subset the total growth
rate and the mass weighted mean fall velocity of the ice@eastiare calculated. The total growth

rate is calculated using

dg _ 1/: dMD) \ by dp, (4.4)

dt  p dt
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and the mass weighted fall velocity by

/OOOV(D)M(D)N(D) dD
V=20

(4.5)
/O M(D)N(D) dD

In both of the above equatioMd(D) is the mass of an ice particle with diamerV (D) is the
fall velocity of the particle N(D) is the number of particles of that size per unit volume and
is the air density. 22 is calculated using equation (2.49), the other values dcelleted as in

EMPIRE using:

V(D) = 25.2D%%27; M(D) = 0.018D*%; N(D) = Noexp(—0.1222T Jexp(—I'D);  (4.6)

whereD is the diameter in metres amdy = 2 x 10 m~* following Wilson and Ballard (1999),
but with the mass-diameter relationship from Brown and Eisa(lL995). They apply equally to
the observed and the parameterized ice particles, othetthleasize distribution from the aircraft
is used in place of the parameterizg(D) above for the observations. The growth rate and mean
fall velocity values are compared between the observed arahpeterized size distributions for
each 5 second subset of data. A consistent bias is found lnthetgrowth rate and fall velocity
which varies as a function of ice water content. The ratichef parameterized value to the true
value obtained from the observed size distribution aretguoin figure 4.12a, d as a function of
the total ice water content in the sample and the temperatutieat sample is denoted by the
colour of the dot. For small ice water contents {04 g m—3) the Wilson and Ballard (1999)
parameterization overestimates the total growth rate lagtf of two or more. Additionally, the
mass weighted mean fall velocity is half or less of the truemfall velocity. There is spread
amongst the data, but the sign and magnitude of the biasepasetent across many samples
and a range of temperatures and there is no apparent teomged@pendent bias. The magnitude
of the bias decreases as the ice water content increasebasijh of the bias changes for ice

water contents greater than~0y m~2 in both the growth rate and fall velocity.

The nature of the bias with excessive ice growth and deaddaierelocity is symptomatic of
an error in the number of small ice particles. The small plgiare most efficient at depositional
growth and fall most slowly, and an increased number of spaticles in the parameterization
would give the biases found. This excess of small partickegdcalso be described & being

too large.
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Figure 4.12 The parameterized process rates from Wilson and Ballar@9)Slotted as a fraction of the
true growth rate calculated using size distributions olesgtduring EUCREX. Panels a-c show the growth
rates and panels d-f show fall velocities. This is shown agnatfon of ice water content (x-axis) and
temperature (colour) for the standard parameterizatiang|s a and d) and two modificationshyf based

on the ice water content (panels b, c, e and f).

The literature on size distributions suggests that fortiara of the particle size distribution
with more variables than the exponential fit are not requiosdevise accurate values of ice water
content and radar reflectivity (Heymsfield et al., 2008) drat there is some dependenceNgf
on the ice water content (Houze et al., 1979; Delanoé anc&hla2p08; Morrison et al., 2011b).
Using the information from these papers a correction isiagio Ng such that it becomes a
function of both ice water content and temperature, rathen just temperature as described in
Wilson and Ballard (1999). Two different functions fbk are tested, based on the observed
relationships in Delanoé and Hogan (2008) and Morrisonl.e2@11b). The relationship in
Delanoé and Hogan (2008) is approximatily~ IWC®® whilst Morrison et al. (2011b) analysed
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aircraft observations of Arctic mixed-phase clouds dugtdEBA and found a slightly stronger

relationship ofNy ~ IWC®®27. The first alteration changes in (4.6) to be expressed as

Iwc\ *°
No = 2 x 10° (W) m—4 4.7

where IWC has units of g ¥, based on the approximate relationship betwigmand IWC in
Delanoé and Hogan (2008). The second change gives an evagest relationship betwedxy

and IWC of

102
This relationship gives a stronger dependenc&ipbn IWC than theNg ~ IWC%®?7 found in

0.75
No = 2 x 10° <%> m—4. (4.8)

Morrison et al. (2011b) and has been chosen due to the sraaédfound when this dependence
is implemented. The effect of changing the valuélptan be seen in panels b,c,e,f of Figure 4.12
when compared to panels a and d. By chandiigdo that in (4.7) a considerable improvement
in the calculated growth rates and fall velocities is seawsacthe range of ice water contents
(Figure 4.12 b, e). The magnitude of the bias at both smallange values is greatly reduced and

gives satisfactory results when compared to the sampladelok by aircraft observations.

By further increasing the dependenceNyfon the ice water content and using (4.8), the fit
with observations is even better. There is now almost noihidise parameterized growth rates
across 4 orders of magnitude of ice water content and mayepessonable beyond this range
although the observed data are too sparse to allow any ra@asooomparison. This change is
larger than justified by current observations but gives aekent prediction of the total growth
rate and mass weighted mean fall velocity, which is esdinttge role of the size distribution in

numerical models.

Our observations of mixed-phase clouds using radar and sidewn earlier in figure 4.10
show that the majority of mixed-phase clouds analysed tavevater contents betweenf0and
102 g m~2 which correspond to growth rates 2.5 and 1.1 times larger dhaervations and fall
velocities a factor of 0.5 and 1 times the observations whengua constant value fd¥y. So
whilst the calculated growth rates and fall velocities areeptable for the highest observed ice
water contents, at the lower end considerable biases axisatt to remove liquid from mixed-
phase clouds too rapidly. With the smaller of the two coroest (4.7) applied, the mean bias is
reduced to a factor of 1.5 for growth rates and 0.75 for falbeity where ice water content is

104 g m2 and these two values improve further to 1.1 and 0.95 usintather correction (4.8).
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4.4.2.5 Impact of ice particle shattering
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Figure 4.13 As 4.12 but using data from CONSTRAIN, which has been praztss remove the effects

of ice particle shattering on the observing instrument.

As mentioned in section 4.4.2.3, the EUCREX data from théyeE390s may be subject

to ice particle shattering artifacts in the data. The data w@llected before the issue of ice
shattering was properly identified and understood. Thesefibany shattering has occurred on
the instrument prior to sampling, there have been no efforiemove the shattered particles
from the dataset. In order to ensure that the results olstdires are not as a result of shattered
particles the results have been tested with a second, moeatrdataset. The data are from
the 2010 CONSTRAIN project, which consisted of flights ovex UK, mainly studying cirrus

clouds. A different set of instruments was used to creatsitteedistributions, these included 2D-
C, 2D-S and cip-100 instruments which each measure a diffsiee range of particles and have

been combined to make a single composite size distributioedch 10 second sample (Cotton
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et al., 2012). The data is processed to remove the effectsattesing by using a time of arrival
algorithm (Field et al., 2006) and only samples with grettian 0.3 g m? of ice are included to

ensure reasonable agreement between the instrumentsanefi@pping size bins.

Performing the same analysis on this data shows a similaitras for the EUCREX data
(figure 4.13). There is still an ice water content depend@t im the parameterized growth rate
and fall speed, and the intercept with the ‘correct’ oneite- line is not significantly changed.
The slope of the data points and therefore the magnitudeedbitis is increased, particularly for
the colder temperatures, however, a similar magnitudeta§ebserved at warmer temperatures
around—20 °C where mixed-phase clouds are typically observed. Thishiatvus expected if
some shattering were present in the EUCREX dataset. Umiatdly samples with small ice
water contents have been removed from this dataset due litygssues. The size distributions
of small ice water contents typically contains more smalirticles and is therefore less prone
to shattering, suggesting that the EUCREX data may be mbablefor the smaller ice water

contents.

This new evidence supports the original conclusions treaetis an ice water content depen-
dent bias in the parameterized growth rates and fall spefeide particles, both of which act to
reduce the amount of supercooled liquid water in mixed-pl@suds. The modifications &y
in the size distribution reduce this bias, particularly i@rmer temperatures where mixed-phase

clouds are found, in agreement with the results obtained flee EUCREX data.

4.4.2.6 Applying corrections in EMPIRE

Applying the corrections to EMPIRE (figure 4.14) gives arr@ase in the liquid water content of
simulated clouds, particularly in the10°C to —30°C temperature range, of 162% (I\W€) and
189% (IWC ’®); a change of similar magnitude to halving the intercepapaateiNy everywhere.
This is the expected change of both reducing the glaciadt® and increasing the fall velocity
of the ice particles and results in supercooled liquid laykat have an increased lifetime as they
do not glaciate as quickly. This increase in the liquid clditetime also allows for more ice in
the simulations, with the mean ice water content increabing% and 8% for the IWE® and

IWCP75 corrections respectively and increases the total albedbeo€louds by more than 85%
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in both cases.
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Figure 4.14 As figure 4.1, showing liquid and ice water contents and clivadtions from EMPIRE ex-
periments where the ice particle size distribution spedifinis have been changed. The experiments are:
(red)Np in ice particle size distribution scaled by 0.5, (yellaMg scaled by 0.2, (greemyy scaled by 0.1,

(magenta)\g parameterized as a function of IW€and (cyanNg parameterized as a function of V.

4.4.3 Combination of parameterization changes

Whilst the above sections have highlighted that a numberiftdrent processes all contribute
to varying degrees to the maintainence of mixed-phase slond single change has enabled
the mean supercooled liquid water content or cloud fractiomatch or exceed the observed
quantities for these cases. A further simulation has beeraassess the maximum amount of
supercooled liquid possible if all parameterizations a s to favour the existence of super-
cooled liquid. This means using the corrected ice particke distribution withNg ~ IWC%’®, the
corrected ice cloud fraction relationship from observagioreducing the growth rate of ice par-
ticles by 50% and increasing the fall velocity by 50% and &didally changing the ice particle

habit to spheres, the slowest growing and fastest fallimjgb@ shape. A change to the radiation
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scheme, setting the liquid effective radius tQuB, increases the optical depth of liquid and in-
creases both the longwave cooling and amount of reflected saadiation. This is a combination
of all the changes that give an increase to the amount of sopled liquid water in the previous

experiments, summarised in table 4.2, with the exceptiahahging RH;it.
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Figure 4.15 As figure 4.1, showing liquid and ice water contents and clivadtions from EMPIRE ex-
periments where all parameterizations are changed to niseiime amount of supercooled liquid water in

the simulations.

The results, shown in figure 4.15, show a large increase itiotiaé amount of supercooled
liquid water which exceeds the observed values for all teatpees between 0 anred0°C, except
at —17 °C where the simulated value is within the range of obsermatid he total liquid water
content in the temperature rangel0 °C to —30 °C is 649% of that in the control simulation
and 47% larger than the mean observed liquid water contehaitrtemperature range. A similar
increase is also seen in the liquid cloud fraction, but Iwstderestimated by a factor of 2 atl7
°C despite overestimating at temperatures warmer thah°C and betweer-30 and—40 °C.
The mean ice water content decreases slightly (8% betwd®?C and—30 °C) as a result of
the reduced growth rate and increased fall speed but thd @laction increases due to the change

in the cloud fraction parameterization.
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4.5 Conclusions

In this chapter, EMPIRE has been used as a tool to develop @erstanding on the important
processes in maintaining mixed-phase clouds. Initialyy dbility of EMPIRE to simulate thin,
single-layer mixed-phase clouds is assessed and compmamdasérvations and other numerical
models. EMPIRE has a similar behaviour to the GCMs in genetith the amount of supercooled
liquid at temperatures colder thanl5 °C being underestimated. Biases similar to GCMs were
also observed in the mean ice water content, ice cloud @rmetnd in-cloud liquid and ice water
contents. The liquid cloud fraction was most similar to th€NB with prognostic ice water

content although had more cloud fraction and liquid waterteot than these GCMs.

The contributions of the processes to liquid water contmdéncy is calculated and it is found
that the supercooled liquid water layer at the cloud top isiaaned in the simulation by radiative
cooling at the cloud top. The turbulent mixing acts to redingeproduction of liquid water from
radiative cooling by transporting the cooled air to lowethia cloud. The net tendency throughout
most of the depth of the cloud was a small decrease in thaligater content with time but at the
cloud top the liquid water content is increasing becausedtimtive cooling extends to higher in

the cloud than the turbulent mixing does.

Through a number of different modifications to EMPIRE the amiance of each physical
parameterizations and processes in the model is assedsethrdest sensitivities to changes are
those affecting the ice production mechanisms. The reasoarf underestimate in the super-
cooled liquid water content is largely because the ice gnawate is too large (due to a number
of causes) rather than too little liquid being produced ey rtiodel; however, both will have an
effect here. Changing the growth rate of ice particles tiyeor the assumed size distribution of
ice particles, their fall speed or their habit all have adaeffect on the amount of supercooled

liquid present in the simulations.

Many of the modifications that effect the amount of liquid &rain the simulations do not
significantly change the mean amount of ice (see table 4R)patticular, reducing only the
growth rate by 50% increases the mean liquid water conterviey 150% but reduces the ice
water content by less than 2%. Reducing the frequency o#itliation scheme to values found in

GCMs had a detrimental affect on the liquid water contemucing the mean by 65% when only
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used every 3 hours (rather than every 15 minutes). Redubagumber of vertical grid-points
in the model, to more closely match GCM resolutions removetbst all (98.3%) of the liquid
water in the simulations, this will have severe implicasidar the ability of the current GCMs to

simulate mixed-phase clouds, even in an otherwise perfedem

Finally, possible improvements to the physical paramed¢ions in EMPIRE and GCMs are
identified. The ice cloud fraction parameterization as afion of ice water content is modified
based on radar observations. This was identified in the quewchapter as being incorrect and
that post-processing the ice water content gave a much ragrcloud fraction prediction from
the GCMs. This was tested in EMPIRE to evaluate the changemaking this correction within
the model. It resulted in an increase in the ice cloud fractobetter agree with observations, as
also found in the previous chapter. Also it gave an increashd amount of supercooled liquid
and liquid cloud fraction because of the way the grid-boxagiponed in the calculation of the
supersaturation with respect to ice. The net result wasdedse the rate at which ice grows and

sustain longer lived liquid water clouds.

The modifications to EMPIRE that showed the most sensititotghange - the fall speed
and growth rate of ice - are together affected by the ice @arsize distribution. By testing the
parameterized size distribution against aircraft obgemsa from the EUCREX campaign a bias
was identified in both growth rate and fall speed of the totgdysation of ice particles within a
grid-box. This resulted in ice particles both growing toactily and falling too slowly, combining
to rapidly remove the supercooled liquid from the cloud. bies was evidently dependent on
the ice water content but not on the temperature and therafoorrection based on the ice water
content was made that removed much of the bias across maessatimagnitude of ice water
content. This was shown to increase the liquid water congemticularly at temperatures colder

than—10°C, to agree better with observations.

It is notable from all of the modifications made to EMPIRE thaxed-phase clouds are sen-
sitive to a number of different processes to a varying degké@wvever, no single maodification
was able to increase the liquid water content or liquid clisadtion of EMPIRE enough to match
or exceed the observed values, although a combination béaé#ficial changes is able to exceed
the observed liquid water content. At temperatures wariman +10 °C the mean liquid water

content and cloud fraction exceed the observations in mlliksitions, largely caused by a small
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number of clouds that had a very large water content. Thigestg that there is not a simple
model bias that can be corrected to permit GCMs to simulakedsphase clouds correctly. In-
deed attempts to correct model biases such as the ice pasiz@ distribution did improve the
liquid water content, but the liquid cloud fraction was lessily manipulated. This suggests that
the changes to the model were able to change the propertibs ekisting simulated clouds but
were unable to change the frequency with which supercoadgdd! clouds occur. This may be
due to a bias in the humidity of the forcing dataset or a lackpafrafts strong enough to bring

the air to saturation preventing clouds from forming at all.
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CHAPTER 5:

VERTICAL RESOLUTION SENSITIVITY

As was shown in the previous chapter, EMPIRE demonstrategsitiwity to vertical resolution.
Thin liquid water layers are able to persist longer in sirtiales which have higher vertical reso-
lution. All GCMs and NWP models currently run on a much coagsgtical grid than the default
50 metre spacing of EMPIRE and this suggests that resolatiafd be one of the reasons why
current models are not correctly simulating mixed-phaseids. Understanding this resolution
dependence is important to infer the potential effect té¢&m is having on GCM simulations of

mixed-phase clouds. In this chapter the following questiare addressed:

1. How large an effect is resolution having on simulationsnofed-phase clouds?
2. What vertical resolution can be considered good enouga fonvergent solution?
3. What is the cause of the resolution dependence?

4. How well can the sub-grid physics be parameterized to vertize resolution dependence?

To further explore this resolution dependence, EMPIRE &dus an idealised configuration;
this is explained in section 5.1. Experiments using thisseire used to answer the questions
above. Attempts are made to correct the model by adding anedeaization specifically to
capture mixed-phase clouds in low resolution models antysam&ow well it performs compared

to the high resolution simulations.

5.1 Idealised simulation

To investigate the resolution dependence previously déereal, an idealised version of EMPIRE

is used throughout this chapter. The idealised model usdslitiphysics of the model described in
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chapter 2. However, there is no advective forcing appligdeanodel and there are no tendencies
to adjust the model fields. The simulation is initiated fromadiosonde sounding from Larkhill (5
September 2003, 0600 UTC) and after that it is completely fuening with vertical velocity set
to zero everywhere. An idealised model is used to investitfa resolution dependence because
this allows the effects of resolution on the simulation tadmated. Efforts to maintain realism
within the simulation are made as the model is initialisedrfia radiosonde sounding and includes

all the physical processes that are included within EMPIRE.

The model is initialised using a radiosonde sounding laeaddhom Larkhill, UK at 06 UTC
on 05 September 2003. At this time a stratiform mixed-phdsedcwas observed to be form-
ing over the Chilbolton radar facility, approximately 28 kmthe East of Larkhill. This cloud
was observed to exist for approximately 10 hours with claydinitially around 6 km increasing
gradually throughout this time to about 7.5 km. This is cstesit with the sounding which shows
a liquid-saturated layer at 6 km altitude. The model wasalised using this sounding and then
run for 60 minutes to allow the model to spin-up and for radmgtturbulent mixing and micro-
physics to come in to equilibrium. At the end of the 60 minuysasup, the model variables are
output and these are used in the initialisations of the Blgieesolution simulations. The liquid
water content is calculated as the difference betwgemd RH,i:0s and the ice water content is
initially zero. Linear interpolation is used to calculatedel variables on grid levels not explicitly
calculated from the 25 m resolution simulation. The inipadfile can be seen in figure 5.1 and
shows an almost well-mixed profile between altitudes of 550@nd 6100 m. The initial profile
has a supercooled liquid-saturated layer which is injtiede free. The model is then allowed to
run freely and see how the liquid and ice profiles evolve and they differ with changing reso-
lution. The model is integrated forward in time for a periddddours and includes all physical

processes but no vertical velocities or advective ten@snci

5.2 Effect of vertical resolution

Initially the idealised version of EMPIRE is run at two vegl resolutions; high resolution with a
vertical grid spacing of 50 m and a low resolution with 500 fa gpacing. The low resolution has

a grid spacing that is similar to GCM and NWP models’ vertiealolution in the mid-troposphere.
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Figure 5.1 Initial model profile of a) potential temperature and “dewp@otential temperatureTey x

R
(%) °?) and b) saturation ratio with respect to liquid and ice amaidifraction andy x 100.

These two resolutions are equivalent to those used in treitisdg tests in chapter 4. Results
from these two model integrations can be seen in figure 5.8.cohtoured colour in panels a and
¢ represents the model ice water mixing ratio and panels kdasttbw the liquid water mixing
ratio. The difference in the liquid and ice water contentletion is clear, with a layer of liquid
water persisting in the high resolution model simulatiomhjlgt in the low resolution simulation
the liquid water content is continually decreasing befbeedloud becomes completely glaciated

after about 1 hour.

A difference in the evolution of the ice water mixing ratioisted, with larger values found in
the 500 metre resolution simulation for the first 2 hours efghmulation whilst the liquid layer is
still present. This difference is particularly noticeabteand near the cloud top and is particularly
important as this is also where the liquid water is presetihénlargest concentrations. Because
the rate of ice growth is dependent on the ice mixing raties¢hlarge values near cloud top
significantly increase the growth rate. This allows the haghwater mixing ratios to be sustained
at cloud top whilst the liquid evaporates to maintain theowagsource. The absence of the liquid
water layer at cloud top beyond 1 hour and the reduction irndhevater mixing ratio lower in
the cloud as a result will together have a profound effecthensblar radiation able to penetrate

the cloud and potentially reach the Earth’s surface.
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Figure 5.2 ldealised simulation at vertical resolutions of 50 m (a-h)l 00 m (c-d). Ice water mixing
ratio is shown in the left hand panel and liquid water mixiaga in the right hand panel. The colour bar

is applicable to both liquid and ice.

Whilst the difference between these two resolutions iskstan understanding of the be-
haviour across a large range of resolutions is required. eferchine this, EMPIRE is run at a
number of different vertical resolutions and the liquid &rah the simulations is compared. Fig-
ure 5.3 shows the simulated liquid water path at hourly Wraisrfrom the simulations. The liquid
water path is near constant when the model is initialisetjever, at coarser resolutions there is
a reduction in the initial liquid water path due to a poorlgaked vertical structure of the cloud.
As the simulations evolve in time, the coarser resolutionutations glaciate most quickly but
after 1 hour even the 500 m simulation has a liquid water patxcess of 0.1 g . After two
hours only simulations with resolution finer than 350 m haligwd water path in excess of this
threshold, and in the coarser resolution simulations thgdicloud has already dissipated. This

continues with finer resolutions being affected furtheo ithte simulations.

As the vertical grid spacing increases the total liquid watgh decreases, most notably for

grid spacings larger than 250 metres. For resolutions ofi2@@es or finer the simulations start
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Figure 5.3 Liquid water path from plotted at hourly intervals from médenulations of varying resolu-
tion. For model vertical resolutions greater than 250 nsdtcgiid water path decreases with time into the
model simulation; however, for finer resolutions the modaintains the liquid water path throughout the

simulation.

to converge. These results are particularly concerningmsal GCM resolutions are 500—-1000
m in the middle troposphere. Even the state-of-the-art ajmaral forecast models have mid-
tropospheric vertical resolutions of 250—-400 m (see figud@ &nd the total liquid water path
at these resolutions is significantly less than that of tlg miesolution simulations. Vertical
resolutions on the order of tens of metres throughout th@otphere are unattainable in GCMs
due to the computational time that would be required to rwer such large domains. This implies

that GCMs may never be able to capture mixed-phase cloudigiindurrent configuration.
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Figure 5.4 \ertical spacing of model levels in the ECMWF and UK Met Offldaified Models plotted

against altitude for operational model configurations ak &dinuary 2010.
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5.3 Causes of resolution dependence

5.3.1 Process rates

Figure 5.2 shows a marked difference in the liquid and iceimgixatios at two different res-
olutions. Notably, the ice water mixing ratio at cloud topsigbstantially higher in the coarse
resolution simulation. To understand why the model shovgsdifference the sources and sinks
of ice in the top 500 metres of the two simulated mixed-phéseds are analysed. The process
rates for each simulation are shown in figure 5.5. The daposgrowth rate of ice and the rate
of loss due to sedimentation are significantly smaller irBibenetre simulation, to such an extent

that the y-axis of figure 5.5a is a factor of 10 smaller tham5.5
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Figure 5.5 Time series of the model source terms for ice at resolutibag 50 m and b) 500 m. Note the
factor of 10 difference in the y-axis scale of panel a) ando)that the ice growth and sedimentation rates

in the 50 m simulation reach an equilibrium which never osdnithe 500 m simulation.
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The most significant difference between the two sets of m®cates is that in the 50 metre
simulation the growth rate and sedimentation rate reachqgaiiilium so that there is no net
change in the ice mixing ratio near the cloud top. In the 50@&enr@mulation this never occurs
and the growth rate increases with time until all of the aldé water has been used up and the
liquid water has evaporated. The sedimentation rate isegeas the larger mass of cloud ice
falls more quickly; however, the rate of loss does not matetgrrowth rate until the liquid has all

evaporated and therefore the cloud never reaches equiifilas occurs in the 50 metre simulation.

5.3.2 Resolution dependent processes

Of the processes that are either a source or sink of liquignvat least one must change sig-
nificantly as the model vertical resolution changes to erplae observed difference. The only
sink of liquid water of concern is the evaporation of liqualised by growth of ice particles from
vapour. Other sinks such as warming by radiation or largéesdascent are negligible in our
idealised simulation. The main sources of water are longwadiative cooling at the cloud top

and the supply of vapour from lower in the cloud due to turbuhaixing.

The rate of ice growth within a grid-box is strongly depertdemthe mean ice water content
and therefore the sources and sinks of cloud ice are alsoriamo These are simply the growth
of ice from water vapour and the sedimentation of ice into antlof the model level. This
indicates the importance of the ice growth rate as, not anly the primary sink of liquid but
also, it determines the ice water content of the model goixl-at later timesteps that in turn
will affect the rate of liquid depletion. Therefore, incsgag the ice growth rate but keeping the
sedimentation rate constant even for only a single timestéfincrease the liquid depletion rate
throughout the simulation until such a time as the liquid tasipletely evaporated. Similarly,

reducing the sedimentation rate but keeping the growtha@tstant will have the same effect.

In addition to these processes, the vertical structure @fctbud is also important - with
the liquid present at the top and falling ice beneath. As tloelehresolution becomes coarser
information is lost about the vertical structure of the dand therefore become less likely to

identify a liquid-saturated layer at cloud top.

The rate at which liquid is generated or removed from theatlayer due to these processes is
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dependent on quantities which vary in the vertical nearcttop. Before understanding why these
processes are resolution dependent, the vertical profileesk quantities at the top of the cloud
need to be considered. Figure 5.6 shows the vertical prdfientgperatureg; and supersaturation
with respect to ice near the cloud top from the 50 m verticsbhgtion simulation discussed above
and, for comparison, the same quantities once averaged®@r m layer. When looking at this,
it is important to remember that numerical models do not astéor sub-grid structure in the
vertical. The mean quantity for a layer is assumed to be egipi to the layer as a whole when

calculating the process rates.

5.3.2.1 Resolving cloud vertical structure

EMPIRE has only 5 prognostic variabled; ¢, g;, u andv. All the other variables are calculated
using these prognostic variables. The three most impoaditiese prognostic variables for de-
scribing the cloud structure aBg, g andg;. Typically the top of the cloud is well-mixed, with
profiles ofg; andq; constant with height due to the turbulent mixing driven froloud top. The

ice water mixing ratiog;, tends to increase with increasing distance from cloud $agaa be seen
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Figure 5.6 Vertical profiles of ice water mixing ratio, temperaturetusation with respect to ice and ice
depositional growth rate in the top 500 m of an EMPIRE simadahixed-phase cloud. The crosses are
from a 50 m resolution EMPIRE simulation, the dashed lingesgnts the quantities as calculated using
mean values offi, 6 andg: over the 500 m layer. The solid line shows the parameteriabebsid profile

for use in coarse resolution models.
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EMPIRE simulated mixed-phase cloud. The crosses are frothra Eesolution EMPIRE simulation, the
dashed line represents the quantities as calculated usiag walues ofj, 6, andg; over the 500 m layer.

The solid line shows the parameterized sub-grid profile &rin coarse resolution models.

in figure 5.6, and the value of is an almost linear function of distance from cloud top. &)
andg; may be well-mixed throughout the cloud layer the verticalcure inT is still important
due to the change of pressure with height. In a layer of 500 pthd&vith8, andg; constant with
height, it would be expected that the temperature diffet2y5°C from the layer-mean tempera-
ture due to the pressure change across the layer. The loas&sype at the top of the layer means
that the potential temperature translates to a colder mipéeature. As a result, the saturation
mixing ratio is also lower at the layer top and thereforeiligonay exist at the top of this layer
asq; is well-mixed and could exceed the saturation mixing ratising the layer-mean potential
temperature, mixing ratio and pressure will correctly ghdte the layer-mean temperature but

may fail to capture the correct liquid water mixing ratio.

5.3.2.2 Evolution of cloud ice

The ice in mixed-phase clouds is almost always produceckitidhid water regions of the cloud

(Westbrook and lllingworth, 2011). Once the ice crystahierit grows in size through vapour
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deposition and falls towards the ground. The net result @¢htwo processes is an increase in

ice water mixing ratio away from the top of the cloud, as sedfigure 5.6.

Using the Wilson and Ballard (1999) microphysics schemeiatedjrating the growth rate of
each ice particle over the size distribution of ice pariclathin the grid-box gives a growth rate

term forgq;:

dg  2nSS [Noexp(—0.1222M)\' 51/ g \o1 51
d A-+B p aF(b+1) ) .

where the time rate of change of the ice water mixing rajipi§é given in terms of the supersatu-
ration with respect to iceSS), the intercept parameter of the ice crystal size distidoufNy), the

air temperatureT) and density §), a andb from the ice mass-diameter relationship £ aDP),

A andB together form the denominator of the ice particle growthatigm (2.49). The most sig-
nificant terms in equation 5.1 a&$ andq;. The value of these two terms change significantly
with height in the top few hundred metres of the cloud (figur@ax). The ice water mixing
ratio increases nearly linearly with distance down frormudidop whilst the supersaturation de-
creases with distance down from cloud top. The product etteo terms is at a maximum
when both the ice mixing ratio and supersaturation havermgdiate values, which results in the
fastest growth rates in the middle of the cloud (figure 5.6d)lure to resolve these vertical struc-
tures and instead using the mean values for both ice watégrmioend supersaturation gives these
fastest growth rates through the whole depth of the layea fesult, the coarse resolution model
growth rates are higher than the equivalent growth ratesn ti@ fine resolution model (dashed

line in figures 5.6 and 5.7) purely as a result of using theseaaed values.

5.3.2.3 Ice sedimentation

The transfer of ice from one grid-box to the next due to sediatén of the ice particles can
simply be quantified as

dg; _ Hie3Vies —Hi-4Vi-g
dt Isedimentation Az

(5.2)

whereq; andv are the ice water mixing ratio and the mass-weighted fatiaigf for ice particles
falling into and out of grid-box at model levg] with level j + 1 being above leve] andAz being

the grid-box depth.
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This sedimentation equation describes the sedimentasied im many microphysics schemes
and requires only a method for calculating the mean fall aiglcof the ice particles; all other
quantities are known from the model. This simplistic appto@oes cause some changes as
the vertical resolution is changed. The change in our sitioms occurs because, again, the
vertical structure of the cloud is not captured. As showngnr 5.6 the ice water mixing ratio
increases approximately linearly with distance from cléoopf however, the coarse model only
has information about the layer mean and assumes this togtieae to the whole layer. This
difference is largest in the uppermost cloudy model levilem at cloud top the ice water content
is zero. In this case, as the ice water content increasesxppately linearly down from cloud
top, then the ice water content at the base of the grid-box briswice the layer mean. When
the structure is resolved, there is approximately doubdeflinx of ice out of the bottom of the
model layer than when calculated using the mean as the icer waxing ratios are larger here
which affects both the amount and mean fall velocity of tleegarticles. In the coarse resolution,
where this structure is not resolved, too little ice is beirapsported out of the bottom of the
layer. As a result the ice water content starts to build ugheuppermost cloudy model layer
and will further increase the ice growth rate in the follogiitimestep and amplify the difference

between the coarse- and fine-resolution simulations.

5.3.2.4 Radiative cooling

The radiative heating and cooling rates are calculatedyubmEdwards and Slingo (1996) radia-
tion code. For cloudy regions the heating and cooling rateslependent on the cloud properties
(cloud fraction, water content and hydrometeor size, stequephase). The hydrometeor size
and shape are constant in the radiation scheme for ice amd ldpase respectively so only the
water contents and cloud fraction from the model affect Htkation calculations. As mentioned
above in section 5.3.2.1, as the model resolution coarsemsbility to resolve the liquid cloud

and peak liquid water content reduces. As a result of thip#ak radiative cooling at cloud top

associated with the liquid water layer is reduced and |lestenrate at which the highest cloudy
model level is cooled. Less cooling of the model layer, akdbeing equal, results in a higher
saturation mixing ratio and therefore less liquid waterisTpositive feedback may explain our

lack of liquid water in coarse resolution simulations. Heee the cloud-top cooling is balanced
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by turbulent heat flux, so the mixing scheme needs to be cersids well.

5.3.2.5 Turbulent mixing

The turbulent mixing scheme is adapted from Lock et al. (2@®@llow mixed-phase clouds to be
mixed by turbulence generated from radiative cooling aidlwp and the resulting destabilisation
of the cloud layer. This scheme depends heavily on the radiacheme in two ways. Firstly,
it requires the radiation scheme to cool the cloud top layéficiently so as to destabilise the
layer and allow turbulent mixing. Secondly, the magnituddguobulent mixing prescribed is
also determined by the cloud-top radiative flux divergerideth of these will show a resolution
dependence if the radiation scheme is showing a resolutpertience as might be expected.
Additionally, the Lock scheme requires that a negativelgyaunt air parcel at cloud top is able to
descend more than one grid-level. As the model grid-spdogupmes coarser this requirement
means a greater physical depth of instability is required without a well resolved thermal
structure this is unlikely to be achieved. The reductiorunbtilent mixing that might be expected
as a result of this will inhibit the upward transport of marg to the cloud top, but it may also
inhibit the downward transport of colder temperatures frdoud top. It is not clear whether
changing the model vertical resolution will increase orrdase the cloud liquid water content

through turbulent mixing processes.

5.3.3 Identifying importance of each process

To understand which of the processes discussed above g largest impact on our simula-
tions as the resolution is changed, each process is testietimlly using the idealised EMPIRE
model framework. Using the model setup described earliseation 5.1, EMPIRE is run with a
vertical resolution of 50 metres. Multiple simulations WEMPIRE are conducted and in each
case one process is changed so that it acts as if it has ealeesolution of 500 metres. This may
involve, for instance, averaging over 10 model levels anidguthe 10-level average value from
these layers as the input to calculate process rates in é#ohiadividual model levels. This has
the result of giving equal process rates to blocks of 50 nratrdel levels, as would be calculated

in a 500 metre simulation, but allowing other processes te leffect at 50 metre resolution.
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Figure 5.8 Liquid and ice water mixing ratios from six idealised EMPIRifulations. The simulations

from top to bottom are: 50 m resolution, 500 m resolution, 5@esolution with ice averaged across 10
model levels, 50 m resolution where the vertical structdremperature is not resolved, 50 m resolution
with turbulent mixing on 500 m grid and 50 m resolution wittdigtion scheme using 500 m averaged

quantities.
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The processes that are coarsened in the simulations amee g)awth and sedimentation, b)
resolving sub-grid vertical profile of (and thereforey ), ¢) turbulent mixing (both diagnosis of
the diffusivity profile and solving of the diffusion equatipand d) radiation (both temperature
and cloud inputs and applying heating and cooling to model$3. The ice growth and sedimen-
tation changes are combined into one simulation as sepgrhtse two effects from each other
becomes very difficult in practice, largely because theylolgipend on and change the value of

gi within a timestep.

The liquid and ice water mixing ratios from these simulasi@me shown in figure 5.8. The
first two rows show the same data as figure 5.2, the other faus show experiments where
one processes is coarsened, a-d in the same order as abavehdWs that when using coarse
resolution for one process only, the simulated cloud camgédo closely match that of the 500
metre simulation. This is particularly the case for the datians where the ice water content
has been averaged when calculating the depositonal grawtlsedimentation rates and where
the vertical structure of the temperature profile is not Ikexb In fact, combining these two
processes gives us a simulation which is qualitatively ganjlar to the 500 metre simulation (not
shown). The simulations with coarsened radiation or t@iunixing do not show such a marked
difference from the 50 m simulation and this indicates th&iseé processes are less important
to resolve fulls and are not the major cause of the resolu&pendence. The ice growth and
sedimentation processes are most important together asthiving the vertical structure of the
temperature (and therefore cloud) within the model griéliethese processes are the focus of the

rest of this chapter.

5.4 Correcting for resolution dependence

The sensitivity of EMPIRE to vertical resolution is causegddpbocesses changing their behaviour
with changing vertical resolution. The processes whichraost important in this change are
the ice sedimentation and ice growth by deposition. It is algportant to represent the vertical
structure of temperature at the cloud top so as to correddigtify when part of a model layer is
liquid saturated even though the grid-box mean mixing ratid temperature suggest the layer is

below saturation.
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These three important processes all show such a dependenaask there is no sub-grid
structure within the model layer. All current numerical natselassume that the grid-box mean
values are representative of the depth of that model levehilsithere have been attempts to
address the horizontal variability within a grid-box, fostance the Smith (1990) cloud scheme,

currently no information about the vertical structure iglided in the models.

When the process rates are calculated using informatiout &lhe vertical profile of the quan-
tities (as in the high resolution simulation) then the dépwsal growth rate is reduced and the
sedimentation rate is increased, on average. In additienliquid water content diagnosed by
the model increases as the model resolution becomes finghe I$ub-grid vertical profile of
these quantities can be accurately described in the coasséution models and these profiles
used to calculate the process rates then this may allow rplkaede clouds to be more accurately

modelled in coarse resolution models.

5.4.1 \ertical structure of mixed-phase clouds

The vertical structure of mixed-phase clouds can be asbdéigsa various sources to understand
how to implement a sub-grid vertical profile in low resolutimodels. Vertical profile data from
the top of mixed-phase clouds has been combined from vasmuges including high resolution
EMPIRE model simulations, other modelling simulationglioaonde soundings, aircraft obser-

vations and remote sensing observations.

High resolution EMPIRE simulations show that the cloud ®peéry turbulent and as a result
of this turbulent mixing, the mean profiles of potential tergiure and of total water mixing ratio
are well mixed. This is backed up by radiosonde observatidrish show well mixed layers be-
neath mid-level liquid saturated layers. Additionallyicaaft observations (e.g. Fleishauer et al.,
2002) show that the profile of liquid water content is neadiahatic, as would be expected with
a well-mixed layer. Knowing that boté andg; are well-mixed then the profile of temperature,
supersaturation, liquid water content and cloud fractian all be calculated. The profile of ice
water content is more difficult to define precisely and theeevary few reliable observations of
ice water content near the top of mixed-phase clouds. Oasensg of ice at the top of mixed-

phase clouds from aircraft observations (e.g. Fleishatek.,e2002; Carey et al., 2008; Lawson
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and Zuidema, 2009) show ice water content increasing witadce down from cloud top, al-
though often this is based on only a small number of highlyayed data points in the vertical or
on a very noisy profile of ice water content. This pattern jguted by modelling studies using
large eddy simulations (LES, Smith et al., 2009) and sirglesmn models and cloud resolving
models (Klein et al., 2009) and for a number of different ipéthabits (Avramov and Harrington,

2010). The shape of the vertical profile of ice at cloud topesywariable from cloud to cloud

but simulations by Smith et al. (2009) and EMPIRE give higbwagh resolution to suggest an
approximately linear increase from cloud top, which doesdigagree with the other observed

and simulated profiles.

5.4.2 Parameterization of sub-grid vertical structure

5.4.2.1 Fundamental assumptions

The parameterization to correct for the resolution depecelés designed such that it can be

applied to the top grid-level of a mixed-phase cloud layére Tollowing assumptions are made:

1. The grid level is well mixed in the conserved prognosticalalesd, andg;.

2. The ice water mixing ratiogf) increases linearly from 0 at the cloud top to twice the layer

mean value at the base of the model layer.
3. Except for liquid water content and cloud fraction, otlerived variables are a linear

function of height.

This parameterization is only applied to the uppermost-ignel in a cloud layer that contains
non-zero values for botly andgq;. In most cases this is sufficient to cover the depth of the-well

mixed and liquid-saturated layer when applied at resahstitypical of GCM mid-troposphere.

5.4.2.2 Correcting ice growth rate

The model equation to calculate the depositional growtltefis given earlier in equation 5.1,

where all the quantities are assumed to be constant witthheiithin a grid-box. An attempt to
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correct for this is made by assuming a vertical profile forizmntally average®$ andq; (see
figure 5.6). Whilst the temperature also changes with hemyd will affectA, B, T andp, the
fractional changes in these terms are much smaller tha&$@ndg;. This allows us to simplify

this equation to

dg; o2
d_tl =aSSg™?, (5.3)
where , ,
o 2 (Noexp(~0.1222T) 175 1 BT (5.4)
~ A+B p ar(b+1) '

is constant with height under our assumption. If all termsgoation 5.3 are constant with height,
with a value equal to their grid-box mean (denoted by an a@rithen the calculated growth rate
is .

% _ oSS, (5.5)

However, the profiles of ice water mixing ratio and supernsdion can be defined to improve our

estimate of the growth rate:

2z
Az—2z —_—
S$= "1~ AS$+SS, (5.7)
where
ASS = (S$)top - (S$)base (5.8)

is the difference between the supersaturation at the topaselof the grid-box. In these equations

zis the distance below cloud top andis the depth of the grid-box in which the parameterization
is being applied. From figure 5.6c¢, tI%& profile changes from near constant close to the cloud
top to a linear decrease in the lower part of the layer. Thghtdielow cloud topzy, at which this

changes is calculated as

S+ 0.5ASS— (S9)a

Zn=Az ASS (5.9
where(S$), is the supersaturation betwegpand the cloud top, calculated as
(S$)a= o+ (1~ RHn) (5.10)
S|

Rewriting equation 5.7 and accounting for a different peoifil the cloud top region where the air

is at liquid saturation gives:

Az—2z cC P
S${ (8223 +1)SS  if 2> 2y (5.11)

VS$S if z<2zn
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where
_ 0SS o
B= 55 if S$#0, (5.12)
and
(89 . ==
V= 55 if SS#£0. (5.13)

The parameterized profiles gf andS$ are shown earlier in figure 5.6a) and c) respectively.
Also plotted are data points from the 50 metre simulatiorictvehow a good agreement between

the high resolution data and the parameterized profiles.

The strength of parameterizirgg and S$ as multiples oftf and S$ is that later the correct
growth rate can be calculated from the standard calculai®altly rate by a simple multiplicative
factor. A problem is encountered¥$ is zero, however, this is not able to happen in a grid-box
which is liquid saturated at the top unless the vertical ltggm is extremely coarse and in this
case the calculated grid-box mean growth rate would be zero.

The mean ice growth rate in this grid-box can be calculatethtegrating equation 5.3 over the
depth of the grid-box using profiles gf andS$ from equations 5.6 and 5.11 respectively. cAs

is assumed to be constant with height, this can be written as

dg _a [ BT
&~ 22/ SSo° dz (5.14)
dg _«a o b1 bz b1

d—qi_ a G p— b1 Az [Nz 27 ==(22_ b1
E—A—Z{/O 5 (2a)"" @z [ Zp 1|55 2Za) dz}. (5.16)

- 2 2
dgi o =x_ 2 Zn (27 b1 Az [Nz — 27 2z b1

After integrating and simplifying terms, this leaves a tiekely simple expression

- 2b+1 30+2 o
% _ o [—22:-11 <(1+B—v) <1— @"*_1> +y> Lp2ot2 <@m —1)] MG 519

Az 3b+2\Az dt

~

Where% is the growth rate calculated by equation 5.5. As the parammzetd growth rate is

related to the regular growth rate by a factor, this allow$ousorrect the timestep change in ice

mixing ratio by multiplying by this factor.
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5.4.2.3 Correcting ice sedimentation rate

The calculation of the rate of change of ice mixing ratio dueddimentation requires the fluxes
of ice both into and out of the layer. These fluxes require eslofg;, and the mass weighted
fall velocity at the interface between grid-boxes. It is e¢oam in simple numerical schemes to
assume that the values at the edges of the grid-box are tiagximean values. This is how ice
sedimentation in the Met Office Unified Model is calculated &sinoted earlier this assumption
does not hold near the top of mixed-phase clouds. More addaf@nd order) schemes interpolate
between the values in two grid-boxes to give the approprialges at the interface. This gives a
more accurate estimate of the flux through the bottom of tlielyyx, especially where the linear
increase of ice water content with depth down from cloud tmpticues through the top few grid-
boxes. However, the depth of the layer over which the icesim®es linearly is often 500 metres or
less and therefore in coarse resolution models the gridateen values may not increase linearly
with depth and the flux out of the uppermost model layer may hésunderestimated by a 2nd
order scheme. In some circumstances the 2nd highest cloodglrevel may have a very little
ice water content, particularly soon after cloud formatwoif that model level is particularly dry
and this may give a lower flux of ice than a simple upwind schemerder to give an accurate
representation of the flux of ice from the uppermost cloudg-gox the value of ice water content
at the base of the layer is fixed at twice the grid-box mean tifyaand the mass weighted fall
velocity is calculated using this ice water content. Thithessame as a 2nd order scheme would
do if the increasing ice water content with depth continuegobd the uppermost grid-box but
ensures the correct sedimentation of ice from the layegitdtver grid-box has a lower ice water

content.

The rate of ice loss from a grid-box due to sedimentation t@mge by almost a factor of two
when the sub-grid distribution of ice is considered. As ttgewater mixing ratio is parameterized
to increase linearly from cloud top through the uppermost-gox, the ice water mixing ratio at
the base of this grid-box is twice the mean value. This adfdwd sedimentation rate in two ways:
firstly the amount at the base of the grid-box is increased factr of two and secondly the
mean fall speed of the ice particles is increased. Theseautors are easily accounted for using

the existing calculation for the ice sedimentation ratermyeasing the fall speed to account for
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this. The equation for calculating the mean fall speed is

—04
- cr(b+d+1)p (5.19)

d_
r (b_|_ l) ((al\br(lerV;:_l)((:;—O.lzzzr)) b+l

so by increasing IWC to 2 IWC the correct mean fall speed for the ice water content doun
at the bottom of the grid-box can be calculated. Having cbect the fall speed, the factor of
approximately 2 difference between the mean ice water mixatio and the value at the bottom
of the model layer needs to be accounted for. The simplesttavagd this effect is to increase
the fall speed again such that the flux through the bottomeftiid-box is correct when using

the grid-box mean ice mixing ratio. To do this the fall spegthcreased by a factor,

. At
Correction Factoe= 2 — VA—z (5.20)

This correction factor includes the factor of 2 increasehat hottom of the grid-box but also
accounts for the decrease of ice mixing ratio above this aedefore reduces the correction
factor by the fraction of the grid-box from which ice can fadlthe grid-box beneath in a single

timestep.

5.4.2.4 Representing liquid cloud structure

Unlike the ice water content and supersaturation discussédr in this chapter, the liquid water
content and cloud fraction are not important for the cakioiheof any process rates, rather they are
needed to calculate the grid-box mean correctly when omygédhe layer contains liquid water.
To represent the sub-grid vertical structure of the clohd, dssumption that the layer is well-
mixed is used. This means tHatandg; are constant with height ariddecreases approximately
linearly with increasing height. If it is assumed that theud is adiabatic and that the liquid
water content linearly decreases from cloud top then tta liqtiid water content within the grid-
box could be easily calculated. However, the inclusion ofoaid fraction scheme complicates
this because nearer the cloud top there is both an increasetb(d) liquid water content and
increased cloud fraction. Therefore, to correctly calmuthe profile of liquid water use of the
cloud scheme is required. EMPIRE uses the simple Smith (18/@80d scheme as explained
in chapter 2. It is fortunate that th@y (the grid-box mean saturation with respect to liquid

normalised by the standard deviation gpfwithin that grid-box) in this cloud scheme used to
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calculate both liquid water content and cloud fraction isnadr function of height in a well-

mixed layer.Qy is defined as

Qu=X=% (5.21)
Os

whereads is the sub-grid standard deviationaf defined as

O = (1 - RHcrit) Qs . (5.22)

V6
The values ofQy can easily be calculated at the top and bottom of the gridrlayd therefore

construct the function throughout the grid-box. Smith (@9€escribes how the liquid water

mixing ratio () and cloud fraction@F) are a function oy

0 0 QA< —V6
3 2
1 (1. 1(1. ~
9 _ (1 %) .,  CF= H(1r %) , VB<Qn=0 (5.23)
(6]
s QN—|—%<1—Q—\/’%) 1—%(1—3—%) 0<Qu< 6
Qn 1 V6 <Qu

Using this relationship it is then possible to calculatedah®unt of liquid water within the grid-

box and the correct grid-box mean liquid water content amdlaily for cloud fraction.

5.5 Testing the parameterization

5.5.1 Idealised simulation

Applying the parameterization to the low resolution modé&ves us to see how much of an
improvement it provides. First, its performance is checkethe 500 metre resolution simula-
tion in which the resolution dependence was initially nedic Figure 5.9 shows the 500 metre
simulation with the parameterization and the 50 metre satiis without the parameterization
included. The parameterization clearly increases thédiguater content and the duration of the
liquid cloud. The total liquid water content has not incesgho match that of the 50 metre simula-
tion, but is a large improvement on the unmodified 500 metreiition. The parameterization is
not expected to fully correct the low resolution simulatamit does not attempt to correct for all

of the resolution dependent processes, but just the maga.tiihe small changes in the radiation
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Figure 5.9 Same as figure 5.2 but 500 m resolution simulation includegp#rameterization of the sub-
grid vertical structure. Ice water mixing ratio is shownlieteft hand panel and liquid water mixing ratio

in the right hand panel. The colour bar is applicable to bigghidl and ice.
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Figure 5.10 Normalised Integrated Liquid Water Path (NILWP) from ideadl simulations with no ra-
diation or turbulent mixing, with and without the verticasolution parameterization. The NILWP is
normalised such that the simulation with the parameteomatnd a resolution of 50 metres gives a value
of 1. The NILWP in simulations with the parameterizationirted are larger than without it and are nearly

constant across a large range of resolutions.
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and turbulent mixing processes with resolution are préwgrthe liquid water content reaching

the values from the 50 metre simulation.

To check that the parameterization is working correctly, HRE is run with the radiation
and turbulent mixing processes turned off. Figure 5.10 shitnve normalised integrated liquid
water path from simulations with and without the resolutmarameterization. The simulations
with the parameterization included do not show the samdraeat NILWP with resolution as
the simulations without the parameterization do. The NILV&RIes are nearly constant with

resolution up to resolutions of about 200 metres.

Figure 5.11 shows the liquid water path at hourly intervafdtie first 6 hours of the idealised
simulation with and without the resolution parameter@matiAgain it is noted that the simulations
with the parameterization included has an almost constauitlwater path at each time interval,
regardless of model resolution. In comparison, the stahdanulation initially show a gradual
decrease in liquid water path with increasing resolutiomis Tdecrease becomes more marked
as the simulation evolves, with the coarsest resolutiomereg completely glaciated. These
parameters can also be assessed for the model includinglitpéysics. The NILWP in this case
(figure 5.12) shows a decrease with increasing resolutiosifoulations both with and without
the parameterization. However, for a given resolution theid water path is much higher if
the parameterization is active and the resolution requoexthieve a fixed value of liquid water
path is coarser and therefore may be more attainable in GAWis. suggests that this parame-
terization should enable GCMs to capture long lived mixadge clouds in their current setup.
Obviously there is still a resolution dependence showm aith the parameterization, as the ef-
fects of the radiation and turbulent mixing processes cimgngith resolution are not accounted
for. Nevertheless, the improvements can clearly be seemumefi5.13 where the liquid water
path is maintained at substantial levels in simulationsrevliiee parameterization is included as
opposed to those without it, particularly for the coarsesblutions. This improvement in the
liquid characteristics of the cloud should have a substhimtipact on the radiative properties of

the cloud.
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Figure 5.11 Liquid Water Path from idealised simulations with no raidiator turbulent mixing, with and

without the vertical resolution parameterization plotatdhourly intervals.

5.5.2 Testing over many cases

To understand the potential impact this parameterizatiag have if it were included in GCMs,
EMPIRE is run over the cases from chapter 4 at 500 metre rssolwith the parameterization
active. This is then compared with the 50 m resolution sitinia and 500 m resolution simula-
tions without the parameterization. Figure 5.14 shows matatents and cloud fraction for both
liquid and ice as a function of temperature for the three sesgmulations. As found before there
is a large difference in the liquid water content and cloattion between the 50 metre and 500
metre simulations. Panel a shows that with the parametisnzancluded in the low resolution

simulation, the mean liquid water mixing ratio increasesdar that of the high resolution sim-

Page132




Chapter 5: \Vertical resolution sensitivity

111,‘ ’,*'—'-*\ ‘ 2]

1

0.9 L TR N

0.8 6.._°~ T N"'"x--a-—""‘&si

0.7 ~Q *|

0.6 A S .
\

0.5

0.4} ®.

0.3f \ |

i

’
I

0.2[1 = » = With parameterization . D--0--0-o- o -o
A -e-= izati oo X
0 e Nq paramete‘nzatlon " 0-0--6-¢

0 1 1 1 1
50 100 150 200 250 300 350 400 450 500
Resolution (m)

Normailzed Integrated Liquid Water Path

Figure 5.12 Normalised Integrated Liquid Water Path (NILWP) from ideatl simulations with full model

physics including radiation and turbulent mixing, with amithout the vertical resolution parameterization.
The NILWP normalised such that the simulation with the patarization and resolution of 50 metres
gives a value of 1. Again, the NILWP is larger when the paramzdtion is included and more constant

across a large range of resolutions.

ulation. Between temperatures 6fl5 and—25°C this represents a correction of two orders of
magnitude. However, the simulation including the paranegon only has 21% of the water in
the high resolution control simulation betweerd0 and—30°C largely due to the lack of liquid
clouds at temperatures colder tha®0°C which may be because EMPIRE fails to bring air close
enough to saturation to form clouds initially, so the pareaneation has no chance to make a dif-
ference. The liquid cloud fraction (panel b) correctioniiikar for temperatures colder thanl5

°C but warmer than this the parameterization produces amased cloud fraction. The ice cloud
properties are nearly unchanged by the parameterizatimista sign that the ice water content
and cloud fraction at the top of mixed-phase clouds reptesaly a small part of the ice cloud
layer as a whole. Overall this parameterization producearked improvement in the properties
of liquid water clouds simulated by the coarse resolutiorei@nd produces mean liquid water
contents and cloud fractions similar to those produced bidri resolution models. This adds
further weight to the argument that the inclusion of thisgpaeterization in low resolution GCMs

would significantly improve their representation of mixgidase clouds.
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Figure 5.13 Liquid Water Path from idealised simulations with full mbgéysics including radiation and

turbulent mixing, with and without the vertical resolutiparameterization plotted at hourly intervals.

5.6 Conclusions

In this chapter the vertical resolution dependence in ENERS been explored and is discovered
to be having a large effect on the simulations in chapter 4 difierence in simulations becomes
particularly noticeable where vertical grid spacing isagee than 200 metres and the difference

becomes larger as the resolution becomes coarser.

they all are having some effect on the simulations, the &rgeurces of error come from the ice

growth and sedimentation processes and the failure of tasseanodel to resolve the vertical

A number of reasons why this resolution dependence is pregere explored, and whilst
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Figure 5.14 As figure 4.1, showing liquid and ice water contents and cfoactions from EMPIRE exper-
iments where the vertical resolution specification has lokenged. The experiments are: (black) 50 metre
vertical resolution, (red) 500 metre vertical resolutiom gyellow) 500 metre vertical resolution with the

sub-grid parameterization of cloud vertical structurevadn the uppermost mixed-phase model level.
structure of the liquid and ice water contents within a drick.

A relatively simple, physically based parameterizatiorcaorect for this resolution depen-
dence has shown some very encouraging results. The noechatiegrated liquid water path is
shown to be more nearly constant with resolution in simaoietithat include the parameteriza-
tion. This is most true for model simulations that do notinld radiation and turbulent mixing
processes because the resolution dependent processasimgnrathe model have all been cor-
rected for. In the full physics model simulations the cotigtis not as large as in the simulations
with no radiation or turbulent mixing. This is because thessolution dependent processes are

included in the model but their resolution dependence isaotcted for.

The parameterization can increase the liquid water path dayyrnorders of magnitude in the
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coarsest models which will have a profound effect on theataai properties of the modelled
mixed-phase clouds. This suggests that were this paramsien to be included in GCMs it

may substantially affect the radiation balance of the model
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CONCLUSIONS AND FUTURE WORK

This thesis has attempted to answer the question “Why cardiefs simulate mixed-phase clouds
correctly?”. The aim was to quantify, understand and attetodix the poor representation
of mixed-phase clouds in operational NWP models. This has laehieved by careful analy-
sis of observations and models to determine the degree tchwhixed-phase clouds are mis-
represented by models and using a new single column modeP(ER) to determine the model
processes important to maintain mixed-phase clouds. Astam@ny sensitivities the analysis
highlighted a particularly strong sensitivity to the mosettical resolution hindering the perfor-
mance of NWP models and attempts to understand and corrabig@re made in chapter 5. The

main reasons models are unable to correctly simulate npkede clouds are:

1. Models with a temperature dependent split of cloud cosaleninto liquid and ice are un-
able to represent the vertical structure of mixed-phasadslpas reported by Marsham
et al. (2006). However, models with more advanced microjgkyschemes containing a
separate prognostic variable for ice and physically basedrpeterizations of the conver-
sion of liquid to ice perform worse than models with a singleiable for both ice and liquid

condensate.

2. The conversion from cloud liquid to cloud ice is too rapithis may be as a result of an error
in one of the many microphysical parameterizations thatbéixh significant sensitivity

(e.g. ice particle growth rate, fall velocity, number comization, habit).

3. The parameterized ice growth rate is too large in gridekowith low ice water contents.
This is due to the steepness of the ice particle size disimilbpugiving a larger number of

particles that observed and acting as a too rapid sink oidiqu

4. A strong sensitivity to the model vertical resolutionifarially increases the growth rate of

ice particles near cloud top which further exacerbates tbklem of rapid ice growth.
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6.1 Summary of results

Careful comparison of the models with observations wasopedd ensuring that the horizontal
and vertical resolution are the same and that model clowgsanpled in the same way as ob-
served clouds through the use of forward models. After salg@1 days based on the presence
of mixed-phase clouds that are well observed by ground b@&sedte sensors, comparisons with
models revealed a systematic underestimate of superchgléd water content for all models at
temperatures below 10 °C with all models underestimating the liquid water contdrteanper-
atures between-10 °C and—30 °C by a factor of 2 or more. The two models with the largest
underestimate of supercooled liquid water content werénbeversions of the Met Office Unified
Model with the higher resolution mesoscale version havimdjquid at temperatures below10

°C on the days analysed. This is of particular interest asethes the only two models studied
where the ice water content is a prognostic variable sep@@t liquid and therefore calculates
the growth of ice (and therefore the depletion of liquid) leifly using a series of physically
based parameterizations. In agreement with previousesy$illancourt et al., 2003) the ice
water content is better predicted by models than the liguatewcontent with the model mean
ranging from 57—-104% of the observed mean. Despite thigrédicted ice cloud fraction is un-
derestimated by all models for temperatures warmer th20°C and most notably the observed
peak of 23.4% at-12 °C is not seen in models where the ice cloud fraction is only-%.5%.

A new cloud fraction parameterization was developed base? years of radar observations of
clouds which largely removed this bias in EMPIRE and coul@éasly implemented in GCMs in

place of the current erroneous one.

As has been identified before, the observed structure ofdypkase clouds with a layer of
liquid water above a thicker ice layer cannot be represeotetectly by models that use tem-
perature alone to determine the ratio of liquid and ice coede in the cloud (Marsham et al.,
2006). This is demonstrated in chapter 3 where the only nsaalgke to correctly simulate mean
structure of observed mixed-phase clouds, with the laigeid water contents at cloud top, were
the two versions of the Unified Model which both include a safsprognostic variable for ice.
The Unified Model better represents the structure, but asdnabove the mean supercooled lig-
uid water content is significantly underestimated in bo#sthmodels. As a result of the errors in

these two types of models the radiation calculations am@iact. Calculations using the Edwards
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and Slingo (1996) radiation scheme showed that the obsemseztl-phase clouds had a cooling
effect on the climate system, in agreement with Hogan e@bD3a), with a mean cloud radiative
forcing of —8.14 W n12. However, when the phase of the cloud condensate is catcuéet a
function of temperature using the same relationship as @&\&F model then the mixed-phase
clouds cause a warming, of 1.79 W-#on average, although the effect of clouds outside this
temperature range was strong enough that the total cloudtireedforcing was negative. This
warming effect was increased further if all liquid was cated to ice, as may be the case in the
Unified Model, with the mean cloud radiative forcing from wtts between 0 and40 °C being

a warming of 2.42 W m?. In practice, the Unified Model would not produce as much ige a

observed if the liquid did not exist and the estimated wagneffiect is an overestimate as a result.

To determine the reasons for the significant underestinfeepercooled liquid water in pre-
dictions made by most NWP models, a single column model (ENEPIvas created based around
the Unified Model but with the option to include additionabpesses, run at higher resolution and
alter physical parameterizations. When tested, EMPIREpewed well with observations of the
time evolution of mixed-phase clouds and with the physicatgss rates of large-eddy simula-
tions of mixed-phase clouds. This model was then used tesisdach of the physical processes
are most important in maintaining mixed-phase clouds. Géarno any process or parameteriza-
tion that affected the rate at which ice grows by vapour digépasor the speed at which it falls
from the cloud strongly affects the amount of supercoolgdidi water in the simulations. The
most sensitive parameter in the model was the ice partizke distribution intercept parameter
(Np); by reducing this by a factor of 10 the mean liquid water eontin the simulations in-
creased by 174% and the ice water content reduced by 31% aligedensitivity arises because
it changes the relative number of smaller and larger icagbestaffecting both the total growth
rate and mean fall speed of the ice particles within a grixl-licis also notable that changing the
growth rate of ice particles can have a large impact of themaeaount of liquid water but leaves
the mean ice water content almost unchanged. Therefor@dsisible to adjust the growth rate
to improve the representation of supercooled liquid watethe simulations without having an

adverse affect on the simulated ice water contents.

Due to the large sensitivity to the ice particle size disttitn intercept parameter, an attempt

to evaluate the Unified Model value against observationsmede. Comparing with aircraft ob-
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servations of ice particle size distributions revealed, tlwa a given ice water content, the Unified
Model produces ice that both grows too quickly (by up to adaof 2.5) and falls too slowly (by
as much as 50%) and that these biases are worst for small tee @zatents, those that are typi-
cally found in mixed-phase clouds. These biases in grovtthaad fall speed were removed by
adjustingNp to be a function of ice water content as well as temperatulesamnulations using this
adjusted\y increased the supercooled liquid water content by 189%@naater content by 8%.
This has implications beyond the Unified Model for all modeith a separate prognostic variable
for ice. Both the Deutscher Wetterdienst (DWD) LME model &mallatest ECMWF model have
a separate prognostic for ice. The DWD-LME model has a lofized value ofNy (4 x 10°)
than the Unified Model (2 10Pexp(—0.1222T)) which will result in a slower growth rate of ice
particles and a faster fall velocity, in better agreemeitt wbservations and may be related to the
fact that this is the only model not to underestimate the lexe4 cloud fraction in the study of
lllingworth et al. (2007). The ECMWF model ice microphysisdased on Rotstayn et al. (2000)
and has ice particles that are all the same size within algridand is therefore not obvious
whether this will suffer from the same biases, although tloelehinitially suffered a significant

underestimate of supercooled liquid water content (Ritlkarbes, personal communication).

Another important factor is the value of Rld used in the cloud scheme, representing the
degree of variability of the specific humidity within a giidx. Increasing the grid-box mean
relative humidity required to form cloud makes it more difficfor the model to form cloud, but
when the model is able to form cloud the associated liquiccnadntent and cloud fraction were
higher, resulting in longer lived mixed-phase clouds tlatT less often and on average resulting

in more supercooled liquid water in the simulations.

It was striking that the ice cloud fraction predicted by dltlte models, including EMPIRE,
fell well outside the range of the observed ice cloud fractim particular the observed peak in
ice cloud fraction at around 12 °C was not captured by any model and the multi-model average
predicted only 31% of the observed ice cloud fraction attiisperature. The models all agreed
with each other quite strongly in both the amount of ice clénadtion and the relationship with
temperature, both of which were notably different from thservations suggesting a systematic
bias in all models. Using the radar observations from Chitiooit was possible to define a re-

lationship between grid-box mean ice water content andlmedcfraction, and whilst the cloud
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fraction for individual grid-boxes is highly variable fooastant ice water content, the mean cloud
fraction for each ice water content range calculated doésmenge with temperature. Apply-
ing this relationship to the GCM model output notably impdthe representation of ice cloud
fraction in the models when compared to observations, Wighnulti-model mean increasing to
71% of the observations. The improvement was most notablthéoUnified Model where the
ice cloud fraction is already a function of ice water conterth this relationship increasing the
cloud fraction by 219% for the mesoscale model and 287% f@mgtbbal model. The addition
of this relationship to EMPIRE showed a similarly large imyEment in the representation of ice

cloud fraction and additionally an increase in the mean sgméed liquid water content.

By changing a number of parameterizations within EMPIREhst@at they are all more
favourable for the formation and maintainence of supersbéfuid water the mean liquid water
content in the simulated cases exceeds or matches the etidiepvid through the whole mixed-
phase temperature range analysed. This shows that thecepgs $or the models to produce
mixed-phase clouds with sufficient liquid water without theed for prognostic ice nuclei that
would be depleted and therefore limiting the ice nucleafeomd growth) rate. However, the val-
ues chosen in these parameterizations are all towards titeerexend of the observed uncertainty
and it is unlikely that all of these parameterizations airect by this degree generally, al-
though there may be specific cases where mixed-phase cloaid®adequately represented by

the general parameterization used in GCMs.

Lastly, the large resolution sensitivity of EMPIRE was istigated. Model simulations with
500 metre resolution contained less than 2% of the liquicewedntent present in the 50 metre
simulations at temperatures betweet0 °C and—30 °C. It is concerning that with EMPIRE
having a vertical resolution of 500 metres, similar to thHeG&Ms, the liquid water content of
mixed-phase clouds is so vastly underestimated. The rdastime underestimate is that the ver-
tical structure of the cloud in the region near the cloud sopat resolved and therefore not only is
the liquid water profile not correctly predicted, but alse growth rate of ice is overpredicted and
the rate of sedimentation out of the grid-box to the grid-betow is underpredicted (particularly
with simplistic 1st order upwind schemes but also with mamehssticated schemes such as the
TVD scheme used in EMPIRE). This resolution dependence eaoivected for by the inclusion

of a parameterization of the sub-grid vertical structuréhefcloud top. The profiles of ice water
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content and supersaturation are modelled based on a cdinhighobservations and high reso-
lution simulations using EMPIRE. With the parameterizatiocluded the resolution dependence
of the model is reduced and coarse resolution models at 5@@ gréd-spacing can simulate long

lived mixed-phase clouds.

Having identified a number of reasons why operational moaiesinable to simulate mixed-
phase clouds correctly and suggested corrections or irapremts to a number of problems then
there is scope for improving the representation of mixeasphclouds in GCMs as per the aims
of this thesis. The sensitivity to resolution is likely th@sh significant reason models are under-
estimating the supercooled liquid water content with qur@CM mid-troposphere resolutions
towards the coarsest end of our sensitivity tests, althatigér problems with too rapid glaciation
of clouds also exist. By implementing the improvements &séproblems, models will be better
able to predict mixed-phase clouds and their importanata@ impact which should benefit both

numerical weather and climate prediction.

6.2 Future Work

Whilst the differences between model simulations and ofasiens of liquid and ice water con-
tents and cloud fractions is large, it is only based on 21 dégsta due to the restriction of days
chosen having good observations of mixed-phase cloudsdroomd based sensors. Future work
could focus on extending this type of analysis to a largeremepresentative dataset. Careful
thought would be required to ensure that a fair comparisonade in light of the difficulty in
observing mixed-phase clouds from the ground, particuliarithe presence of low-level liquid
clouds or multiple layers of liquid. One solution would beuse CloudSat and CALIPSO to re-
trieve properties about mixed-phase clouds from spaceshwliould negate the problem caused
by low level liquid water clouds, but a method of determinihg liquid water content of the cloud
would be required. This would also have the advantage ofighray a global perspective rather

than just from a single site.

To further test the models, the inclusion of Doppler measerds from both the radar and
lidar can be used. This would allow for more rigorous testifighe model parameterizations,

for example ice particle fall velocity, than has currentlyeb performed. Assessing the model
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representation of fall velocity would allow an assessmédnttoy the model exhibits bias which
is not possible by comparing model and observed mean liquida@e water contents and cloud

fraction alone, as has been done here.

The large difference of the model relationship between ioaccfraction and ice water con-
tent, and that derived from radar observations is a cona@rmbdels, particularly the Unified
Model. By correcting the parameterization the error in jiedl ice cloud fraction is significantly
reduced suggesting that further work to better understaisdg necessary. Initially it would be
required to analyse similar observations from other sgessibly those used as part of Cloudnet
or ARM and additionally the use of CloudSat could prove ustfua global perspective. If this
relationship is robust across all sites then it could vesjlgaeplace the current parameterization
of ice cloud fraction in the models and may even remove orgedioe bias in modelled mid-level
cloud fraction highlighted by lllingworth et al. (2007). should be noted that even though the
mean ice cloud fraction is well predicted as a function ofiteewater content that a very large
spread of values for individual clouds exists and that tlasoa for this is also in need of inves-
tigation. Nevertheless, the current parameterization is¢he Met Office Unified Model leads
to considerable bias in the ice cloud fraction and this cdaldemoved with the use of the new

cloud fraction parameterization, even if the cloud to cleadability still remains undetermined.

Clearly there is a large spread in the possibilities of satad mixed-phase clouds that are
all within the realms of the uncertainties of many micropbgkparameters and processes, as ex-
plored in chapter 4. It is therefore important that furtherkvto obtain and interpret observations
of clouds from both aircraft and remote sensing equipmentanducted. It is also required that
further modelling studies are carried out to test our uridasng of the microphysical properties
and processes within cloud. This is essential if models @evér simulate clouds realistically
enough to simulate future climate accurately. At presemtctintrasting representation of clouds
in different climate simulations is the primary source dkeirmodel differences in the climate

models (Dufresne and Bony, 2008; Andrews et al., 2012).

There is also significant uncertainty in a number of modehpeaterizations. Some of these
processes are better constrained by observations thars ethe there is promise that future ob-
servations will help constrain these further and provideaengeneral understanding making

some parameterizations less location specific. Ice fatiargl and critical relative humidity are
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two examples of fairly poorly constrained parameters thate is a large sensitivity to when
modelling mixed-phase clouds. Because of this, and in teerade of further observational con-
straint, it may be useful to parameterize these stoch#lgti&iochastic parameterizations choose
a random number within the range of uncertainty for a modalevand apply this for a fixed
amount of time before choosing another value, again rang@aithough possibly using informa-
tion about the previous value. This could potentially leadriproved performance of the model
by, for example, allowing cloud to form where it would othése not have which may then be
maintained by radiative cooling. This has already beenémginted in some models (e.g. Met
Office MOGREPS regional models, Bowler et al., 2008) for sgmoperties such as the convec-
tive entrainment rate, Rl and ice particle fall speed. This could be applied to the,RH the
cloud scheme as well as the fall speeds, growth rates androtbphysical properties of clouds

in EMPIRE to determine the overall effect and potential lii¢ioé such a scheme.

The large sensitivity to the model vertical resolution ane teduction in this sensitivity by
including the parameterization described in chapter Tatdss further work is required on solving
this problem in GCMs. The obvious next step would be to apply itesolution parameterization
to a GCM and assess the change on a global scale of the pcedicted-phase clouds and the
radiation budget. The direction of the change (to reduceidbdegrowth rate at the top of the
cloud) is the same as that made by Richard Forbes in the ECMWdemalthough not based
on physical reasoning, and results from his experimentgesigd that the global mean surface
temperature error is reduced as a result of this change.yitmahat further development of the
parameterization yields better results — for example aebéit of the ice water content profile
with height than the linear one used may improve the caloulatf the growth rate and yield

better results.

Given the significant deficiencies identified in this thedishe simulation of mixed-phase
clouds by operational numerical models then the implentiemtaof changes leading to an im-
proved simulation is a must together with additional worlbétter constrain microphysical pa-
rameterizations and further improve the physical reprasiem of mixed-phase clouds. This is
particularly important given their potentially large rative impact which is likely to be lacking

from many operational weather and climate models.
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