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ABSTRACT

The ability of NWP models to simulate stratiform mixed-pba&souds is assessed and improvements through a
parameterization to remove vertical resolution sensjtiand a correction to the ice particle size distribution are
examined. Papers further detailing this work will be suledito QJIRMS Barrettet al, 2013

1 Introduction

Stratiform mixed-phase clouds are not well simulated byenirweather forecast models (and by exten-
sion climate models) resulting in erroneous predictionsadfative transfer. Models tend to underesti-
mate the amount of clouds in the mid-levels of the atmospfeegelllingworth et al., 2007) suggesting a
deficiency in the representation of mixed-phase clouds. ’seiace of these mixed-phase clouds would
likely result in excess solar radiation reaching the s@fand excess longwave emission at the top of
the atmosphere which could result in a warm or cold bias astinface depending on the time of day.
Overall, mixed-phase clouds are likely to have a coolingafbn the planet which may not be captured
by current models and this may constitute a missing negéiegback on the climate system in these
models.

2 Data, methods and EM PIRE single column model

Observational data and retrieval

Remote sensing retrievals of cloud properties using ingtnts at Chilbolton, UK are used as observa-
tions in this study. A number of days are selected wherehieliabservations of mid-level mixed-phase
clouds have been made. Days are chosen if they contain iedjliquid layer clouds and at the times
when this cloud is present, there is no low level cloud andllgeo cirrus. Times where multiple layers
of liquid or mixed-phase cloud are present are also excladetthe liquid water content in each layer
can not be retrieved separately. Unfortunately this sigguifily reduces the number suitable days for
analysis relative to the number of days on which mixed-pleémeds occur. In all, 312 hours of data are
used from 21 days.

This study makes use of the CloudNet dataset; a full desmniif the data and processing techniques
is available inlllingworth et al. (2007) and briefly described below. The radar reflectivity andrlida
backscatter are used together with the radar Doppler telucdetermine whether the target is liquid or
ice. Because the lidar is sensitive to the numerous smaltlidroplets and the radar is most sensitive to
the larger ice particles itis possible to determine the plodighe target; this is aided by the radar Doppler
velocity which highlights falling ice particles. Liquid wex content within the cloud is estimated by
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Table 1: Details of the numerical models and their cloud sebg used in later comparisons. Modi-
fied fromlllingworth et al.(2007).

UKMO- UKMO- Meétéo ERA
-Meso -Global ECMWEF -France RACMO  -Interim
Horizontal Resolution (km) 12 60 40 (25) 234 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 G, G G, G Oc, A Oc 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.

calculating the adiabatic liquid water content throughth#t liquid layer and scaling it to match the
column integrated value retrieved by a microwave radiomdiee ice water content is estimated at each
pixel using the empirical relationships Blioganet al. (2006. The high resolution data is averaged in
time and height to make the quantities comparable with thfrase models; different time and height
averaging is applied when comparisons are made with eacklpgidng a range of “observations”.

Operational numerical models

A number of numerical weather prediction (NWP) and regiartiahate models (RCMs) will be com-
pared later and their ability to predict mixed-phase cloaialysed. Tablé shows details of the model
resolution, which ranges between 12 and 79 km in the hortamtd 397 and 636 metres in the vertical
at 5 km altitude. As the models are being compared over a leniggh where the model has changed,
the initial value is given and the most recent value is givelnrackets. The table also gives details about
the cloud scheme used in each model, the prognostic vasiablel and the coldest temperature at which
liquid water is permitted to exist.

Only two of the models have a cloud scheme where cloud ice i®gnpstic variable separate from
liquid (UKMO-Meso and UKMO-Global). The other models havsiagle prognostic variable for total
condensed water in the cloud and the ratio of liquid and icaniy grid-box is a diagnostic function of
temperature. This simplification does not allow the modeth diagnostic ice to capture the liquid over
ice structure of mixed-phase clouds that are obserMadghamet al., 2006).

EMPIRE model

EMPIRE is a new single column model designed to Evaluate #4Rbase Importance in Radiative Ex-
change. It is designed to be similar in structure to GCMgjqdarly the Met Office Unified Model in-
cluding theWilson and Ballard1999 microphysics scheme, but with a few notable differencéstl,
theLock et al. (2000 boundary layer scheme is included both within and outdiédobundary layer to
drive turbulent mixing created by radiative cooling inddgegative buoyancy at cloud top. Secondly,
theEdwards and Sling@l996 radiation scheme is called every 15 minutes, more fredy#ran typical

of a GCM and thirdly the vertical grid spacing is 50 metres bfadlt, approximately an order of mag-
nitude finer resolution than GCMs. The model is initialiseah ERA-Interim profiles over Chilbolton
and driven using advective tendencies calculated from ERé&rim. The vertical velocity is also taken
from ERA-Interim.

3 Evaluation of operational models

Diagnostics are carefully chosen to compare the model bwtijib the observations of mixed-phase
clouds so that they can be equivalently calculated from bmtkdel and observational datasets. Three
diagnostics are chosen, each a mean quantity of the whasetdincluding zeros) and are divided up
into temperature ranges each spannin@€5The data is averaged over particular temperature rarsgges a
itis expected that microphysical processes such as iceatimh, deposition growth rate and ice particle
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Figure 1: Mean liquid and ice cloud properties from radar alithr observations and also from a
number of NWP forecast models, regional climate models,-EfR&im reanalyses and EMPIRE.
These data are for the selected 21 days where mixed-phas#saobw clear skies are observed, each
plotted as a function of temperature.

habit are the important processes in controlling the atrecdf mixed-phase clouds and these processes
are themselves dependent on temperature.

The quantities chosen are threean liquid water contenimean liquid cloud fractiomndmean in-cloud
liquid water content Equivalent quantities are calculated for ice clouds a$ ageliquid clouds.

Figurel shows these three diagnostics for both the liquid and thehese from observed cloud derived
from radar and lidar observations and also from a number oPN@ecast models, regional climate
models, the ERA-Interim reanalyses and EMPIRE. Each oftlags plotted as a function of temper-
ature, with the observed quantities being the mean of thereasons averaged on to the numerous
model grids and the shaded area representing the rangesefdbeervations at that temperature.

On average, for the 21 days analysed, the mean liquid wateemrbfor temperatures between 0 and
—20°C is roughly constant with temperature with a value betwe6a2l1 x 10~ g m~2 depending on
the model grid chosen. For temperatures colder thaf °C the mean liquid water content decreases
exponentially until at—40 °C there is virtually no liquid water. The observed liquid wibfraction
shows a peak at arounell8 °C with a maximum cloud fraction of.3% whilst the in-cloud liquid water
content decreases steadily with decreasing temperaturedrvalue of 0.11 g m? at 0°C to 0.011 g
m~3 at—40°C.

The observations of the ice phase show a maximum in mean i@ vantent (%4 x 102 g m3) and

a peak in the ice cloud fraction (23.7%) al2 °C. This peak in the ice water content is aroun€5
warmer than the peak in the liquid cloud fraction as might kgeeted given the typical structure of
mixed-phase clouds with thin liquid layers atop a thickerleyer. The mean in-cloud ice water content
is fairly constant with changing temperature at tempeestaolder than-5 °C at around @2 g 3.
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All models studied underestimate the mean supercooledtlligater content at temperatures beled5
°C. The worst performing model is the Met Office Mesoscale rhatiéch has no liquid at temperatures
colder than-10°C. The Meteo France (2003-5) model is the best performeri@salthin the range of
observations for temperatures betweetb °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 éeiw 10 °C and—30 °C. This model,
like most models, uses a diagnostic scheme to determinetizeaf liquid and ice cloud condensate
based on the temperature, but is the only diagnostic schieahaliows liquid to exist at temperatures
as cold as-40°C. Other diagnostic schemes have a different temperatiedeyond which liquid is
not able to exist; in this sample all other models with a dasgic ratio of liquid and ice do not permit
liquid at temperatures below23°C.

The Meteo France (2003-5) model has a much higher mean litpuid fraction than the observations,
particularly at the colder temperatures, the worst exarbpiag a predicted liquid cloud fraction of
19.5% at—37°C where the maximum of the observations at this temperasusaly 0.02%. From 2006
onwards the model changed and the minimum temperature ahwuid can exist changed te23°C.
This brought the model in line with other diagnostic modeld amproved the prediction of liquid cloud
fraction, but this also reduced the total liquid water cah#nd now shows a similar underestimate as
other models.

The Met Office mesoscale and global models are particulathrésting as they are the only models
in which ice water content is a prognostic variable sepdrata liquid. At temperatures warmer than
—10°C the predicted liquid water content is just 4.5% (meso$aaid 62.7% (global) of that observed
whilst most other models overestimate the liquid water eéonhat these temperatures. Model perfor-
mance is worse at colder temperatures with no liquid at teatpes colder thar-10°C in the mesoscale
model and-20°C in the global model. The poor performance of these two nsidemportant, as they
are the models with a separate prognostic variable for idee fact that these models have a severe
underestimate of the supercooled liquid water highlighésfact that either these parameterizations are
not accurate in the case of mixed-phase clouds or that otbeegses not included in the model must
be involved in their maintainance.

The model predictions of the ice phase are somewhat betarfdr liquid with the models spanning
the range of observations throughout the temperature ramglgsed. The ice cloud fraction, however,
is too large for all models at temperatures colder th&d C by as much as 0.1, doubling the observed
value. At warmer temperatures all models underpredictdbecioud fraction and at 12°C the mean
observed cloud fraction is 23.4% but the multi-model measniyg 7.3% and the largest model value is
only 9.5%. The cluster of model predicted ice cloud fraci@remarkably tight given how different
they are from the observations. This result likely stemmfeopoor diagnosis of the cloud fraction from
the ice water content, which is the subject of ongoing work.

Figure 2 shows the dominant processes in generating and depletjogl liwater from mixed-phase
clouds are identified. To do this, an idealised simulationiswith no vertical velocity but otherwise the
model contains all the standard physics described in se2tid’he vertical resolution for the idealised
experiment is improved from 50 to 25 metres. The averageetarydfor a 60 minute period is shown as
a function of height in figur@ together with the profile of liquid water content after 31 oigs, denoted
by the red dashed line. The black line represents the avéoégldendency over the 60 minute period,
a sum of all the tendencies.

During the simulation the radiative cooling at cloud top tridmutes most to the production of liquid
water (+0.45 g kg' h~1) whilst turbulent mixing near the cloud top reduces theitiqwater content
significantly (-0.40 g kg! h™1) by mixing the radiatively cooled air with warmer air lower ihe
cloud. Lower in the cloud the turbulent mixing acts as a sewt liquid water, by enhancing the
upward transport of water vapour and the downward transdaetdiatively cooled air which increases
the total water mixing ratio and reduces the saturationmgixatio. The radiative impact on the cloud at
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Figure 2: Process rates for EMPIRE simulation of mixed-phel®ud averaged between 31 and 90
minutes from the start of the simulation. The red dasheddimawvs the liquid cloud water content
at the beginning of this time period in units of gy

this level is a weak warming as the absorption by the ice @astiis larger than the cooling, resulting in
a negative tendency for liquid water. Ice growth by deposiincreases with depth from the cloud top
with the growth rate related to the ice water content. Theesilt of all of these processes is a slight
reduction (-0.03 g kg'* h™1) in the amount of liquid water throughout the depth of theudlolargely
related to the depositional growth of ice particles. Howeaethe cloud top, at and above the height of
maximum liquid water content there is an increase in the anofiliquid water (+0.20 g kg* h™1),
caused by radiative cooling but unlike lower in the cloud tbeled air is not mixed with warmer air
lower in the cloud by turbulent mixing. This results in thern@asing tendency at the cloud top and as
the simulation evolves this leads to an increase of cloudhéaght with time. The relative importance of
each process shown here is remarkably similar to those 8anithet al. (2009 calculated using LEM
simulations, increasing confidence in the ability of EMPIREimulate these cloud layers.

4 Importance of modelled physical processes

The importance of changes to the physics in EMPIRE is ass@sskis section. Changes to the model
liquid and ice water contents are assessed, together vatbldlud fraction of each phase. Differences
in liquid and ice water content between simulations are eglias changes to the mean at temperatures
between-10°C and—30°C. At temperatures colder thar830 °C the liquid water content is negligibly
small and the ice water content is too large relative to olagiemns, whereas at temperatures warmer than
—10°C the liquid water in greater than observations and shovegively little sensitivity to change in
the ice microphysics as ice is not nucleated until the teatpes is—10°C or colder.
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Figure 3: Sensitivities in EMPIRE to changes to the modebpaeters. Each column is labelled
at the top with the diagnostic. Each row represents changes family of parameters, the type
of which is described on the right of that row. The coloureck$ in each row represent the same
simulations, but the colours are reused in each row. Thesleme deliberately unlabelled, showing
only the range of sensitivity within each family of paramgtalthough some lines are identified in
the text. The black line in each figure is the control simolatind the blue shading shows the range
of observations, as in figutke
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Figure 3 shows the sensitivity to many different model parameterachErow shows changes to one
family of parameters, the type described on the right hade. sThe blue shaded area shows the range
of observed values as in figule the black line shows values from the EMPIRE control simatet
and the coloured lines represent the perturbed physicdaions. Same coloured lines on each row
relate to the same set of simulations, but colours are regeat different lines showing different sets of
simulations.

The first row of figure3 shows the sensitivity of cloud properties to changes in peeiication of sub-
grid turbulence. Sensitivity experiments included redgdhe amount of non-local mixing occurring,
turning it off completely and letting the local mixing scherdo the work and turning off cloud top
entrainment. There is remarkably little sensitivity to gpecification of turbulent mixing in EMPIRE,
much less than for other model changes described belowhvigisurprising given the important role
the turbulent mixing has on redistributing the liquid, icelavapour (see figur®). The biggest increase
in the liquid water content occurs when the non local mixiadurned off as this prevents ice being
mixed from lower in the cloud towards the cloud top. In costridne largest decrease in liquid water
content occurs when the non local mixing of the total wateteot ) is turned off as this removes the
source of vapour to be condensed at the top of the cloud layer.

The second row details the changes when the microphysies iesn altered. This shows the largest
sensitivity in terms of mean liquid water content of all thertprbed physics experiments. The largest
increases, roughly equal in magnitude, are when the capaeitof the ice particles is reduced by 50%
(orange in figure8e—h)or their fall velocity is increased by 50% (magenta inrfgBe—h). The largest
decrease in liquid water content is found when the capamtaincreased or the fall velocity decreased.
Changing the assumed particle habit also has a significetteivhere hexagonal plates are assumed,
the liquid water content is lowest as hexagonal plates havie@eased capacitance and reduced fall
velocity relative to the aggregates assumed as defaulh (ayigure 3e—h).

The sensitivity of changing the ice particle size distribatis shown in the third row. This also has a
large effect in changing the mean liquid water content. Tason for the large sensitivity is because
changing the size distribution changes the relative doutiin of small and large ice particles in a grid-
box and therefore changes the process rates calculateedBging the slope of the size distribution, and
therefore increasing the relative contribution from thrgdat ice particles, the total growth by deposition
of the collection of particles is reduces and the averagesmasghted fall velocity is increased. As
we saw in the above microphysics sensitivities, both ofdt@gnges increased the mean liquid water
content.

Unsurprisingly, the cloud water contents and cloud frati@an be changed by altering the cloud
scheme, as can be seen in the fourth row of figurBy varying the critical relative humidity at which
cloud forms RHit) the amount of cloud present in the simulations modified.p8singly, it is an in-
crease inRRHit, and therefore making it more difficult for the cloud to forthat increases the mean
liquid water content and reducifgH.i; reduces the cloud water content. This is exactly opposite of
what would happen if you chang&H;;; instantaneously in the model. This curious result can be ex-
plained by thinking of a grid box with a mean humidity just ktess oRH.i;, with a low cloud fraction
and small quantity of condensed water. As ice particles fiorthe grid box and grow by vapour depo-
sition, they remove much of the liquid water. In a similar slation with higherRH; it takes longer

for any cloud to form, but when it does, the liquid water contend cloud fraction are higher for the
same excess humidity. The ice production and growth by diémoss slightly more efficient as the
supersaturation over ice is higher, but overall more licalidvives the timestep and is therefore more
likely to be present at the time the radiation scheme is netitaa If it is still present then a cloud top
cooling will be diagnosed which will aid in the maintainarafehe liquid water in the layer.

The sensitivity to radiation is shown in row five. Turning ttaeliation scheme off completely reduces
the mean liquid water content by 85.1% compared to runniegety 15 minutes, with a reduction of
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10% (hourly) and 34% (three hourly) when the frequency ofatéwh calls is reduced. The sensitivity

to radiation timestep is caused by liquid clouds forming #reh glaciating between radiation scheme
updates, resulting in the cloud top cooling not being caaturThis effect is, however, less important
than the sensitivity to ice microphysics as described above

A significant sensitivity to vertical grid spacing is shownthe bottom row of figur& where coarser
resolution simulations with 500 metre grid spacing has 9888 liquid water than simulations with 50
metre grid spacing. This is a key reason models with ice waBtent as a separate prognostic variable
fail to simulate enough supercooled liquid water. The autrrange of model vertical grid spacing is
around 350-600 metres in operational NWP models and caarskmate models. The reasons behind
this sensitivity are examined in the next section but peraiunresolved vertical structure of the cloud
layer towards the top of the cloud.

In summary, the EMPIRE model shows there is a sensitivity amyrdifferent model parameters, most
significantly to the implementation of ice microphysics.efé are also sensitivities 8H, radiation
timestep and turbulent mixing specification although thteta2 are less significant. The sensitivity
to vertical grid spacing is the most striking sensitivityddikely a key reason state-of-the-art forecast
models still fail to capture mixed-phase clouds correctly.

5 lceparticlesizedistribution

As there is considerable sensitivity to the model ice plertsize distribution shown i8i-l, the stan-
dard Wilson and Ballard1999 parameterization is compared with aircraft size specata ffom the
EUCREX field campaign. Figuré shows a ratio of process rates calculated from the paraizeder
size distribution to those calculated from the aircrafesipectra. Ice particle growth rates are compared
in panels a—c and mass weighted fall velocity is comparedairels d—f. The ratios are plotted as a
function of ice water content (IWC) for individual size specin dots, and the mean ratio within each
IWC bin is shown in the black dashed line. Values in excesssbfdlv the parameterization is producing
ice growth rates or fall velocities that are too large.

For small ice water contents typical of mixed-phase clothis default parameterization shows a large
overestimate of the ice growth rate (figu4da) and a large underestimate of the mass weighted fall
velocity (figure4d). This appears to be as a result of the ice particle sizahiigon being too steep,
with too many small ice particles and too few large ones. Togesof the distribution can be modified
by changing the intercept parametds, ReducingNg for small ice water contents and increasing it for
large IWC reduces the biases. Following suggestions frentitérature No is modified to be a function

of IWC,

IWC\ A
No = 2 x 10° x (W) m—4 1)

where IWC is in g kg! andA has been set to a value oBQ(figure4b,e) and 075 (figure4c,f). The
standard parameterization is obtained wite- 0. By modifying the size distribution in this way, bi-
ases in the calculated process rates are much reduceaufzfyi whereA = 0.75. Including such a
modification in EMPIRE simulations results in a 134% inceeasthe supercooled liquid water content
averaged across all simulations.

Although itis likely that the ice particle size distributi® calculated from EUCREX data are affected by
shattering of large ice particles, preliminary analysislafa where the effects of shattering have been
accounted for suggest an even larger bias due to even fevadlriseparticles in the observed spectra.
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Figure 4: The parameterized process rates fravilson and Ballard(1999 plotted as a fraction
of the true growth rate calculated using size distributimiserved during EUCREX. Panels a-c
show the growth rates and panels d-f show fall velocitieds Eshown as a function of ice water
content (x-axis) and temperature (colour) for the standaagameterization (panels a and d) and
two modifications of plbased on the ice water content (panels b, ¢, e and f).

6 Resolution sensitivity

To examine the sensitivity to resolution shown in fig@we-x, the model is run with a vertical grid
spacing of 50 metres, as in the sensitivity analysis andcat@sing grid spacings up to 500 metres. For
these experiments the model is initialised from a ideal®dile based on a radiosonde ascent and has
vertical velocities set to zero everywhere.

A stark example of the sensitivity to resolution is shown gufie5 which shows the liquid and ice water
contents from simulations at two resolutions, one with 5@rengrid spacing in the vertical (figuta-b,
coarsened to 500 metre grid spacing in fighced) and one with 500 metres (figube-f). The liquid
water layer persists at the top of the 50 metre grid spacimgilsition throughout the duration of the
simulation (figurebb) and has a persistent flux of ice particles falling from figsid layer, forming

an ice only layer below (figurBa). In the 500 metre simulation the liquid layer decays rigpéd the
beginning of the simulation (figuréf) as the ice is formed in, and then falls from, this layer. The
ice water content at the top of the cloud becomes much lalgar in the 50 metre simulation after
about 30 minutes (figurge) due to increased growth of the ice particles by vapour slépo and less
sedimentation of the particles from the top of the cloud.

For grid spacings finer than about 200 metres, simulatiorthisfcloud layer converge. At coarser
resolutions the liquid water content decreases rapidl witreasing grid spacing. Whilst this single
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Figure 5: Liquid and ice water contents from simulationshmitertical grid spacing of either 50
metres or 500 metres as labelled in the panel title. The tapsioows the cloud layer in the 50 metre
simulation and the second row shows the same data but cazdsena 500 metre vertical grid
spacing for comparison with the lower panels. The third rinass the cloud layer in the 500 metre
grid spacing simulation, with a much reduced liquid clouétime. The final row shows the cloud
layer in the 500 metre simulation where the sub-grid paramzation described in this section is
included, allowing the liquid layer to persist.

case may not be wholly representative in terms of the poimthéth the simulations converge it does
show that simulations using GCMs with a typical verticabggpacing of 350 to 600 metres are not able
to capture the long lived nature of the liquid layer at cloopl. t

There are a number of possible causes of the resolutiontisépsall of which stem from failing to
resolve the vertical structure of some quantity or process the cloud top in the coarse grid spacing
simulations. Simulations performed using 50 metre griccspbut with one process or quantity coars-
ened to 500 metre scale identify the importance of resolthegrofile of ice water content, liquid water
content and temperature, to correctly calculate the migrsigal process rates at cloud top, particularly
the ice growth rate. Simulations coarsening the resoluforadiation and turbulent mixing processes
were shown to be less resolution dependent.

In order for coarse resolution models to correctly simuthte properties of mixed-phase clouds they
need to represent the vertical structure at the top of mpteake clouds. This could be achieved by a
significant increase in the number of vertical levels in thd-troposphere - which would significantly
increase the computational requirements of running a gioloael - or, more realistically in the short
term, by representing the vertical structure within a stid-garameterization.

Using knowledge from observations and modelling studiesiaed-phase clouds, the structure at the
top of mixed-phase clouds is parameterized. Models cuyrassume that the grid-box mean value is
applicable to the whole vertical span of a grid-box. The marst complex assumption is that these
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Figure 6: Vertical profiles of cloud properties at cloud tojn panels a—c the crosses show the
properties from the 50 metre grid spacing simulation anddashed line shows the 500 metre layer
average (that the 500 metre grid spacing simulation woule)usrhe solid black line shows the
parameterized profile of each quantity. In panel d, the lialed crosses have the same meaning, but
are the calculated values using the first three panels.

variables vary linearly with height within the grid-box. iSlassumption is sufficient to construct a pa-
rameterization that removes the resolution dependenca silmulating stratiform mixed-phase clouds.

Within the parameterization we assume that: a) the modgnastic variable$_ andg; are well mixed
throughout the layer and are hence constant with heightugjtraut the grid-box. b) the air pressure
decreases with height, from which the profile of air tempeetcan be calculated. c) the ice water
content increases linearly with distance down from the-go® top. A linear fit between the temperature
at the top and bottom of the grid-box is calculated that pxesethe grid-box mean temperature. From
this, the profile of liquid water content and supersaturatidth respect to ice can be calculated.

A brief illustration of how the parameterization works isosm in figure6, where the high resolution
data are shown with crosses. The 500 metre layer mean is shitvithe dashed line in panels a—c
and represents the growth rate calculated using layer magpsnel d and the solid lines represent
the parameterized profiles of each quantity, except aggaiel d where it represents the growth rate
calculated using the parameterized profiles. Notice thatdyg the layer mean values, the growth rate
in the layer is maximised, and by parameterizing the proéifedoud properties within this layer a more
representative value is calculated. A similar approachmgémented to resolve the profile liquid water
content. Implementing the parameterization in EMPIREvedldhe 500 metre grid spacing simulation
to maintain the liquid layer at cloud top much longer thanstadard version.

In summary, the resolution sensitivity stems from the mau¢lresolving the vertical profile near the

cloud top. A sub-grid parameterization of the vertical peofias been created and implemented in
EMPIRE and allows the model to maintain the liquid layer aud top in the coarse grid spacing model
as well as the finer grid spacing models. The results aravellaindependent of model resolution and

the parameterization now needs to be tested in a GCM to dietetire significance of maintaining these

cloud layers.

7 Conclusions

This study has found that there is a large under predictioliqoid water content in all models and
ERA-Interim on days analysed, by at least a factor of 2 in eaolel, and that the two models with a
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physically based parameterization of the mixed-phaseapigyrsics perform worst.

By implementing changes the model physics in EMPIRE, it leeslaliscovered that mixed-phase clouds
are sensitive to anything that changes the ice growth rdtethver than be the capacitance or fall speed of
ice particles or changes to the size distribution or iceigdarhabit. Less significant (but not insignificant)
sensitivities to the interval between successive callshefradiation scheme and the critical relative
humidity at which cloud forms in the model were also found. $itwle, physically reasonable, change
was enough to increase the simulated supercooled liquiehwahtent to match the observed quantities.
EMPIRE showed very little sensitivity to the specificatioinsab-grid turbulent mixing in the vertical,

a surprising result given the importance of the turbulentingj in controlling the vertical structure of
mixed-phase clouds shown in figuze

EMPIRE also demonstrated a significant sensitivity to eattyrid spacing and only with grid spacing of
finer than 200 metres did simulations of this cloud layer eoge. This results from the profiles of cloud
properties at cloud top not being resolved in the coarse heiheilations. A parameterization of the
sub-grid profiles of the cloud top allows the coarse grid Bgasimulation to maintain the liquid layer
at cloud top similar to the finer grid spacing simulation. fiehis now a need for this parameterization
to be tested in a full GCM and to assess the radiative impabetiér representing these mixed-phase
clouds in weather and climate simulations.
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