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New prognostic microphysics in the IFS CECMWF

Abstract

A major upgrade to the parametrization of stratiform clond precipitation was implemented in the
Integrated Forecast System (IFS) Cycle 36r4, operatiadieCMWF from 9 November 2010. Three
additional prognostic variables have been introduced &bkna more physically based representa-
tion of mixed-phase (liquid/ice) cloud and precipitatiragnr and snow. A fully implicit method is
employed to solve the network of microphysics pathwayslgtis long timesteps. It is the most
significant change to the structure of the cloud parameioizaince the Tiedtke scheme was intro-
duced operationally in 1995. Many aspects of the model astematically improved including the
skill of precipitation forecasts, the spatial distributiof ice and snow in the troposphere, the physical
processes in mixed-phase cloud and the impact of cloud auipjiiation on radiation.

1 Introduction

The Tiedtke cloud scheme, described fullyTiedtke (1993, has served the Integrated Forecast System
(IFS) well since its implementation in 1995. The schemeeasg@nts clouds in terms of two prognos-
tics parameters; the first describing the horizontal cayeraf the grid box by cloud, and the second
representing the mass mixing ratio of total cloud condensahich is divided into separate liquid and
ice categories diagnostically according to temperatutige dpproach includes parametrizations of the
sources and sinks of the prognostic cloud variables dud theamajor generation and destruction pro-
cesses, including convection and microphysics. On thednttion of the new scheme into operations
in 1995, the monitoring of total cloud cover relative to SYRObservations showed a distinct reduction
in the error.

The scheme has since been under continual development aith aspects of the scheme changed from
the original code, including the numerical formulation anddifications to microphysical source and
sink terms. Improvements have been made to the representidtice cloud microphysics, including
the process of ice sedimentatialakol 2000, and a novel parametrization was developed for the sub-
grid precipitation coverage which improved the repredénteof precipitation evaporation/sublimation
(Jakob and Klein2000. Subsequently the numerics were rewritten to treat alia¢tlprocesses in par-
allel. These changes did not improve the vertical resalusiensitivity of the scheme, and thus more
recent changes rejected the exact, semi-implicit clouctmeatd cover equation solvers in favour of a
forward-in-time, upstream implicit approach. This intnoed a separate treatment of autoconversion of
ice crystals to snow, and reverted to using a constant sedktien velocity for ice crystals to avoid nu-
merical shocks. This was supplemented by a new param@trizat allow ice supersaturated conditions
in the cloud-free part of the grid box@mpkinset al,, 2007). The modified Tiedtke cloud scheme, in
conjunction with the data assimilation and underlying éait model system, has performed competi-
tively with other state-of-the-art forecast models forudlgroperty predictiondl{ingworth et al., 2007,
Bouniol et al,, 2010.

Despite all the above developments, the basic structurbeotloud scheme has remained essentially
the same, with one prognostic variable for cloud fractiod ane prognostic variable for cloud conden-
sate. With increasing emphasis on cloud and precipitatiddWP and increasing resolution of the IFS
model, it was clear that a number of changes were requiredable the continued improvement of the
scheme, both now and looking ahead for the future. Partidgssaes that needed to be addressed in-
cluded precipitation advection, representation of mighdse cloud, numerical implementation and the
physical realism of the scheme. These issues are discussedhibelow to provide the motivation for
the developments described in this report.
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(i) Precipitation advection Higher horizontal resolution and shorter timesteps méarnotriginal diag-
nostic assumptions for precipitation become less valiag diagnostic approach assumes the time taken
for precipitation to fall from cloud to ground is small conmpd to the timestep of the model and that
horizontal advection can be neglected on the spatial séaleeamodel grid resolution. A prognostic
representation of precipitation is therefore requiredhasnhodel resolution and timestep increase, par-
ticularly for snow particles which have a lower density aluher terminal fall speed than raindrops.

(i) Mixed-phase cloud The diagnostic approach to the mixed phase, which parsitibe cloud con-
densate into liquid and ice according to temperature indhge OC to -23C, means that both ice and
supercooled liquid are always present in cloud in this taaipee regime and no liquid water is allowed
at temperatures colder than *Z3 The reality can be very different. For example in this gals tem-
perature range, emerging convective clouds are oftenqalidj established frontal clouds often all ice
and thin mid-level cloud often topped with a shallow supeted liquid water layer with ice particles
precipitating out below. Supercooled liquid water is okiedrdown to temperatures of -3D and colder
(Hoganet al., 2007. If the model is to begin to capture these aspects, then ditiawhl degree of
freedom is required with separate prognostic variabletidaid and ice condensate.

(iif) Numerical issues The diagnostic mixed-phase approach also leads to a nuofilgrealistic nu-
merical artefacts in the formulation of the microphysicabqesses, leading to a discontinuity in ice
supersaturation and autoconversion of ice to snow at thedxphase temperature threshold (-2Band

a lack of sedimentation of ice in the mixed phase. This sigguifily affects the physical representation
and the spatial distribution of ice in the mixed-phase tawpee range. In addition, the diagnostic ap-
proach assumes a single saturation curve in the mixed plaagmg from water saturation atQG to

ice saturation at -2Z. In reality different microphysical processes resporit&idintly to ice saturation
and water saturation, such as the deposition growth of igetals at the expense of water drops (the
Wegener-Bergeron-Findeisen mechanism).

(iv) Physical realism The representation of cloud with just two variables leada humber of simplifi-
cations and approximations in the scheme. Additional degof freedom allow for a more physically
realistic representation of cloud and precipitation mitrgsics that can be verified with observations.

This document describes the recent developments to thd sttheme (implemented in IFS Cycle 36r4)
that changes from a single prognostic cloud condensatabtarto four prognostic variables for cloud
liquid, cloud ice, rain and snow (as well as cloud fractianprder to address some of the issues above.
Section 2 describes the new scheme in terms of changes tatierical framework, to the microphysi-
cal processes and to interactions with other parts of theeim&action 3 highlights some of the impacts
on aspects of the model performance and Section 4 provideaduding summary. The Appendices
include technical details of the new prognostic field itiz@ion and the diagnostic output that is avail-
able.

2 Description of the new prognostic microphysics scheme

2.1 Overview

The new parametrization of stratiform cloud and preciftaincreases the number of prognostic vari-
ables from two (cloud fraction, cloud condensate) to fived fraction, cloud liquid water, cloud ice,

rain and snow). The philosophy of the original Tiedtke schesretained with regards to a prognostic
cloud fraction and sources and sinks of all cloud variables t the major generation and destruction
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Figure 1: Schematic of the IFS cloud scheme: (a) the Tiedtke scherehrgée moisture related prog-
nostic variables operational from 1995 to 2010 (before IR8&4) and (b) the new cloud scheme with
six moisture related prognostic variables (Cy36r4 onward®llow boxes indicate prognostic variables.

Surface Precipitation

processes, including detrainment from convection. Howevater and ice clouds are now independent,
addressing many of the issues identified above and allowimgra physically realistic representation of
supercooled liquid water cloud. Rain and snow precipitatice also now able to precipitate with a deter-
mined terminal fall speed and can be advected by the threerdiional wind. A new multi-dimensional
implicit solver is implemented for the numerical solutiditlee cloud and precipitation prognostic equa-
tions. Figurel shows a schematic to highlight the differences betweendieand old parametrization
schemes. This section describes the numerical framewatkeised microphysical processes in the
new scheme. Further details of the cloud and precipitatamampetrization scheme can be found in Part
4 of the IFS Documentation for Cycle 37r@\yw.ecmwf.int/research/ifsdocs/CY3)(r2

2.2 Numerical framework

The new scheme is a multi-species prognostic microphysiesmse, withm =5 prognostic equations
for water vapour, cloud liquid water, rain, cloud ice andwn®he equation governing each prognostic
cloud variable within the cloud scheme is

00k 10
ot S+ 007 (PVxOx) , (1)

whereqy is the specific water content for categor{x = 1 for cloud liquid dropletsx = 2 for rain, and
S0 on),S; is the net source or sink af through microphysical processes, and the last term remese
the sedimentation aify with fall speedv.

The solution to this set of equations uses the upstream agipraVriting the advection term in mass flux
form, collecting all fast processes (relative to a GCM titap¥into an implicit termB) and leaving the
rest in an explicit termA), gives

1l gn Pk—leCIn E —Pqun .

X O n+1 n+1 X,k—1 X

7—_A+§Byq_, —EB + . 2
L " y=1 " y=1 qux p AZ ( )

for timestepn. The subscriptk— 1" refers to a term calculated at the model level above theerteevel
k for which all other terms are being calculated. The marigwith termsByy, Byy, Byx) represents all
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the implicit microphysical pathways such tigy, > 0 represents a source @f and a sink ofy,. Matrix

B is positive-definite off the diagonal, with zero diagonahts sinceB,, = 0 by definition. Some terms,
such as the creation of cloud through condensation reguitinm adiabatic motion or diabatic heating,
are more suitable for an explicit framework, and are rethinghe explicit termA.

Due to the cross—termq}“, (2) is rearranged to give a straight forward matrix equatiorictvttan

be solved with standard methods (the scheme currently hiselsd decomposition method). As long
as the solution method is robust, the choice for solutioroiscnitical as the number of microphysical
prognostic equations is smath= 5), in contrast to chemical models with typically O(100)&ps. The
solution method is simplified by assuming the vertical atieeaderms due to convective subsidence and
sedimentation act only in the downward direction, allowihg solution to be conducted level by level
from the model top down. The vertical advection term onlyegpp on the diagonal, thus the matrix
equation for a 3-variable system is

1+ At(% +B21+B31) —AtBy» —AtBs3 ot
“AtBy 1+ At(Y¥ +By2+ Bao) —AtBy3 | et ] =
—AtB3; —AtBs) 1+ At(72 + Big+ Bya) ot
Jo AV, o Pr-1Voh it Px— 1V3Q?,J|i 1
AL A ————— DAL Ap+ ——— DAL Ag+———— . (3
Qi+ ( L oaz G2+ 2t A7 O3+ st Az 3)

There are some aspects that require attention. Firstlypwdth implicit terms are unable to reduce a
cloud category to zero, the explicit can, and often will,iael this. Thus safety checks are required
to ensure that all end-of-timestep variables remain p@sitiefinite, in addition to ensuring conserva-
tion. Practically, to aid the conservation requiremeng, ¢xplicit source and sink terms are thus also
generalised from a vectdtto a matrixA, thus

B A1 A Asr
A= A Axn A |. (4)
Az Axz Asz

whereAy, > 0 represents a source gfand a sink ofyy, andAyx = —Ayy. Although this matrix approach
involves a degree of redundancy, it is a simple method ofrarggeonservation properties. The matrix
diagonalsAyx contain the 'external’ sources @f such as the cloud water detrainment terms from the
convection scheme.

In order to simultaneously guarantee conservation andipeslefinite properties, the sum of all sinks
for a given variable are scaled to avoid negative values.s $biution is not accurate, seen from the
consideration of the simple case of a variable in equilioriwvith a small initial value subjected to a

large source and an equal and opposing sink: the sink willipped first and the variable will increase.

However, this is deemed preferable to any method that atseta@ccount for variable sources, which
must invoke a sensitivity to the order in which the varialades considered.

The impact on the temperature budget is calculated from liaage in cloud variables due to each
process after the cloud scheme ’solver’ has been appliedthem collecting the terms together that are
associated with latent heating/cooling. With the fully iijp solver it is thus easier to use conserved
variables to govern the temperature budget; the schemeheskguid water temperaturg defined as:

L L
=T Cp(QI+Qr) Cp(q.+qs). 5)
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SincedT,_ /dt = 0, the temperature change is thus given by

OT I L(x) (90 10
ot lec—p (W —Dq, — FYE: (PVx0x) (6)

The first term on the right in the brackets is the rate of charigpeciesy due toall processes, including
the convective detrainment tery, and the advective flux terms, which are then subtracted atghar
since they represent a nkt flux not associated with latent heating.

For the prognostic cloud fraction variable, denotedabyhere are no multi-dimensional dependencies,
S0 a matrix approach is not required and Egimplifies to

an+l —_a"

T == A+ Ba.n+l. (7)

whereA andB are the explicit and implicit source/sink terms for the cdtaction.

2.3 Revised microphysics

The strategy for the implementation of the prognostic clptetipitation variables was to minimize the
number of microphysical changes in the existing schemederaio facilitate the transition to the new
framework in the operational model. However, the sepamadiocloud condensate into liquid and ice
prognostic variables clearly requires new microphysicatpsses to describe the transfer between differ-
ent water phases in mixed-phase cloud (particularly ntiole@nd depositional growth of ice crystals).
In addition, a number of other alterations to the microptysire described here.

The numerics previously treated all cloud processes irfllphraut the new scheme treats some processes
in a sequential manner. This was necessary to ensure tltetto/ariables made physical sense. For
example, if processes are treated contemporaneouslybgxis could exist with only liquid cloud and
no ice at temperatures close to 288 since in this approach freshly nucleated liquid clougotits must
wait until the subsequent timestep before they are abledengo the freezing process. Thus a first-guess
variable is introduced to update the status of variablestoladl explicit processes during the course of
the scheme.

The formulation of the convective detrainment and subgidestratiform condensation and evaporation,
and turbulent erosion terms remain essentially the same tag iprevious version of the scheme. Each
of the new or modified physical process in the cloud schemis@igsed in turn below.

2.3.1 Ice crystal nucleation and ice supersaturation

Ice crystal nucleation is restricted to the homogeneousga®y which is parametrized simply, with
no attempt made to predict the ice number concentratiphproduced by the nucleation event. The
ice nucleation occurs on short timescales and is very sansit the updraught velocity on the cloud
scale, which can only be crudely estimated from GCM resolaihbles Lohmann and Karche002
Karcher and Lohmanr2002.

To retain consistency with the supersaturation treatmiehvimpkinset al.(2007), at temperatures below
0°C new cloud forms in any non-cloudy part of the grid box whdre humidity exceeds either the
minimum of the liquid water saturation specific humidit§, or the critical vapour saturation mixing
ratio with respect to ice at which homogeneous ice nucleatidiates Pruppacher and Klettl997,
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Koopet al, 2000. For the latter threshold the empirical fit given K@rcher and Lohmanf2002 is
adopted, as before, which is a function of temperature amgbiafrom 45% supersaturationTat 235 K

to 67% atT = 190 K:

T
whereT is the temperature in Kelvin. At temperatures warmer th&iC3he cloud formation over a
timestep results entirely in liquid cloud, while below tliiseshold the liquid water or aqueous sulphate

solutes are assumed to freeze instantaneously and thespris@source for cloud ice.

For the case of pure ice cloud formation, the deposition ggeds considered to be sufficiently rapid
relative to the model time-step that it can be approximatga lkliagnostic adjustment to exactly ice
saturated conditions inside the cloud. This assumptiorecessary, since to allow ice supersaturation
both within the pure ice cloud and in the clear sky environtwesuld either require a separate prognostic
variable to monitor the evolution of the water vapour indidie cloud, or a diagnostic assumption would
have to be used to divide the grid-mean humidity betweenwiwerégions, which can generate large
artificial horizontal sub-grid humidity fluxes (s@®mpkinset al., 2007, for more detail). In any case,
this assumption appears to be reasonably justified in a \aitgerof updraught situations by modelling of
the homogeneous nucleation procdaskvorostyanov and Sassetf98. The obvious drawback is that
pure ice clouds may not exist in a subsaturated or supeasatlistate, and no information concerning
the ice crystal number concentration is available.

The new scheme now allows ice supersaturation in fi@t0 -23 C temperature range which was not
possible in the previous scheme due to the diagnostic textyperdependent assumption for the lig-
uid/ice split. Figure2 shows a relative humidity versus temperature diagram tbligigt this aspect
in the previous and new versions of the scheme. Grid box melative humidity and temperature for
cloudy points where cloud fraction is greater than 10% aottgdl. The distribution of points is pre-
dominantly along the model saturation curve, which for thevipus scheme follows water saturation
for temperatures above freezing, mixed liquid-ice satomabetween 0C to -23C and then ice satura-
tion at temperatures colder than this. The occurrence afegulated grid box mean relative humidities
highlights the ability of the model to retain cloud when theac air humidity is below 100% due to the
sub-grid heterogeneity assumption and prognostic cloactiém variable. In addition supersaturation
with respect to ice can occur in the clear air at temperatoodder than -23C, but a discontinuity in
ice supersaturation is seen at this temperature threskad Zb). In contrast, the new scheme allows
subsaturated states and ice supersaturated states ire#ineatlat all temperatures below@with no
artificial discontinuity at -23C (Fig. 2c).

2.3.2 Ice crystal growth by deposition in mixed phase clouds

The scheme allows supercooled liquid water to exist at teatpees warmer than the homogeneous
freezing threshold of -3&. At temperatures colder than this water droplets are asdumfreeze in-
stantaneously. When supercooled liquid and ice are ceexjsthey are assumed to be well mixed
and distributed uniformly through the cloud (sRetstaynet al. (2000 for a discussion of alternative
assumptions). The ice crystals can then grow at the expdrike water droplets through the Wegener-
Bergeron-Findeisen process. If water droplets are pretbenice crystals are in an environment supersat-
urated with respect to ice and grow by deposition, redudiegniater vapour and leading to subsaturation
with respect to water. Water droplets then evaporate angdrtiiess continues with ice growth until the
water droplets are completely evaporated. Thus in mixedebbuds, the deposition process acts as a
sink of cloud liquid and a source of ice cloud.
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Figure 2:Distribution of relative humidity (with respect to watedrfcloudy and partially cloudy grid
points as a function of temperature for a typical model fastc(a) relevant curves for the microphysical
processes in the model, (b) data from the old scheme witmd&ig mixed-phase showing the discon-
tinuity at -23°C, (c) data from the new scheme allowing ice supersaturadioail temperatures colder
than 0°C.

Following Pruppacher and KleftLl997) andRotstaynet al. (2000, the rate of growth of an ice crystal of
massM; is:

dM 4nc(S —1)
dt -~ a+B ©)

whereC is the capacitance of the particle (related to the shapeana/es; is the saturation ratio with
respect to ice. Termg andf represent heat conduction and vapour diffusion respégtive

L (L
a= KaT (RVT 1) (10)
R/T
— 11
B XEsi (D
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whereKj is the heat conductivity of air ang is the diffusivity of water vapour in air, which varies
inversely with pressure ge= 2.21/p. If the ice crystal number concentrationNsand the ice crystals
are assumed to be monodispersed with all particles haviogl @jameteD; and equal mash/; (and
therefore also equal densipy), then the cloud ice specific water contept= M;N;/p. If the air is at
water saturation, thef§ = (es; — &si) /&si, and from @) the rate of change af is

dg N _4nC (es —es)
dt  p(a+p) e

: 12)

The capacitance ter@ assumes ice crystals are spheri€ D;/2) whereD; = (6M; /mp;)Y/3. Elimi-
nation ofC from (12) then gives

d
=G’ (13)
where 2/3
N; 7.8 — €&
Cid = <_> 1/3 (ESI eS ) : (14)
p p(a+p)

The analytical treatment dRotstaynet al. (2000 is used, which assumes the temperature dependent
quantities in {4) can be approximated as constant through the timestep.cEhmndensate amount at
timet can then be calculated by integratirig@) with respect to time, giving

3/2
G = (gﬁdﬂw (o H? 3> (15)

and the deposition rate becom&gp= (¢f —q 1) /At.

In order to calculate the deposition rate, the ice crystateatration is required fotld), assuming het-
erogeneous ice nucleation has occurred in the supersatuaiat As stated earlier, no prognostic equation
for the ice crystal concentration is introduced, and thus (14) is given diagnostically, assuming the air
is at water saturation, according to thieyerset al. (1992 deposition-condensation-freezing nucleation
parametrization:

N; = 1000ex12.96(es — esi) /esi — 0.639 (16)

The ice crystal concentration has great uncertaintyMeperset al. (1992 showed 16) correlated well
with continuous-flow diffusion-chamber measurements sxerange of temperatures and supersatura-
tions.

To initiate the glaciation process, at each gridbox, a mimmice mass mixing ratio is assumed of

. m N;
==~ (17)

P
wheremy is the initial mass of an ice particle and is set to ¥&g afterWilson and Ballard1999.

Once the supercooled liquid water reservoir in the cloudkisaasted through the deposition process,
there is a complication to consider. At the point the clouddmees completely glaciated, the in-cloud
vapour pressure is equal &g. From this point the ice crystals would continue to grow bpaigtion

of water vapour, until the in-cloud vapour pressure is reduto the saturation value with respect to ice
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Figure 3:Global percentage occurrence (for a given temperaturehefliquid water fraction of cloud
condensate for the previous diagnostic temperature-digr@nmixed-phase scheme (solid black line)
and the new prognostic ice/liquid scheme (shading) for ayeaof temperatures (on 10 January 2011).

(or an equilibrium value exceeding the saturation valuehi presence of strong updraughts, see for
exampleRen and Mackenzj€2005. However, unlike the mixed phase situation, where the “mgrth

for the vapour reservoir is provided by the prognostic cltigdid water variable, there is no memory
for the water vapour content in the cloudy region of the guidim order to model the deposition process
in glaciated clouds. So, the new cloud follows the same apamas before for pure ice cloud (see
previous subsection) and the deposition of the remainingmapour in excess of ice saturation occurs
within a single timestep, bringing the cloud to exactly ia¢usation.

To summarise, in mixed phase clouds with supercooled liguater present the cloud is assumed to
be exactly at saturation with respect to water (and theeefmpersaturated with respect to ice), and
when only ice is present, the cloud is assumed to be exactigtatation with respect to ice. However,
supersaturation is permitted in the clear sky portion ofid ¢gll in all cases.

It is the process of deposition that largely determines #rétpn between liquid and ice in mixed phase
clouds in the scheme. Figuf@shows the partition between ice and liquid cloud for an iraggn
using the new scheme compared to the default model. It istbegithe 'S’ shape is reproduced from
observations (e.drotstaynet al., 2000. Compared to the default model which sets liquid watertfoac
diagnostically to zero at -2&, there are more occurrences of liquid water at tempeataieer than this
threshold. The mode of the distribution still approximgtilllows the temperature-dependent function,
but variability is significantly increased. For example0%® of cloud is all ice at -358C, 100% is all
liquid at +10C, but at -10C the cloud can vary from all ice, through varying fractiorissopercooled
liquid water, to all water. There is no liquid water at tengiares colder than around 38 due to
homogeneous freezing and there is more occurrence of pareaad at all temperatures below@
Small ice fractions (i.e. liquid water fractions just lebar one) at temperatures greater thad Qre due
to the fact that ice is allowed to fall and takes a finite timentelt.

Technical Memorandum No. 649 9
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2.3.3 Freezing and melting

A new microphysical pathway is added to treat the meltingcefinto liquid, which was not required

in the previous scheme due to the diagnostic liquid/icerapsion and lack of sedimentation in the®

to -23°C temperature range. In addition, the process of freezimgisancluded, which converts rain

to snow due to the lack of a suitable, hail-like category. therfreezing of rain, the treatment is very
simple, with all rain freezing in a timestep if the temperatis below 0C, with a check to ensure that the
temperature does not increase above this threshold due tatémt heating of the process. The melting
of ice and snow are treated in a similar way to the diagnostavsvariable in the previous scheme,
allowing the melting to cool the gridbox t6dQ over a specified timescale. These processes are currently
treated explicitly.

2.3.4 Sedimentation

The numerical formulation of the sedimentation proceskiriahydrometeors due to gravity) follows
the forward-in-time upstream approach as in the previousia@ The rain, snow and ice hydrometeor
categories are allowed to sediment.

With the potential for hydrometeors to settle through marmdet layers in a single timestep, using a
mass related fall speed formulatiow & F (ax)) can lead to numerical 'shocks’ when long timesteps are
necessary (e.gVacker and Seifey2001). Thus the fallspeeds are set to a const¥fjpt£ 0.15 m s,

Vo =1ms? Vig=4ms?) to avoid this. However, the fallspeed for ice and snow ajesied to
account for variations in temperature and pressure asedebyHeymsfield and laquinté2000),

~0.178 —0.394
p T >

Vi = Vo — —_— 18

) X0<pfall> (Tfall (18)

wherepgy = 30000 Pa andy = 233 K.

Sedimentation of ice in the previous scheme was not activleey C to -23C temperature range and
was gradually increased to 0.15 m‘sat temperatures colder than 223 Therefore the new scheme has
an additional sink of ice due to sedimentation in this terajuge range that was not present before. This
reduces the ice water content compared to the previous scteshown in Section 3.2).

2.3.5 Autoconversion

There are two changes to the autoconversion treatmentioBsty the autoconversion of ice to snow
only operated in the pure ice phase<*-R3°C) with all cloud condensate treated by the rain autoconver-
sion process for temperatures warmer than this threshdiid. témperature threshold approach was used
to minimize impact on the cloud scheme when the snow aut@rsion was introduced along with the
implicit numerical approach in Cycle 31rl. The surface jpiéation and model hydrological cycle is
very sensitive to the treatment of the autoconversion imihed phase, since the collection-term (rain
and snow collecting cloud droplets) make the scheme hightyimear.

With separate cloud liquid and ice variables, there is nalneeetain this artificial temperature threshold
in the new scheme, and now the snow autoconversion worksnigedoice to precipitating snow, irre-
spective of temperature, and the warm-phase autoconuensily takes liquid cloud into account. The
adjustment factor§undqvist 1978 that accounts for the Bergeron-Findeisen process is atsoved as
this process is now represented explictly by the deposigéom described above.
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The rate of generation of precipitation is written as

cld N 2
a0 = acod {1 - eXP{ - (—ZL:(;) H (19)
|

Whereq,C'd is the in-cloud value of cloud water contemj (a), a is the cloud fractionpal represents a
characteristic time scale for conversion of cloud liquidmets into rain drops am;f”t is a typical cloud
water content at which the generation of precipitation hedo be efficient. The critical liquid water
content is different over ocean and land to take accountentiifierences in cloud condensation nuclei
(CCN) in clean and polluted air. Cleaner air over the oceanféaer CCN, hence larger drops and an
onset of precipitation at lower cloud liquid water contettizn in the more polluted air over land. These
two disposable parameters are defined as

and .
crit __ Lﬂt* 21

to take into account the effect of collection (accretionloiud droplets by raindrops falling through the
cloud (F1). HereF; is defined as

F1 =1+4Db1v/Poc (22)

whereRq is the local cloudy precipitation rat@. = P¢4/ag9) andaZ® is the precipitation fraction
overlapping with cloud (see section on precipitation b@lowor warm-phase autoconversion, the rate
coefficient isc; = 1.67 x 10~ s~1 and the critical water conternf"™ is set to 3x 10~ kg kg™* over
ocean and % 10~ kg kg ! over land. For cold-phase (ice to snow) autoconversionateecoefficient
(Co) is based orkin et al. (1983, co = 103”0257 -27315) and the critical ice water conteqf' is set to
4% 107%kg kg*.

The critical threshold is a factor of ten smaller for the eplthse autoconversion and the autoconversion
rate is a factor of 5 higher, so this change results in a muate ificient sink of ice cloud and therefore
a significant decrease in the cloud ice contents is expestin O to -23C temperature range (as shown
in Section 3.2).

2.3.6 Precipitation evaporation/sublimation

Precipitation processes are treated separately in clelaclandy skies. The microphysical processes in
these two regions are very distinct from each other, withvemsion, collection and accretion processes
being relevant in clouds whereas evaporation of precipitas the relevant process outside clouds.

Whereas cloud fraction (for cloud liquid and cloud ice) isagmostic variable, precipitation fraction (for
rain and snow) is still treated diagnostically. The treait# precipitation fraction in the previous cloud
scheme Jakob and Klein2000 in IFS cycles prior to 36r4 needed to be updated for the negmustic
microphysical treatment, since snow and rain water cortenbow prognostic variables and can survive
from one timestep to the next. So the previous complex tneaset treatment is replaced by a simpler
treatment where the total precipitation fractias(the sum of the in-cloud precipitation fractia§® and
the clear sky precipitation fracticaf") is calculated using a maximum-random overlap treatmetitef
cloud fraction, so that at levét

(23)

aox = 1— ((1— apk)(1- MAX[ak,ak-l])> 7

1—MIN[a-_1,1— €]
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wheree is equal to a small number (16) anday is the cloud cover at levéd The clear sky precipitation

fraction is then given by
clr

a =ap—a (24)
The precipitation flux is proportionally divided betweere ttlear-sky and the in-cloud component, im-
plying a greater artificial subgrid horizontal flux than ietbrevious diagnostic scheme. However, this is
unavoidable without additional prognostic variables faresent the clear-sky and in-cloud precipitation
coverages.

For the evaporation process, the previous scheme assurriedrital homogeneity of the precipitation.
Thus in a sub-cloud layer the clear sky precipitation faetial") remained constant while the flux
reduced due to evaporation. Only if the precipitation redchero did the clear sky fraction also reset to
zero. This treatment resulted in very discrete behaviodhefvertical profile ofa‘,;". The new scheme
does assume sub-grid heterogeneity in the clear sky pratiwi flux, which corresponds to a reduction
in the total precipitation fraction proportionally to theduction in precipitation flux by the evaporation
process. This leads to much smoother vertical profiles dfipitation coverage. Note that the ad-hoc
threshold to inhibit evaporation in moist atmospherestaimed in the revised scheme.

Rain and snow are prognostic variables and can be advectétehyind out of the column that they
were produced, but precipitation fraction is still a diagtim Therefore a precipitation fraction needs to
be specified when there is no cloud fraction in the column abéu present, this is set as a minimum
precipitation coverage of 30%.

2.4 Impacts on other parametrization schemes
2.4.1 Radiation scheme

In the previous versions of the IFS (pre-36r4), the radmtioheme only took account of the liquid and
ice cloud water contents and cloud fraction in the radiataleulations; the impacts of precipitation were
neglected. This is a reasonable assumption as cloud particiminate radiative absorption, scattering
and emission, and cloud is already present in the grid colwimm precipitation is generated. However,
precipitation may have a non-negligible impact on the f#mlia This particularly applies to thenow
hydrometeor category. In the model tite andsnowcategories represent the small and large particles
respectively, as an approximation to the continuous frqzaticle size spectrum. The split between
ice and snow in the model is rather arbitrary in terms of thpaat on radiation and it is therefore not
unreasonable to include the combined effect of ice and srwthe new scheme includes the snow
prognostic variable as well as cloud ice and cloud liquidendtain is still neglected for now). The
diagnostic precipitation fraction is not yet utilised se tnow is added to the ice cloud wherever there
is ice cloud present, to form a total ice water content astitgpthe scheme. The radiative calculations
are then performed on this total ice water content rather tha ice cloud alone.

In the IFS model the ice particle effective radius is a fumttof temperature and ice water content,
based on analysis of observational aircraft data fieam and Rikug1999 (revised bySun 2001J),
which covers a range of particle sizes. The effective ragiusurrently limited between a minimum
of 20+40cod@titude) um and a maximum of 158m. A factor of 0.64952 is used to convert from ef-
fective radius to particle diameter. At present, the santealproperties are used for the ice and snow
particles;Fu (1996 for the shortwave optical properties aRd et al. (1998 for the longwave spectral
emissivity.

Combining the ice and snow water contents and using theirexipirametrization of frozen particle
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properties is a first implementation with potential for het development in the future. There are clearly
a number of assumptions that could be improved regardingatiiative impacts of cloud and precipita-
tion, including separate assumptions for the ice (assumiistine crystals) and snow (assuming aggre-
gates) but there are also many uncertainties in particés sghapes and optical properties to deal with.
In addition the impact on radiation from stratiform raindarioud and precipitation from the convective
parametrization (representing convective cores) coulid\estigated.

2.4.2 Convection scheme

For the moment, the input to the cloud scheme from the coimreparametrization remains unchanged.
The detrained cloud water is divided into liquid or ice acliog to the previous diagnostic tempera-
ture dependent mixed phase assumption and the treatmem sfibsidence term still uses the mixed
definition of saturated specific humidity.

2.4.3 \Vertical diffusion

The vertical diffusion scheme combines vapour, liquid acelinto a total water quantity, which un-
dergoes mixing, and is then divided according to the mixqdidi/ice definition of saturated specific
humidity into vapour and cloud mass. In the previous schdraelboud mass was separated diagnosti-
cally into liquid and ice according to temperature and tectls calculated appropriately. In the new
scheme, different options for the proportion of liquid and created or evaporated by the mixing could
be chosen, but initially the simplest approach was implaaterdividing the tendency of total water into
liquid and ice in the same proportions as the input clouddigund ice before mixing takes place. For the
case where there is initially no cloud in the grid box and ttiieision scheme creates cloud, the cloud
tendency is all in the liquid phase.

2.4.4 Semi-Lagrangian advection

In the standard operational model, the liquid and ice clonbdensate variables are treated differently
to the other variables in the advection scheme, since gredian be large and the scheme uses a linear
interpolation to avoid generation of negative values iriaieg of strong gradient. For consistency this
interpolation method is retained for the liquid, ice, raml@now prognostic variables in the new scheme.

3 Results

The new scheme in IFS Cycle 36r4 has a number of impacts or-thenlodel forecasts of cloud and
precipitation, some of which are described in more detaié lsd others, including the validation of
supercooled liquid water, the radiative impact of snow, pirettipitation over orography, are left to more
in depth studies in follow-on reports. First, an overviewtlud changes to the “climate” of the model
cloud, precipitation and radiation fields are describetlpdfaed by a discussion of the improved global
distribution of ice and snow, and the improved skill of pgétion forecasts.
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Figure 4:Annual mean total cloud cover (September 2000 to August)Z60(a) ISCCP observational
dataset, (b) IFS Cycle 36r3 with previous cloud scheme apaith the new cloud scheme. The mean
error and root mean square error (model - observations) aréhi title line for the two model versions.
Hatched areas indicate regions of higher statistical siigaince.
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Figure 5: As Figure4 but for annual mean precipitation (September 2000 to Au@o§tl) for (a)
GPCP2.1 observational dataset, (b) IFS Cycle 36r3 with joes cloud scheme and (c) with the new
cloud scheme.
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3.1 Impact on model climate

Figures4 to 7 show global comparisons of IFS Cycle 36r3, with the previolesid scheme and with
the new cloud scheme, against observation-based dataeséttal cloud cover, precipitation and top-of-
atmosphere net shortwave and net longwave radiation. Thikelnfierecasts are 13 month integrations
starting in August 2000, with the first month discarded tatzel2 month annual means. Four integra-
tions with different start dates are averaged togetherd@ase statistical significance. The resolution of
the model has a T159 spectral truncation equivalent to agpéating of about 125 km; a resolution used
for the seasonal forecasting system (System 3) at ECMWIelServational datasets are averaged over
the same time period. Although limited to one year, thesaiksitions do provide useful information on
the systematic errors of the model “climate”.

Generally, the spatial patterns of the systematic erragsvary similar in both versions of the cloud
scheme, but the root mean square errors are reduced forddl fith the new scheme. The total cloud
cover is reduced in the tropics, and slightly increased énetktra-tropics, both reducing the differences
with the ISCCP dataset (International Satellite Cloud @liology Project (D2)Rossow and Schiffer
1991 Rossowet al,, 1996). This results in a slight increase in the mean error, butvamadl reduction

in the r.m.s. from 9% to 8.6% cloud cover (Fi4). The total precipitation difference against the Global
Precipitation Climatology Project (GPCP2.1) datagatiér et al., 2003 has a complex spatial structure
relating to different meteorological regimes (Fi®). However, both the mean error and r.m.s. are
reduced slightly with the new scheme, the latter from apipnaiely 1.0 to 0.98 mm day'.

Both the mean error and r.m.s. of the top-of-atmosphere hmtwgave and longwave radiation versus
the CERES observations (Clouds and the Earth’s Radianigir&ystem Wielicki et al, 1996 2006
show reductions with the new scheme. The negative shortbiagein the Tropics (Fig.6) indicates
too much reflection and this is reduced with lower liquid wataths in the new scheme. However, the
positive shortwave bias in the Southern Hemisphere (SHjghktly worse, indicating the new scheme
may have reduced the supercooled liquid water too much indltecloud south of 5@ (Note this has
been addressed in later model cycles and will be reporteeéparately). Despite the higher bias in the
SH, the overall r.m.s. is reduced from 16.5 to 15.7 WmThe longwave radiation has similar patterns
in both simulations with a reduction in r.m.s from approxieta 7.2 to 7.0 Wm?2 (Fig. 7).

3.2 Impact on global distribution of cloud ice and snow

Modifications to the representation of ice and snow in the sglveme result in significant changes to the
three-dimensional distribution of frozen particles in thedel. As mentioned earlier, the two-category
approach is a way of representing small and large particlédea scheme. Smaller ice particles with
low fall velocities associated with cloud that grows priityaby deposition are represented by the ‘ice’
category and ‘snow’ represents larger ice particles wigihéi fall velocities that grow through collection
(aggregation). The process of ‘autoconversion’ is usedpoasent the onset of broadening of the particle
size distribution through aggregation, leading to corieersf mass from the ‘ice category’ to the ‘snow
category’. The latter, representing larger particlesn fhicipitates at a faster rate.

Previously, the autoconversion of ice to snow only operatethe pure ice-phase temperature zone
(colder than -23C) with all cloud condensate treated by the less efficiemt aatoconversion process at
temperatures warmer than this threshold. Another negessadition of the diagnostic approach to the
mixed phase in the previous scheme was an assumption ofakwelbcity for ice cloud between°C
and -23C which then gradually increased in the pure-ice phase decéémperatures above. These two
restrictions meant the only sink of ice in the mixed-phasgezaeas the repartitioning into liquid and ice
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Figure 6:As Figure4 but for annual mean top-of-atmosphere net short-wave tamigSeptember 2000
to August 2001) for (a) CERES observational dataset, (b)@y&le 36r3 with previous cloud scheme
and (c) with the new cloud scheme.
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Figure 7:As Figure4 but for annual mean top-of-atmosphere net long-wave raahiaiSeptember 2000
to August 2001) for (a) CERES observational dataset, (b)@ySle 36r3 with previous cloud scheme
and (c) with the new cloud scheme.
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at every timestep and this led to artificially high ice clouds®in the mixed-phase zone.

As discussed in Section 2, the new scheme now has a condigtatthent of autoconversion and sed-
imentation for the new prognostic ice variable throughdw temperature range and therefore avoids
any discontinuities at-23°C and significantly reduces the amount of ice at temperatuegmer than
—23C. Figure8 shows the zonal cross section of the annual mean cloud iderddior the previous
cloud scheme, the new scheme and an estimate derived fro@ldbeSat radarAustin (2007), 2B-
CWC-RO Version 4 ice water content product). All 1.7 km Cl8atifootprint profiles that are estimated
to be either precipitating or convective in the observatiata have been removed in order to capture
the ‘ice cloud’ part of the total cloud massla et al, 2012 Li pers. comn). An alternative method of
partitioning the total CloudSat derived ice mass into srxalllOOum) and large particles>{ 100um)
gives a similar resultWaliseret al., 2011).

At mid- and high latitudes the ice water content in the prasicloud scheme (Fig8a) is significantly
higher relative to the CloudSat estimate (Figc), but this is improved in the revised scheme (Fig.
8b). Both model versions produce ice cloud down to the suyfadech is lacking in the CloudSat
observations due to signal attenuation, removal of sigoatgaminated with surface backscatter, and
the mixed-phase partitioning assumption in the CloudStt pieocessing which assumes all ice at* @0
linearly decreasing to all liquid at’C. The latter assumption also means that the ice water doisten
uncertain in the CloudSat cross section (F8g) in the 0C to -20°'C temperature range. However the
lower maximum peak at about 500hPa in the tropics in the pusvtloud scheme (Fi@a) is not present

in the CloudSat data and is highly likely to be an artificiahidcteristic of the diagnostic mixed-phase
assumptions as discussed above. The new scheme (in IFSAQyBBlerestimates the ice water content
compared to CloudSat above 700hPa, but this is likely to Ipedred in the future with modifications to
the ice fall velocity.

Figure 9 shows the geographical distribution of the annual mearicadlst integrated cloud ice water
path from the previous cloud scheme and the combined prtignos and snow water path from the new
scheme, as well as the estimatethl ice water path derived from CloudSat. In the extra-tropiesé is
good agreement between the spatial distribution and matmitf the total stratiform ice and snow water
path from the new scheme and the observed estimate. Theedifies in the tropics over Africa, South
America and the Inter-Tropical Convergence Zone (ITCZ)vanere precipitation from deep convection
dominates in the observations. Ice and snow in convectivesaare currently not included in the model
output for deriving ice water path, and this, along with th&efaction of convective cores with the
radiation, are potential areas for future research.

The change in the distribution and amount of ice cloud antugien of radiatively active snow has
important radiative impacts. Consequently, as seen inth@qus section, the root mean square error of
both net shortwave and longwave annual mean radiative flaxée top of the atmosphere are reduced
in the new scheme compared to observations from the CEREHMtsanstruments. Further analysis of
the impacts of cloud ice and snow on the radiative heating@froposphere is beyond the scope of this
report and will be reported in the future.

3.3 Impact on forecast precipitation

Both rain and snow precipitation are now prognostic vagaplwhich are stored from timestep to
timestep, precipitate with a terminal fall velocity and advected by the wind. As before, the precipita-
tion processes of generation through autoconversion ftoodg¢collection of cloud particles (accretion,

aggregation), melting (from snow to rain) and evaporatianadl included. However, there is no longer
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Figure 8:Zonal cross-section of annual mean cloud ice (mg m-3) foth@)previous IFS cloud scheme
with a diagnostic mixed phase, (b) the new IFS cloud schenfeanonsistent treatment of cloud ice
at all temperatures and (c) the estimate derived from Claad&2 S to 82N) filtering out all observed

precipitating and convective profiles to obtain a closerigglent to the model cloud ice field (Li, pers.

comm.). Annual mean temperature is shown as dashed corft@)csThe shading indicates areas where
data is absent or particularly uncertain.
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Figure 9: Annual mean vertically integrated ice water path (g m-2) (f@y radiatively active cloud ice
from the previous cloud scheme, (b) radiatively activeltotaud ice and snow from the new cloud
scheme, and (c) estimate derived from CloudSat (August 2008y 2007), (Waliser et al., 2009).
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Figure 10:(a) Global precipitation skill score (1-SEEPS) for Cy36rithnthe new cloud scheme and the
previous operational Cycle Cy36r2 for the period 1 July to &vBimber 2010 (24- to 48-hour forecast
accumulations from 00 UTC forecasts). Thin lines: dailyuesl, bold lines: running weekly average. (b)
Global 1-SEEPS score averaged over the same period as adnrdtiead time (24-hour accumulations
from 12 UTC forecasts). Higher values represent highet.dkiror bars show 95% confidence intervals.

an instantaneous response of surface precipitation toitrephysical processes in the local atmospheric
grid column above. With the prognostic representationcipretion can be blown by the wind as it falls
over multiple timesteps, which results in a spatially amdgerally smoother precipitation field.

The advection of snow by the wind can be particularly sigaiftcin regions of orographic forcing pro-
ducing persistent geographically locked precipitationthvel diagnostic precipitation scheme, precipita-
tion often falls on the upslope and peaks of the orographyasstantaneous response in the vertical to
the local forcing, whereas the effect of horizontal adwecty the atmospheric winds results in a down-
stream shift of the precipitation towards the lee of the caipgy and a different hydrological catchment.
This effect is more significant for snow than for rain, duehe slower fall speed of snow particles and
potentially longer residence time in the atmosphere. Tiagmaphic effect can be seen in the model, for
example over the Alps, but the precipitation changes ovegraphy require a detailed evaluation and
are left to a follow-on study.

The changes in the new scheme contribute to a significanioiweprent in regional and global precipi-
tation skill, shown for example by the 1-SEEPS score in i SEEPS (Stable Equitable Error in
Probability Space) is a new supplementary headline sca&e€MWF used for verification of determin-
istic precipitation forecasts against SYNOP observat{@wdwellet al,, 2010 2011). It is an equitable
score using three categories; ‘dry’, ‘light precipitati@md ‘heavy precipitation’, defined by the local
climatology (30 year climatology of SYNOP station obseivas). The SEEPS score varies between 0
and 1, and the value of 1-SEEPS is often used so that highszs/abrrespond to higher skill. The actual
value of a perfect forecast of the 1-SEEPS score is 1, andkffexted value of a random or climatolog-
ical forecast is 0. In practice, the representativity eofothe grid-box area versus point location of the
SYNOP observations is estimated to be about 0.2, so a valod8 ébr the 1-SEEPS score would be the
maximum achievable at the current operational resolufiégurre 10 shows a consistent improvement of
Cycle 36r4 with the new cloud scheme from day to day (Eiga) and with forecast lead time (Fig0b).
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4 Concluding Summary

The upgrade to the representation of cloud and precipitatiche IFS has significantly modified the
cloud parametrization in terms of the number of prognostigables, formulation of mixed-phase and
precipitation processes and cloud scheme numerics. Theetuoh prognostic variables has increased
from two (cloud fraction, cloud condensate) to five (clouaction, cloud liquid water, cloud ice, rain
and snow). Liquid and ice cloud condensates are now detedrbg explicit microphysical processes
rather than by a fixed function of temperature, resulting idewvariability of supercooled liquid water
occurrence. The representations of ice and ice supertatuia the mixed phase temperature range
(0°C to -23C) are improved and snow is now radiatively active. Rain amahscan be advected by the
wind and precipitation skill is improved.

Overall, this has been a major change to the representdtimist physics and a significant milestone
towards a more physically based cloud and precipitatioarpatrization scheme in the IFS model. The
parametrization framework is now more appropriate for aawidnge of model resolutions and is closer
to the typical single-moment schemes used in higher-résallimited-area NWP and cloud resolving

models (CRMs).

There are many opportunities for further development ofttteeme and the focus will shift towards im-
proving the formulation of cloud and precipitation micrgpltal processes to provide a stronger physical
basis, improved internal consistency and a more directtirdbservable parameters such as particle size
distributions and particle characteristics. Ongoing @&tbn against a wide range of ground based and
satellite observations is a further vital activity for cionted parametrization development in the IFS and
improved forecasts of cloud and precipitation in NWP.
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Appendices: Technical notes

Al Initialising the new rain/snow fields

There is a new logical INIRAINSNOW that needs to be set in thefiguration file config.h in sec-
tion "inidata” at IFS Cycle 36r4 onwards which determinesettter the model will initialise the new
prognostic rain and snow fields from input fields if availaldeotherwise initialise to zero.

INIRAINSNOW-=false

if there is no existing rain and snow data for initialisatiém which case the prognostic rain and snow
fields will be initialised to zero.

INIRAINSNOW=true

if the rain and snow fields are to be initialised from archix&RS data. The logical is set by preplFS,
defaulting to false if starting from initial fields from maddwycles pre-36r4, but defaults to true if starting
from initial fields from model cycles 36r4 onwards. It takdmat 6 hours for the model to spin-up
the snow and rain fields when initialised to zero at the begaof a forecast run (Figurél shows an
example).
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Figure 11: Evolution of the global average (a) rain and (b) snow progimséelds for an example
T255L91 forecast run (72 hours) when initialised to zerdigsbne) compared to initialisation with
rain/snow fields from the previous forecast during an analggcle (dashed line). The spin-up period is
about 6 hours.

24 Technical Memorandum No. 649



New prognostic microphysics in the IFS CECMWF

A2 Cloud and precipitation diagnostics

The Grib codes for the ice and liquid water prognostic vdeslemain unchanged. The new rain and
snow prognostic variables are available on model levelshand new allocated Grib codes in Grib Table
128. There are also two new single level diagnostics aailap the vertically integrated rain and snow
water contents (TCRW, TCSW) in Grib Table 228. A list of marfylee cloud and precipitation related

diagnostics is included below.

3D fields (Grib Table 128 unless specified):

Grib code Short name Description

248
246
247
75

76

130
133
157

CcC
CLWC
ciwcC
CRWC
CcswcC
-

Q
RH

Units
Cloud fraction (0-1)
Cloud liquid specific water content (kg
Cloud ice specific water content (kg Ry
Precipitation rain specific water content (COR
Precipitation snow specific water content (kghg
Temperature (K)
Specific humidity (kg kot)

Relative humidity (only available on pressure level§o)

2D fields (Grib Table 128 unless specified):

Grib code Short name Description Units
164 TCC Total cloud cover (0-1)
186 LCC Low cloud cover (0-1)
187 MCC Mid-level cloud cover (0-1)
188 HCC High cloud cover (0-1)
78 TCLW Total column liquid water (kg 1v)
79 TCIW Total column ice water (kg m?)
228089 TCRW Total column rain water (kg m™2?)
228090 TCSW Total column snow water (kg A
142 LSP Accumulated large-scale (stratiform) precimtaiirain+snow) (m)
144 SF Accumulated snowfall (stratiform + convective) (m)
50 LSPF Accumulated precipitation fraction
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