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The numerical aspects of physical parametrization are disissed mainly in the context
of the ECMWF Integrated Forecasting System. Two time integtian techniques are

discussed. With parallel splitting the tendencies of all #hparametrized processes are
computed independently of each other. With sequential sgling, tendencies of the

explicit processes are computed rst and are used as input tothe subsequent implicit

fast process. It is argued that sequential splitting is be#tr than parallel splitting for
problems with multiple time scales, because a balance betwen processes is obtained

during the time integration. It is shown that sequential sfiting applied to boundary layer
diffusion in the ECMWF model leads to much smaller time trund@n errors than does

parallel splitting. The so called Semi-Lagrangian Averagj of Physical Parametrizations
(SLAVEPP), as implemented in the ECMWF model, is explainedhd scheme reduces

time truncation errors compared to standard rst order mettods, although a few

implementation questions remain. In the scheme fast and sWe processes are handled

differently and it remains a research topic to nd the optimaway of handling convection
and clouds. Process speci ¢ numerical issues are discussedin the context of the

ECMWF parametrization package. Examples are the non-lineatability problems in the

vertical diffusion scheme, the stability related mass uxirit in the convection scheme

and the fast processes in the cloud microphysics. Verticalesolution in the land surface
scheme is inspired by the requirement to represent diurnabtannual time scales. Finally, a
coupling strategy between atmospheric models and land sugfce schemes is discussed.

It allows for fully implicit coupling also for tiled land stace schemes.

Keywords: numerics of parametrization, numerical weather pre
coupling, atmospheric model

diction, subgrid processes, physics-dynamics

1. INTRODUCTION

Sub-grid processes play an important role in numerical weafiediction and climate models
and parametrization development has been a major researdlitactor many years (see

e.g., ECMWF, 2008, 2095 Numerics of parametrization is perhaps less developed as it is

neither pure numerics nor parametrization. Traditionallyetmumerics of parametrization is
handled by parametrization experts and they focus on the fdatmn of the equations. Solving
them is often considered to be a secondary issue. Recentytdpic has received more
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attention (e.g.sStaniforth et al. 2002; Termonia and Hamdi 2007;sometimes optimized for a given resolution and time step. This
Mishra and Sahany 2011; Williamson 2013; Wan et al. 2018bviously undesirable for the IFS, because it is operatipnakd
see also the comprehensive review Krdss et al., 20169,b atdi erent resolutions and time steps.
and references therein), as it is realized that parametomat Also vertical resolution is an issue because it is often not
assumptions can be completely overwhelmed by errors in theu cient to resolve the relevant physical procességolod,
numerical approximation. In other words the physics of the2009. An example is the longwave radiative ux divergence near
numerical solution may be dierent from the parametrized the top of an optically thick cloud. In reality this ux divergee is
equations due to numerical errors. In that case the choice afoncentrated in alayer of the order of 10 m, whereas most isode
numerical scheme and its optimization has become part of thbave layer thicknesses that are an order of magnitude thiake
parametrization assumptions which is undesirable. From théevels where such clouds occur.
model development point of view, a more attractive approach It is by no means simple to nd an optimal solution with
is to have a numerical scheme that solves the parametrizexbn icting requirements. In this paper a number of numerical
equations with an accuracy that is better than the uncetja@i  aspects related to parametrization are presented in the cbotex
the parametrization. In this way, parametrization questicas the ECMWF model. Time stepping is a major topic and will be
be separated from numerical issues. discussed in the following section. In the later sections, @ssc
In designing a parametrization code for a large scale modespeci c issues will be discussed using the ECMWF model as an
there are a number of considerations. Parametrization pgeka example. Itis argued that itis important to understand theurat
have separate modules for di erent processes. Such modulariof the physical process in order to make a proper numerical
is desirable from the model development and code maintenana@pproximation.
point of view, but may be in con ict with numerical issues. A
highly modular system in which e.g., the radiation, clouddan
turbulence schemes are completely independent during a single TIME STEPPING
time step, is very practical because the two schemes can be
modi ed and improved independently and the code does notin an operational environment where a forecast or an ensemble
need to interact (except through the main model variables). O of forecasts has to be completed within a given time slot,
the other hand, e.g., for stratocumulus clouds, radiatiod a the time step is often pushed to the limit. Long time steps
turbulent di usion have to be in equilibrium and with long tiem  are also desirable for the parametrized processes becalse the
steps it may be necessary to enforce a balance between psocessenputational burden tends to be substantial (dependent on
during the time integration. Therefore, from the parameétion  resolution and radiation con guration, typically about 5086
and modularity point of view, explicit schemes are the preférre the total costs in the ECMWF model). In order to be suitable for
option. However, fast processes with sti equations, in whichHong time steps, the time stepping scheme has to ful Il a number
fast and slow time scales co-exist, require implicit sohgifor  of requirements. First of all, stability is an obvious andelote
stability and accuracy. requirement. The most common strategy is to use explicit time
While the use of su ciently small time steps may be acceptabléntegration for the slow processes (e.g., radiation) and iaitpl
in the context of idealized process studies, long time stepschemes for rapid processes if necessary for stability\(ertical
are essential in operational large scale production models fal usion). The relevant time scale of a process is determined
e ciency. It is obvious that the numerics of the parametrized by how strong the process tendency depends on the model
processes has to be compatible with the dynamics of the modelvariable, i.e., in the simple dynamic Equatidé=dt D P(9)
Inthis paper, we report on the choices and practical experienceith model variabled and process tendendy dependent on
at the European Centre for Medium-range Weather Forecas®, the time scale to consider is D (dP=d9) . As will be
(ECMWEF) with di erent numerical aspects of parametrization demonstrated, for long time steps, compared to the time scafe
schemes. This work was strongly inspired by the requiremerthe involved processes, it is important to assure balancedsgtw
that the IFS (ECMWF's Integrated Forecasting System) runthese processes during the time stepping. It requires coupling
operationally at di erent resolutions and time steps, in databetween processes and can be in con ict with the wish to keep
assimilation, high resolution medium range forecastseemse the model code modular. However, for code maintenance and
forecasts and seasonal prediction. Therefore, the accofabg  to facilitate parametrization development it is highly debleato
time integration needs to be as much as possible independent kéep the code as modular as possible. Therefore, paramedrizati
time step. is in most cases split from the dynamical part of the model and
The ECMWF model uses a 2 time level scheme for timsometimes the parametrized tendencies from di erent processe
integration and a non-staggered grid in the vertical. Tinbeps are even computed independently and then added together to
are used ranging from 10 min for the deterministic Tcol127%btain the total increment from all subgrid processé&sifard
forecasts (triangular truncation 1,279 in spectral spacd wit et al., 2010 However, this is not always possible as processes
cubic octahedral grid of 9kmresolution in physical space) to 30 may require interaction (e.g., convection and cloudsdtke,
min for the seasonal forecasts at TI255 (triangular trurma®55 1999 and it may be necessary to enforce a balance (e.g., between
in spectral space with a linear reduced Gaussian grid 80km  dynamics and boundary layer di usio®eljaars, 1991
resolution). The accuracy of the numerical approximationtod t Accuracy of the numerics is of course important although it is
parametrized equations is often ignored and parametrizateme  di cult to specify explicitly what level of accuracy is needed.
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does not make sense to insist on an accuracy that is a lotrbette

than the uncertainty in the parametrization if such an acayra A B

comes at a high price. On the other hand it is undesirable b | 1_ )
to have numerical errors resulting from individual schenwes I —t ( —t
splitting errors that overwhelm the e ect of parametrization. —P'Y— —PY—
Although often di cult to quantify, from the parametrizatia t gl t g

development point of view, it is best to have a time stepping , iy o »

. . FIGURE 1 | Parallel time splitting(A) and sequential time splitting(B).
_and an _Overa” c_ouphng to_the dynaml?al part of the model that D represents the dynamics tendency and P% represents the physics
is consistent with other right hand side terms and that does endency.
not “change” the parametrization signi cantly. However, like
time integration in the dynamics, most time stepping procedure
for parametrized processes are rst order only. Steps have been
made toward a more consistent incorporation of the physicahssumed constant over the time step and is identi edDbyr
parameterizations to the dynamical part of the model and talvar D(9 ") although some of the dynamics is treated implicitly.
2nd order accuracy (e.gVedi, 1999; Cullen and Salmond, 2002
A major issue is how to combine the processes and how 9 1. Parallel Splitting

couple .them. to the dynamics. The accurgte.tlme 'megrat'qrbarallel splitting, also called process splitting, is the regple

of mUIt'pl,e time sgale systems Is a continuing Cha”e”,ge "Where all processes are integrated separately forward in time
computational physicsi{noll et al., 2008 A prototype of asti \ish oyt communication of tendencies between the proce ssess (
system is given by reaction-di usion equations, the numatic Figure 1A). The time stepping of Equation (1) is represented by

accuracy of which has been qssessedspnrtisse (2009and atendency from the dynamics and a tendency from the physics:
in Ropp et al. (2004)comparing the accuracy of dierent

implicit or operator-split methods. The problem of multiple time

scales is inherent in meteorology and has been investigated 9 BCl 9n D DO ") )
Beljaars (1991); Browning and Kreiss (1994); Caya et @819 1t '
McDonald (1998); Wedi (1999); Williamson (2002); Knoll &t a 9 SC1 gn e nCL
(2003); Dubal et al. (2004, 2008gmonstrated that splitting 1t D P9 )9p
can result in accuracy degradation when the computatiomaéti gnCl gn P0(9 Mg n
step is larger than the competing (fast) time scales employed. ) P . 3)
Therefore, implicitly balanced methods (where dynamics and 1t 1C1tPA9 ")
parametrized processes are discretized together) are dddoca
for multiple time scale problems. Although e cient solverswe  The total tendency is:
been developedSmolarkiewicz and Margolin, 1994; Knoll and
Keyes, 2004 this approach has been avoided so far because of gnCi gn 9 BCl gn g IgC1 gn
its mathematical and algorithmic complexity. Also becausb®
. . ) o 1t 1t 1t
desired modularity of physics packages, splitting has been the P9 Mg n
method of choice. DDO") ——, 4)
Here we will discuss two basic splitting techniques: parallel 1C1tPyen
splitting and sequential splitting. Splitting is a standarcheique
in large scale models as it allows a modular code design (e./ith a steady state solution:
Caya et al., 1998; Williamson, 2Q00Here, a simple example
for m_ultiple time scales_ in meteorologyiowning an_d K_reis_s, 97D 9"l DO M[1C 1tPY9 )] .
1994; Dubal et al., 20D#s used, where a rate equation is given Y9 M : (5)
for 9 with a dynamics tendencl and a physics tendendy D
P9)9. This steady state solution is only independent of the time #te
do 1tPY9 ") << 1, in other words if the time step is shorter than
e DDO) PY9)9. (1) the time scale of the physical process. However, there is a clear

advantage with parallel splitting because it allows for a ntadu
code design with minimum interaction between the code for

The idea is to illustrate the situation of a slow dynamic fogc ™.
di erent processes.

with a fast responding physics term. The steady state soligion
9 D D=’ Ideally this should be the solution for time steps that
are long compared to the time scale of the fast process. In th2.2. Sequential Splitting

following we consider di erent ways of integrating the subey  Sequential splitting, also called time splitting or fractbn
processes but we assume that the dynamics tendency to evostepping, is the method where processes are integrated ome afte
from time leveln to time leveln C 1 is already known, i.e., the other, but the tendencies from the previous processes are
the dynamics is computed before the physics. The dynamics ised in the next process (seigure 1B). For the simple Equation
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(1), sequential splitting leads to the following nite di enee
equations:

9 gn
nC1
9 lt 9 D P(kg n)g nC1l
9 nC1l gn
or ————— DD M P9 Mg "l (7)
The total tendency is:
nC1 n n n\g n
9 9 DD(9) PY9 M9 , @®
1t 1C1tPq9 M)
with the steady state solution:
DOM
9”C1D9”Dpo(gn). 9)

This steady state solution is correct and independent of itime t

(dynamics), the Coriolis term (dynamics) and the turbulemess
divergence. The latter is the fast process that is handled by an
implicit computation. Three di erent schemes are used for the
vertical diusion scheme: (i) parallel splitting, (i) sequeai
splitting in which the dynamics tendency is used as source
term during the implicit integration of turbulent di usion, ad

(iii) sequential splitting as in (ii) but the di usion coe ciats

are not computed from time leveh, but after the proles
have been incremented with the dynamics. It has been veri ed
that the short time step integrations with all schemes ang/ ve
similar so they can be used as “truth.” The time truncation
errors of the 3 schemes are illustrated Figure 2 for a T159
integration with a 60 min time step. The errors with parallel
splitting (Figure 2A) are systematically positive and large (with
a global mean of 0.7é1=s). The reason is that the di usion
scheme decelerates the ow less than it should becauseghrou
its implicit nature it “sees” a lower velocity at the end of the
di usion time step. Sequential splittingF{gure 2B) is much
better and has mixed errors, because the implicit vertical
di usion computation includes the dynamics tendency and
therefore achieves a better balance. Sequential splittitigtine

step. The reason is that the implicit process is called last ardi usion coe cient computed after the dynamics increment has
therefore can achieve a balance with the other process becailreen added, has systematic negative errors although thalglob

it “knows” about the tendency of the other process.

mean error is not really smaller than with sequential spiti

Equation (7) can be interpreted in two dierent ways: (i) ( 0.11m=svs. 0.1Im=s). The reason for the reduction in wind
Variable9 , updated by the dynamid3(9 ") is used as starting speed is thatthe di usion coe cients and particularly the trafer

point of the integration with the physics PY9 M9 ", or (ii)

coe cients at the lowest model level see a higher wind speed

D(9 ") is used as source term in the time integration of thedue to dynamics increment (dynamics accelerates the ow and

physics. The latter interpretation has the preference, bectes
rst suggests that the physics tak@s as input, which is not

di usion decelerates it) and due to the higher transfer coeeat,
the wind at the lowest model level is reduced more by turbulent

entirely correct. IfP° at the right hand side of Equation (7) is di usion.

evaluated witl® , the steady state solution contaifis rather

The conclusion to be drawn from these simple examples

than9 ", which leads to a time step dependence. In other wordss that sequential splitting is the preferred option in multiple
P has to be evaluated at a full time level and not at the “irtime scale problems, which is consistent with the more general
between” time level between processes. In the case of Vertititerature on this topic (e.gSportisse, 2000; Williamson, 2002;
diusion PY9 ") represents the computation of the diusion Dubal et al., 2004; Ropp et al., 2)0&equential splitting
coe cients and they need to be evaluated with full time levelis e ective and straightforward in a problem with a single

pro les.

fast (implicit) process. In problems with more than one fast

An interesting and well-known example in meteorology is theprocess it would be necessary to combine all fast processes
process of condensation. Supersaturation with respect torwaté a single implicit solver to obtain balance within the time
does not exist in the atmosphere because condensation istso fatep which is in agreement with the ndings aofnoll et al.
that any excess water vapor is instantly converted into watef2003)

However, the process of condensation (and evaporation oficlou .
water) is seldom integrated in time as a short time scale msmce 2-3- Toward 2nd Order Accuracy in the

instead an iterative procedure is applied to restore satunadio

ECMWF Model

the end of the time step. In fact, this is compatible with sedian Most models with parametrized physics do time integration of

splitting. Say dynamics lifts a volume of air above saturatioen

the physics with 1st order splitting methods e.g., explicivard

an adjustment is made to temperature and moisture in order tar implicit backward, and process by process. It is possible to

reach saturation. The latter is implicit because it is anatise

achieve higher order accuracy (eWicker and Skamarock, 1998;

procedure in which the saturation is evaluated at the new tim&ullen and Salmond, 20D%ut it may be dicult to justify

level, but the tendency of the dynamics has been includediaro
to have the correct balance.

the additional computational costs given the uncertainty e t
parametrization. In 1999 a new time stepping scheme has been

Time truncation errors can be evaluated by using a shorimplemented in the ECMWF model in which an attempt is made
time step integration as a reference. Here we consider the 2d improve the consistency with the dynamical part of the model
h forecast of wind speed at the lowest model level (10 m) ofhile enhancing the accuracy of the time stepping, but without
the ECMWF model with a 60 min time step and compare withincreasing the computational burdei\edi, 1999. The method
a 5 min time step integration. At the lowest model level (inis called Semi-Lagrangian Averaging of Physical Parapagions
this example) the dominant terms are the pressure gradieriSLAVEPP). To illustrate the basic principles of SLAVEPP, the
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A Wind speed diff 24-fcts from 20020115; ej4k(m60R1psV1F)-ej4l(m05R1psV1F); Mean=0.76; RMS=1.39

C  Wind speed diff 24-fcts from 20020115; ej4x(m60R1btsV1F)-ejdy(m05R 1btsV1F); Mean=-0.11; RMS=0.76

-— ; =

FIGURE 2 | Wind speed (10 m) time truncation errors of a 24 h forecasts Wi a 60 min time step with different time stepping proceduredor the vertical diffusion
scheme: (A) parallel splitting(B) sequential splitting and(C) sequential splitting but the diffusion coef cients are compited after the dynamics increments have been
added. An integration with a 5 min time step is used as referare (differences between schemes with 5 min time steps are snig.

following simple equation can be formulated in Lagrangianwhered9=dt denotes the total derivativ®) denotes the right

form hand side of the equations attributed to the dynamical pathef
do DDCP 10 model andP is physics. In the physics we distinguish 5 processes,
at ’ (10) namely radiation, convection clouds vertical diusion and
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compute Pa,n—l Pa,n Pa,n+l
7 7
| O‘E;L | 0@ Ly Lagrangian
time

1 pdn-1 , 1pa, 1 pd, 1 pa,n+l
apply _Pdn +_Pan _Pdn+_Pan+

2 2 2 2

t n-1 t n t n+1
FIGURE 3 | Schematic of Semi-Lagrangian Averaging of Physical Paranvizations (SLAVEPP)P represents the physics tendency.

subgrid orographyOn a discrete mesh, the transported quantityfollowing sequence of computations (for simplicity the explici

9, which arrives at a gridpoint, and part & are consistently processesad=cnv=cld and the implicit processegdf=sgohave

re-mapped to the departure points of the ow trajectory usingbeen grouped). F"Q?ér&(c::imccm(g ) is evaluated using

a semi-Lagrangian advection algorithm. Here the main fasus

now on the evaluation o? which itself depends of . 9 D9a"C1t[DC P?é?iCcn\Ccld
The basic idea of SLAVEPP is to approxim&en accord

with the dynamical parD, using a second-order trapezoidal rule and then Equation (11) is applied to compute implicitly the

approximation, whereP is evaluated in part at the departure tendencies fronvdf C sgo

point at time leveln and in part at the end of the time step  For a number of reasons, SLAVEPP could not be implemented

(n C 1) at the arrival point, hence averaging the two tendencie the ECMWF model in the way described above: (i) the

“along” the ow trajectory (sedrigure 3). Superscriptel anda  vertical di usion (vdf) has to be called before convecticeny)

are used to indicate departure and arrival points; superscripts because surface uxes are needed by the convection scheme

andnC 1 refer to the old and the new time level, and in the semi-or closure; (i) to avoid unrealistic boundary layeusif C sgo

Lagrangian sense they should correspond to departure angsdri does not use a guess froctd C cnv, and (iii) the basic scheme

point, respectively. Because the physics tendency at theahirriveduced convective activity in an unacceptable way, so calfy h

point can be interpolated to the departure point for the next timeof the cnv C cld tendency is applied if® . The con guration

step, the physics needs to be evaluated only once per time step 3@GLAVEPP that has been implemented, computes tendencies

there is no extra computational cost and only a moderate iasee  at time leveln C 1 sequentially for di erent processes in the

in storage requirements compared to asimple rst-order fordva following way

time stepping. The time integration can be represented in the

C Psgf(:sg(]’ (12)

following way: pgf:fl D Pag(®@®) with 9@pogan (13)
ganCl gdn O D 1P o spanct P\?&?f(c::igo D Puaicsgd® @)  with

1t 2 radcemceld ~ 2" radCenCeld 9@ poarcitbc p?é';m C Pugtcsgd9 @y, @14
CPidicsgs (12) PG D Poncad@ @) with

(©)) an 1pdn ~ 1panCl
where the subscriptsad, cny, cld, vdf, and sgorefer to the 9T beTciybC Zpgadc #Prag

processes radiation, convection, clouds, vertical di usamd CP%’}%QOC %P‘C’&dd]. (15)

subgrid orography, respectively. Vertical di usion and subdgr

orography are fast processes, so they are evaluated at themew t The total tendency from the physics package is the sum of the

level (implicit time integration)Wedi (1999)experimented with  result of Equations (13-15). In spite of the compromises in

averaging ofvdf+sgobut found large time truncation errors in the implementation of SLAVEPP, the scheme is bene cial in

surface wind over mountainous areas as a result. This stegygethe ECMWF model.Wedi (1999)reports a typical reduction

that near the surface at locations with high surface stréss, of time truncation errors in physics tendencies of up to 25%

balance between dynamic processes and turbulent friction I3y comparing long and short time step integrations. This

more important than the time integration aspect. improvement is also seen in the wind speed at the lowest model
The accuracy of the resulting scheme depends critically olevel (10 m) as shown irrigure 4 The global mean bias is

the ability to evaluate physics tendencies at time lev&€ 1. reduced from 0.17 to 0.1éh=s and the global RMS error is

Equation (11) suggests that the time integration is implioit reduced from 0.74 to 0.65=s

all physical processes which is not feasible with the existinﬂ .

physics codes. Instead, an estimateis made o0 @'C1 at the ~ 2-4. Toward 2nd Order Accuracy in the

new time leveln C 1. The estimate is made by using all theECMWF Model: Revised Version

tendencies as far as they have been computed already, andDetailed diagnostics in the EPS (Ensemble Prediction System)

use the previous time level tendencies for the processesdlat h which ran at the time of implementation at T255 resolution

not yet been computed. One possible scenario would lead to theith a 45 min time step showed a reduction of activity in
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A Wind speed diff 24-fcts from 20020115; j5d(m60R1tsV3F)-ej5c(m05R1tsV3F); Mean=0.17; RMS=0.74

B Wind speed diff 24-fcts from 20020115; ej5f(m60R1tsV3T)-ej5e(m05R1tsV3T); Mean=0.1; RMS=0.65

¥ 05
il

N E
: -10

==
.'4: -

0.5

-10
-20

FIGURE 4 | Wind speed (10 m) time truncation errors of 24 h forecasts wita 60 min time step with(A) standard time stepping(B) rst implementation of SLAVEPP
and (C) revised SLAVEPP with an additional call to the cloud schemedfore convection. An integration with a 5 min time step is usgas the reference.
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the convection scheme (leading to more unrealistic gridpoinbetween fast and slow processes is probably crucial, and heth t
storms) and a deterioration of scores related to the longetim convection and cloud schemes combine slow and fast vasable
steps. In order to improve, various options in SLAVEPP weréVlore research is obviously needed, but a way forward may be to
explored. As a result, the following con guration of SLAVEPPseparate in the cloud scheme the fast condensation part frem th
has been implemented as part of a new model version (CY28RBwer processes (e.g., ice deposition). In that way, coatiens

implemented 28 September 2004): can be handled at the end of the time step, whereas the slower
processes can be averaged over departure and arrival poilies of t
PACL D Prag(@ @) with 9 W D g2an, (16) model trajectory. Another positive aspect of 2nd order physics

may come from a reduction of noise in the tendencies due to

,nC1 2) ;
Pl D Puicsed® ™) - with averaging over the trajectory.

vdfCsgo

9@ D 93"C1t[DC PAIE!C Pugrcsgdd @), 17)
PAICL D P ) with 3. PROCESS SPECIFIC ISSUES
9@ poancitpC p?éZCl C pf/‘é‘fgigg, (18)  Subgrid processes all have their speci ¢ numerical problems. |
el @ ) this section, numerical issues of the various processesbwiill
Pév'™ D Pend@ ™) with discussed in the context of the ECMWF model. Although some
4 , nC1 nC1 c1 ; . .
9@ poancitpcC P?a'& C P\"j‘(?szgOC %ngguesls (19) E);:;er és:#:rzlare model speci ¢, many numerical problems are
PAICT D Pyg(9 ©)  with '
96) D 9anC 1t[DC PACL ¢ pancl 3.1. Radiation
[ rad vdfCsgo Radiation is probably the simplest of all processes from the
cparncic %Pg'ggule;s (20)  numerics point of view. In the ECMWF model, temperature,

moisture, cloud water/ice and cloud cover are the dynamidsel
The di erence with respect to CY28R1 (compare Equations 19that are used as input; aerosols, absorbing gases etc. aredpec
20 to 15), is in the guess that is made%fat time leveln C 1 as climatological elds or as constants. The process is faotly,sl
for the di erent processes. The revised version does not use 0 explicit time integration is stable. The uxé&sare computed
previous time level convection tendency, but has half of tresg  on half levels based on the pro les at time leveland time
of the cloud scheme tendency before entering convection an@itegration is performed by computing the ux divergence at
then it uses the full new convection tendency before compmutin €very model levgl(counted from the top of the model)
the tendency from the cloud scheme. The consequence is that

the cloud scheme has to be called twice, once to provide a guess dl D gdfl:, (21)
for convection and once after convection. The full cloudestie dt Cp dp
cannot be called before convection because the cloud scheme g Feiz F'i=

: - (Tt TN D 1t= 2 1= (22)
needs detrainment from the convection scheme as source term j j /rad CoPcizz P 12’

for the cloud variablesi{edtke, 199R More recently, it has been
realized thatinthe rstcall to the cloud scheme, only onenaént  with C, for heat capacity at constant pressumg,for the
is crucial namely the part where an adjustment to saturatieit{  gravitation constant ang for pressure (which is used as vertical
respect to water) is applied. Supersaturation or subsaturatiocoordinate at half or ux levels).
in clouds can occur due to tendencies from dynamics or other However, radiation computations are expensive, so in order
processes. to save computer time, the computations are done on a coarse
Again, the speci c con guration of the revised SLAVEPP isgrid and interpolated to the full resolution of the model
inspired by the results, and the bene t can be seen in a vaaety (Morcrette et al., 2008 Furthermore, the full radiation code
diagnosticsFigure 4shows that the time truncation errors inthe is not called every time step but every hour in the high-
surface wind have been reduced (compiigures 4B,Q. Thisis  resolution deterministic model con guration, and every 3im
particularly noticeable in convective areas in the tropickicl  all other con gurations (the medium-range ensemble, mdgth
suggests that the convective tendencies are handled fdyora and seasonal forecasting, and reanalysis). To obtain tenekeat
Also the tropical winds have improved and the precipitationevery time step, some corrections are applied to the broadband
distribution has become less time step dependent Fsgare 5). ux proles. In the shortwave, the uxes computed by full
The results imply that implicitness is important but inclusiofi  radiation scheme are normalized by incoming solar radiatib
tendencies (earlier in time or space) from the same paranegéri top-of-atmosphere. Then at each time step, they are multiplied
process that is to be simulated (as in Equation 15) appears lelsg incoming solar radiation in order to account for the chang
bene cial. in solar zenith angle between calls to the full radiationesuok,
In general it can be concluded that SLAVEPP is bene cialleading to a more realistic diurnal cycle. Furthermore,sbheme
in spite of the scheme being far from mathematically rigorousof Manners et al. (2009% used to approximately account for the
Why the selected con guration in terms of order of processe® ect on surface uxes of the change in the path length of direct
and selection of estimates of model variables at the ampomlt, solar radiation through the atmosphere between calls to thie fu
is better than with Equation (11), is not clear. The distinot  radiation scheme. In the longwave, the uxes are modi edrgve
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FIGURE 5 | Tropical 850 hPa wind scores(left) and precipitation histogram(right) at T255 resolution with (A) the rst version of SLAVEPP and 1&in time step
(solid/+), (B) as (A) with a 45-min time step (dotted), and (C) the revised version of SLAVEPP with a 45-min timeest (dash-dot/o).

time step to account for variation in the skin temperaturengsi in each horizontal direction in the radiation scheme has gyve

the longwave method oflogan and Bozzo (2015Before this small impact on forecasts.

scheme was introduced, the surface net longwave ux was kept With increasing vertical resolution, new radiation reldte

constant between radiation calls, which meant that its respo issues arise. A clear example is the radiative ux divergeeece

to changing skin temperature was lagged, and in turn the 2a cloud edge. At the top of a thick stratocumulus deck, thermai

m temperature tended to fall too rapidly during the night in longwave cooling is over a depth of about 10 m. Large scale

clear-sky conditions. models have vertical resolution at cloud top of say 2060
The use of a coarse radiation grid has in the past led to 2the divergence is spread over one layer only. The typical ux

m temperature errors of up to 10 K at coastlines where therdivergence across a stratocumulus top isv8ém? leading to a

are strong horizontal gradients in skin temperature and scef tendency of 3% =dayfor a 20hPalayer. Doubling the resolution

albedo. These problems were largely solved by the introdlicti will double the tendency in the top cloud layer. The physics o thi

of the Hogan and Bozzo (2015cheme that performs cheap, problem is that radiation cools the cloud top and that turbulent

approximate updates to the uxes on the full model grid diusion redistributes this cooling over the entire cloud depth

to account for the high-resolution albedo information indgh and often the subcloud layer. With long time steps and future

shortwave, and the high-resolution skin temperature infation  high vertical resolution it will probably be necessary toceoé

in the longwave. balance between radiation and turbulent di usion during the
The e ect of spatial and temporal sampling on forecast skillfime integration. Using sequential splitting may be su cigibut

after incorporating approximate radiation updates to accounit might even be necessary to introduce some implicitnestén t

for changes in surface properties, was describedidyan et al. radiation code for stability.

(2017) They reported that reducing the radiation time step from . . .

3 hto 1 h could reduce the root-mean-squared 2-m temperaturg"zj Vert,lca,‘l D'ﬁUS'Q” .

error by up to 3-4%. This is due to the radiative uxes respomgin _Vertlc._SlI di usion d(_escrlbes the eect of vertical transport

more rapidly to the change in clouds. By contrast, when the us'é1CIUdIng the coupling t9 the surface through turbulencg._A

of a coarse radiation grid was replaced by calling the raafiati popular way of representing turbulent transport is by prescribing

scheme every model grid point (with 6.25 times more grid point£ddY di usion coe cients e.g., as a function of shear and st
globally, as in the operational ensemble con guration), 2_m(as in the ECMWF model) or_ with help of a turpu'e”t k_lnet|c
temperature errors were improved by only 0.5-1% and even thef'€"9Y €quation. The equation for m_Odi' variaidle (W'n‘_j
only up to 2 days into the forecast. This highlights that thedel ~ COMPONeNts, dry static energy and speci ¢ humidity) reads:
does not predict the location of the clouds more accuratedynta do drF do

few grid spacings, so coarse-graining the clouds by a faétbo dt ng)’ Fo DKo dz’ (23)
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with Kg for the eddy diusion coe cient which typically and sequential splitting are compared and it is clear that palrall
depends or® , for density, p for pressure (used for ux levels) splitting is very noisy, particularly in the storm tracks ofeth
andz for height above the surface (used for full levels). Sinee thNorthern and Southern Hemispheré&igure 6C clearly shows
time scale of the di usion process is small near the surfacéh@f the nite amplitude 2Lt noise, which is typical for the non-
order of 10sat a height of 10n), it is necessary to have implicit linear instability. The point where the di usion coe cient is
time stepping for stability. The discretized equations arplioit ~ computed (e.g., after the dynamics tendency has been addsd) h
in the linear part of the equation and explicit in the di usion little impact in contrast with earlier suggestiortsgmmarstrand,

coe cient: 1997). Whether these results are universal is dicult to say,
I because the interaction of the non-linear instability withe
9. 9"D 1tg KD Qm 9? KN 99 Q 1 splitting scheme is not well understood and may depend on
i i 1p ic1=2 Zc1 j 1= 3 71 various details of numerics and dynamics.

Another numerical issue related to vertical di usion is viegl
C(19 Jayn € (19 rac: (24) resolution. One would expect strong sensitivity to resolntio
with 9D 9 C@ )9", with D1.5. (25) in the stable boundary layer because the stable boundaey lay
has a lot of structure in a shallow layer (typically 2@©
The dynamics and radiation tendencies are used as sounge tedeep). Surprisingly, resolution has little impact on the siatidn
in the time integration of vertical di usion. As shown in séah  of the stable boundary layer. The numerical handling of the
Time Stepping, this is essential to achieve balance betwesarface layer is probably an important aspect, because the nit
processes. The balance between pressure gradient, Coniolis tedi erencing in the surface layer uses similarity pro les (inate
and vertical di usion ensures bias free surface winds forglon of the linear nite di erencing above the surface layer) whic
time steps and the balance between radiative cooling and exact in the constant ux layer. The lack of sensitivity bét
turbulent transport in cloud layers is essential to have tstep  stable boundary to resolution was found Byljaars (1991and
independent solutions near cloud tops. con rmed by Cuxart et al. (2004in an inter-comparison study.
Another major issue in relation to vertical diusion is On the other hand, resolution does have impact on inversion
numerical stability. Although fully implicit time integrain (i.e.,  structure.Figure 7 shows a simulation with the ECMWEF single
D 1 in Equation 25), ensures absolute stability in a lineacolumn model at operational resolution (typically 200 at
system, non-linear instabilities can still occur in casedhusion  inversion level) and at 1fh resolution. This is a stratocumulus
coe cients (which are computed explicitly) depend strongly on case with a very steep inversion; steps dk10 temperature and
the model variables. This is indeed the case in the atmospherE0 g=kg in speci ¢ humidity are typical. As expected, resolution
the diusion coe cients are a strong function of shear and aects the sharpness of the inversion and the details of the
stability. Particularly the transition from stable to uable is time evolution of its height. As explained in section Radiati
very pronounced, with di usion being weak in stable situation radiative cooling at cloud top and vertical di usion balaneach
and strong in unstable situations. The classic papeiKhinay other. Such a balance is achieved by having the radiatidetery
and Kanamitsu (198&Jiscusses the problem extensively using at the right hand side of Equation (24) as a source term.
simple ordinary non-linear di erential equation as an example  Resolution is not the only cause for numerical errors at
They analyze stability of a number of schemes e.g., predictsharp inversions. With the inversion resolved as a traositi
corrector, over-implicit and fully implicit based on lineagd between two levels, numerical diusion can overwhelm the
di usion coe cients. The latter is absolutely stable but deult  physics in the parametrization as reported bgnderink and
to implement. Predictor-corrector appears attractive, bueslo Holtslag (2000) These inversions tend to be rather stationary
not always give the correct result (see aldoDonald, 199%  and are the result of a balance between downward large scale
An over-implicit scheme (e.g., with D 1.5) seems to be a motion (typical subsidence rates are @ré=s) and entrainment
good compromise between simplicity and e ectivenessard by turbulence moving the inversion up with the same speedas th
and Delage (199Q)se the implicitness factor in a dynamic way large scale subsidence. Since the inversion is strongjiemntent
by selecting a value that depends on a local stability coiteri corresponds to a small diusion coe cient, so numerical
More complicated schemes can be bene cial, but usually add tdi usion can easily dominate the entrainmentenderink and
the costsilammarstrand, 1997; Wood et al., 2007 Holtslag (2000showed that standard numerical methods have
The problem of non-linear instability does not only manifesta tendency to “lock in” on the grid where entrainment always
itself as fatal blow-ups, but can also be seen sometimes #s niequals vertical velocity independent of the parametrization
amplitude noise. Di erent authors report noise in atmosphericassumption. In order to obtain a realistic inversion evabuti
models and claim advantages of one scheme over the other (elgock (2001 andGrenier and Bretherton (200developed special
Beljaars, 1991; Janssen and Doyle, J.99@wever, noise due methods to represent the inversion dynamicsck (2001)makes
to the non-linear vertical di usion equation is quite common an estimate of the numerical errors in vertical advectiord an
but erratic. Improvements may be seen in one situation whereaadjusts the parametrized entrainment accordingly. Altérrely,
more noise may occur in another case. Suarez et al. (1983kse a mixed-layer approach with the
In order to get a more global perspective in the ECMWFboundary layer (BL) top being a coordinate surface. Thisthas
system, the RMS aU=dt (zonal wind) is computed as a global advantage of a simple treatment of the BL top entrainment dis we
eld over the rst 24 h of a forecast. IrFigures 6A,Bparallel as its interaction with convection. It has been recentlyeexied
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FIGURE 6 | RMS of the zonal wind speed tendency RMS(dU=dt)] at the 10m level with(A) parallel splitting for vertical diffusion, an@B) sequential splitting. The units
are ms lday 1. The RMS is obtained by averaging over the rst 24 h of a T159 farcast with a 60 min time step.(C) represents time series of zonal wind (every time
step) at 60°S=90°W with parallel splitting (black) sequential splitting (r@dsequential splitting with diffusion coef cient after dyamics has been added (green), and

sequential splitting with a 5 min. time step (blue).
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FIGURE 7 | Time evolution of inversion heigh(Left) and vertical pro le of speci ¢ humidity (Right) from single column simulations with the ECMWF model of a
stratocumulus case with operational resolution (typicall200 m at inversion height, dashed) and 10m resolution (solid).

to relax the mixed-layer assumption while introducing mplé ~ where My is the updraught mass ux9, the updraught

layers within the BL. property, and S a possible source term for e.g., latent heat
release due to condensation. Although ECMWF solves for
3.3. Subgrid Orography wind, tracers, dry static energy and specic humidity, from

The subgrid orography scheme in the ECMWF model developeli'® Numerical point of view, variabl® can be thought of

by Lott and Miller (1997) consists of two parts: (i) the low 25 @ moist conserved \{anable i.e., moist static energy and
level blocking part and (ii) the gravity wave part. The low IeVetqtal _w_ater. The conversion expressions are ignored here for
blocking part provides strong surface drag with momentumSMPliCity- The properties of the updraugft, are computed
extracted from the low level ow. The gravity wave part alsaxle by an additional ordinary di erential equation. A parcel with

to surface drag but the momentum exchange is with highelﬂzeve'mt'_al perturbations proportl_ona! o surface uxes IS foll@d
through gravity wave breaking. The surface stress assdaiath ~ ©" /S Way upwards by considering buoyancy, entrainment, and

this scheme can be very large in mountainous areas (up to ﬁsjndensatlon. Entrainment and detrainment determine thass

N=m2). These very high numbers often occur at isolated pointsux pro le and cloud base mass ux is scaled with the amount of

which may lead to unrealistic e ects in adjacent points thraug instability for deep convection (CAPE) and with subcloud stoi
numerical smoothing of the elds static energy convergence for shallow convectigaontold et al.,

Because of the strong tendencies at the lowest model Ieve@oa' These parametrization assumptions require a link with

the scheme has to be implicit to ensure numerical stabilityt.he vertical di usion scheme for the surface uxes. The laite

Numerically, the same procedure is adopted as for the verticflslrl]e mot!vatlonh to caI_I”t1he vertical dll usmnfscgeme beforee_th .
di usion solver: the drag coe cients are prescribed explicigdgpd 3°”Ye°“§ﬂ s¢ er:ne. irr]n?,stsd uxce osureCZLEeep convewonk: q
the linear part is treated implicitly. Initially, vertical dision esignedin such a way that it decreases overa prescribe

and subgrid orography were integrated separately, but itltedu t|m§ scale. The time scaI(_e depends on model resolu_tlon aT‘d IS
in a time step dependence because the two processes both h caII_y 1 hatlow resolut_lon_ (say 100_km) and 15 min at high
short time scale near the surface and by having them Sepwateqesoluthn (say 10 k.m).. This time scale is of t.he ordgr of ih!et
they cannot reach a balance. To avoid this, vertical di usiorpt€P Wh,'Ch makes it di cult from the numerical point O,f View
and subgrid orography are integrated together now in the sam® c_:Iassﬁy the process qs_fast or slow. Although Equationi¢26
tridiagonal solver. It ensures balance between the fastegses valid below cloud base, it is not used there, but instead thesi

and the dynamics@rr, 2007. ;rﬁfg:;scribed by linear interpolation between cloud base had t
. With prescribed9 , and My, pro les, Equation (26) is solved
3.4. Convection with an upwind di erencing scheme:

The convection scheme in the ECMWF model uses a bulk mass
ux approach (derived fromTiedtke, 198pfor up- and down- 1t
drafts. Here we consider only the updraught in the convection (9 jn(:l 9jn)cnv D g M9 icie  (Mu9u)j 12

tendency for variabl® : 1p
do d (Mu)jc1=29 C (My); 129 1 C1tS.
5 P gao My(9u 9) CS (26) (27)
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FIGURE 8 | Zonally averaged mass uxes as a function of pressure from a 5 forecast with a 45 min time step(A), a 15 min time step (B), and with a modi cation
in which the mass ux limit has been relaxed (possible througlthe implicit formulaton) by a factor 3 for shallow convectio and a 45 min time step(C). The units are
kgm 2day 1

The numerical solution of this advection equation is onlgtde if  CFL limit could be relaxed by about a factor 3 in the ECMWF
the mass ux (equivalent to an advection velocity) is su oty =~ model.Figure 8Cshows that this reduces the activity of the CFL
small in order not to violate the CFL criteriom{y < 1 p=glt). limiter and therefore the time step dependence. An implicittma
Such a limit is explicity imposed in the mass ux closure. ux term was also successfully implemented in a new boundary
However, the limit alters the parametrization at high veatic layer scheme for dry boundary layers and stratocumulus mgixi
resolution and long time steps, which is undesirablef-igure 8  processeslompkins et al., 2004

zonal mean mass ux pro les are shown for time steps of 15

and 45 min. It indicates that the mass ux limiter is very a®j 3.5 Clouds

resulting in much smaller mass uxes with 45-min time stepstne cloud scheme in the 2004 version of the ECMWF model had
than with 15 min. Mass uxes in the lower troposphere tend 0y, prognostic variables, namely the combined cloud water/ice
bg hlgh due to shallow convection and are limited by the CFlyriable’ and cloud cover (Tiedtke, 199} The scheme uses
criterion. source and sink terms from dynamics, radiation, convegtion
With increasing vertical resolution and more emphasis on th§ertical di usion and adds processes like precipitation and dlou
parametrization of boundary layer clouds it is not possible anyrasion. Cloud processes are notoriously di cult to integrate i
more to have explicit time integration for convection. ThEen®,  ime pecause of the short time scales of some of the processes

in the ECMWF model, the explicit formulation of Equation (27) particularly the microphysics. To obtain a stable scheme, the
has been replaced by a formulation whe@rat the right hand side prognostic equations are written in the following form

is treated implicitly Bechtold et al., 2008Updraught properties

and mass uxes are still precomputed and prescribed explicitly. 1 DC D (28)
Although rather simple in principle, complications do arise from dt '

the fact that9  is itself a non-linear function o® . Therefore, % DA Ba 29)
the implicit formulation is not absolutely stable. In praaiche dt
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where the di erent processes contribute to the coe ciemds land the boundary condition is a combination between uxes
B, C, and D. These equations are integrated analytically oveand temperature. During daytime the boundary condition haes t

a time step which leads to an exponential solutiGmmpkins  character of a ux condition controlled by radiation and Bew

et al. (2004)discuss in more detail the numerics of the cloudratio, the latter depending on soil moisture.

scheme and its sensitivity to some upgrades. The ice fallout Typically land surface schemes, calculate the energy and
formulation is particularly sensitive and therefore we wicliss water balance in the soil by solving for di usion type equaton

it here. A typical situation is an ice source term from conweet for temperature and soil moisture. These equations are non-
detrainment and a sink term due to ice settling. The balancénear because the di usion coe cients and hydraulic propessi
between the two processes controls the ice water contentwhicdepend on soil moisture. An example is the TESSEL scheme
is relevant for the radiation computation. The rate equation’ (Tiled ECMWF Scheme for Surface Exchanges over Léad;

in this situation reads den Hurk et al., 200)) which has 4 soil layers, tiles for a simple
4 . & description of surface heterogeneity, a snow modilei(a et al.,
=D ZDy(u ) IWee—, WieD c1” 2. (30) 2010, an mtercepyon reservoir for fast evaporatlon of water on
dt d top of the vegetation and bare soil and a skin layer withouithe

capacity for instantaneous temperature response to the fgiayn
The rst term is the source term from the detrainment of the radiation and other components of the surface energy balance
convection updraught with, for updraught ice water, anByp For the numerical aspects it is important to realize that soil
the mass detrainment rate. The second term is the ice sgttlinand vegetation properties are highly uncertain and varialéne
term, with the ice vertical velocityice parametrized as a non- within a grid box. It is therefore di cult to justify very accate
linear function of . The coe cientsCandD for leveljare de ned  and potentially expensive numerical methods. The emphasis is

as follows on stability, conservation of water and energy, a represiemaf
. time scales from hours to a year, and on a crude representafion
CD EDup,j(‘ ui )] 19Wee 1117_1, (31) thesoilproles. Therefore, the vertical structure is sirgid with
b1 a few layers onlyFigure 9 illustrates the phase and amplitude
DD W i (32) errors due to the nite vertical resolution in the TESSEL ascte
] P with 4 layers (7, 21, 72, and 18®) as a function of frequency

for sinusoidal forcing (iterbo, 1999. The layer depths have been

This numerical formulation is by no means obvious andoptimized to keep errors under control over a wide range ofgim
is inspired by practical considerations and the requiremenscales within the constraint of a very limited number of lsye
of conservation. The convection detrainment term has beefrurther features of the TESSEL numerics are the implicitesolv
evaluated already in the convection scheme so it is takem as for the di usion equations for soil moisture and temperatunech
explicit source. The ice settling velocity is a non-lineardiion ~ an implicit coupling of the skin temperature with the vertical
of * and is evaluated from at the old time level. The ice diusion tridiagonal solver.
settling term is evaluated from top to bottom, i.e., whataBifig
out of a layer is computed implicitly and this amount is used
as an explicit source term in the layer below. This has thd.7. Atmosphere Land Coupling
advantage that conservation is always guaranteed. Torphtai Coupling between the vertical di usion and land surface sceem
proper equilibrium between the convective source term, tlee icdeserves particular attention, because processes in thedboun
falling into the layer from above and the ice settling towbrater  layer as well as near the surface in the land surface scheme
layers, it is essential to have all the source terms in theigitpl have short times scales and therefore require implicit nuoser
calculation. Whether the layer by layer formulation is opsiis  In the TESSEL scheme, the surface skin temperature has fully
subject of further research. implicit coupling with the vertical di usion scheme. This is

In 2010, a major upgrade of the parametrization of stratiformachieved by solving for the surface energy balance between
clouds and precipitation was made in the operational systerthe downward elimination sweep of the vertical di usion tri-
(Forbes et al., 20)1Three additional prognostic variables werediagonal matrix and the upward back substitution. The tile
introduced to enable a more physically based representation §cheme raises additional di culties which are solved in BES
mixed-phase clouds (liquid/ice) and precipitation (liquidlisl). by computing a skin temperature for each tile from its surface
A fully implicit method is employed to solve the network energy balance as if the tile occupies the entire grid boxnThe
of microphysics pathways stably for long timesteps. Thighe skin temperatures are kept xed and tile averaged uxes are
involves the inversion of a 5 5 matrix for each model level computed. This procedure is only implicit for the dominant 8le
corresponding to the variables for water vapor, cloud liquatev, and not for the tiles that occupy small fractions.

cloud ice, rain and snow. More recently, a revised coupler has been introduced as
proposed byBest et al. (2004}t has the advantage of being fully
3.6. Land Surface Scheme implicit on all tiles and it allows for a “universal” way of cpling

Land surface schemes are used to provide a boundary conditidand surface schemes with atmospheric models. The latter aspect
for temperature and moisture over land. In contrast to thearite is important, because it provides a framework in which land
where the sea surface temperature has a small diurnal cyee, o surface schemes can be exchanged between models without too
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FIGURE 9 | Amplitude ratio and phase error (degrees) of the layer-1 sation of the discretized soil temperature equations with lger depths of 7, 21, 72, and 189cm
for sinusoidal forcing with different frequencies. The asrs are with respect to the analytical reference solution dhe non-discretized diffusion problem (ratio 1 and a
phase error of 0 indicate the exact solution). Four different constant difsion coef cients are used corresponding to the soil moistue range from permanent wilting
point (empty soil reservoir) to eld capacity (full reservii

much di culty. Because of its practical importance, we give g
brief description here (se®gst et al., 2004or more details).

We start with the description of the surface energy balanc
for each tile. The turbulent uxes are expressed in terms of
di erences between the lowest model level dry static enélyy
(SD CpT C g2 and speci ¢ humiditygpand their corresponding

skin values FIGURE 10 | Exchange of parameters between atmospheric models and land
surface schemes for universal couplingHest et al., 2004).

(4

HD CLEN . (33)

ED GG 4@  «@a(RWI, (34)
Q @ ° o TESSEL, it can be generalized quite easily by e.g., inclagting

where Cf} and C}, are the transfer coe cients for heat and |nertr|]a termdTg=dt. inearizec(EL) with N
moisture,j&j is the absolute wind speed at the lowest model The next step is to linearizésa(tsg with respect toé €
level and s, s are the coe cients that control the moisture previous tlme level skin tgmperatu@k and to gllmmatg Sk
availability at the surface through parametric relationsvé.g., from quaﬂons (33, 3.4) using (35). This results in two edurad
soil moisture. Note that the implicit variables of the vealic expressing the relation between turbulent uxes and lowest

di usion scheme have been used. They can be fully implicit anOdEI level variables in the following form:

extrapolated in time (over-implicit) dependent on coe cient H D Du1§C Du2@®C Dys, (36)
(see Equation 25). If the variables are extrapolated in tiime,

consequence is that the surface skin temperature will also be E D De1§C D C D, (37)

extrapolated in time. The surface energy balance reads: with coe cients D that can be computed explicitly from the

old time level variables. The averaging over tiles reduces t
HCLECRswCRwD3 (R TI. (35)  an averaging over coe cients because the lowest model level
variables are assumed to be independent of the tiles. Théogrd
ParameterL is the latent heat of evaporatiofsw and Riwy  averaged uxes read

are the net shortwave and longwave radiative uxes, and the X X X
right hand side of Equation (35) represents the ground heat u WD 9 Dy C @ 'Dy, C 'Dns,  (38)
through the skin layer conductivity and the di erence of the i i i
skin temperature with the rst soil layef{ (taken from the old ND QX iDL, C X ini X i
0nCaq D, C Dgs, (39)

time level). Although this formulation looks rather specifor i i i
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FIGURE 11 | Time series of sensible heat ux\(Vm 2) for the 8 TESSEL tiles from a 12 h forecast in NE Siberia witmplicit coupling for the dominant tile only(A) and
the fully implicit coupling on all tiles according t@est et al. (2004)(B). The fractional cover of the tiles for this point is: 1. watel0.0; 2. ice: 0.0; 3. wet interception:
0.53; 4. low vegetation: 0.04; 5. exposed snow: 0.00; 6. highvegetation: 0.37; 7. snow under high vegetation: 0.00; 8. bee oil: 0.06. Note that uxes are also
computed for tiles that are not relevant or active at a partigar time (i.e., have fractional cover 0).

with superscripti indicating the tile index and ' representing except in case of very thin snow (after rst snow fall or during
the tile fraction assuming tha&; ' D 1. Equations (38, 39) can snow melt). This problem can be solved by including the rst
be combined with the result of the downward elimination swee soil or snow layer as part of the implicit solution process.
of the vertical di usion tridiagonal matrix which is also alation =~ However, it has the disadvantage that codes become highly

between lowest model level variables and surface uxes: coupled and less modular. As a compromise, a scheme has been
developed byBeljaars et al. (201Avhere the new soil/snow
€ D AMCB;, (40) temperature is anticipated by making use of a similarity soluti
@ D ANC B, (41 of the di usion equation. It is in fact a parametrization of the
implicit solution without compromising the modularity of the
code.

Equations (38, 39 and 40, 41) can now be solved Hbril
9. and @, after which the solution of the tri-diagonal matrix
can be completed by an upward back substitution. In thiy, CONCLUDING REMARKS
procedure the vertical diusion solver straddles the surface
scheme. The numerics of physical parametrization has been discussed
In spite of the complicated coupling, the procedure outlinedmainly in the context of the ECMWF Integrated Forecasting
above, leads to a clean coupling strategy between atmospheBgstem. Parametrization schemes have a modular design and
and land surface models. As suggestedBapt et al. (2004) therefore splitting techniques are essential for the tinepging.
the atmospheric model provides the and B coe cients from  Two major splitting techniques have been discussed: parallel
Equations (40, 41) to the land surface model and the landplitting and sequential splitting. It is argued that sequaint
surface model returns uxes (s&&gure 10. In this coupling, the  splitting is best with the explicit processes rst and the imjblic
atmosphere and land are separated at the lowest model level apbcesses last. It is essential for the implicit process to tiave
the atmospheric surface layer is considered to be part of tik la tendencies of the other processes as input, otherwise it is not
surface scheme. Also the complications of surface heteeiiyen possible to obtain a proper balance for long time steps. Sequential
as re ected by the tile structure are only seen by the landiesg  splitting in multiple time scale problems can only work well
model. The implicit tile coupling as described above has beewith a single implicit process which is used last. With more
implemented in the ECMWF model with model cycle 28R3than one fast process, it is desirable to combine them in desing
(introduced 28 Sep 2004). The scheme reduces noise fowitles  solver.
small fractions as illustrated iRigure 11 Numerical integration of parametrized processes is typically
The coupling between the skin layer and the underlying soilrst order accurate only. In the ECMWF model an attempt
or snow layer is treated with explicit ux coupling, i.e., the has been made to move toward 2nd order accuracy without
heat ux between the skin and the soil/snow is computed fromincreasing the costs. The idea is to average the parametrized
the soil/lsnow temperatures at the previous time level whereasndencies “along” the semi-Lagrangian trajectory. Thehoe
the skin temperature is from the new time level. This explicitis successful as it decreases time truncation errors. Hewev
coupling can lead to an instability of the rst soil/snow laye some questions remain. Details of the formulation needed
if the latter is very thin. Most of the time it is not a problem, “optimization” to get good results, which is not satisfactory
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An essential distinction has to be made between slow and faUTHOR CONTRIBUTIONS

processes in the design of the scheme. At this stage it is not

clear in what category convection and clouds should be,uma ABe wrote the paper. The other authors with expertise on
they contain time scales of the order of the time step as welndividual processes, provided input on these processes (GB and
as very fast processes. Further research is necessary to R on land surface processes, PB on convection, ABo, RH, and

optimal handling of these processes in the context of 2nd ordet-JM on radiation, RF and AT on clouds, MK on boundary layer).
physics. NW provided input on the SLAVEPP scheme.

A review of the numerical aspects of parametrized process

in the ECMWF model is given. Di erent processes have di erent%CKNOWLEDGMENTS

numerical problems. However, in order to design the numericgye are grateful for the constructive and detailed comments by
it is important to have a good insight into the physics of thethree reviewers. Their input led to substantial improvemefit o
problem and to have an understanding of how the di erentthe manuscript. The original version of this paper was presented
processes interact. Future increase in horizontal and c@rti py the rst author at the 2004 ECMWF Annual Seminar on
resolution will be even more demanding on the numerics andRecent developments in numerical methods for atmosphere and
may require substantial e ort to ensure stability and acayréor  ocean modeling. ECMWF has given permission to submit the
long time steps. paper to Frontiers in Earth Science, section Atmospheric 8eien
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