1 Answer to the referee 1

Thank you very much for reviewing this manuscript and for the constructive comments and the effort
to correct the mistakes made in the text.

First of all, intensive storms that move so rapidly to be missed by the coupling procedure that
uses input data at a 3 hourly time interval and a coupling zone of 64 km in width are rather rare.
However these events are severe weather events and perhaps most important to be forecast correctly.
Termonia (2003) and Termonia (2004) focused on a method that would detect a rapidly moving
storm reflected in the surface pressure. The methods presented in this article have focused on the
surface pressure and mean sea level pressure fields, but these could be applied to any other field,
such as geopotential height of 850 hPa surface for example.

The upper level disturbances can cause significant problems and if the disturbances are not
reflected in the surface pressure field, these would not be detected by the MCUF field. These
upper level disturbance and inertia gravity waves influence the initiation of convection. If a high
resolution LAM does not recognize these waves entering the domain through the lateral boundaries, it
is expected that the initiation of convection in the model could be missed, unless the model develops
the waves in the domain (however this takes time and space and this is why larger domains can bring
some improvement, however a storm has to enter the LAM domain at one point).

The time interpolation smoothes the pressure field, but also temperature in an atmospheric front
that moves through the boundary and distorts the vertical profiles. It can be surprising that the
error that can be attributed to the treatment of the LBCs is rather low in usual weather situations.
Actually, for the operational ALADIN in Croatian Meteorological nad Hydrological Service, it was
found that the error in the upper layers of the atmosthere (all but surface fields) is rather similar to
the error of the model it was coupled to (either ARPEGE or IFS), but this is a matter of another
article submitted elsewhere.

The manuscript has been modified exactly according to your specific comments except two points.
This has improved the text and clarified several items that obviously needed the effort.

Ad 7. paragraph has been rewritten.

Ad. 11. The sentence refers to figure 5c¢ in Davies (2014) where SLAM11 was coupled to LBCs
with 0.11 degree resolution supplied with 3 hourly interval.

2 Answer to the referee 2

Thank you very much for reviewing this manuscript an for the constructive comments.

Although the manuscript names IFS, ARPEGE and ALADIN as different models, one should
keep in mind that they share common model code. They are different in many ways as different
options are used in the model dynamics, and different physics parametrizations have an effect on the
development of the dynamical features in the model forecast. However, many choices are similar.

For each of the cases when [FSM was larger than the threshold value, a figure was plotted with
the mean sea level pressure from IFS and points with large IFSM values (this was possible to do
by an automatic procedure that created a large number of figures). It took some time to inspect
each figure, but each time there was a cyclone associated to the large IFSM values. However, this
procedure could not reveal those cyclones in the IFS fields that were not associated to large IFSM
values and were therefore missed by the procedure.

The upper level disturbances can cause significant weather events too and these can be missed
by the MCUF field if the disturbances are not reflected in the surface pressure field. Computing
MCUEF in the global model requires certain computational effort. The same method could be applied
to an upper level field but this would only increase the computational cost of the global model. The
manuscript has been modified according to the comments of referee 2.
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Abstract. Three hourly temporal resolution of lateral boundary datdimited areamodels(LAMs)
can be todew-te-preperlyinfrequentto resolve rapidly moving storms. This problem is expected to
be worse with increasing horizontal resolution. In ordedétect intensive disturbances in surface
pressure moving rapidly through the model domain, a filteyedace pressure field (MCUF) is
computed operationally in the ARPEGE global model of MétéanEe. The field is distributed in
the coupling files along with conventional meteorologicelds used for lateral boundary conditions
(LBCs) for the operational forecast using limited area ni@deADIN in the Meteorological and
hydrological service of Croatia (DHMZ). Here an analysipé&formed of the MCUF field for the
LACE coupling domain for the period since 23rd January 2Q@ieen it became available, until
15th November 2014. The MCUF field is a good indicator of rgpidoving pressure disturbances
(RMPDs). Its spatial and temporal distribution can be assed to the usual cyclone tracks and areas

known to be supporting cyclogenesit!

of coupling files from IFS operational run in ECMWF is also dable operationally in DHMZ with

3 hourly temporal resolution but the MCUF field is not avaiéaliHere, several methods are tested
that detect RMPDs in surface pressure a posteriori fromRBenodel fields provided in the coupling
files. MCUF is computed by running ALADIN on the coupling filBssm IFS. The error function
is computed using one time step integration of ALADIN on tbegling files without initialization,
initialized with BF-erSSBFHigital filter initialization (DFI) or scaleselectiveDFI (SSDFI) Finally,
the amplitude of changes in the mean sea level pressure jsutechfrom the fields in the coupling
files. The results are compared to the MCUF field of ARPEGE &edrésults of same methods
applied to the coupling files from ARPEGE. Most methods giv&gmal for therapidly-meving
pressuralisturbance$RMPBsRMPDS but DFI reduces the storms too much to be detedeahr

Theerrorfunction without filtering and amplitude have more noisd,the signal of a RMPD is also
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stronger. The methods are tested for NWP LANADIN (Aire Limitée Adaptationdynamigue
DéveloppementnterNational) but could be applied totherLAMs and benefit the performance of

climate LAMSs.

1 Introduction

Fheoperationalateratboundaryconditions(EBC)-dataOperationalLBCs are provided tdimited
areamedeHEAM)-with-LAMs at a time interval of several hours, refered to as the coupling up
date period. These data are used at lateral boundaries afAkledomain every LAM time-step
of several minutes. Consequently, LBC data of the largeestaidel are (linearly) interpolated in
time. The interpolation procedure distorts the model figldd can lead to LAM forecast failures
in case of fast propagating storms. The problem of linearpalation of model fields in time for
cases with rapidly moving storms that enter the LAM domaiexigected to become worse as both
global models and LAMs move to higher resolutions. Thesers@re associated to rapidly moving
pressure disturbances that will be refered as RMPDs in ¢hits The problem could be even more
pronounced in climate LAM'’s that couple to large scale da# are available with a longer interval.

One needs LBC data to represent scales that are too largg#sibdic on LAM domain e,

). Various schemes for treating LBC data suffer frorfedént problem@@%). Model

opagategrrorspropagatdrom the lateralboundarieghrough the domain
, ) it-amplifiesandspreadsheseerrorsamplify andspreadur-
ther with Ion%er time of integratiorll_LNulL&Lell r’:l.L.ZbO4)Jdkge LAM domain was recommended

during the forecadime (

Nicolis
7) to prevent boundary induced errors fignmpagating to the area of interest.
However,thesepreblemsthereare problemsthat can not be cured by making LAM domain larger

(Vannitsem and thglé . 2d05). For an overviissuegelatedio LBCs, sesl Warner et LL{LQIQ?).

Regional climate models are expected to develop small $eatares due to high resolution sur-

face forcings, nonlinearities in atmospheric dynamics laydrodynamic instabilitie al.,
). Large coupling update interval can make LB&€act as a filter of small scale features that
(should) enter the LAM domain. Climate LAMitheurwithoutsmall scale information in the initial
conditions and LBCsleesdevelop small scale variance even in the absence of suidacied due
to nonlinear cascade of varian@r@m&, but égaleveral days.

Currently, there are two sets of LBC data that can be usedderational forecast using ALADIN

Ajre (ALADIN International Tea[lw,
M’ LAM in Meteorological and Hydrological Service of @Gt@a (DHMZ). One is from global
Integrated Forecast System (IFS) of the European Centr&ééalium-Range Weather Forecasts
(ECMWEF) and another is from the global model Action de RecdheiRetite Echelle Grande Echelle

(ARPEGE, see e n[a;LdZOOl)) of Meteo FrammeeLBCs from the global NWP
models ARPEGE and IFS are operationally provided with a 3 aterval. These are used for
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running the operational ALADIN forecast in 8km resoluti&;dor et all I 201]3). Couilin% is Ter-

formed along the lateral boundaries in the 8 gridpoints fdmmain edge by means ies (1976)
coupling scheme and using linear interpolation in time efittput fields from the global model.
ﬁ

3) has analysed the Lothar stdrm (Wernli el&mJZ) and found that the three

hourly coupling update interval is insufficient for resalgithe storm in lateral boundaries. Also,
@ei ) finds that 3 hourly LB@seseinfermationfor-tikmloseinformationfor 12km
lution LAM coupled tottkml2kmresolution large scale mo@eﬁm M
order to monitor the occurrence of potential LAM forecadiufes due to insufficient coupling up-

loseinformationfor 12kmreso-

date frequency, a recursive high-pass fi@@mﬁs been implemented to the ARPEGE
model and applied to the surface pressure field. The filteuefdee pressure field is refered to as
monitoring of the coupling update frequency (MCUF) fieldrg@values of the MCUF field indi-
cate a RMPD in the surface pressure through that model gitd.povalue larger than a threshold
value suggests that a fast cyclone has moved through the area

The MCUF field is provided since 06 UTC run on 23rd January 28Q6e coupling files from
global model ARPEGE, run operationally in Meteo France i@ common coupling domain used
for LBC data in 6 countries (Austria, Croatia, Czech RepyHungary, Slovakia and Slovenia).
This common domain will be refered to as the LACE domain (tédiArea for Central Europe).
The horizontal resolution of the LACE coupling domain pdsd from ARPEGE has changed over
the years (see Tallg 1) but the aerial coverage of the LACRlicmudomain provided from ARPEGE
remained te same (see the aerial coverage of the greereisatirFiguré ). Local operational do-
mains are smaller than the LACE domain, but h&smgerhigher horizontal resolution and have
coupling zones 8 gridpoints wide along lateral boundaifébe point with the large MCUF value is
inside the coupling zone of the ALADINedeldomain, it can be expected that the ALADIN model
run will miss the cyclone strength due interpolation of bdary data in time. These events are ex-
pected to be rare, at least according to the analysis pegfibion one year of data for the Belgian
domain l(le;.m.o_nja_el_lilL_ZQIOQ). But rapid changes in surfaessure are associated to the most

intensive storms moving rapidly, pose a threat to the puit require warning. It is very important

that operational NWP models forecast such events. The fregue such events is analysed for the
LACE domain on almost 9 years of data from the operational B&E fields (since 23rd January
2006 until 15th November 2014).

The most obvious solution to this problem is to increase tbgufency of the available LBC data
and most of the centres that run both global models and LAMosrly input fields for the LAMSs.
However, this solution is not very practical for the metdogical services that run only LAMs and
rely on LBC data from somewhere else. On the other hand, ifBlf1data is insufficient for global
model run in roughly 16 km resolution and LAM in 8 km resolutjiaghen hourly data would be
lessthansatisfactory when both global model and LAM move to highepthetions (as was already
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announced at various meetings in 2014). Also, running osgsdrom stored archive data requires
using LBCs with 3 hours interval.
There are other solutions proposed to solve the problenrafein LBCs caused by time interpo-

lation of fields. The first oné (Termonia g1| Jal., 2b09) is taaethe model forecast from the cou[iling

file when the stormis inside the domain using the scale $ededigital filter initialization (Termonia,

@). The second one is to insert the storm by means of gritipodging l(le_r_m_o_nla_e_t_iiL_Zdll).

Both of these require to stop the model run, insert the statifically and continue the model run
from there. Using corrected interpolation with time detives 3), Boyd’s periodiza-
tion method [LB_O;JdLZQ_(})ilQLm.QﬂLa_eJI MlZ) can also awerthe forecast (De

), and alternative methods of interpolating LBC datane

al.,
10) do not
require restarts, but are computationally expensive, ssethivould also be used only when needed.

However, in order to apply any of these solutions, we shoutidietect the RMPD in the fields used
on lateral boundaries.

Using MCUF implies that the global model computes it opersily and distributes the field in
the output files together with the other forecast fields. HareLAM can be coupled to various
global model forecasts or larger scale LAMs for operatidoa¢cast, and re-analyses for climate
model studies or simulations of specific phenomena. Witletoeption of ARPEGE, global models
do not provide a field that would diagnose rapid changes isspure that occured in each grid-
point during a time interval between two consecutive oufpjes. The centers that provide global
model fields could be discouraged to compute MCUF field duenopuitational cost and potentially
complex implementation in the model code, and especiallg4win the re-analysis cycles to provide
such data for studies of historical weather. It is theret@efull to detect RMPDs a posteriori using
the standard meteorological fields usually provided in rhade¢put. The method should enable
automatic detection of a RMPD to be usefull in the operatidoi@cast as well as in the climate

simulations using LAMAs pointedby the reviewers fast-movingdisturbance# the upperlayers

of the atmospherer inertia-gravitywavesare more common.Theseare also a sourceof errorin

LAMs while MCUF detectdisturbancem thesurfacepressureThefocusof this articlearerapidl

movingdisturbance surfacepressurebutamethodthatdetectdhemcouldbeappliedto anupper
levelfield.

LAMs used for simulations of climate use input LBCs that ar&ilable in coupling update interval
of 3 hours or more. Simultaneously, LAMs tend towards highatizontal resolutions. A number

of climate studies has been performl:d_(H_Qualh_LeLalJZIQ{Ede_el_aJ J_ZOJJZLD_elmh_eJJ

|ZQl;l§;|_I:|ﬁ.msil_e_t_AIL_2Qi4) using ALADIRzedelin combination with ERA40|_(LiQQa.Ia_e_tJalL_2d)05)
and ERAInterim L_;Qll) datasets for LBCs. Thegdicgtions would also benefit from
a method that would detect RMPDs a-posteriori from the stechaheteorological fields used for

LBC.
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The NWP suite at DHMZ is focused on forecasting weather onitba af Croatia. Cyclones that

affect that area often originate from western Mediterrarazd Adriatic[(I:I_QnLalh_e_t_iLLZQH&_ZCLOQ)
that is recognized as a particularly active region with eesfo cycIonesL(Q.ampiai_s_aﬂJ.L._ZbOO;
pert et al.; 1990). Severe precipitatiementseventsoccur when cyclone produces convergence of

the moist air and a large quantity of precipitable weter fleito et a .,@6). Western Mediterranean
experiences flash flood events that arise from extremely Haigifell rates[(,D_o_SMLe_IJ_e_t_JiLlQbG).
The MCUF field is not provided in the LBC files of IFS provided BEMWF. On 1st January
2014 the operational ALADIN forecast in DHMZ has switchedusing IFS coupling files. It is
possible to compute MCUF field by running ALADIN on the reg@a and domain of the coupling
fields. Here an analysis is performed of the MCUF field comgudg running ALADIN for the
common LACE coupling domain for the files provided from IF8c& 27th October 2010 until 15th
November 2014. Otherwise, it is possible to estimate thar énat arises due to linear interpolation
of LBC data in time Mieib& from model tendencietamied by running ALADIN for
one time step. The error was estimated for surface presadrenaan sea level pressure using cou-

pling data without initialization, or initialized to remewthe high frequency noise. Additionally, this
work proposes to estimate the magnitude of pressure vargaliy computing a simple amplitude of
oscillations between the successive coupling files.

The next section describes the models briefly, the methcels tasdetect RMPDs and the effect
of linear interpolation in time on mean sea level pressuhe. dnalysis of 9 years of the MCUF field
from ARPEGE is presented in Section 3. Results of methodddtecting RMPDs in IFS coupling
fields are presented in Section 4. The last section givedusinos.

2 Model description and metods of detection of RMPDs
2.1 ALADIN

ALADIN medelis used for operational weather forecast in DHMZ in 8 km reSoh using hydro-

static dynamics, 2-time-level semi-impligemi-lagrangtaisemi-Lagrangiamnd stable extrapola-
tion two-time-level schemm 02). Operationalhe model uses 37 levels in the vertical

and a mass-based hybrid terrain-following vertical cauaitén JSimens and Burridée{ . 1581).

The initial conditions for the operational forecast areaified using data assimilation procedure
,IE{L). Details of the operational forecast suite as welnadel set-up are provided in

160 hudgr_el_a.lj [(29.]]3), but there were few changes. The forésagh up to 72 hours four times a day,

starting from 00, 06, 12 and 18 UTC analyses, and coupled © fi#éds from IFS in delayed mode.
This means that LBC for 6 hour forecast from 18 UTC run of IF8ded for initial LBC for 00 run
of the next day, 9 hour forecast from 18 UTC run of IFS is use®Bfbour forecast LBC for 00 run
of the next day, and so on.
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The 8km resolution operational forecast is coupled to aalofodel on the 8 points wide zone
alnog lateral boundaries using relaxation tecni %) and linear interpolation of LBC

datain timekﬂaugmmmmm@w 1886 coupling file contains the com-

plete set of fields needes to initialize the ALADIN model forecast.

Digital filter initialization (DFI) is implemented in ALADN in order to remove high-frequency
noise kL)Lngh_and_Hua.lﬁb_lEJ%) that arise due to interpaiaifdhe coupling fields from the global
model grid to the grid of the coupling files and then again ®résolution of the LAM (and changes

in height of topography in different models/resolutionS)ace DFI can considerably reduce the

depth of the RMPD due to the Doppler effect, alternativeessalective digital filter initialization
(SSDFI) was proposed, implemented and tested in the ALADM@@EQ_DJIMS).

2.2 ARPEGE

ARPEGE is a global sem-lagrangian spectral model run opeity at Meteo France on a stretched
and rotated gri ' Lﬂ_l|988) with highesiZiontal resolution over France and low-
est resolution on the opposite side of the Earth. The hot@oesolutions in the model forecast and

data assimilation procedure were changing during the Ssywhen the MCUF field was computed
in the operational ARPEGE forecast. The horizontal regmiudf the coupling files also changed
twice, see Tablgl1.

ARPEGE can use coarser resolution in variational data dssiom procedure than in the forecast
run. The fields from the operational forecast are intergadldtom the stretched and rotated native
model grid to the grid of the limited area LACE domain in Lanthgojection of the coupling files.

The fields from operational ARPEGE forecasts are availablihé coupling files with 3 hour
interval for 4 runs per day (starting from 00, 06, 12 and 18 Wihalyses) and extending up to 72 for
the 00, 06 and 12 UTC runs and up to 60 hours for the 18 UTC ruf®B&E computes the MCUF
field operationally according 04) and thelfieldistributed in the coupling files.

23 IFS

IFS is also a global spectral model that usessi-lagrangiasemi-Lagrangiamdvection. It is run
oparationally at ECMWF with uniform horizontal resolutioven the globe. The details of the op-

erational set-up in the model forecast and data assimildtave changed over the years used for
this study, while the LBC files were available operationadly did the operational model versions.
The model forecast fields are interpolated from the IFS mgdel to the LAM grid in Lambert
projection and the horizontal resolution of the couplinggitemained 15.4 km (see Table 1).

Following the research studies where LBC data from IFS ha&s hesed for studies of severe
weather caseﬂi&&kﬁ&MLﬁﬂﬁEEﬁlkLZQdé;&@ﬂ&M.,LZQd?LZﬂbS), the opera-
tional forecast run of the ALADIN model in DHMZ has switchealuding LBC data from IFS on
1st January 2014.
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The MCUF field is not computed by the IFS operational suite thedefore not available in the
coupling files from IFS provided by ECMWF. Rapid changes indhidace pressure or the mean sea
level pressure were detected in the fields provided from peSational forecast in the coupling files
on the LACE common domain using a number of tools.

— ALADIN was run on the LACE domain (in the resolution of the pling files) with 600
seconds time step and the MCUF field was computed during tleelman. The computed
MCUF field will be referred to as IFSMHowever,this meanghata differentmodelwasrun

differentdynamicsand physics)andthe resultscanbe differentthanwhencomputedn the

hostmodel.

— The error function froi@OS) was computed by mgrone time-step forecast

starting from fields in the coupling files (in the same horiaband vertical resolution), three

sets of experiments were performed using initializatiotihaut filtering, using DFI or SSDFI.

— The amplitude of the oscillations in the surface pressune faean sea level pressure) was
computed from three consecutive coupling files.

The last item actually detects situations when the movimggure disturbance would be missed
using2At (6 hours) coupling update interval not the (3 hours) interval. But the large values of
this field can mean that the interval as shortf\gscan also be insufficient for proper representation

of lateral boundary data by linear interpolation of the LB€lds in time.
2.4 IFSM field from the ECMWF coupling files

ALADIN can compute the MCUF field during the model forecadteTield was computed by run-
ning ALADIN on the LACE domain of LBC files with horizontal rekition of 15.4 km (the same
resolution and grid as the coupling files) and a time-step06f §econds. The output IFSM field is
written with 3 hourly interval. The same procedure has bemfopmed on the LBC files provided
since 27th October 2010 until 15th November 2014, for 4 nerdpy (starting from 00, 06, 12 and
18 UTC analyses) and extending to 78 hours forecast.

The maximum value of the IFSM field on the domain covered bydepling files has been
computed for each forecast output file. The average IFSM bas bomputed, the number of files
when it exceeded the critical value and the maximum valuéegetl in each grid point for the
coupling files for 6 hours forecast and longer.

2.4.1 ARPEGE

MCUF was also computed by running ALADIN on the domain anahason of the coupling files
from ARPEGE and will be refered to as the ARPM field. But theplg files from the ARPEGE
global model are provided in different horizontal resalng that the files from IFS. There was no
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period when both coupling files used the same horizontalutisn (Table[l). It is more important
to test the method on both sets of coupling files on the samedoer time since the frequency of
the occurence of the fast storms can have significant seleeathannual variability.

2.5 The error function

Each coupling file contains the complete set of model fields ¢an be also used as a initial file to
perform a forecast run using ALADIN model. The coupling daita used as initial fields to perform
a model integration of one time step forward in time in ordeobtainF'(¢ + Jt) and the tendencies

of the model variables. In order to avoid spurious high fexgry noise, a filter initialization should

be applied before the start of the model run.

When investigating the error due to linear interpolation wifface pressur@wi@%)
computes an error function from the surface pressure fietdfimals that its maximum over the
model domain is a good indicator of a RMPD. Each coupling filetains the complete set of fields
needed to initialize the model, so they can be used as ifigidls to perform one time step model
integration@@@ defines a dimensionless astirof the truncation error due to linear
interpolation in time as

S ’ (F"(t2) = F'(t1)) (t2 — 1)
! F(t1) + F(t2)

(1)

WhereF(t; ») are the values of the model field at times when the LBC data are available in the
coupling files and. — ¢; is therefore the coupling update interval (3 hout8); 2) is the tendency

 F(t1.240t)—F(t1.2) .
= —2iee———2 wheredt is the

of the field F' at time ¢, » and can be computed &8 (¢; )
model time step. The error function of surface pressure agahnsea level pressure was computed
for each coupling file. The tendencies can be computed withioy filtering of the field in coupling

files, using DFI[(,L)LD_Qh_e_t_aLIL_lﬁbﬂ or SSDMI@DOS

The error functiorer has been computed for the surface pressure field from IFSingujes.

The maximum values over the model domain are
Er =max(er(z,y)) (2)

whereer is the error computed in each grid point.
ErrerTheerrorestimateEr revealed cases when linear interpolation of the couplirg itetime
@03). Both
E+ computed with or without filtering over the Belgian domaieldi a clear signal when there is a

with 3 hour coupling update interval is insufficient for thelgian domaini

intensive RMPD. But the domain of Aladin Belgium used in thairk did not contain any strong
orography. The Croatian domain (and hence the LACE couglimgain) contains mountains of

considerable height (Alps, Apennines etc.).



265

270

275

280

285

290

295

2.5.1 DFI

Coupling files contain already interpolated data (to a lamnt@nformal grid), not the data from the
native global model grid. Horizontal interpolation of therface pressure field (and other forecast
fields) from native IFS grid and topography to the grid andtmaphy of the LBC files also distorts
the fields, so there could be spin-up when computing the teiele This change in geometry can

generate high frequency noise that can be removed using nd H d_19_92). The DFI
was applied using Dolph-Chebyshev filter on 14 time stepaladic backward integration and 14
time steps forward integration with a time step of 600 sesoriitie time span was 2.333 hours, the

stop band edge period was 3 hours, the ripple ratio 0.05yilitiimum time span of 2.07 hours
i,

) used with the scheme for diabatic DFI in ALA[x{umh_ej_aH 1957).
2.5.2 SSDFI

Doppler effect can shift the frequencies of RMPDs into thegesed-of spurious gravity waves that
DFI was designed to remove. Consequently, DFI reduces taesity of RMPDSi@S).
Alternative SSDFI is expected to be a better solution fatiafize the fields used to compute the
error function intended to detect RMPDs.

The SSDFI was applied using Dolph-Chebyshev filter on 8 titepssadiabatic backward integra-
tion and 8 time steps forward integration with a time step@J 6econds. The time span was 1.333
hours, the stop band edge period was 1.5 hours, the rippteQ: @5 yields minimum time span of
1.019 hours and the cutoff frequency increases with wavebeuffior 30 m/s i@bS). This
shorter time span and stop band edge period yields les#fijtdrat preserves the stor nia

) while still removing the spurious inertia gravitywea generated above mountains. Shorter
time span means shorter model run which is also beneficiakimperational context.

Both filtering methods require running the model adiabétibackwards for a number of time-
steps and then diabatically forward for the same numbenuwf steps for each of the coupling files.
The method is therefore computationally expensive if DFESDFI are applied before computing

the tendencies (about as expensive as IFSM).
2.6 The amplitude in the pressure variations

All the methods described previously require that all thepdimg files (initial and forecast) contain
the data necessary to initialize the LAM and run the LAM astear one time step. Here a very
simple method for detecting RMPDs is presented that doeseqaire running LAM.

As a measure of variability in the model field, the followirgncbe computed:

A= (F(t) + F(ts) = 2F(t2)) ®3)

1
2
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whereF(t1), F(t2) andF'(t3) are the values of the model field at three consecutive times, ¢»
andts when the coupling data are available. The differences iegiia the coupling update interval
to —t1 = t3 —to = At which is operationally equal to 3 hours.

TFheformulaEq[3 describes the changes of the model figlduring the2A¢ period, eg. twice the
coupling update period. Therefore, the valuesidre largest in points wher&t period is actually
enough to describe the evolution of the model variable dutie coupling update interval using
linear interpolation in time (eg. at the position of the &g minimum at time,). However, A can
be used as an indicator of a RMPD, as will be shown in the resdilthis study. On the other hand,
A could miss the evolution of the model variable on a time sleae tham\t, for example when the

model variable evolves as the full line in Fig 1 of Termoni@Q@3a).
2.7 The effect of linear interpolation

An atmospheric disturbance can enter the domain unnotiggtidocoupling scheme. The Figure
[ shows mean sea level pressure from the ARPEGE forecastd@degud in the coupling file) and
mean sea level pressure from the ALADIN 8km forecast coufued

Linear interpolation in time distorts the model fields. Rigi@ shows the effect of linear inter-
polation on the mean sea level pressure. The ARPEGE foreesmt sea level pressure from two
consecutive coupling files is interpolated linearly in tias in the operational coupling procedure).
In the place of moving storm, LAM sees a dual cyclone strugtane cyclone/storm disappears and
another appears. This is why larger coupling zone yield$ cgdone structure, as was shown by
Tudor and Tgrmgnizl_(;QllO).

Other meteorological fields that are used for coupling &rédtboundaries get distorted by linear

interpolation in time if they contain high resolution fegds such as storms or meteorological fronts.
For simplicity, this article will focussreonthe mean sea level pressure and surface pressure fields.

3 Filtered surface pressure field from ARPEGE
3.1 The time series of MCUF maxima

The maximum value of the MCUF field as computed in the opemati8 RPEGE has been extracted
from each forecast coupling file available for the whole LAG&upling domain. The time series
of MCUF maxima are shown in Figufé 3. The MCUF maxima from theo8r forecast files were

ommitedomittedin the plot since they had high values due to other phenonfateatose during

spin-up following ARPEGE initialization, especially inghperiod until 6th February 2008. Most of
the points with large MCUF values in the 3 hour ARPEGE foreeas close to mountains. This
suggests large spin-up of the surface pressure field in thiefiag of the ARPEGE forecast. Since

these large values of MCUF in the +03 hour forecast mostly @torepresent a storm that moves
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quickly through the domain, analysis has been performey amlifields from +06 hour forecast or
larger.

MCUF exceeds the 0.003 value rather often, mostly in evéwatislast a few days, up to a week.
For each file where MCUF was larger than this threshold vadugigure was plotted with mean
sea level pressure from the coupling file (ARPEGE) and theatiomal ALADIN forecast in 8 km
resolution coupled to it, and the points where MCUF vagerlargerthan 0.003 (see example in
Figurel). Each time, large MCUF values were associated tesspre disturbance in ARPEGE that
was often less intensive in ALADIN forecast (if covered bg thperational ALADIN domain).

The events that yield large values of the MCUF field repreBMPDs that rapidly traverse any
part of the LACE domain. These events are more frequent imanitbut appear throughout the year,
least often during summer months. Several large MCUF vataasbe associated to a single event
(one cyclone moving rapidly over the model domain), but thegresent maxima from different
forecast coupling files and different forecast runs (stgrtrom different initial times corresponding
to different ARPEGE analyses). On the whole LACE domain,dtiécal value of 0.003 has been
exceeded 3045 times in 288648 files, more than 1% of the filekernwhole period from 23rd
January 2006 until 16th November 2014 (see Thble 1). In 828, filrge MCUF values were close
to the coupling zone of the operational ALADIN domain in DHM&Zee Figuré]l). This is only
0.3% of the coupling files and the event can be considered Barte as mentioned earlier, these
events are perhaps most important to be forecast. In orderofmerly forecast such events using
LAM, one should first detect it and then apply boundary erestarts|(Termonia et laLﬂOQ) or
gridpoint nudgingL(EJ:mQﬂia_elHL_Zdll).

3.2 Spatial distribution of MCUF from ARPEGE

Successfull implementation of the computations of the MJlgH in the operational ARPEGE
means that it is not dependent on the horizontal resolutidheoglobal model since ARPEGE is
run on a stretched grid. The averaged MCUF fields (Figlire Aylifferent horizontal resolutions
(Figure[3a for 20.678km, Figufé 4b for 15.4 km and Fidgdre 4clfa51 km) show that it does not
depend on the resolution of the coupling files as well as theludion of the global model where
it was computed. Averaged MCUF field is slightly larger oviee tNorth Sea in the first period
(from 23rd January 2006 until 6th February 2008) for the Iswwesolution. The values over the
Mediterranean have the highest values in the middle pefioth(6th February 2008 until 11th May
2010) for the 15.4 km resolution of the coupling files. Thisulesuggests that the cyclones traversed
Mediterranean more often and faster during that period itvéime periods before and after.

The maps of number of cases when the MCUF field exceeded tha theshold (Figurgl5) show
that the number of cases with fast cyclones over the Northis3ba largest in the last period (that is
also twice as long as the other two). But over the Mediterman®MCUF exceeded the critical value
most often in the second period, as well as over the area tinel@rfluence of the Bay of Biscay.
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The absolute maximum values of the MCUF field have large wateer most of the western
Mediterranean during the second period (Fiddre 6). TheabMargest values of MCUF were com-
puted during the third period (and in the highest spatialtgsn) close to the coastline of Algeria,
but the values are low over the rest of the Mediterranean.h@rother hand, the maxima are the

370 highest over the North sea in the last period and over thekBbae in the first period.

The spatial distribution of the frequency of the events whBDUF exceeded the critical value
(FigurdB)eanbeeseerasaguidelineindicatewhich areas should be avoided as parts of the coupling
zone if one wants to havessfewerproblems with properly resolving the boundary data in tinitaw
3 hourly coupling update period. When the filtered surfacegqree field is larger than a threshold

375 value 0.003, there is a storm rapidly propagating throughettea. If the point with the large value
is inside the coupling zone of a LAM, it can be expected thatltAM forecast will miss the storm
due to time interpolation of boundary data. The analysiseMCUF field from ARPEGE coupling
files for the common LACE coupling domain shows that this fisldbove the threshold far more
frequently than acceptable.

380 4 Detecting RMPDs in the ECMWF coupling files

MCUF is not computed by operational IFS, the alternativehoés$ of detecting RMPDs have been
tested on the coupling files received operationally from BAZM

41 IFSM

MCUF computed by running ALADIN in the resolution of the cadng files from IFS using inter-

385 polated IFS analysis as the initial conditions (without &ltgring) for 4 runs per day up to 78 hours
forecast with 3 hourly output. The initial IFSM values areazdFSM computed during the first 3
hours of forecast has very large values due to model spireamly the fields corresponding to the
6 hour forecast and longer are used in the analysis..

4.1.1 The time series of IFSM maxima

390 The time series of the maximum values of IFSM field from the \l@HoACE domain for forecast
ranges from 6 to 78 hours are shown in Figure 7 for the periogh f27th October 2010 until 15th
November 2014. The critical value is exceeded in 698 file$ ¢btotal 147350 files) during the
4 year period and over the whole domain (see Table 1). Thisss often than in ARPEGE, since
during the same period MCUF was larger than 0.003 in 995 foes ¢f 129674 files). The total

395 number of files is larger for IFS than for ARPEGE since ARPEGEe¢ast LBC files extend up to
72 hours (and only 60 hours for the 18 UTC run), while files fraltruns of IFS extend up to 78
hour forecast.
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Although the critical value of 0.003 is exceeded less oftéh i#SM than with MCUF in ARPEGE,
there are periods with large values associated to RMPDaglexiery part of the year, more often in
autumn and the least often in summer. A figure with mean seh peessure from the IFS coupling
file and gridpoints with large IFSM values were plotted fockeaoupling file for which IFSM ex-
ceeded the critical value in order to estimate if the larggéMFvalues are associated to the cyclones
in the IFS files (and not only in the ALADIN forecast run usecttonpute the IFSM field). Inspec-
tion of this set of figures lead to a conclusion that large @slaf IFSM are connected to a pressure
low in IFS fields.

One should keep in mind that the MCUF values are computed inyimg ALADIN using IFS
coupling files (initial and forecast). ALADIN model can yiltlifferent evolution of model variables,
including surface pressure, so that large MCUF values spamed to a cyclone that moves quickly
in the ALADIN forecast, not neccessarily in the IFS forec&st the other hand, a RMPD in the IFS
forecast might be less intensive or slower in the ALADIN foast due to differences in the model
set-up, choices in physics and dynamics.

4.1.2 Spatial distribution of IFSM

MCUF was computed by running ALADIN forecast on a limitedad®main in 15.4 km resolution.
Coupling zone was 8 points wide. The procedure could haveedia cyclone entering the LACE
domain during the coupling interval. It is also expected ¢ ghwanted phenomena in the IFSM
field in the coupling zone of LBC files.

In the figurd 8, a small dot is plotted in the position of eactdelgrid-point in the colour corre-
sponding to the average IFSM value multiplied by 1000 as showhe colour scale below. Average
IFSM field and average MCUF from ARPEGE for the same periodf[8) have substantially
different spatial distributions. The differences are ngrsinounced over the Baltic area, where IFS
yields more fast cyclones and over Mediterranean, whereEG#forecasts more RMPDs.

Maximum MCUF has larger values than IFSM (Figlile 9). The agervalues are low along
lateral boundaries, but the maxima do not decrease towhediteral boundarieg-igurel8). The
differences in the maximum MCUF and IFSM values are muchdessounced than for the averaged
fields.

In most of the domain, MCUF and IFSM exceeded the critical@déss than once in the 4 year
period (Figurd_I0). The most critical part is in the north,aendcyclones apparently traverse rather
quickly and the number of files where IFSM s larger than thoksbithreshold exceeds 20. Both
MCUF and IFSM show areas where pressure disturbances maeerapidly and/or frequently than
elsewhere, such as the North Sea, the Baltic, western Megthian and west coast of the Black Sea.
The critical value of 0.003 is exceeded more often for IFSkhtin ARPEGE (FigurE_10), over the
North Sea, western Black Sea and the Baltic, but less often ttve western Mediterranean. This
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suggests that IFSM field could be missing some of the RMPDsoaghing Adriatic Sea and Croatia
over the western Mediterranean.

4.1.3 ARPM

ARPM was computed by running ALADIN on the domain and resohu10.61km) of the ARPEGE
coupling files with 450 seconds time step starting from thé?’A&E analysis without initialization.
The time series of ARPM maxima over the LBC domain are showFigmire[11. There is a good
agreement with MCUF computed in ARPEGE. But ARPM gives add#l strong signal for the
storm that hit Turkey on 27th September 2014. MCUF did notwsaaignal for the same case.

4.2 Errer—The error function values using mean sea level pressure from ECMWF couipig
files

ALADIN was run for one time step using fields from the couplfilgs from IFS as initial conditions
in order to estimate the tendency of the model variablesditiqular the surface pressure). The run
is performed on the grid of the coupling files using 600 seciimé step. The error is estimated
according to equatidil 1 and its maximum over the model domedording to the equatidd 2. The
error function was computed for the period since 27th Oat@0640 until 15th November 2014 for
experiments without initialization and initialized witt8®FI, adandfor the period since 1st January
2013 for the experiment with DFI.

4.2.1 Tendencies computed without filtering initialization

The time series of2; computed without initialization is plotted in Figukel12. &hoise is more
intensive than with IFSM, but the signal of RMPDs can be sdém level of noise is lower in
summer than in winter and it is lower when the error functisrcomputed using mean sea level
pressure than for surface pressure. Due to rather highdéwelise, a critical value larger than 0.003
should be defined in order to avoid false alarms. The methivd) @sror estimate sometimes yields
large values over mountainous areas. If the model domaiefisetl so that the mountains are not in
the intermediate zone (close to lateral boundaries), teesets could be ignored by the operational
procedure and would not be false alarms.

4.2.2 Tendencies computed with DFI

The time series of27 computed for fields initialized with DFI is plotted in FigUuf& for the period
from 1st January 2013 until December 2014. The noise is mowkerl than for the test without
initialization, but the signal of RMPDs is also weaker. Téné more noise inbr computed for
mean sea level pressure than for surface pressure in wimdes@ing, but less in the autumn. The
signal of the RMPDs is removed almost completely from therefunction computed for surface

pressure, especially in winter and spring.

14



470

475

480

485

490

495

There is a signal for RMPD il computed from mean sea level pressure on 27th November
2013 that does not exist in the time seriestyf for the surface pressure. The peak is located over
the Alps and shows preristently for model runs from suceesanalyses about the same time (9 to
15 UTC that day). The satellite figures of the area for tha¢ dabw clouds associated to mountain

waves (not shown).
4.2.3 Tendencies computed with SSDFI

Similarly, the error function was computed after the fieldghie coupling files have been initialized
using SSDFI for the period since 27th October 2010 until Ddwer 2014. The time series of the
maxima of the error function is ploted in Figure 14. The levehoise and the intensity of the signal
of approaching RMPDs are similar to tose computed with DRIt Bere are subtle differences.
Several cases of RMPDs are more pronounced and there ismed sig 27th November 2013 that
occured when DFI was used.

4.3 Amplitude of oscillations in mean sea level pressure

The amplitude of oscillations in mean sea level pressurecoagputed for the coupling files from
IFS for the period since 27th October 2010 and for the cogpliles from ARPEGE since 1st
January 2013, both until December 2014. The time serieseofitaxima in the amplitude of the
mean sea level pressure variations from IFS is displayeaimr€ 1% and for ARPEGE in Figuiell6.

Although the amplitude maxima achieve large values durargpas without RMPDs (the periods
without RMPDs are those when MCUF and IFSM are low), the anghdi is so much larger in a case
with RMPD that there is a signal that can be distinguishetiérioisy pattern.

A figure was plotted with mean sea level pressure from theloayfile from IFS and all points
with large values ofd (A > 0.003) for each case when this threshold was exceeded. The nyajorit
of the cases are related to propagating cyclones and pesssoughs and are usually associated to
the large values of IFSM. However, there are cases whirlarger than the threshold in mountain-
ous regions of Alps, Atlas mountains and Turkey, but theseagsociated to an atmospheric front
approaching the area so the large values could not be distnéssfalse.

There is also a number of cases when IFSM did not indicate alRMiile A did reach values
above the threshold in points close to the edge of the cayplomain. The subsequent coupling
times also had large values df in the vicinity. In these cases, the cyclone entered the lowyp
domain too quickly to be detected by the procedure used t@uatarthe IFSM field.

5 Conclusions

The three hourly coupling update interval is insufficient rfesolvinﬁ the storm in lateral bound-

aries as presented for the Lothar storm cwwbm

4) recommends choosing
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carefully the resolution and fequency of large scale LBCaweler, meteorological services that

depend on LBCs from elsewhere might have little choice. Aptiog update frequency is sufficient

if the large scale model data contains only features thaage enough and slow enough to be re-
* Denis e

moowréﬂmre, the coupling update frequency
is determined by the properties of the global model, not thMlthat uses it for LBCs.

solved by the coupling update perio

ou 0 operationalglobal-model
g = 49&\@&9@
astrategyto monitorrapidchangesn surfacepressuréen ARPEGEby producinga diagnosticoutput

field for thefiltered surfacepressurgMCUF). This field is provided in the coupling files since 06
UTC run on 23rd January 2006 for the LACE coupling domain.
When MCUF is larger than a threshold value of Odéé ﬁér&\@l), there is a rapid develop-

ment in the surface pressure suggesting that a fast cyclmenbved through the area. If the point

with the large value is inside the coupling zone of the ALADdNmain, it can be expected that
the ALADIN model run will miss the cyclone strength and deghent due to time interpolation
of boundary data. When the time series of MCUF data has bedysadaor the Belgian domain

dle_meLa_e_t_allLZQ_(Iw), it was found that such events oedusnly several times per year.

The analysis of the MCUF field in this article shows that thiddfiis above the threshold more

frequently for the whole LACE coupling domain as well as foe ttoupling zone of the Croatian

operational domain (it covers larger area than the operaltiBelgian domain ii03)),

but the event can still be considered rare. There are chdmgasone season to another (more ot
less 'stormy’), but there is no apparent increase in the raurmobfast propagating storms with an

increase of the ARPEGE resolution (at least in the rangesmluéions available for this study).

The spatial distribution of MCUF reveals that RMPDs favdwe $ea surfaces, especially the North
Sea and the western Mediterranean. Analysis of the MCUF R8Mlfields for a longer period can
show which areas favour quickly moving storms that could liesed by the coupling procedure if
the 3 hourly coupling period is used. Maps with number of o@nces when the filtered pressure
field is larger than the 0.003 threshold show that there atd¢amany places where to put the
coupling zone in order to avoid LAM forecast failure in theseaof a RMPD. The problem would
be only made worse in higher resolution LAM. The couplingeon the lateral boundaries is 8 grid
points wide and shrinks with the resolution increase. Thatsineeds less time to cross the narrow
coupling zone. Higher resolution global model can yield enotensive pressure changes.

The spatial distribution can be viewed as a map of the fadongcdracks and areas that support
rapid changes in cyclone development. Not surprisinglg, study shows that not only North Sea,
but also the western Mediterranean is an area where stoeausently propagate with high velocities
and can not be resolved in LBCs of a 8 km resolution LAM whervigled with 3 hour interval. In
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LAM with roughly 3 times larger horizontal resolution, evénhour coupling interval would be
insufficient.

There is no field similar to MCUF provided in the coupling fitddFS from ECMWEF. Therefore
an experiment has been performed in order to compute thddieddly from the coupling files. The
forecast needed to compute MCUF was run using ALADIN moddlthe resulting field IFSM can
be used for detecting RMPDs in the operational forecasedtiires running the ALADIN forecast
in low resolution up to 78 hours (same range as the coupliag éite provided). It is more compu-
tationally expensive than reading the field already pravislethe globatmedelin the LBC files—Ht

betakenseriously:butit is feasible However theresultscontainsomedetrimentakeffects:

— different model dynamics could lead to different developiaédn the surface pressure field
and hence different MCUF values,

— aquickly moving storm can enter the LBC domain undetecteddcansequently be missed by
the MCUReo;,

— rather low cyclone activity on the western Mediterranesssuspiciousaticastforanaladinist

MEUHromARPEGEreachdsighervaluesnthatarea)comapredvith resultsusingARPEGE.

The error functionio%rgcomputed using tendencies estimated by running AL-
ADIN for one time step, using fields from the coupling fieldghwiut initialization, initialized with
DFI and with SSDFI. No initialization yields a signal of RMBDut also a lot of noise. Clearly a
higher threshold value should be used, but it should be choaeefully. DFI reduces the level of
noise and the magnitude of the signal and many RMPDs are ehfoom the time series (Figure
[13) but there are still evidences of large values related aantains. SSDFI reduces the level of
noise and the signal of RMPDs, but more of the signal is pveser

Finally, RMPDs are detected by simple computations of viara in the mean sea level pressure
from three consecutive coupling files. Apparently, thisessimple method can be used for detecting
RMPDs. The noise is more intensive than for error functiompoted without initialization, but so
is the signal for RMPDs. This method can be used on any variafd it does not require running
any model using coupling data as initial conditions. MeaaIsgel pressure is less sensitive to the

nd vorticity I3).
t. It takes several days for

from the global model at lateral boundaries, certainly doatshelp. If the domain of the climate

reduction in the coupling update frequency than precipited
Climate LAMs could benefit from a large doma
the cascade of variance to fill the small sc PQA®osing small scale features, arriving
LAM is small and the flow over the area is strong, it could moverahe domain too quickly to
develop small scalem BOlB), and if the tenhpaiexpolation of LBC data filters high
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resolution data from a global model, there mightnot be enough space (in the domain) nor time
(before the flow leaves it) for LAM to recreate these smallexa

On the other hand, NWP models that have small scale data initte¢ conditions through blend-
ing JBI’Q?kQVﬁ et AIL;O&H) or data assimilation cycle m w )) need RMPDs that enter
the domain during the model forecast. It took ALADIN 66 hotoglevelop a small scale feature in
the 2km resolution nonhydrostatic rL]Ln_(lud_o_La.mj_hLalehsﬁll_ZQlIO) coupled to 8km operational
forecast that was run without data assimilation at the thmiﬁaﬁd_an_aad_Tu_chMM).

As there are plans to increase the resolution of the opeatidLADIN to 4km and ECMWF

announced plans for the increase in the horizontal resoludf operational IFS, the problem of
resolving RMPDs in LBC data available with 3 hourly intervell become more frequent and it
is questionable if hourly coupling data would be sufficieansbome cases. Boundary error restarts

dTgernia et AI.LLOA)Q), gridpoint nudging (Termoni tjmb, computing corrected interpola-

tion in time with time derivatives_(Termoni 03) and alaive methods of interpolating LBC

data in time [(ludgl’_a.ndla‘_mgj‘li[a.id)w) are computatioratiyensive and should be used only

when needed. Therefore such cases should be detected liglderehethod since any missed case

means that LAM would not forecast severe weather conditi&r®+The error function computed

without initialization andamplitadethe amplitudemethod(Section4.3) are cheap methods that
could be applied in a straightforward manpere.,. MCUF from IFSM seems reliable for most of

the LACE domair. Theerror function computed from the initialized fields does ingprove the re-

sultssemuehenoughto justify thecomputationabxpensextracomputationatost The alternative
is to compute MCUF in operational IFS.
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Table 1.Model, period, horizontal resolution and total number of the couplingfilleghich the rapid changes
of surface pressure field were analyzed, the field was used rddedra Meteo-France and computed by AL-

ADIN for files received from ECMWF. The rapid changes in surfaaspure for the first 3 hours were ommited

from the analysis due to evidence of model spin-up for some periods.

model period resolution totalnum  whole domain  MCUF  MCYB.003

(from-to) (km) offles >0.003 >0.004 >0.0056 couplingzone
‘ ARPEGE  06Z23Jan2006 — 00Z06Feb2008 20.678 64292 906 270 93 35 2 ‘
‘ ARPEGE 06Z06Feb2008 — 00Z11May2010 15.400 72600 1017 383 1 14 400 ‘
‘ ARPEGE 06Z11May2010 —00Z16Nov2014 10.610 151756 1122 293 25 1 243 ‘
‘ ARPEGE 06Z23Jan2006 — 00Z16Nov2014 all 288648 3045 946 359 8 87 ‘
‘ ARPEGE 06Z01Nov2010 — 00Z16Nov2014 10.610 129674 995 259 8 10 186 ‘
15400 147350 698 178 67 109 |

‘ IFS 06Z01Nov2010 — 00Z16Nov2014

23



018 |- 2006 -
015 |- E
.012 |- E
009 |- E

o o oo oo

-018 = 2007 - 7]
L015 [ -
.012 [ -
.009 [ -
.006 i

.003

o oo ooo

018
.015
012
009
.006
003 B 2o

o o oo oo

.018
.015 - -1
.012 |- -1
009 - 1
.006 :
.003 [

o o oo oo

.018 |- ) 2010 -
015 |- ; E
012 A -
009 [~ ) E

o o oo oo

-018 - 2011 -
015 [~ E
L012 [ E
.009 [~ O
.006
.003

o o oo oo

018 = 2012 -
L015 [ -
.012 [ ) -
.009 |- -
.006 | ;
.003

o o oo oo

-018 = 2013 - 7]
.015 [ E
012 | -
.009 [ . E
.006 ] :

.003

o o oo oo

.018
015 |- E
L012 | E
.009 |- . E
.006 |- it -
003 2 . R . . .

o o oo oo

0 i s _
0101 0201 0301 0401 0501 0601 0701 0801 0901 1001 1101 1201

Figure 3. Maximum value of the MCUF field (unit8-06thPa) on the LACE coupling domain, provided from
ARPEGE, from the coupling files for 6 hour forecast up to 72 hoursdast (60 hours for 18 UTC run), starting
from 00, 06, 12 and 18 UTC analyses, since 23rd January 2006 6ttiiNovember 2014.

24



6W 3W 0 3E 6E OE 12E 15E 18E 21E 24E 27E 30E 33E 36E 39E
0.08 M 009 [0 070 © o1 0.12 [ 013 M 014 [ 0.15 1 0.16 M 0.17 [l 018 M 0.9 M 020 W

60N

SIN{E
» §
51N
48N
45N
42N
39N
36N /\MTf

N w5k & =% 1éz 15 18E 21E 24E 27E 30E 33 36E 39F
0.08 M 0.09 0.10 0.1 0.42 M 0.13 [ o.14 [l o.15 [ o.16 1l 0.17 [l o.18 | 0.19 M 0.20 W

60N
SN
N g
51N
48N
45N
42N
30N

36N

33N

6W 3w 0 3E 6E SE 126 15E 18E 21E 24E 27E 30E 33E 36E 39E
0.08 M 0.09 0.10 0.1 012 M 0.13 [ o.14 [l 0.15 [ o.16 1l 0.17 [l 0.18 M 0.19 M 020 W
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Figure 11. Time series of maximum value of ARPM (MCUF computed by running ALARIn the coupling
LACE domain from ARPEGE (the domain and resolution of LBC files) with 460 time-step).

018 |- 2010 -+
015 |- B
012 |- B
.009 |- B
.006 -
.003 |-

o o o o o o

.018 |- 2011 : -
.015 [+ -

o o o o o o

.018 |- 2012 : -
.015 |- .

o o o o o o

018 |- 2013 -
.015 |- E

o o o o o o

.015 |- -
.012 - -
.009 -

o o o o o o

006 . - - s - b
003 ke b i : !

0
0101 0201 0301 0401 0501 0601 0701 0801 0901 1001 1101 1201

Figure 12. Time series of maximum value of error functiof£, Eq.[2) without any filtering initialization.
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Figure 13. Time series of maximum value of error function, fields are initialized with.DFI
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Figure 14. Time series of maximum value of error function, fields are initialized with BISD
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Figure 15. Time series of the maximum value of the amplitude in the mean sea leveupessiations (Eq.

[B) computed from the coupling files from IFS.
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Figure 16. Time series of the maximum value of the amplitude in the mean sea levelprassiations (Eq.

[B) computed from the coupling files from ARPEGE.
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