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Abstract. Three hourly temporal resolution of lateral boundary datdimited area models (LAMS)
can be too infrequent to resolve rapidly moving storms. phablem is expected to be worse with
increasing horizontal resolution. In order to detect istemdisturbances in surface pressure moving
rapidly through the model domain, a filtered surface pressietd (MCUF) is computed opera-
tionally in the ARPEGE global model of Météo France. The fisldlistributed in the coupling
files along with conventional meteorological fields usedi&eral boundary conditions (LBCs) for
the operational forecast using limited area model ALADINréALimitée Adaptation dynamique
Développement InterNational) in the Meteorological andriejogical service of Croatia (DHMZ).
Here an analysis is performed of the MCUF field for the LACEmng domain for the period since
23rd January 2006, when it became available, until 15th Nibpex 2014. The MCUF field is a good
indicator of rapidly moving pressure disturbances (RMPRsspatial and temporal distribution can
be associated to the usual cyclone tracks and areas knowerstgoporting cyclogenesis. Alternative
set of coupling files from IFS operational run in ECMWEF is alsaikable operationally in DHMZ
with 3 hourly temporal resolution but the MCUF field is not gable. Here, several methods are
tested that detect RMPDs in surface pressure a posteroni the IFS model fields provided in the
coupling files. MCUF is computed by running ALADIN on the cding files from IFS. The error
function is computed using one time step integration of ALNN the coupling files without ini-
tialization, initialized with digital filter initializatbn (DFI) or scale selective DFI (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 gisgaal for the RMPDs, but DFI
reduces the storms too much to be detected. The error funettbout filtering and amplitude have
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more noise, but the signal of a RMPD is also stronger. The odsttare tested for NWP LAM
ALADIN, but could be applied to other LAMs and benefit the peniance of climate LAMs.

1 Introduction

Operational lateral boundary conditions (LBCs) are predido limited area models (LAMs) at a
time interval of several hours, refered to as the couplinggatg period. These data are used at lateral
boundaries of the LAM domain every LAM time-step of severahutes. Consequently, LBC data
of the large scale model are (linearly) interpolated in tiffiee interpolation procedure distorts the
model fields and can lead to LAM forecast failures in casestfffsopagating storms. The problem of
linear interpolation of model fields in time for cases witpiddy moving storms that enter the LAM
domain is expected to become worse as both global models Akt$ Imove to higher resolutions.
These storms are associated to rapidly moving pressurghisices that will be refered as RMPDs
in this text. The problem could be even more pronounced imate LAM’s that couple to large scale
data that are available with a longer interval.

One needs LBC data to represent scales that are too larg@#sibdic on LAM domaln

). Various schemes for treating LBC data suffer frorfedént problem@ Si Model
errors propagate from the lateral boundaries through thea@toduring the forecast tim lis,

), these errors amplify and spread further with lonigee bf integration[(Nutter et £L_d04). A

large LAM domain was recommend :o 997) to @méboundary induced errors from
propagating to the area of interest. However, there arelgmobthat can not be cured by making

LAM domain lar er[(MéDﬂ.i_LS_e_m_a.D_d_Qh_QMe_._ZbO5). For an oesnof issues related to LBCs, see
(asin

Regional climate models are expected to develop small $eatares due to high resolution sur-
face forcings, nonlinearities in atmospheric dynamics laydtodynamic instabilitieleis_e_t‘al.,

). Large coupling update interval can make LBCs act akea &f small scale features that

(should) enter the LAM domain. Climate LAM without small geénformation in the initial condi-
tions and LBCs develop small scale variance even in the absarsurface forcing due to nonlinear
cascade of varianc@ 08), but it takes seveyal da

Currently, there are two sets of LBC data that can be usedgerational forecast using AL-
ADIN (ALADIN International T ﬁ&d?) (Aire Limitée Adaption dynamique Développement
InterNational) LAM in Meteorological and Hydrological S&ce of Croatia (DHMZ). One is from

global Integrated Forecast System (IFS) of the Europeatr€ér Medium-Range Weather Fore-
casts (ECMWF) and another is from the global model Action dehReche Petite Echelle Grande
Echelle (ARPEGE, see elg. Cassou and TaMZOOl)) of Metawe. The LBCs from the global
numerical weather prediction (NWP) models ARPEGE and IFSpezationally provided with a

3 hour interval. These are used for running the operationa N forecast in 8km resolution
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(Tudor et all I 201]3). Coupling is performed along the ldtboaindaries in the 8 gridpoints from
ai 5il

domain edge by means

the input fields from the global model.
ﬁ 3) has analysed the Lothar stdrm (Wernli el&mJZ) and found that the three

hourlﬁ coupling update interval is insufficient for resalgithe storm in lateral boundaries. Also,

976) coupling scheme and lisear interpolation in time of

) finds that 3 hourly LBCs lose information fokd®2resolution LAM coupled to 12km
resolution large scale model (see Figure 20Itprder to monitor the occurrence of
potential LAM forecast failures due to insufficient couglinpdate frequency, a recursive high-pass
filter JELTIQDLL,@M has been implemented to the ARPEGHemand applied to the surface
pressure field. The filtered surface pressure field is refered monitoring of the coupling update
frequency (MCUF) field. Large values of the MCUF field indeeat RMPD in the surface pressure
through that model grid point. A value larger than a thredhallue 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 have higher boté resolution and have coupling
zones 8 gridpoints wide along lateral boundaries. If thepwith the large MCUF value is inside
the coupling zone of the ALADIN domain, it can be expected tha ALADIN model run will
miss the cyclone strength due interpolation of boundarg @atime. These events are expected to
be rare, at least according to the analysis performed on eae of data for the Belgian domain
dELm_o_aLa_el_él.LZDﬂ)Q). But rapid changes in surface presste associated to the most intensive
storms moving rapidly, pose a threat to the public and requarning. It is very important that op-

erational NWP models forecast such events. The frequenaycbfevents is analysed for the LACE
domain on almost 9 years of data from the operational ARPEE&IHSfi(since 23rd January 2006
until 15th November 2014).

The most obvious solution to this problem is to increase tbguency 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 hai@dhdfurly data is insufficient for
global model run in roughly 16 km resolution and LAM in 8 kmoksion, then hourly data would
be less satisfactory when both global model and LAM move ¢héii resolutions (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 taagthe 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.OﬂLa_eJI MlZ) can also awerthe forecast (De

), and alternative methods of interpolating LBC datanme

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. HereLAM 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 issure 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 duenopritational 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 LAM. As pointed by the reviewers, fastwing disturbances in the upper layers
of the atmosphere or inertia-gravity waves are more commibase are also a source of error in
LAMs while MCUF detects disturbances in the surface presstine focus of this article are rapidly
moving disturbances in surface pressure, but a method ¢tedtd them could be applied to an upper
level field.

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 hidi@izontal resolutions. A number of

climate studies has been performﬁmmn&ﬁdimmm.wiﬂelmhﬂﬂ_ﬁm;
[I:Ia.mdj_el_a.'.I_ZQJJ4) using ALADIN in combination with ERA4|D_|Qt1a.Ia_e_t_4I.|._ZQ_C|)5) and ERAIN-
terim Il) datasets for LBCs. These applicaticould also benefit from a method that

would detect RMPDs a-posteriori from the standard metegioél fields used for LBC.

The NWP suite at DHMZ is focused on forecasting weather on tha af Croatia. Cyclones
that affect that area often originate from western Meditieean and Adriati(l_(,I:LQnLalh_e_d L_ZJ)OS,
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) that is recognized as a particularly active regior wétspect to cyclone al.,

|29_0_({);|_Alp_en_el_all.|._19_$0). Severe precipitation eventsioathen cyclone produces convergence of
the moist air and a large quantity of precipitable WAIe_Lﬂeitlee_t_a.l.l_ZD_dG). Western Mediterranean
experiences flash flood events that arise from extremelyraigifall rates[(%ﬂeLej}LﬁbG).
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@ua and domain of the coupling
fields. Here an analysis is performed of the MCUF field comgdtte¢ 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 ¢ihat arises due to linear interpolation
of LBC data in time i3) 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 \arg@hy computing a simple amplitude of
oscillations between the successive coupling files.

The next section describes the models briefly, the methoets tosdetect 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 methodddtacting RMPDs in IFS coupling
fields are presented in Section 4. The last section givedusinos.

2 Model description and metods of detection of rapidly movingpressure disturbances

2.1 Operational forecast model

ALADIN is used for operational weather forecast in DHMZ in@ kesolution using hydrostatic dy-
namics, 2-time-level semi-implicit semi-Lagrangian atabge extrapolation two-time-level scheme
,). Operationally, the model uses 37 levelshim Yertical and a mass-based hybrid
terrain-following vertical coordinatg dSimm_Qns_a.nd_B_umddé_._lgSl).

The initial conditions for the operational forecast areadfid using data assimilation procedure
AStaneg ,). Details of the operational forecast suite as welinadel set-up are provided in
Tudor et all [(MS), but there were few changes. The forégash up to 72 hours four times a day,
starting from 00, 06, 12 and 18 UTC analyses, and coupled @ fi#ds from IFS in delayed mode.
This means that LBC for 6 hour forecast from 18 UTC run of IF8ged for initial LBC for 00 run
of the next day, 9 hour forecast from 18 UTC run of IFS is use®fbour forecast LBC for 00 run

of the next day, and so on.

The 8km resolution operational forecast is coupled to aajlafmdel on the 8 points wide zone

alnog lateral boundaries using relaxation tecni 7%) and linear interpolation of LBC
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data in timel(Haugen and Machenh“;er, iéQS; Réhljoti ] 1888 coupling file contains the com-

plete set of fields needed to initialize the ALADIN model fcast.
Digital filter initialization (DFI) is implemented in ALADN in order to remove high-frequency

noise I(Lyngh and HuaHg, 1§92) that arise due to interpaiaifahe coupling fields from the global
model grid to the grid of the coupling files and then again torésolution of the LAM (and changes

in height of topography in different models/resolutionS)jnce 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 ALAD(N(EI‘IB).

2.2 Global model ARPEGE

ARPEGE is a global sem-lagrangian spectral model run oipeity at Meteo France on a stretched

and rotated gric]_(Q_o_Lmi_er_aad_G_elLLn, 1|988) with highesiZomtal resolution over France and low-

est resolution on the opposite side of the Earth. The hotéoesolutions in the model forecast and

data assimilation procedure were changing during the Sywhen 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 interpoldtom the stretched and rotated native
model grid to the grid of the limited area LACE domain in Lanth@ojection of the coupling files.

The fields from operational ARPEGE forecasts are availabldé coupling files with 3 hour
interval for 4 runs per day (starting from 00, 06, 12 and 18 Wn@lyses) and extending up to 72 for
the 00, 06 and 12 UTC runs and up to 60 hours for the 18 UTC rui®ABRE computes the MCUF
field operationally according M@M) and thelfigldistributed in the coupling files.

2.3 Global model IFS

IFS is also a global spectral model that uses semi-Lagraragiaection. It is run oparationally at
ECMWEF with uniform horizontal resolution over the globe. Tdetails of the operational set-up in
the model forecast and data assimilation have changed lowsgretrs used for this study, while the
LBC files were available operationally, as did the operationodel versions. The model forecast
fields are interpolated from the IFS model grid to the LAM gidLambert projection and the
horizontal resolution of the coupling files remained 15.4(see Tabl€]1).

Following the research studies where LBC data from IFS ha&s hesed for studies of severe
weather casesL (Ivatek-Sahdan and mPigelk|_20_6d; Brankaoviet al.,|;0_d7lloj)8), the opera-
tional forecast run of the ALADIN model in DHMZ has switchealuding LBC data from IFS on
1st January 2014.

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 inghdace pressure or the mean sea
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level pressure were detected in the fields provided from i&ational 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 pting files) with 600
seconds time step and the MCUF field was computed during tieeelhman. The computed
MCUF field will be referred to as IFSM. However, this meang thdifferent model was run
(different dynamics and physics) and the results can berdifit than when computed in the

host model.

— The error function fro@i@%) was computed by mgione time-step forecast
starting from fields in the coupling files (in the same horiaband vertical resolution), three
sets of experiments were performed using initializatiotihauit filtering, using DFI or SSDFI.

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

The last item actually detects situations when the movirggure 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 shortgscan also be insufficient for proper representation
of lateral boundary data by linear interpolation of the LB€lds in time.

2.4 Computing the monitoring of the coupling update frequery (MCUF) field from the
ECMWEF coupling files

ALADIN can compute the MCUF field during the model forecagieTield was computed by run-
ning ALADIN on the LACE domain of LBC files from operational 8with horizontal resolution
of 15.4 km (the same resolution and grid as the coupling fdes)a time-step of 600 seconds. The
output IFSM field is written with 3 hourly interval. The samepedure has been performed on the
LBC files provided since 27th October 2010 until 15th Novenfi#l4, for 4 runs per day (starting
from 00, 06, 12 and 18 UTC analyses) and extending to 78 houesdist.

The maximum value of the IFSM field on the domain covered bydbepling 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 valuéeset in each grid point for the
coupling files for 6 hours forecast and longer.

2.4.1 The same procedure applied to the ARPEGE coupling files

MCUF was also computed by running ALADIN on the domain anahetson of the coupling files
from ARPEGE and this fileld is refered to as the ARPM field tdidguish it from the MCUF field
computed in ARPEGE forecast. But the coupling files from tiRPAGE global model are provided
in different horizontal resolutions that the files from IF®ere was no period when both coupling
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files used the same horizontal resolution (Table 1). It isamimportant to test the method on both
sets of coupling files on the same period in time since theukrgy of the occurence of the fast
storms can have significant seasonal and annual 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) .
= —2ee———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)Ln_Qh_e_t_aLIL_lﬂbn 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.

The error estimaté’;- revealed cases when linear interpolation of the couplirtg thatime with
3 hour coupling update interval is insufficient for the BatgidomainiS). Boiti,
computed with or without filtering over the Belgian domairelgi a clear signal when there is a
intensive RMPD. But the domain of Aladin Belgium used in thatrk did not contain any strong
orography. The Croatian domain (and hence the LACE couglimgain) contains mountains of

considerable height (Alps, Apennines etc.).
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2.5.1 Digital filter initialization

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 stepabadic 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 Scale selective digital filter initialization

Doppler effect can shift the frequencies of RMPDs into thegeaof 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 wavebeuifior 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 numbenuf 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'(ts) 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.

Eq[3 describes the changes of the model figlduring the2At period, eg. twice the coupling
update period. Therefore, the values/Adfre largest in points wher&t period is actually enough
to describe the evolution of the model variable during thaptiog update interval using linear
interpolation in time (eg. at the position of the pressureimum at timet,). However, A can be
used as an indicator of a RMPD, as will be shown in the restiltisi® study. On the other hand,
could miss the evolution of the model variable on a time stede thanAt¢, 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@deud 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$ cigdone structure, as was shown by
Tudor and Tgrmgnizl_(;QllO).

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

interpolation in time if they contain high resolution fegds such as storms or meteorological fronts.
For simplicity, this article will focus on the mean sea lepetssure 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 opemati8RPEGE 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
omitted in the plot since they had high values due to othenpimena that arose during spin-up
following ARPEGE initialization, especially in the periathtil 6th February 2008. Most of the
points with large MCUF values in the 3 hour ARPEGE forecastcdwse to mountains. This suggests
large spin-up of the surface pressure field in the beginnitigego)ARPEGE forecast. Since these large
values of MCUF in the +03 hour forecast mostly do not repreaestorm that moves quickly through
the domain, analysis has been performed only on fields froérheQir forecast or larger.

10
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MCUF exceeds the 0.003 value rather often, mostly in evéuatislast a few days, up to a week.
For each file where MCUF was larger than this threshold veduiigure was plotted with mean
sea level pressure from the coupling file (ARPEGE) and theadipmal ALADIN forecast in 8 km
resolution coupled to it, and the points where MCUF was latigen 0.003 (see example in Figure
[)). Each time, large MCUF values were associated to a pesksturbance in ARPEGE that was
often less intensive in ALADIN forecast (if covered by thesog@tional ALADIN domain).

The events that yield large values of the MCUF field repreBaPDs that rapidly traverse any
part of the LACE domain. These events are more frequent imaitbut 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 thegyresent maxima from different
forecast coupling files and different forecast runs (stgrtrom different initial times corresponding
to different ARPEGE analyses). On the whole LACE domain,dtitcal value of 0.003 has been
exceeded 3045 times in 288648 files, more than 1% of the filekenwhole period from 23rd
January 2006 until 16th November 2014 (see Thble 1). In 88, fihrge MCUF values were close
to the coupling zone of the operational ALADIN domain in DHMZee Figurdll). This is only
0.3% of the coupling files and the event can be considered Bare as mentioned earlier, these
events are perhaps most important to be forecast. In orderoferly forecast such events using
LAM, one should first detect it and then apply boundary eraxtartst(le_l:m_o_nja_e_t_laL_ZAOQ) or
gridpoint nudging|(Termonia et Iall., 2(111).

3.2 Spatial distribution of MCUF from ARPEGE

Successfull implementation of the computations of the MJlgkl 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 (Fiflire Aylifferent horizontal resolutions
(Figure[4a for 20.678km, Figufé 4b for 15.4 km and Figdre 4clfa51 km) show that it does not
depend on the resolution of the coupling files as well as teeludion 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 Istresolution. 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 ithvéime periods before and after.

The maps of number of cases when the MCUF field exceeded th@ theshold (Figurigl5) 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 Mediteman®MCUF exceeded the critical value
most often in the second period, as well as over the area tinel@nfluence of the Bay of Biscay.

The absolute maximum values of the MCUF field have large wabwer most of the western
Mediterranean during the second period (Fiddre 6). TheatMargest values of MCUF were com-
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puted during the third period (and in the highest spatialtggn) close to the coastline of Algeria,
but the values are low over the rest of the Mediterranean.h@rother hand, the maxima are the
highest over the North sea in the last period and over thekBbaa in the first period.

The spatial distribution of the frequency of the events wNBDUF exceeded the critical value
(Figure[®) indicate which areas should be avoided as patteafoupling zone if one wants to have
fewer problems with properly resolving the boundary datérime with 3 hourly coupling update
period. When the filtered surface pressure field is largeraithneshold value 0.003, there is a storm
rapidly propagating through the area. If the point with thgé value is inside the coupling zone of
a LAM, it can be expected that the LAM forecast will miss therst due to time interpolation of
boundary data. The analysis of the MCUF field from ARPEGE &Gaggiles for the common LACE
coupling domain shows that this field is above the threshandniore frequently than acceptable.

4 Detecting rapidly moving pressure disturbances (RMPDs) ithe 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

4.1 Computing MCUF by running ALADIN model on the coupling file s from IFS

MCUF computed by running ALADIN in the resolution of the cdag files from IFS using inter-
polated IFS analysis as the initial conditions (without &ftgring) for 4 runs per day up to 78 hours
forecast with 3 hourly output. The MCUF field computed thismgreferred to as IFSM. The initial
IFSM values are zero. IFSM computed during the first 3 houfsrefcast has very large values due
to model spin-up so only the fields corresponding to the 6 lhangcast and longer are used in the
analysis.

4.1.1 The time series of IFSM maxima

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 Fidgure 7 for the perioh f27th October 2010 until 15th
November 2014. The critical value is exceeded in 698 file$ ¢duotal 147350 files) during the
4 year period and over the whole domain (see Table 1). Thissis dften than in ARPEGE, since
during the same period MCUF was larger than 0.003 in 995 foes ¢f 129674 files). The total
number of files is larger for IFS than for ARPEGE since ARPE@GEe¢ast LBC files extend up to
72 hours (and only 60 hours for the 18 UTC run), while files fralfrruns of IFS extend up to 78
hour forecast.

Although the critical value of 0.003 is exceeded less oftéh iFSM 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 pegssure from the IFS coupling
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file and gridpoints with large IFSM values were plotted focleaoupling file for which IFSM ex-
ceeded the critical value in order to estimate if the larg@MFvalues are associated to the cyclones
in the IFS files (and not only in the ALADIN forecast run usecttompute 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 tyimg ALADIN using IFS
coupling files (initial and forecast). ALADIN model can yildlifferent 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& 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 &b ghwanted phenomena in the IFSM
field in the coupling zone of LBC files.

In the figure[8, a small dot is plotted in the position of eactdei@rid-point in the colour corre-
sponding to the average IFSM value multiplied by 1000 as shiowhe colour scale below. Average
IFSM field and average MCUF from ARPEGE for the same period(fé[8) have substantially
different spatial distributions. The differences are nmsinounced over the Baltic area, where IFS
yields more fast cyclones and over Mediterranean, whereEXRPforecasts more RMPDs.

Maximum MCUF has larger values than IFSM (Figlile 9). The agervalues are low along
lateral boundaries, but the maxima do not decrease towaedsteral boundaries (Figuté 8). 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,endcyclones apparently traverse rather
quickly and the number of files where IFSM s larger than tholskithreshold exceeds 20. Both
MCUF and IFSM show areas where pressure disturbances mawerapdly and/or frequently than
elsewhere, such as the North Sea, the Baltic, western Meatigan 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 tthve western Mediterranean. This
suggests that IFSM field could be missing some of the RMPDsoapping Adriatic Sea and Croatia

over the western Mediterranean.
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4.1.3 Computing MCUF by running ALADIN model on the coupling files from ARPEGE

ARPM was computed by running ALADIN on the domain and resotu{10.61km) 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 showrignire[I1. There is a good
agreement with MCUF computed in ARPEGE. But ARPM gives addil strong signal for the
storm that hit Turkey on 27th September 2014. MCUF did notwsaaignal for the same case.

4.2 The error function values using mean sea level pressureoin ECMWF coupling files

ALADIN was run for one time step using fields from the couplfiltgs 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 domeadording to the equatidd 2. The
error function was computed for the period since 27th Oat@b40 until 15th November 2014 for
experiments without initialization and initialized witt8®FI, and for the period since 1st January
2013 for the experiment with DFI.

4.2.1 Tendencies computed without filtering initializatio

The time series of2r 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 functiscomputed 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 methiod) @ésror estimate sometimes yields
large values over mountainous areas. If the model domaiefisatl 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 digital filter initialization

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.

There is a signal for RMPD i computed from mean sea level pressure on 27th November
2013 that does not exist in the time serieskyf 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
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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 scale selective digital &ltinitialization

Similarly, the error function was computed after the fielighie 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 lenfahoise 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 pressureceagouted 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 serieseofithxima in the amplitude of the
mean sea level pressure variations from IFS is displayeayuwr&15% and for ARPEGE in Figurell6.

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 distinguishetiértoisy pattern.

A figure was plotted with mean sea level pressure from thelomyfile from IFS and all points
with large values ofA (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 theseaasociated 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 cagplomain. The subsequent coupling
times also had large values df in the vicinity. In these cases, the cyclone entered the lewp
domain too quickly to be detected by the procedure used t@uatarthe IFSM field.

5 Conclusions

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

aries as presented for the Lothar storm case (Terimoni )mls 2014) recommends choosing
carefully the resolution and fequency of large scale LBCsweler, 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 thaiage enough and slow enough to be re-
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solved by the coupling update peri003¢ré1mre, the coupling update frequency

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

4) developed a strategy to monitor rapid cesngsurface pressure in ARPEGE by
producing a diagnostic output field for the filtered surfasespure (MCUF). This field is provided
in the coupling files since 06 UTC run on 23rd January 2006HetACE coupling domain.

When MCUF is larger than a threshold value of O.m ), 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
dTeernia et AIL;OJ)Q), it was found that such events oedunly several times per year.

The analysis of the MCUF field in this article shows that théddfiis 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 operaltidelgian domain ir@\iw)),

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

increase of the ARPEGE resolution (at least in the rangesaflugions 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 B&M fields for a longer period can
show which areas favour quickly moving storms that could lesed 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 ateémmany places where to put the
coupling zone in order to avoid LAM forecast failure in theseaf 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. Thensineeds 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 fadbngctracks 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 stoeopsently propagate with high velocities
and can not be resolved in LBCs of a 8 km resolution LAM whervjgted with 3 hour interval. In
LAM with roughly 3 times larger horizontal resolution, ev&nhour coupling interval would be
insufficient.

There is no field similar to MCUF provided in the coupling fitd/edFS 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 forecasédtiires running the ALADIN forecast
in low resolution up to 78 hours (same range as the couplieg dite provided). It is more computa-
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tionally expensive than reading the field already proviaeithé LBC files but it is feasible. However,

the results contain some detrimental effects:

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

— a quickly moving storm can enter the LBC domain undetecteddcansequently be missed by
the MCUF,

— rather low cyclone activity on the western Mediterraneanapred with results using ARPEGE.

The error functioniOS) were computed usingeenies 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
[I3) but there are still evidences of large values related dantains. 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, thiseatsimple method can be used for detecting
RMPDs. The noise is more intensive than for error functiomgoted without initialization, but so
is the signal for RMPDs. This method can be used on any variafdl it does not require running
any model using coupling data as initial conditions. Meaalsgel pressure is less sensitive to the
reduction in the coupling update frequency than precipiteénd vorticity I3).

Climate LAMs could benefit from a large domat@. It takes several days for

ales (Lalise

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

'

the cascade of variance to fill the small sc RQosing small scale features, arriving

LAM is small and the flow over the area is strong, it could moverahe domain too quickly to
develop small scale BOlB), and if the tenhpaexpolation of LBC data filters high
resolution data from a global model, there might not be ehagace (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 iB_LQiKQMa_el_AIJ._ZO_(l)l) or data assimilation cycle )) need RMPDs that enter
the domain during the model forecast. It took ALADIN 66 hotoglevelop a small scale feature in
the 2km resolution nonhydrostatic r@ﬂw&mﬁﬁojm coupled to 8km operational
forecast that was run without data assimilation at the tlmgk-éahdan and TuJiMO4).

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 sufficiansbme cases. Boundary error restarts
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(Termonia et z_jll., 20{})9), gridpoint nudging (Termonia tl%ﬂ]l’b, computing corrected interpola-

tion in time with time derivative i 03) and alttive methods of interpolating LBC

data in time [(ludgl’_a.n_dle_tmg}li[a.l!bm) 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 conditibhe error function computed without
initialization and the amplitude method (Section 4.3) dreap methods that could be applied in a
straightforward manner. MCUF from IFSM seems reliable fastrof the LACE domain. The error
function computed from the initialized fields does not img¢he results enough to justify the extra

computational cost. The alternative is to compute MCUF ierafional IFS.
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Table 1.Model, period, horizontal resolution and total number of the couplingfiilea/hich 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 surfaespure 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  MCWB.003

(from-to) (km) offles >0.003 >0.004 >0.006 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
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Figure 3. Maximum value of the MCUF field (units hPa) on the LACE coupling domaimyviged from
ARPEGE, from the coupling files for 6 hour forecast up to 72 houredast (60 hours for 18 UTC run),
starting from 00, 06, 12 and 18 UTC analyses, since 23rd Janua6y20i 15th November 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 0.14 [ 0.15 1 0.16 M 0.17 [l 018 M 0.9 M 020 W

60N

5IN{E
» §
51N
48N
45N
42N
39N
36N /\MTf

I T N - 1éz 15 18E 21E 24E 27E 30E 33 36E 39F
0.08 M 0.09 0.10 0.11 0.42 M 0.13 [ o.14 [l o.15 [ o.16 1l 0.17 [l o.18 | 0.19 | 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 0.1 042 M 0.13 [l o.14 [l 0.15 [ o.16 1l 0.17 [l 0.18 M 0.19 [ 0.20 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 480 time-step).
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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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