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ABSTRACTThe limited-area model Lokal-Modell (LM) ofDWD is a non-hydrostati
 mesos
ale model forshort-range numeri
al weather predi
tion (NWP).For operational purposes, the LM gets boundaryvalues provided by the global model (GME) ofDWD and the initial state is generated by anassimilation s
heme based on the nudging te
h-nique. Using 
onventional data like surfa
e, ra-diosonde, air
raft and windpro�ler measurementsthe fo
us is on the analysis of meso-alpha-s
alestru
tures. In view of the development of a veryhigh-resolution version of LM dedi
ated to veryshort range NWP of severe weather, high-resolu-tion pre
ipitation data derived from radar net-works are introdu
ed in the assimilation. Usingthe Latent Heat Nudging (LHN) te
hnique thethermodynami
 quantities of the atmospheri
 mo-del are adjusted in su
h a way that the modeledpre
ipitation rates resemble the observed pre
ip-itation rates. Re
ent 
hanges in model dynami
sin
lude a prognosti
 treatment of pre
ipitation,whi
h takes into a

ount the drifting of pre
ip-itation. This is found to limit the validity ofthe basi
 assumption of LHN. The results fromreal 
ase studies show that pre
ipitation patternsare introdu
ed in the analysis (data assimilationmode) in good agreement, both in position andamplitude, with those observed by radar if pre-
ipitation is 
al
ulated diagnosti
ally. The per-forman
e of LHN be
omes worse if the prognos-ti
 treatment of pre
ipitation is deployed. Dur-ing the free model run (fore
ast mode) the im-pa
t of LHN is limited to several hours. However,some re
ent tests show, that several adaptationsto the 
onventional LHN s
heme are ne
essaryCorresponding author address:Dr. Klaus Stephan, Deuts
her Wetterdienst,AP2003-LMKKaiserleistr. 29-35, 63067 O�enba
h, Germany.E-mail: klaus.stephan�dwd.de

in order to reestablish the good performan
e ofLHN during the assimilation run and to get apositive impa
t on the free fore
asts.After a short introdu
tion to the LMK proje
tthe 
hallanges of a prognosti
al treatment of pre-
ipitation are lined out. The impa
ts on the LHNalgorithm will be dis
ussed and possible adapta-tions will be illustrated. Finally the results of ashort assimilation expieriment are shown.1 INTRODUCTIONThe proje
t 'LMK' ('LM-Kuerzestfrist') was es-tablished at the German weather servi
e (DWD)in mid 2003 within the s
ope of the 'Aktion-sprogramm 2003'. The goal of this proje
t isto develop a numeri
 weather predi
tion systemfor the very short fore
ast range (up to 18 h)and with a resolution on the meso-gamma s
ale(about 2.8 km). The emphasis of this devel-opment lies in the predi
tion of severe weatherevents related on the one hand to deep moist
onve
tion leading e.g. to super- and multi-
ellthunderstorms or squall lines and on the otherhand to intera
tions with �ne s
ale topographywhi
h 
an indu
e e.g. severe downslope winds orF�ohn-storms. The 
urrently used LMK-
on�gu-ration 
overs the domain of Germany, smallerparts of its neighbouring 
ountries and also a big-ger part of the Alpine region with 421�461�50gridpoints and a horizontal resolution of 2.8 km.The dynami
al formulation of the LMK is basedon the LM of the DWD (Doms and S
h�attler,2002): it is a non-hydrostati
, fully 
ompressiblemodel in adve
tion form. But there are some dif-feren
es in the numeri
al formulation. LMK nowuses a two-timelevel integration s
heme basedon the Runge-Kutta-method of third order forthe predi
tion of the 3 
artesian wind 
ompo-nents u, v, w, the pressure perturbation p0 froma hydrostati
 base state and the temperatureT . This allows the use of an upwind adve
-tion s
heme of �fth order in the horizontal with1
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Figure 1: Current pre
ipitation rate in mm/h (derived from radar) on 9th June 2004 at 6 UTC (a) and 8UTC (b)Courant-numbers up to 1.4. For the 6 humidityvariables (mass fra
tions of moisture, 
loud andrain water, 
loud i
e, snow and graupel) severalCourant-number-independent Euler- and Semi-Lagrange-s
hemes 
an be used. Idealised testsof this new dynami
al 
ore with linear mountain
ow and nonlinear density 
urrent simulationsperformed very well.One of the major 
hanges from LM is that LMKwill not longer use a deep 
onve
tion parameteri-sation. Instead of this, LMK shall resolve at leastthe biggest parts of 
onve
tion. For the smallers
ales of 
onve
tion the sligthly modi�ed shallow
onve
tion s
heme of the Tiedtke Cumulus pa-rameterization s
heme is used. This parameter-ization espe
ially delivers the transport of mois-ture from the boundary layer to a height of about3 km and therefore avoids the overestimation oflow 
loud 
overage. Without a deep 
onve
tionparameterization the need for a faster sediment-ing i
e phase seems to be ne
essary. Thereforethe former 5-
lass mi
rophysi
s s
heme was ex-tended by a new sedimenting 
lass 'graupel'.Within the framework of the development of LMKit is intended to use remote sensing data for the
ontinuous data assimilation stream of LMK(Doms and F�orstner, 2004). As the main fo
usof LMK is on the predi
tion of severe weather,we expe
t a bene�
ial impa
t from radar mea-surements on meso-
 s
ale stru
tures in the as-similation 
y
le of LMK. Thus, in addition tothe assimilation of 
onventional data, like sur-fa
e and radiosonde measurements, as a �rst step2D radar re
e
tivities derived from the Germanradar network will be introdu
ed in the nudging-type analysis of LMK. Using the LHN te
hnique(Jones and Ma
pherson, 1997) the thermody-nami
 quantities of the atmospheri
 model are

adjusted in that way, that the modelled pre
ipi-tation rates resemble the observed pre
ipitationrates. Therefore the LHN depents on 
hanges inthe model 
hara
teristi
s as shown below.2 INTERACTIONOF PROGNOSTIC PRE-CIPITATION AND LATENT HEATNUDG-INGDue to 
omplaints from fore
ast meteorologistsas well as from hydrologi
al authorities on a non-realisti
 distribution of pre
ipitation in moun-tainous terrain, produ
ed by the former oper-ational fore
asts of LM, a re
onsideration of thenumeri
al treatment of pre
ipitation quantitieswithin LM took pla
e. These investigations onthe topi
 of \Prognosti
 Pre
ipitation" have been
arried out by Gassmann (2003) and Baldauf andS
hulz (2004). Resulting from this, sin
e April2004, the adve
tion of hydrometeors is taken intoa

ount in the operational LM. Be
ause the La-tent Heat Nudging algorithm is highly sensitiveto the 3D thermodynami
al �eld of 
loud andpre
ipitation physi
s, the LHN has to be testedunder these new 
ir
umstan
es of a 
hanged treat-ment of grid s
ale pre
ipitation, whi
h will alsobe used in the LMK version. Results from pre-liminary experiments with a purely diagnosti
pre
ipitation s
heme have shown that pre
ipita-tion patterns 
an be assimilated, using the LHNalgorithm, in good agreement with those observedby radar, both in position and amplitude (Klinkand Stephan, 2004 and Leuenberger and Rossa,2003) but later experiments using the \prognos-ti
 pre
ipitation" revealed some problems withthe LHN.In order to test the performan
e of the LHN al-gorithm under the 
onditions and 
onstraints of2
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Figure 2: Hourly a

umulated pre
ipitation heights in mm on 9th June 2004 8-9 UTC: 
ontrol run (a), radarobservation (b), LHN run with diagnosti
 pre
ipitation (
) and LHN with prognosti
 pre
ipitation (d).a prognosti
 treatment of pre
ipitation a 
asestudy has been 
ondu
ted for a 
onve
tive eventin summer 2004. During the morning hours ofthe 9th June 2004 a 
onvergen
e line rea
hed thenortherly parts of Germany. Hamburg has beenhit by a severe thunderstorm, whi
h was part ofthis squall line approa
hing the land from theNorth Sea. This is outlined by �g. 1, whi
hshows the 
urrent pre
ipitation rate measured bythe German radar network at 6 UTC (�g. 1a)and 8 UTC (�g. 1b).For this 
ase di�erent assimilation runs testingthe LHN in 
onne
tion with diagnosti
 and prog-nosti
 pre
ipitation have been 
arried out. Fig-ure 2 displays hourly a

umulated pre
ipitationheights for the hour from 8 to 9 UTC for theradar measurements (b), the 
ontrol run (i.e.Nudging without LHN) (a), a LHN run with di-agnosti
 pre
ipitation (
) and a LHN run withprognosti
 pre
ipitation (d). When 
omparing�g. 2b and 2
 we 
an see, that the LHN run withthe 
onventional diagnosti
 pre
ipitation s
hemealmost perfe
tly meets the patterns given by theradar measurements. In 
ontrast to this, the run

with LHN and prognosti
 treatment of pre
ip-itation (�g. 2d) shows a distin
t overestima-tion of the mean pre
ipitation amount. Further-more the lo
al maxima and minima, visible inthe radar data (�g. 2b), are not in the 
or-re
t position for this LHN run (�g. 2d). Theresults from other experiments 
on�rmed, thatthere is a typi
al overestimation of pre
ipitationand a mispla
ement of lo
al extremes when usingLHN in 
ombination with prognosti
 pre
ipita-tion. When sear
hing for reasons for this badperforman
e of LHN under the 
onditions of aprognosti
 pre
ipitation s
heme we have re
on-sidered the general outline of the LHN algorithmand the basi
 assumption it a
ts on. This as-sumption is the proportionality between verti-
ally integrated latent heat release and surfa
epre
ipitation rate in one single 
olumn (Leuen-berger and Rossa, 2003). This is based on the ob-servation that relatively little moisture is storedin 
louds. The proportionality itself allows tos
ale the modelled latent heating rate with theratio of observed to modelled pre
ipitation rate.But this relation is only valid for large s
ales3



and long time periods, where we 
an assume,that 
loud and pre
ipitation produ
ing (mainly
ondensation) and 
loud dissipating (pre
ipita-tion) pro
esses are balan
ed. No net storage of
loud liquid water and pre
ipitation quantitiestakes pla
e inside one 
olumn. A horizontal gridlength of roughly 3 km in 
ombination with anappropriate time step and an additional prog-nosti
 treatment of pre
ipitation 
an be under-stood as a step towards 
loud resolving models.This means, that the model itself is able to dis-tinguish between updrafts and downdrafts inside
onve
tive systems. Be
ause the main part ofpositive latent heat release (due to 
ondensation)o

urs in updrafts and strong pre
ipitation ratesare often 
onne
ted with downdrafts, we 
an ex-pe
t, that on 
loud resolving s
ales areas withpositive latent heating and patterns with strongpre
ipitation rates will be lo
ated at di�erenthorizontal positions. Figure 3b exempli�es the
hanged thermal stru
tures in 
onve
tion 
ells,when adve
tion of pre
ipitation is taken into a
-
ount, while �g. 3a shows the well known strong
orrelation of latent heat release and pre
ipita-tion rate for a simulation with diagnosti
 treat-ment of grids
ale pre
ipitation. Re
ognising anorthwesterly 
ow in this 
ase, one �nds that thearea of positive latent heat release, whi
h marksthe region of 
loud and pre
ipitation formation,is a little bit ahead of the surfa
e pre
ipitationarea (see �g. 3b). Due to this displa
ementthe problem arises, that LHN temperature in-
rements will probably be inserted in the wronglo
ations. The fa
t, that the 
orrelation betweenthe verti
ally integrated rate of latent heat re-lease and the surfa
e pre
ipitation rate is signi�-
antly smaller for the simulation with prognosti
pre
ipitation 
ompared to the diagnosti
 run isshown by �g. 4. Thus, we have to state, thatthe use of prognosti
 pre
ipitation redu
es thevalidity of the basi
 assumption of the LHN al-gorithm.Furthermore it takes some time for the pre
ipi-tation to rea
h the ground with the prognosti
treatment. The s
heme does not noti
e immedi-ately, when pre
ipitation has already been a
ti-vated by the temperature in
rements of LHN Ona

ount of this new situation, the LHN s
heme,implemented in the LM, had to be revised. Tthefollowing se
tion des
ribed, whi
h adaptationsare possible and useful.

3 POSSIBLE ADAPTATIONS TO THECONVENTIONAL LHN SCHEMEAs mentioned above there are two major 
hal-lenges when treating the pre
ipitation prognos-ti
ally. First of all, this is strongly related to thetemporal and spatial 
hara
teristi
s of the prog-nosti
 pre
ipitation itself. One 
an show thatthe temporal e�e
t of drifting of pre
ipitationparti
les is mu
h more important for the LHN-approa
h than the spatial displa
ement. Thetemporal delay leads to a la
k of feedba
k be-tween the temperature in
rement and the for
edpre
ipitation. To ta
kle this problem an imme-diate information, of how mu
h pre
ipitation thetemperature in
rement has initialised already, isne
essary within ea
h time step. This informa-tion is used as a referen
e in the 
omparison ofmodelled with the observed pre
ipitation ratesto measure the essential s
aling fa
tor. The LHNin
rement is 
al
ulated with respe
t to the ratioof observed to modelled pre
ipitation rate. Thisratio minus 1 gives the essential s
aling fa
tor:�TLHN (z) = � ��TLatentHeatRelease(z)with � = � RRObsRRMod � 1�As a referen
e, the diagnosti
ally 
al
ulated pre-
ipitation rate 
ould be used. For this purpose anadditional 
all of the former 
loud mi
rophysi
ss
heme is enfor
ed. This additional 
al
ulationmust not have any further e�e
t on the simula-tion, i.e. no feedba
k on other model variables isperformed. It just diagnoses the amount of pre-
ipitation whi
h will fall out at on
e within ea
hseparate verti
al 
olumn. This referen
e pre
ipi-tation rate 
an not be 
ompared with the pre
ip-itation rate of the former diagnosti
 treatment.It is quite di�erent to both the former diagnosti
and the new prognosti
 model pre
ipitation rate.However, it gives an indi
ation of the e�e
t of theLHN up to the 
ertain time. Unfortunately thispre
ipitation rate is hard to interpret. It doesnot mat
h the a
tual rate and therefore has tobe 
alibrated.A more sophisti
ated solution might be the ap-pli
ation of the verti
ally integrated pre
ipita-tion 
ux as a referen
e. As any prei
pitation
onstituent of the model is now a prognosti
 vari-able, the model holds the information of theamount of pre
ipitation, whi
h is 
urrently storedwithin ea
h single verti
al 
olumn. To a
hieve areferen
e quite similar to the 
urrent pre
ipita-tion rate at the ground, we have to evaluate the4
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Figure 3: Horizontal �elds of verti
ally integrated latent heat rate (shaded 
olours) and 
urrent pre
ipitationrate at the ground (bla
k 
ontours) for a run with diagnosti
 pre
ipitation (a) and prognosti
 pre
ipitation(b).
ux of ea
h prei
pitation 
onstituent. The sumof these 
uxes is verti
ally integrated startingfrom a 
ertain layer down to the ground. Thistop layer is de�ned as the layer, in whi
h thesum of the pre
ipitation 
uxes is higher than the
hosen threshold of the LHN approa
h (i.e. 0.1mm/h). The given integral 
an be used as a ref-eren
e for the LHN and has a signi�
ant bene�ton the LHN results. After some tests we de
idedto use this integral instead of the diagnosti
ally
al
ulated pre
ipitation rate.The se
ond 
hallenge is found to be as the 
hangeof the spatial stru
ture of latent heat release with-in the model. In 
ontrast to the diagnosti
 treat-ment of pre
ipitation, latent heat release is nowlayered more horizontally than verti
ally. Veryhigh values of latent heat release will be foundin the updraft regions at the leading edge of a
onve
tive 
ell. No pre
ipitation will rea
h theground, there. Further upstream the release oflatent heat be
omes weaker and the pre
ipita-tion rate arises. In terms of 
orrelation of pre-
ipitation rate and latent heat release it meansthat within the same verti
al 
olumn there isa weak 
orrelation at an early state of a 
on-ve
tive 
ell, a higher positive 
orrelation in the

middle of its lifetime and a weak negative 
or-relation at the end of the lifetime. This featurestrongly in
uen
es the e�e
ts of LHN. To 
on-sider these in
uen
es it has to be 
he
ked, if theoriginal LHN s
heme is still 
onsistent. Espe-
ially all the 
ontrol parameters have to be re
al-ibrated in order to take into a

ount the higheramounts of latent heat release. One essential ef-fe
t will be dis
ussed here in more detail. Per-forming prognosti
 pre
ipitation will get verti-
al 
olumns with a 
ertain pre
ipitation rate atthe ground but no appre
iable latent heat re-lease above it. This will take pla
e mainly inupstream regions of a 
onve
tive 
ell, where the
ell is almost dissipated. At these lo
ations themodel generally produ
es negative values of la-tent heat release due to evaporation of pre
ipi-tation. In the 
ase, that too mu
h pre
ipitationis modelled at these grid points (i.e. � < 0), theresulting temperature in
rement will be positive.This of 
ourse will in
rease the pre
ipitation rateinstead. Therefore it is ne
essary to assure thatin
rements will only be inserted at the right ver-ti
al layers. At grid points, where the pre
ip-itation rate of the model has to be in
reased,only positive temperature in
rements are addedand negative in
rements at grid points where the5
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Figure 4: S
atterplots of verti
ally integrated latent heat rate and 
urrent pre
ipitation rate at the groundfor a run with diagnosti
 pre
ipitation (a) and prognosti
 pre
ipitation (b).model produ
es higher amounts than the obser-vations. This means that LHN in
rements areinserted only in layers with positive values of la-tent heat release.One suggestion to ta
kle the less important spa-tial displa
ement of the pre
ipitation 
onstituentis to spatially smooth the �elds of observed aswell as modelled surfa
e pre
ipitation rate andthe 3D �eld of latent heat release, in order toget a better 
orrelation of pre
ipitation and la-tent heating. Of 
ourse, this would lead to a lossof information on the grid s
ale.Figure 5 shows the hourly sum of pre
ipitationfor di�erent LHN 
on�gurations (panels 
 to h)in 
omparison with the radar observation (panela) and a simulation without LHN at all (panelb) for the 8th July 2004 9 UTC after 6 hours ofassimilation. For panel 
 we just used the origi-nal LHN 
on�guration maintained in all the runswith diagnosti
 pre
ipitation but used the prog-nosti
 treatment of pre
ipitation. This impliesthe use of:� an additional moisture adjustment,� verti
al �ltering of the in
rements,� sear
h for nearby pro�les at grid points

without appre
iable pre
ipitation and� LHN parameters as follows:{ upper limit of the ratio is set to 3.0(i.e. � <= 2),{ lower limit of the ratio 0.3(i.e. � >= �0:7) and{ nudging 
oeÆ
ient equal 1.0.Again, we get a strong overestimation of pre
ip-itation due to the LHN. In the simulation forpanel d we just 
hanged the upper limit of theratio to 1.5 (i.e. � <= 0:5). This has a distin
te�e
t on the fore
ast. The overestimation is notas strong as before and the lo
ations of the pat-terns �t better, as well. In the next step of de-velopment we apply the LHN in
rements only in
ertain verti
al layers as mentioned above. Theresults look quite good, even though the pre-
ipitation is underestimated now. So far, allthe LHN simulations used the delayed prognosti
model pre
ipitation as referen
e. Using an im-mediate pre
ipitation referen
e yields some addi-tional bene�ts, espe
ially in position and stru
-ture of the pre
ipitation patterns. As a matter offa
t, the appli
ation of a pre
ipitation referen
e6



Figure 5: Hourly pre
ipitation on 8th July 2004 8-9 UTC (after 6 hours of assimilation) for di�erent LHN
on�gurations. Panels b) - h) shows the prognosti
 pre
ipitation of the modelwithin the LHN approa
h is still under investi-gation. Nevertheless the results of newer experi-ments (not shown here) suggest that the verti
alintegrated pre
ipitation 
ux appears to be moreuseful than the diagnosti
ally derived pre
ipita-tion rate.4 CASE STUDYWITH LHNAND AREF-ERENCE PRECIPITATIONIn order to test the previously mentioned adapta-tions to the LHN algorithm and to assess the ef-fe
tiveness of LHN under the new 
ir
umstan
es,we 
arried out an assimilation 
y
le 
overing 10days and 3 daily fore
asts starting at 00, 12 and18 UTC at ea
h of these days. The period start-ing on the 7th July 2004 mainly 
overs 
onve
-tive pre
ipitation events. For these simulationswe 
hose the LMK 
on�gurations for the generalmodel setup and the following adopted LHN fea-tures:� use of a referen
e pre
ipitation (verti
al in-tegrated pre
ipitation 
ux),� LHN-
oeÆ
ient: 1.0, upper limit: 2, lowerlimit: 0.5;� applying temperature in
rements only in
ertain layers (more or less only in 
louds).

For the purpose of 
omparison a 
ontrol exper-iment without LHN was made. Figure 6 showsmean Equitable Threat S
ores (ETS) and meanFrequen
y Biases (FBI) for hourly a

umulatedpre
ipitation heights for a threshold of 0.1 mmfor the assimilation run and the free fore
astsstarting at 18 UTC. The use of the LHN algo-rithm leads to 
ontinuously improved analysesstates during the assimilation. This is shown bythe higher values of ETS in �g. 6a. This pos-itive impa
t of radar data is still visible in thefree fore
asts for up to 7 hours (�g. 6b) on aver-age. However, there is also a weak but persistentin
rease in the FBI present, whi
h most of thetime during assimilation tends towards the de-sired value of 1.0 (see �g. 6
). The greater valuesof FBI after the 8th hour of the 18 UTC fore-
asts (�g. 6d) points out that the performan
eof LHN is still improvable. But these values aswell as the values in the night time hours of theassimilation run 
an probably be explained bya too low number of pre
ipitation events duringthe hours from 0 until 6 UTC.5 SUMMARY AND OUTPUTApplying a 
onventional Latent Heat Nudgings
heme in 
ombination with a prognosti
 treat-ment of pre
ipitation did not work well, and in7
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Figure 6: Mean Equitable Threat S
ores and Mean Frequen
y Biases for hourly Pre
ipitation heights (thresh-old 0.1 mm) for assimilation runs (a) and (
) and for 18 UTC fore
asts (b) and (d). The Mean s
ores wereobtained by averaging over a 10 day period.parti
ular resulted in an overestimation of pre-
ipitation during the assimilation. Investigationsrevealed that this is mainly be
ause of two prop-erties of the 'prognosti
 pre
ipitation' s
hemewhi
h tend to violate the proportionality betweenverti
ally integrated latent heat release and sur-fa
e pre
ipitation that is assumed in the LHNapproa
h. Firstly, pre
ipitation needs a 
ertaintime to rea
h the ground, and se
ondly, the ar-eas with largest pre
ipitation 
ux are displa
edfrom the regions with strongest latent heating.fter adapting the LHN s
heme appropriately, themodel is again able to simulate the pre
ipitationpatterns in good agreement with radar observa-tions. Moreover, in the free fore
ast, the skills
ores of simulations with the adapted s
hemebe
ome even better than for simulations withthe former diagnosti
 treatment of pre
ipitation.With respe
t to a 10 day simulation period insummer 2004, we 
an observe a bene�t of LHNup to several hours within the free fore
ast. Fur-ther adaptations and tuning of the LHN s
hemeare possible and 
ould lead to further improve-

ments , as for instan
e spatial smoothing of pre-
ipitation �elds and �elds of latent heat release.In addition, simulations over longer periods insummer and winter are ne
essary, to de
ide onthe operational use of the LHN approa
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