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1. INTRODOCTION
The ECHWF dats assimilation system has beean designed to provida initisl states
for the Centre's operational forecast wodsl and to produce analyees Prom

cbssrvations made during the Pirst GARPF Glcbal Experiment (PGGE). The

© antlysis system produces global fields of horizontal wind, gecpatentisl height

and mmidity st six hourly intervala. Observed information from a six hour
tise window centersd at the snalysis tims is combined with the forecast from

the preceding analysis. Tha ses surface temperatursa (88T} are regularly

updated by B8ST analyses from the Wational Met logical C (M) in

Washington.

Most of the obasrvations available on the global telscomsunication system
(G} are used in the ECHNT analysis system. A brief description of the

preprocessing of the obssrved information is given in Bection 2.

The mass and wind analysis is based on the statistical Anterpolation method
developed by Gendin {1963). Putherford {1973) and sSchlatter (1975) sxtendsd
the method to a multivariate analysis of haight and wind in two dimensions. - -
The BOMT scheme {Loxenc, 1981) is a complate I-dimsnsional maltivariate
system in height, wind and thickness. This systam has & horisontal
resolution of 1.875* by 1.878* and 15 levals in the vertical (See Pig. 1).
The statistical interpolation assigns welghts to the tirst-gusss, L.a. tha
#ix hour forecast, and any available cbeervations in a statistically optimal
way. The schems gives consistent analyses for & wide varisty of obeservation

typss and distributions. ‘Temporal and spatial wvariatioms of the magnitude of

the forecast errors are calculated in the system. The statistical
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Fig. 1 The horisontal grid and the vertical levels of the
ECHWF analysis and forecast systess.

interpolation method also offers an elagant technique of quality cemtrol of

ocbasrvations. The mass and vind anslysis 1s discussed in detail in Bection

3. A global balance betwesan mass and wind fislds is sdbssquently achieved by

non=-linsar normal mode initislization {Wargen, t982),

Section 4 describes the humidity analysis which is based & two-dimensional
distance weighted correction -t.hod (Lotenc end Tibaldi, 1979). The analysis
of the vater Vapour content of the five lowest layers (*ig. 1) is formed as a
combination of the predicted humidity and estimates of moisture from

observations. Tha ST analysis (Bection S) i basically a transformaticom of

the W gsr stulysis to the Eow - grid.

Prior to the analyeis, the model fields mat bs tranaformed to the analysis
coordinates. The corrections made by the analysis are transformed back to

model coordinates and added to the eix hour pradiction. Thess interpolation

mathods are discussed in Section 6.

Sows aspects of using the fields produced by the sassimilation system for

statistical interpratation of the ther are pr ted in the sussary

(Section 7).

2. OBBERVATIONS
All appropriate reports on the QTS are ocollectsd in the EOWMP Neports Data

Base and ordersd in groups covering a period within % 3 hours of tha analysis
time. The cbservation types, which are presented to the analysis, are listed
below with typical wolumes per main synoptic hour :
Surface land and sea reports (SYNORe/SHIPs r 5000/000)
Radiosonde and pilot reporta {TEMPs/PILOTs ; 800/200)
Satellite thicknass reports (BATEMs ; 1000)
Satellite wind reports (SATOBe ) 800}
Alrcraft reports (AIREPs and ASDAM ; 500)
brifting buoy reports (DRISUs ; 100)
Australiam bogus reports {(FACEe ; 300}
the humidity analysis extracts information from TEMF® and SYWOPs only.
The obssrved information is checked at saveral stages. The ROMW Reports

Data Base checks code formats, the internal consistency batwaen

t logical par s within ona cbearvation, and ouespsarse tha wvaluss

against climstological extremes.



Each information i{tem is pressntad to the analysis as a deviation from the
first guess in nondimensicnal form, 1.e4. nhormalized by the expected forecast
arror for that variable and position. Pour types of data are recognised by
the statistical interpolation scheme, i.s. the east-vest and the north-south
wind components, the geopotential height at an analysis level, and the
thickness betwesn two neighbouring analysis levels. The analysis levels of
the ECMWF scheme are shown in Plg. 1. Off-level obmervations are interpolated
or extrapolated in the wertical to the nearest analysie leveil. Surface data
are processed using the corresponding model surface flelds. The sea surface
Pressure deviations are converted to height daviations using sithexr the
obsarved or the first-guess temperature and shifted to the closest analysis
leval. A similar procedurs is spplisd to other pressurs and height reports at
non-analysis lavels. The obsarved 10 m wind davistions are eimilarly aseigned
to the nearest analyeis leval. The frictional effects on the 10 m winds ars
aspumed to be the sams ss in the firet-quess. Winds from land stations above
500 m are not used unless the station is marked ap important.

Orographic effects and the lack of detailed knowledga of land surface
radiative propertiss degrades the quality of satellite wind ana temparaturs
moasuresents. Consequently, we sxclude, over land, satellite thicknasnas

below 100 mb and all acloud winds.

An estimate of the observational arror (as a function of pressure) Ls ascribed

to each obsarving system and observed variable. The observation errors are

d to be randoa, Pt for radiosonde heights and satellits

temparatures. The radiosonde height errors are sssumed to be vertically

corralated. This enh the Y of the reported gradient of height,
i.e. temperature. The satellits thickness msasuresant errors are assumed to

be both horizontally and vertically correlated.

Asynoptic surface pressurs obsarvations are carracted to the analysis tims by

the reported prassure tendency. For ships a correction is applied for its
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movement, using the forscasted pressure gradient fleld. The error ansigned
to an asynoptic obssrvation is the sum of the measuremsnt srror and the
porslatence error:
+ 2 2ylr2 11}
'oh- - l'ob. * 'pora )
The growth rate of the persistence error is & function of latitude and

sSaason.

Each cbservation is then compared against the first-guass. A reliability
flag is assigned to it as a function of the magnituds of the departurs
comparsd to the expacted standard dsviation {std} of the diffsrsnce. An
cbesrvation is rejected if the departure sxcseds sight stds and no closs
report can support it. For suample, the limit for rajection ls about 30 mb

for a ship pressurs report in the Mid-Atlantic.

Frequently, compatible and close cbssrvations with small departures from the
guess field are found. This redundant information is averaged to

“super~observations® and presentad in the compressed form to the analyeis.

3. DESCRIPTION OF THE ECHWF MASH AND WIND ANALYSIS
—_— e T W NAAS AND WIND ANALYSIB
3.1 Basic method

Btatistical interpolation is a powerful tachnique of combining a first-gusss
and chbservetions with different srror characteristics. Linear constraints
such as geostrophy can bs built into a miltivariate statistical interpolation
Schems to give consistent analyses for several wateorclogical quantities. An
affiocient data checking mathod can slec be devised in a statistical

interpolation schems.
The equations of statistical interpolation have bean darived in many papers,
#.g Lorenc (1981), but for completensss I will repaat the derivation in thias

section.

The following notations are used for the departures from the “truth”



a=jp-=-T (2a)
om0 -1 (2b}
p~k~-T {2e)

vhere T is the "true” walus and A, O an? p are the analysed, observed and N
predicted values, Taspactively. The “true™ value 1s asaumed to reprasant

scales we are interested in or capabla of analysing.

The associated errors are defined by

' = 12

(Ja) R
0 - o212 (3b)
P - piyl/2 (1c} " S

The angle brackets indicate ensemble maans over saveral similar realisations.
As a consequence of this definition of the "truth”, the errors alsc include
the atwospharic variability of the unresolvable scale. The resolution of the S

ECMWT analysis system is of the order of several hundred kilometers.

The six hour forecast 9enerally approxisates the actual atmospheric stats ’ h ) *
quite wall and a substastial reduction in the analysis error is achieved from

using a prediction as a guess inatead of climatology. The obasrved

departures from the six hour forscast are the quantities analysed. The

anslysed departure from the background field fa calculated by combining the

obssrved deviations in a statistically optimal way and adding it to the

gquess. All departures are nondisensionalimed by the assumed srror of the

guess fleld (3¢) to eimplify the derivation and application of the analysis

squations. The analysis ie¢ formed as a linear combination of all influencing

cbeervations.
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The subscript k danotes the analysis guantity, dsfined by level, horizontal

position, and variable type. #Similarly, subscript 1 defines the typs and

spatial position of obeervation i.
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Next, we want to determine the weights wy; in such a wey that the squarsd

analysis error is minimized for an enssmble of similar situations, i.e, we

take the snsemble ssan of the square of (6). We also assuse that the

prediction and observation errors are uncorrslated:
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. With vactor {_) and matrix ( } notations {7) can be written in the following

form
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whare !k is the colusn vector of weights 'Id.' P is the prediction srroxr

P
correlation matrix [<a1 ﬂl;)], O is the acalea observation arror correlation
¢ 00 o
[ £ -
trix | ‘¢01¢j>€j] and ! _I_' * 2- !k is

vactor between the gridpoint X and ajl cbservations; the components of the

the pradiction error correlation

P
vactor are m: ai)' We minimize (8) with respect to Yin' i.¢. we solve & get
a2
linsar equations atck] /auu = 0. Tha "optimal” weights are then

-1
=8 B 9}

The analysis and the error associated with it are

AR e
I L to)

a T
:k -1-!'( !k {11}

whare 2 i4 tha observation vector,

Formula {9) shows that the waights are indspendent of the ohserved values.
The weights are datermined by the gecgraphical distribution of the selected

observations ang the assumed structures of the foracast and obasrvation

errors.

Formulas (9) and (10} ehow that the analysis depends on the horizontal grig
and vertical coordinate System only through tha prediction error correlations
batwasn the obesrvation points and the gridpoint. Thus the analysis can be

projected on any coordinates for which -’i is defined.

3.2 Foracast srror statistice
SRRt OITOr mtatistice
The ECMWF system analyses sisultenscusly thres fields (u, v and z) uaing four

types of data (u, v, x and 4z} in thres dissnsions. Consequently, pradiction
rror correlations muet be specified 3-dimensiocnally for all possible
ctombinstions of variables. The correlations are assumed to be saparable in
the horisental and vertical, and are formed as Products of a horizontal
correlation function and & vertical corralation function. The horizontal
correlation is modelled as & continucus function and the wvertical correlation

ie givem discretely, by & matrix, for all combinations of analysis levaels.

Thres constraints are modelled in the forscast errors. It follows from [10)
that the analysis obeys the physical relationships built into the forscast
error covariances in a given dosain, only if & wsingls observational data set
is used for the analysis of all variables and pointe in that domain. If
differant variables {or gridpoints) are analysed with different sets of
cbservations in & given domain, then the constraints will not be applied

offectivaly. This means that all conatraints are applied locally. -

Currently, we ignors tha error in the predicted divergent wind and dstermine
the wind correlationa {u=u, u-v, v-v) from an isotropic streamfunction

corralation. This results in locally non-divergent wind changes.

The geopotantisl height and the wind aze assumed to be in approximate
geostrophic balance. By defining a correlation between the height and the
stresnfunction fialds and assusing identical structures of these fields, we
can determins the height-wind (z-u ana sv} correlations. A full coupling
would make the height and wind increments geostrophle. In axtratropical
areas (poleward of 10* latituds) a height- streanfunction correlation of t
0.95 is usad. This gives in a situation of one height observation & wind

analysis that is 95% of the geostrophic wind. Por larger data amounts this



allows for large departures from geostrophy if the data definas it. Tha

geostrophic balance is relaxed to terc at the Equator.

Anp Lllustration of s multivariate analysis is given in Fig. 2, whare only
one height obssrvation, at the centrs of the area, is available. A circular
height analysis results from the isotropic z-z correlation. The analysed
winds are non-divergent and have the direction of the geostrophic wind. The
wind speed depands on the specified correlation betwesn gecpotential and
streasfunction.

The second idealirzed exampls demonstrates the sensitivity of the analysis to
the specifisd gecstrophic coupling. The “observed” winds are as shown in
rig. 3a and at the same positions zerc heights ars specified. The resulting
analysis is shown for thres different walues of the height-streamfunction
correlation. I1f strict geostrophy 1s imposed, the analysis (Fig. 3b} is a
bad compromise of the geopotential and wind “obssrvations®. A relaxation of
tha coupling to 0.95 (rFig. 3c} gives an analysis that raturns a substantial
part of the original sgecetrophic wind. By decreasing the
height-streamfunction corrslatiom to 0.5 (Fig. 34), an analyeis faithful to
both gecpotential and wind data is obtained. HMowever,a weak coupling is
undesirable in extratropical latitudes wr e the flow is approximately

geostrophic.

The third constraint on the analyais relates the thicknesses hydrostatically

to the heights.

The horizontal height and streamfunction correlations ars modelled by an

exponential function of distance r

o 1r2 X z
(hl
uirl} = o {12y

. Fig. 2 A sultivariate height and wind analysis using one height
chearvation at the centre of the ares.
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where b defines the horigontal scale length of the forecast error. In the

Horthern Hemisphere b=600 km and In the Southern Hemisphere b=300 km.

The vertical correlations are based on several gtudies; the extratropical
ones mainly on tha thesis of Hollett {1975). rig, 4 shows the impact in the
vertical of one helight observation at 1000 mb. The observation gives an
almost constant (barotropic) increment up to 250 mb and above the tropopayse
its influence decreases rapidly. This is aleo reflected in the thickness as
a waak change of the mean tropospheric tempetaturs., A pressure fall (rise)
at the surface causes a warming (cooling} at the tropopause and in the lower

stratosphere.

The horizontal correlations are fixed in time, but the vertical correlations
have an annual variation. The sagnitode of the € hr. forecast ervor depands
on the accuracy of the previous analysis. The analysis error is estimated
according to [11) for all wvariables and levels on a coarse grid. This error
is assumed to grow to the error of & random state In 3% hours, i.e. a mixth
of tha difference betwsen the Tandom snd the analysis error is added to the
analysis error. Thig apparently rapid error growth is caueed not only by the
pure forecast error but zlec from the fact that the analysis srror is an
undarestimate of ths "true" analysis error and that the initialisation moves

the analysed state away from the ®truth”.

Fig. 5 shows the estimated forecast arror of the 500 mb height on 1 Novembar
1981 12 GMT. The North Aserican and Asian continents as well as the Pacific
have high forecist arrors a8 a consequence of very few upper sir observations
in the pravious analysis. The Equatorward decreass in thes forecast error

reflects the smalier climatological variability in the tropics.

14
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Fig. 4 The height analyses at different pressure levels
observation (-40 m} st 1000 mb. The assumed normalized vbservation

arror is 0.4.
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Fig. % An example of the setimated forecast error for 500 mb height at
12 GMT 1 November 1881, Unit: metrs.

16

The estimated analyeis error for the corresponding analysis, which has a

normal data coverage, is shown in Flg. €. The roughnass of the field i
caused by variations in the data coverage. Omly a mmall vaduction of the
error of the first-guass is achieved Over the oceans. Over the continents

.

the srror drops to a emall fraction of the slx hour forecast error.

3.3 Data selection and checking

Aftar a coarse praliminary data check in the prea-anaiysis, sach remaining
ites of information is checked by the statistlcal interpolation method. An
analysis is calculated at each observation to be checked but without that -
observation. Avaraged over a large ensamble, the mean of the squarsd B
difference betwsen observations and independent analyses is the sum of the
squares of the observation and Snalysis errors. An obeservation is nost
likely incorrect if its difference to the independent analysis exceeds the
expected diffarence by a certatn factor, say 4. Thus the observation is

rejected 1f the following inequality is satisfied

L a 2 .2 °2

(uk - ak) > 1:1 (!:k + :k + czi (13)
The constanta ey and €, have besn set to 4 and 0.1, respactively. The
constant ez is added to the rejection limit to inflate the estimata of the
analysis error which is based on the assumption that the statistics are

perfect,

The discrete decision to reject or accept an obssrvation can have snorwous
consequences for medium-range weather forecasting due to downatream

propagation and amplification of the initial error (Cata, 1981).

The design of an efficient data selection algorithe is very difficule. Moat

snalysis systems tend to chose no more than 10 obwervations for the analysis
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Fig. 8 The estimated Analysis error for

800 mb height at 12 GMT 1 November

P

of a particular polnt. On & Fast vector computer it is practicable to invart
matrices up to an order of 100-200. The ECMWFr wschems selects akl
obesrvations in an analysis wvolume and the selection procesds cutwardes from
the volums to & distance of 1 b~length (formula 12) until 5 data have bean
found for sach analysis varlable and level. An analysis volume is defined by

the gridpoints and levels for which the analysis ir caleulated siwiltansously

using the same data set.

3.4 Organisation of the computation

The maes and wind analysis consists of threa stages:-

= Preprocessing of cbaervations as described in Section 2

~ Data checking by the statistical interpolation msthod

= Calculation of the changes (increments) to the firsteguass

As the matrix inversion is computationally expsnsive and the data selection
for neighbouring gridpoints would in gensral be very similar, the analysed

values for ssveral gridpoints are caleulated simultanscusly.

The globe is divided into rectangular areas (boxes) of approximately squal
size, 680 by 660 'm {See Fig. 7). In data denss regions the stmosphers is
divided intoc thres layers in the wertical. For sach such volums the

appropriate data ars selected and Ll-i B {formula 10) is solved. The analysis

can then bs projected on any grid by multiplication with '!t' In the data
checking phase the analysis is only evaluvated at the locations of the

obsarvations in the wvolume.

As the analysis might change dramatically betwsen one box to its neighbour

dus to different datsa selsction, analysis incremente ars siso calculated to

19
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Fig. 7 The box structurs of the ECHNWF anslysia systew.
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gridpoints in the neighbouring boxes. The final analysis increment is formed

© a8 & weighted mean of the different estimates of the analysia at that point.

3.5 Example of & mass &nd wind analysis

An example of height and wind increments fielde produced by the statistical
interpolation mathod is given in Pig. ©a. The corrections made by the
analysis are generally less than 3-4 wb in the Northern Wemisphere and the
winds and heights are in approximate gecstrophic balance. The final heaight—
and wind analysis is shown in Pig. 8b. The corresponding changes to the
divergence ara presented in Fig. 9a. A good agresment can be found betwaen
the divergence and the pressurs tendancy fields. Although the horizontal

correlations ars locally non-diveargent the magnituds of tha changes in the

' large-scale divergence field Tapresent an appraciable part of the total “-

analysed divergence (cf Flgs. 9a and .

4. HUMIDITY ANALYSIS

For the analysis of humidity one can justify a less sophisticated schems than

' statistical interpolation. Consaquently a two-dimensional correction method

1s considered adequate for the humidity analysis. As for the mass and wind

analysis, the six hour forecast from the pravious analysis provides the quess
field which is modifisd by available observations. In anticipation of good
quality satellite water VApour Seagurements, the vapour content between two
analysis lavels was chosen as the analysie variable. At present, the schemse
sxtracts information only from TEMP: and ETHOPw. The pressurs levels that

define the analysis layers are 1000, 850, 700, S00, 400 and 100 mh.

The structure of the srror of the forecasted humidity ia poorly known. The
forscast 1s generally of good quality in extratropical arsas, but in the
tropics whers the coupling between mass and wind field is wesk, uvpdating of

the predicted humidity field is important.

21



ig. a The h.l'h‘ and wind increments fields st 1000 sb at 12 GMT .
} e . wind analyses. The length of
. ) . M Fig. 8b Bame ae '1' da but for height and b 4

s wind vector is 0.4 of ite magnitude in Fig. Ba.
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The two-dimensional sch is » dlat and error weighted msan of the

obsarvations. The weight given to an observation is

2
o 2 N
LR IE LR M (£ (14)

and the correction to the first-guen is given by

N ]
A =P =] w0 =) ts ] w) (15)
LI N Tt T | 4oq 4
where

EZ

ir } {16}
sy =e - V2 0

-

is the prediction error correlation for humidity as a function of distance
. or, " 250 km for the 1000-850 mb layer and increasing to 350 km for the

300-400 mb layer.

The tesperatures and dev point tesmpsratures are extracted from radicsonde
reports and converted to mixing ratios, which are then intsgrated wertically
to give the water vapour content in the snalysis layers. In surface
observations temparaturs and dewpoint, current weathar and cloud amounte and
typeas give sstimates of the boundary layer and cloud lavel hoamidities. The
wsather and cloudiness information is converted to relative humidities

according to a formulation based on Chu and Parrish (1977},

Above 300 mb the humidity is specified in the following way. A constant
mining ratio of :.!0"0-6 ia sssumed for the stratospheric humidity. Setween

300 sb and the tropopause the relative humidity Ls assused to decresss

linearly with respect to pressure. The relative humidities and temperatures
then define the mixing ratics at any lsvel. The evaluation of tha mixing
ratics above 300 mb takes place in the vertical interpolation (Section &),
where the temperatures are available.

T™he impact of the humidity analysis is q.rntnt over the tropical continents
and has & marked effect on the initial rainfall in the forecast. In
extratropical regions the first-guess is usually close to the msasurad

values.

5. SEA SURPACE TENPERATURE ANALYSIS

BCWMP receives the ses surface temperature analyses of ¥MC on a 5 by 5 tinqtn
grid. The climatological monthly mean temperatures ars subtractsd from the
WNC mnalyses and the anomalies ars interpolated to the ECOMWF grid using
bicubic splines. The horizontally interpolated walues are then added to the
climatolegy on the ECMWF grid. Over loe arsas the climatologlcal field is

used and & swooth transition is applied from ics to open water.

6. VERTICAL INTERPOLATION

The aim of the vertical interpolation is twofold. TPirstly, it provides the
anslysis with & model forecast in the analysis coordinates. Secondly, the
corrections made by the analysis to the first-guess are interpolated back to
the model coordinates.

The numerical tachnique of the wvertical interpolation depends om the
matecrological parasetsr. The wind is interpolated linearly in ln p and
shifted horizontally to coincide with the non-staggersd analysis grid (cf
Fig. 1}. The model temperatures are integrated hydrostatically in sigma
coordinates to give geopotential heights. Thess are then interpolated to
pressurs levals through cubic spline interpolation with respect to In p. The

uppar stratospharic {30, 20 and 10 ab} background heights ars determined by
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ahding a mix of parsistence and climatologlcal thicknesses to the 50 mb
he.t?ht. The stratospheric winds are detsrmined through a similar procedurs
from the persistence and climatological wind shears and the 50 mb wind. The
humidity Eirst-quass ls created through an interpolation of the model
rcutlv.. hymidities £ the pressure laysrs. The precipitable water content
of the first-guess is then obtained from the first-gueas relative humidity

and layar msan temperature.

The changes or incraments produced by the analysis are interpolated from
pressure to algma coordinates and added to the six hour forscast in model
coordinates. This featurs of tha vertical interpolation preserves the model

boundary layer structurs. Surface pressurs is not sxplicitly analysed, but

calculated from the changs of the geop tial at the first-guass surface
presaurs. The change in the geopotential at the surface is obtained from
cutx:apolation or interpolation of the geopotent.ial changes at the nearast
analysis levels. Once the new surface pressure has been defined the pressurs

values of the sigma levels are determined.

Tha wind increments are staggersd to the acdel's grid befors the linear
interpolation with respect to In p. The height increments are first
transformed into increments of mean virtual temparatura. The temperature
incremsnts for the pressure layers are cowbined linsarly to give the mean
tesparature change for sach sigms layer. The walght given to sach pressurs
layer temperature increment is proportional to its overlap with the sigma
layer. A similar Procedure is applied to ths moisturs interpclation. The
vertically interpolated humidity variable is relative humidity incremants
calculated from the changes of layer water vapour content. This gives the
sigma layar relative humidities which combined with the virtual temperatures

is solved to glve 4ry temparaturss and mixing ratios.
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7. BUMMARY

The ECHWF analysis eystem operates on 15 standard lavels for mapgs and wind and
5 layers for humidity. Other paramaters like the surface fields {land
temparature,land soil moisture, surface pressure) either svolve during the
data assimilation process or are a result of & purely numsricel interpolation
procedure applied to the analysed fielda. Many important predictors used in
atatistical interpretation of weather depend strongly on the forsulation in
ths forecast modal of the influencing processes. Considerable arrors occur
in conjunction with high terrain, where the surface wight be Far from the

clossst analysis lsvel.
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Injtialisation

\'..I"g.n

ECHT
1. FORENORD
This paper is not msant to be a strict sathematical review of nonlinear normal
wode initialisation. This can be found elsewhere (Daley, 1980). It rather
tries to sxplain in simple terms what initialisation is, and why it is needed.
Praquant uss of sxamples and analogies 18 made. This allows a stralghtforvard
physical explanstion of normal mods initialisation and of its benafita )
compared to other methods. After thess general ideas have bean utahluhod,_
the performance of the scheme =~ in ite recently introduced disbatic version -

is discussed.

2. WAY INITIALISATION?

Once an analyeis scheme has provided initial values for the prognostic
variables of the model, one is in & position to start m forscast. Howevar,
as ?ig. 1 shows, the result will bs quite disappointing. The surface
pressurs at this particular point (D*R,52°N) shows unrealistic high frequency
ocacillations with considerable amplitude. By contrast, 1f the forecast is
started from the initialised analysis (dashed), the behaviour is wuch battar.
When looking at the differsnce (initislised-uninitislised) batwesn the two
predicted surface pressure fislds after § hours, a marked wave pattern is
ismediately evident (Fig. 2}. In order to causs the preasure oscillations
shown in Fig.1, thesa waves have to travel with & spesd in the ordsr of
hundred msters per sscond, which is the charactarietic spasd of gravity

waAved.

The crucial role of initislisation becomss moat avident within & data

assimilation scheme. Bafore the actual analysis is performed, the observations

ars checked against the first guess (LBnnberg,1982). If the deviations exceed

n
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certain limits, the Asta are tejected. If the first quesa ls contaminated
with spurious cscillations, this can easily lead to unjustified rejection or
acceptance of data. Such a dagraded analysis leads to a degraded forecast

which will deteriorate the next analysis and so on.

To demonstrate this effect, the operational amsimilation cycle for Sept.6,
1982 was repeated with the initialisation switched ofF. Although the absolute
number of rejeactions did not changs very mich, a substantial number of data
{around 30} were treated differently. Fig.) shows the 850 mb obssrvatioas

superimposed on the first guess height and wind field. The two sncircled wind .
obsarvations near 25°E, S0°*N and 60*E, G60'N wars accapted in the ra=-run

although their directions are clearly in ‘u-ror. The operational run with
initialisation correctly rejected them. A number of other cbesrvations, which N
wera perfectly valid, were rejected in the re-run because of spurious waves in

the first quess field. The effect of assimilation without inicialisation

becowes more serious if one continues beyond one day.

3. WHAT ARE GRAVITY WAVES? L

A liq’l; sxample of gravity waves are the patterns originating from a stone
thrown into a pond. The main processes leading to the propagation of thess
Waves are skatched in Fig.4. Once the purface of an incompressible fluid has -t
been slavated at an arbitrary point B, gravity tries to bring the particles

back into their original lower level. This leads to mass convargence in
reglons A and C which, in turn, rasult in an alevation of tha surface, as
shown in the lower part of rigq.4. Two aspacts are worth keeping in mind: the

need for an initial digturbance and the importance of divergence.
For large scale gravity weves om & rotating planst, the Coriolis force cannot

be neglected. Therefors, these waves are called inertis-gravity waves.

Without them, the important gecstraphic adjustment process cannot take place.
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Fig. 4 Prototype gravity wave.
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That is why their careful modelling has proven to be ilmportant for anp :-
atmospheric model. In a stratifiad fluild, gravity waves can travel not only
dlong the surface, but also within ths fluid. Thass internal waves ars
responsible for transports of momentum and anerqgy, especlally near mountains.
They can mometimes be cbsarved downstream of mountain ridges in the form of

lenticular ¢louds which form in the wavetopd, whers the particles reach the

condensation lavel.

The questiom now remains: why do atmospheric wodels show the sxcessive gravity
wave activity as given in Figs.t and 2. This question can bast ba answared by
referring to Pig.4. Suppose we have & perfect model to predict the surface
helight of the fluid in a pond. To start the forecast, we need initial values
of the surface haight. Suppose, we have 3 observations in points A,B and C.
If now the observation in point B has a positive error, the model will astart
with an initial state similar to the one sketched in Fig.d, thus tmmediately
laading to excessive gravity wave activity. A further source for unrnlzotic
initial amplitudes for gravity waves is the analysen system used to
interpolate the irregularly spaced observations to regular grid polnt-.. tvar;
with perfect obeervations an erronsous initial state =ight result only from
errors in the analysis schese. A third cause is the model itself, which =
although presented with a perfect initial state - can generate gravity waves
because it is only an approximate description of the fluid. Genarally, all 3
causas contribute to unrealistic gravity wave amplitudes in the initial

state.

4. WHAT I8 IMITIALISATION?

In guite general terms, initialisation triem to dafine a4 reasonable initial
amplitude for inertia~gravity waves. (Tor the simple example in Fig.4 it
would mean to set the amplitude at point B to zera}. A number of mathods have

been used in the past. In the warly days of numerical weathar prediction,
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gravity waves wers excluded altogether from the sodels by modifying the
governing oﬁuluons- Therafore, no initialisation was required. However, it
was soon realised that thess filtered wodals ars inferior to the primitive
aquation models. Early initialisstion methods used for these wodels all tried
to control gravity wave activity by a suitable diagnostic definition of the
initisl wind field using various kinds of approximate relations. The most
simple approach is to use the geostrophic relation. A higher degree of
approximation can be achlieved by the “balance equation™ which yields a non-
divergent wind field from the analysed mass fleld. Thus, the obssrved wind
tuformation is not used. TFurthermore, the dlagwostic relatlons ars sxtremsly
simplified.. Por instance, thers are considersble divergent motions in
synoptic systems, which are suppressed initially when the balance equation is
usad. A third shortcoming is the neeses . sometimes to modify the analysed

haight field for mathsmatical reasons.

It is therefors no surprise, that alternative methods have besen devsloped.

One of them is dynamical initialisation, whers the wodel itmelf is used to
derive a suitable initisl state. Usually, the model is integrated forward and
backward in time and gravity waves are damped by heavy tisms and space
filtering. However, the filter operators cannot damp gravity waves
sslectively, they also influence the mstecrologically important flow. Becauss
of the backward intsgration in time, irreversible physical processes can not,
in general, be included. Puorthermore, the method is expensive in terma of
computer time. Recently, a third sethod, normal mods initislisation has
successfully been applisd. This msthod will be outlined in the following

sections.

5. WHAT ARE WORMAL MODES?
Normal modes are the free sotions of & system capable to vibrations. A
typical example im a guitar string. Once it has basn sxcited, 1t starts to

vibrate in a way characterietic for that particular string. Therefore, thess

kL)

vibrations are called "own" or “eigen” vibrationa, or ~ in mathematical terss
= normal modes. Ancther example are the surface waves on a pond. Thay are
tha aigenvibrations of tha physical system “pond®. Usually, thers ia an
infinite number of eigenvibrations, esach having a particular mcale. If a
stone is thrown into a pond, only & subset of these modes is excited,

depending on the initial shape of the disturbance caused by the stons.

The migenvibrations of atmospheric sodels fall into two classes: the Roseby
modes and the gravity modes. ZEvary wode shows a specific J-dimensional
structure of mass- and windfield. The vertical structures are identical for
Rossby and for gravity waves. They differ, however, cun-lduhly in their -
horizontsl structure and in the relation betwesn mass- and windfisld. rig.5
given some sxamples of vertical structuras. The ﬁ.ut‘ vertical mode, - the
external mode - repressnts fislds which are nearly constant throuqhwt_r,hc
atsosphers. It therefore dascribes the barotropic component of the mass- and
windfisld. The second sode, alsc called the firat internsl, changes sign near
the tropopsuse, thus accounting for the diffsrences batwaasn lt'nto.phcn and
troposphers. In general, vertical mode 1 has l-1 oign changes. WMith
incrsasing order 1, the region of maximum amplitudes moves towards lower

levels.

The horizontal structure of an externmal Rowsby mode is shown in Pig. 6. The
prominent feature is the approximately geostrophic relation betwsen
geopotentisl and wind in the extra-tropice. In the tropics, whers the
geoatrophic relation is not applicable, normal modes still define a nln:lnn_
between mass- and windfield. In fact, they are the only means to establish
globally valid coupling. The Rossby mode shown in Fig. 6 can bs characterissd
by 3 indices: - the vertical mode numbsr - the sonal wavenumber - the
meridicnal index. As Fig. 6 shows an external mode, it means that at every
point the wind compcoments and the gecpotential all have the same vertical
structure as the curve labellad 1 in Fig. 5. The meridional index in Fig. €
ia 1, which means the largest meridionally sysmetric scale. Obviocumly, the

zonal wavenumber is 1. 19
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When looking at a gravity mode (Fig. 1) for the asse indices (vertical mods

1, zonal wavenumber 1, gravest symmatric), the ageostrophic structure of thesas

wodes is lmsediately svident. In the extra-tropics, strong winds are not

et
i

supported by a height gradient. In the tropics, the flow is highly divergent.

Gravity waves can further be ssparated into two groups: the eastward and

e .

160

1y
o

westward travelling waves. PFig.7 shows & westward travelling gravity

wave.

1 WIE

¥ ig 3

O

For the same combination of indices, Rossby and gravity waves have very

different phase speeds {and periods). Tor example, the free period of the

100

Roasby wava in Fig. & ls 4.7 days, whereas the westward gravity vawve in Pig.? ‘ *

1y 1.4 4
e e AT Ay G| S W

ham a free period of only 12.7 hours. Apart from a fev excaptions, gravity

N RNV A Y

wave pariods decrease with increasing zonal wavenusbar and meridional inden.

e —» =

S

In contrast, large scales Ropsby waves have shorter periods than small scals

ones. For both types, the pariods decrease with increasing vertical mods

number. Thersfore, a large scale internsl gravity mode may have the same

period as an sxternal small scale koasby mode. That is why the period is not

PR S

4 usaful tool to distinguish between Rossby and gravity modes; nor is the . X "
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wavalength, as apparent from Pige. & and 7. The only way to make a Pproper

AT

A

distinction is to look at the 3-dimansional structurs of both the masa~ and

| B
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the windfisld.
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6. WHAT IS NORMAL MODE INITIALISATION?

R,

I

In normal sode initialisation, the uniqua features of normal modas are
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sfficiently used to remove unwanted gravity wvave amplitudas from the

rd

analysis.
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Pirst of all, the normal modes have t be computsd. This is done by
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140N

linsarising the model equations around a simple basic state and solving the

160w

resulting set of equations. The details can be found in ‘Temperton and ‘

!
/
7
7/

Williamson {(1981). The reault of thess computations are the hossby and I

150 190"

Fig. 7 CUravest symmetric, zonal wavenumber 1, westwards travelling, exterval grarity sode.

gravity -nd'u discussed in the pravious section. This computation neads to

ba done only onces the normal modes ars then stored for subsequent use.
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The first step in the initialisation procedure itself ia the identification of
those structures in the analysed fields which lead to the excitation of
gravity waves. GSpeaking mathematically, the analysis is projectad on tha
gravity modes. This guarantess, that the most Lmportant part described by the

Rosshy inodu, iz not touched at all.

Fig. B shows the gravity mode projection of the analysis increment (analysis -
firat guess) for 6.9.82, 12%. As can be expacted, the gravity mods projection
of the v.l_nd field is mostly divergent. A closer inspaction of the analywis
off the Chilean coast {Pig. 9) reveals, that the analysis (first guese +
increment) in this arss is not in geostrophic balanca. The isotachs (dashed)
indicate a rapid decreass in wind speed towards the coast, which is not
supported by a corresponding slackening of the height gradient (full lines).
Similar results apply to all extra-tropical aress, whers large gravity wave

projections are fnvariably related to ageostrophic analysis Increments.

In the second step, the fdentified gravity mode projections are modified. The
simplest method would be to set them to zero (linear normal mode
initialisation). However, this would nct solve the problem, becauss the
nonlinear advection processes and the parameterised physical procassea would
immediately start to excits new gravity waves. Machenhauar {1976) propossd to
eliminats only thoss parts of the gravity wave components, which are not in
balance with the nonlinear processes. As a rasult, the linsar tendencies for
the gravity waves will be exactly compensated by tha nonlinear dynamical and
physical tendancies, ylelding vanishing total tendencles for the initialised
gravity waves. The corrasponding sathematical equations cen sasily be
formulated in normal mode space. It is a eystem of nonlinear algebraic

equations, which can be solved iteratively.
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Isotachs (dashed)

7. THE PERFFORMANCE OF THE ECWMWF SCHEME

a} . Implementation

The normal modes ussd in the opearational scheme are derived asmuming-an

fecthersal atwosphers (00X} at rest. Omly the first five vertical modes are

initialised. Two iterations are used to solve the nonlinear algebralce

system:. In an attempt to reduce surface pressure changes by initialisation,

the analysed surface pressura is restorsd with a latitude-dependent weighting

after the first iteration. An estimate of the disbatic forcing is included,

but kept independent of tihe iteration b of cor g problems. This

estimate ig computed by time-averaging the diabatic tendencies during a 2-hour
foracast stacted from the uninitialised analysia. Only those tendenciss,

which force inertia-gravity waves with pericds longsr than & certaln cut-off

period (11 hours) ars included. 1n the calculation of the adiabatic

tendencies, rvirtuval tempsrature is ussd.

b) Typical initialisation changes

As neithar the analysis schems nor the dats know ths subtle nonlinear balance
coquired to supress unwanted gravity wawe activity, initialisation usually
changes the analysed fields. Surface pressure and divergent wind ars wost
affected, temparatus and rotational wind changes ars neglegible. Fig. 10
shows the initialisation changes to surface pressure, averaged over all 122
cases for April 198t1. Mean Changes are in the order of 1 mb. The
initialisation changes to the wind fisld in 200 wb {Fig.11) are in the ordar
of savaral maters/sscond. They are mostly divergent. With the adiabatic
schems in use in April 81, wind changes were largest in the tropics. As will
ba shown in the next section, diabatic initislisation results in smaller
changes. In individusl cases, initislisation changes can amount to 5 wb in
surface pressurs and up to 10 m/eec in upper tropospheric winds. Invariably,
large initialisation changes point to gross imbalances in the analysis. In

the axtra-tropics, this is possible, because the mass wind relation for the
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analygis incremants is not exactly gecstrophlic (LSnnberg,1982) and because of
different data selection for neighbouring analysis boxes. In the troplcs, the
present analysis scheme tenda to alias & pure Rossby wode on a number of

different Rossby- and gravity modes {(Cats and Wergen, 1982).

c) The impact of diabatic processes

Adiabatic initialisation tends to supress diabatically driven circulations in
the tropics (Bengteson,1980). In order to test the impact of diabatic
initialisation, & days of sssimilation wers repested for the FGGE period 5. -~
11.6.1979. Trig. 12 shows the zomally averaged, vertically integrated,
initialised mass flux for 12.6.79, 12Z. This variable can be interprated as a
stremfunction for the flow in the ¢—p plans. Adiabatic initialisation (top)
supresgad the upper tropospheric return flow in the Hadley cell as well as the
nid-troposheric vertical motions. With 4diabatic tendencies included (bottom),
the tropical circulation is more intense. A further indication of the
positive impact is the tims-averaged {6.6. - 11.6) initialised velocity
potential at 200 sb {rig. 13}. with diabatic initialisation {bottom),
divergent motions in the tropics are stronger than for the adiabatic scheme
(top}. Tha effect on the spin-up of the mndel ie demonstrated in Pigs. 14 and
15, which show the diabatic heating (averaged over 2 weeks) for the slab 700-
30¢ mb in the northern hemisphere for the initialised anslysis {(laft) and the
1 day forecast (right). For the method of calculation ses Whits, 1983,

Fig.14 giv-! the results for the first two wesks of Beptember, when adiabatic
initialisation was still in use. Initially, there is little disbatic heating
in the tropice, whersas the 24 hour forecast tends to overshoot when comparad
with the lavel achieved in later stages of the forecast. Aftar the
introduction of diabatic initialisstion intc operations, the Linitial diabatiec
heating rates (Fig. 15, left} are closer to the 24 hour forecast values (Fig.
15, right}. Even the diabatic heating fields for the stors tracks in the
NoFth-Atllntlc are similar. The axcessive convactive activity over Bast-

Africa is currently being investigated.
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L4

Fig. 15 Time averaged (1-15 October 1982) diabatic heating in I/-’ for the plab TOO to 300 mb after the introduction of

disbatic loitislisation. Left for initialised asalysis, right for 34 hour forecsst.

Tropical scores for 200 mb winds (Fig. 16) show an improvement for the October
92 ensemble forecasts compared to the Octobsr 61 cases. 'The improvement im
mainly due to ieproved skill in the large- and medium scale waves. As the
foracasts are verified against the initislised analysis, part of the

improvemant is dus to a more realistic varifying analysim.

8. SOME REMARKS FOR USERS

When using uninitialised or initialised analyses, soma points should be kept
in mind. The uninitialised analysis usually is closer to the data. It should
thersfore be used where a closs fit to observation matters. Howaver, it
should not be used For calculstions of divergence or derived quantitlises, such
ag vertical welocity or surface pressurs tendency. The initislised analyais )
is much better suited for thess purposes, although ite balance - especially in
the tropics - is model dapendent. Alsc, a forscast should in general only be
started from an initialised analysis. A closs fit to observations does not
hecessarily mean that the observations are actually accepted Ly the mdelv_
Finally, when judging initialisation changes, the three-dimensional structure

of both mass- and windfield should be taken into account. Invariably, big

initialisation changes indicate problem areas in the analysis.
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ADIABATIC FORMULATIONS OF TMX KCMWF FORECASTING BYETEM
A. J. Bimsonn
ECuwy

1. INTRODUCTION

. When charged with the task of presenting & sumsary of tha adiabatic formulation

of the opsrational ECMWF forecast model, it is appropriate at this particular
point in time to discuss not one formulation, but two, Eince August 1979,
opsrational forecasting has baen carried cut at ZCHWF using & second-order
accurate finite-difference model with a regular latitude-longitude grid and
" resolution of l.875°, a sigma-coordinate and 15-lavel resclution in the vertical,
. and a semi-implicit time scheme which ailows a time step of 15 minutes in most
cases. During this first opsrational period, one aspsct of the Centre's resesrch
work has bewn dirscted towards the development and testing of alternative
adiabatic formulations, and this has led to & new formulation which will shortly
replace the current scheme. The new modsl is based cn a spectral technique for
lthc horizontal, a more gensral terrain-following vertical cvordinate than the
usual sigma-coordinate, and a semi-implicit time scheme that treats implicitly
"mot only linearized gravity-wave terms, but also the linearized zonal advection
‘of vorticity and mcisture. In cutlining the two different formulations, an
account is thus given both of the modsl used to produce the results discussed in
other contributions to thess procesdings, and of the model which will be oper-
ational, or very close to becoming operational, by the time these proceedings are
published. Mantion will be wmade of differsnces which may influence the
statistical interpratation of the model outputs.

The following ssction sets out the primitive squations for a moist atmosphere as

adoptad in both formulations, using & general vertical coordinate. Section 3
then discusses the horizontal discretization, with a sumary both of the grid-
point and spectral techniques and of the results of the comparisona Latween these
tachniques carried out at BCMWF. Aspects of the vertical and temporal discret-

; izations are discussed in Sections 4 and 5. Finally, the incorporation of

horizontal diffusion and the treatment of erography ars described in Ssction &,

4. THE PRINITIVE EQUATIONS

We consider a general, terrain-following vertical coordinate, a monotonic
function of pressure p and dependent on its surface valuas Py ’

n=n (p.p,) .

whers 1 (O,p.) “« 0 and n (p.,p,) 1. The usual sigmwa coordinate
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(Phillips, 1957} adopted for the adiabatic formulation of ECMWF's original
operational model is a special case of this coordinate, with

nEe= p/p,-
Kasahara {1974) has given the form of the primitive equations for a dry atmosphere
uaing various coordinate systems. The n-coordinate form for a moist atmosphere
is met dmm in this section. Prognostic variables are the horizontal wind
components y and v, the temperaturs T, the specific humidity g and the surface
Pressure Py+ They are governed by the following aquatiocns.

dv
K*“—"“!*“*"d%“""'?v'l‘v T

Thermodynanic esquation

= ﬂ _ x'rvn
at ~ (+-iigip " Pr * %y 2

at q q ’ (3}
Continuity equat ion

1
2 .2 . 3 3 -3
i ‘-1“) +V(y ‘Ean’ +3g 551 0

{4)
5!952!525!5._"92251._"1‘
,  faT o

an P an (5)

d
Here t is time, and it denotes tha material derivative, which in n coordinates
takes the form

d

3 . ‘
at Y ¥ +n

.
:li‘1
.

v 1s the horfizontal velocity vector, v = (u,v,0), and ¥ is the two-dimensional
gradient cperator on a surface of constant N, f is the Coriolis parameter, k
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the unit vertical wvector, § the geopotantial, Rd the gas constant for dry air,
and X = Rdfc + whars de is the spacific heat of dry alr at constant pressure,
P:. and x’ denote tha rates of change of variable x resulting reaspectively from
parsmetarired processes (the subject of a ssparate contribution to these pro-
cesdings) and from horizontal diffusfion.

An equation for the surface pressurs, Pyr is cbtained by integrating Eq. (4} from
n=0to n= |, using the boundary conditions A =G at n = 0O and n = 1:

k1% 1
) )
e £ LA iﬁ’ dn {61

while h and w arse given by

n

re._ i, © v 3B

n n T I v 4 3n’ an .I.”
and

L *
3 ipy

whers 5{1- known in terms of n from the definition of n.
Moisture effects appear in the tum, thermodynamic and hydrostatic equations

through the virtual temperaturse, 'l". which is given by

Rv
T, - uota- ng T

vhere nv is the gas constant of vater vapour. An additional term H+i5-11q),
whare & i3 the ratioc of the specific heats at constant pressure of water vapour
and dry air, is written in the thermodynamic equation. This term was neglacted
in the adiabatic formulation of the grid-point model, but as it iz of the same
order as the ratio of temperaturs and virtual tamperature, it is includad in the
nev model. Further detail will be given in the documentation manual of this
model .

Bquations (1) to (8) may readily be cast into thelr mors familiar form for sigma
coordinates by replacing 3p/in by Py and ;{ by 05% + Tha prassure-gradient
term By T, Vinp becomes equal to Rd '!" ﬂ.np. at all levels. In general, the
ters has the latter valus at the surface, and decreases to zerc in the case in
which coordinate surfaces become surfaces of copstant pressure at upper lavels.

In this case n is independent of P, for all pressures less than a certain value.
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3. THE HORIZONTAL DISCRRTIZATIONS

3.1 The grid-point model

A discussion of the adiabatic formulation of tha finite-difference model has
been given in & series of lecturss by Burridge in the 1979 ECMWF Seminar and

details will not be repeated here. The model uses a second-order accurate

difference scheme based on the staggered grid of variables shown in Fig. 1, the

grid known as the C-grid (Arakawa and Lamb, 1977)

- Choice of this grid

made mainly because of ite low computational noise and the ease of implementation
of a semi-implicit time scheme. Operationally, a grid interval of 1.075° in
latitude and longitude is used, and this resolution is referred to as N48, thare

being 48 grid intervals between aquator and pols.

Following the work of

Arakawa (1966) and Sadourny (1975) the finite-difference scheme wan degigned to
conserve, among othar quantities, the potential enstrophy during vorticity
advection by the horizontal flow. Further detail has been given by Burridge

and Haseler (1977) and Burridge (1979),

3.2 The spectral model

A more detailed description of the spectral model will be given, although it
largely follows the adiabatic formulation described by Baede et al. {1979} in
an ECMWF Technical Report. ‘'The basic prognostic variables of the model are

£, D, T,.q and l.np.. where [ and D are the vorticity and divergence computed on

surfaces of conatant n:

P | v _ @
£ acosd ('aT Ty (ucosd) }

1 au 3
D= acosh {51_ *+ 3 (veoss)}

where a is the radius of the earth, A 4= longitude and @ is latitude.
are represented in the horiorntal by truncated series of spherical harmonics:

X I o n
rHens t) - n, &) 2% qu
=M n=ln] P n H

.I.I}\

Variables

9}

where X is any varisble and u ie sing. .e P:Gu) ars the Associated Lagendre

Functions, defined here by

=/ [ HE 2,22
Fo W= TNl T e ()
H n:
and
~m o
B, =p )
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and the normalization iz such that

1

L] r - 0nn
f‘!‘n (u} l’. (n) du G-r 6n.

(X1

The x: are the complex-valued spactral coefficiants of the field X. S5ince X is

real,

- »
L

where { )* denotes the complax conjugate. The model thus deals explicitly only
with the X for = > 0.

The Fourler cosfficients of X, x.lu,n.t), are defined by

Nim) - o (12)
X, om0 = J n (et} P
n=|m n
with
¥ imd
X, um t)= § % (4 o0, tle {13
—— n

Derivatives are given analytically by

#x
- I o (1)
——y
and
N{m) "
a

ax
o . _n
e n_f_, 5 & i3

where the derivative of the Lagendrs Punction is given by the recurrance
relation:

dp®
2 n » [ ]
(1-pc) =" oo B _ B 116}
) a n ‘nﬂ Pml + (n+1) 'n Pn-l
with

- 1,2-.2)-.

e =
n &nz—-l
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As in the first ECMWF spectral model (Basde et al., 1979) the model is programmed
to allow for a flexible pentagonal truncation, depicted in Fig. 2. This trun-
cation is completely defined by the three parameters J, K and M illustrated jin
the Figure, The common truncaticns are special cases of the pentagonal one:

Trianqular H=sJagk
Rhowboidal K=3J+HM

Trapezoidal X=J, K>HN

The spectral calculation utilizes the transform technique ploneered by Eliasen
et al. (197G) and Orszag (1970}, It follows that of the early multi-level
spactral models described by Bourka (1974) and Hoskins and Simmons (1974}, and
the ECMWF spectral modsl reported by Baede et al. (1979}, although it differs
in its use of an advective rather than a flux form for the temperature and
moigture equations. The cbjective of the calculation is to compute spectral
tendencias tal:J: for each prognostic variable, from which new valuss may be
computed using the time differancing discussed in Section 5. The orthogonality
of the spherical harmonics im such that these spectral tendencies are related
to grid-point tendencies by

Ixm imd

Lt ok om - (17
Geln " F!I { 50 B ) e @ dy

An outline of the model's computation of spectral tendencies can now be given.
First, a grid of points covering the sphere is defined. Using the basic defin-
ition of the spectral expansions (%) and the linear equations relating wind
components with vorticity and divergence, valuas of £, D, u,v,T,q and l.np. are
calculated at the grid points, as alsc ars the required derivatives

5288 2% um %24 using (12) ~ (15). 7he resulting grid-point

values are sufficient to calculate the required grid-point contributions to
adiabatic tendencies, and alsoc the parameterized tendencies since prognostic
surface fields associated with the parameterization ars defined and updated

oh the same grid, The inteqrands of tha prognostic squations of form (17) are
thus known at each grid-point, and approximate spectral tendencies are calculated

by numerical quadrature, Integration by parts ia used to avoid computation of
some derivatives:

T 1 dp:
4 - Azt

ap "
whare —a;-n is known from (16).
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Fig. 7 Pwntagonal truncatiom.

4 P U

The 9rid on which the calculations are performed is in fact determined to

give an exact (given the spectral truncation of the fields, and within round-off
error} contribution to spectral tendencies from quadratic non-linear terms. The
integrals with respect to i involve the product of thres trigonometric functions,
and as shown by Machenhauer and Rasmussen (1972) they may be evaluated exactly
using a regularly-spaced grid of st least 3M+1 pointe. For the latitudinal
integrals, Elissan et al. {1970) showed that quadratic non-linear terms lead to
integrands which are polynomials in b of a certsain order. They may thus be
computed exactly using Gaussian quadrature with points located at the lapprox-
imately equally-spaced) latitudes which satisfy P:(ul =0, for a sufficiently
large integer NG' These latitudes form what are referred to as the “"Gaussjan
latitudes™. Por triangular truncation, the minisus value of N, is (3m+1)/2.

It is likely that triangular truncation with M = §3 will be adopted for the

firet operationsl version of the spsctral model. The associated grid of 192
longitude points and 96 latitude points is a very closs equivalent of the regular
N48 grid used by the oparational grid-point model. Detail in addition to that
given here will be found {n the do ation 1 for the new forecast wodel.

1.3 The guasi-cperational cosparigon of qrjd-point and gpectral

tachniguss :
The primary factor influencing tha decision to change opsrationally to the
spectral technique was the better performance of the tachnique in an extendsd
experiment comparing forecasts parformed once per weak for a complete year
(Girard and Jarraud, 1982). 1In this axpariment, the opsrational grid-point "

model foracasts wers compared with apectral forecasts using triangular truncation’
at total wavenumber 63 (T63). The two models used identicsl parameterization
schemes, and required a similar amount of computing resources. Although the
models often gave a very similar forecast, some clear differsnces in overall
performance wers found. An indication of this is given by rig. 3, while Fig. 4
Presants one sxample (out of by no means few) of a markedly better local forecast
by the spectral model.

A question central to tha theme of this particular ssminar is to what extent
will the change to the spectral model influence statistical forecasts of local
weather made using the MOS technique with statistics derived from sarlier grid-
point forecasts. Insofar as the two models give generally similar large-scale
forecasts, with substantial differences found mainly in the medium range in
places and cases whers the grid-point model is wbjo&. to a significant error in
its prediction of tha synoptic scale, the use of spectral forecasts in conjunc-
tion with statistics produced using the grid-point model output should not cause
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Percentage of cases

70

60}
SPECTRAL (T83) better than GRIDPOINT {N4B)
50}
4l
30
20
10r
1]
=3 26 29 212 215 218 221 224
Difference in predictability {(hours)
rig. 3 The differsace in predictability (measured by the length of the

forecast periecd for which the anomaly correlation of the 1000 mb
height over the extratropical Northern Hemisphers remsins above
-S0%) between wpactral (T€3) and grid-point (N43) modals. Results
are expressed ia terms of the percentage of cases for which one or
other msodel gave better rasults.

8

1A
il LN )

<T 1\

Fig. 4 The anaiyzed 300 mb height for 10 April, 1981 {upper) and S-day
forecasts for this date by the T83 spactral model (lower left) and
the N48 grid-point model (lower right),
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particular problemg, with the statistical forecasts benefiting from the improved
model prediction of the large-scale flow. Two points should, however, be horne
in mind.

The firat concerns soms systesatic differences in phase speed found between the
two models. Statistics prasented in Table 1 from the gquasi-operational comparison
show phase spesds to be generally better represented by the spectral model, at
least in the short range {for which an unambiguous identification of analyzed

and forscast lows was possible). In view of such differences, use of model
predictors at times shifted from the forecast time of interest in order to
compensate for systematic phase srrors in synoptic-scale systems should evidently
be treated with cautiom.

Table 1 Errors in the displacement {in degrees longitude)
of surface lows between day | and day 2 of the
foracasts for spectral (T63) and grid-point (N48)
model forecasts.

Brror (Degrees)

Displacesent (D) Caaes T63 N48
—_—

D 5° 64 + .6 +1.0
s < p < 10° 39 +.3 + .2
10° ¢ p 89 -1.8 -2.6
15° < p 4" -1,8 -3.3
20° <D 16 -2.9 -4.5%

L)
"

Tha second point concerns the use of model surface and near-surface parametars. -
1f the paramster in question {s particularly sensitive to the nature of the
model surface (whether it be land or sea, its height, stc.), than caution is
again called for, since the differsnt location of grid-points in the new model
may give rise to differences in surface and near surface parsmeters interpolated
from nelghbouring grid-points in the vicinity of coastlines and steep orography.

4. TER VERTICAL DISCRETIZATION

The vertical variation of the dependent varisbles i{s represented by dividing
ths atmosphere intoc a number (NLEV} of layers as illustrated in Fig. 5. 1In
general thess layers are defined by the pressure of the interfaces between
them (the “half-levels”). Prognostic varjiables are defined at intermediate
lavels (tha “full-lavels*). The preciss location of thess full lavels is not
required by the adiabatic formulation (apart from the topmost lavel) since it
generally uses cnly half-level pressures. Full-level pressures nesd to be
specified, howsver, for the initial snalysis of data and for use in the
parameterization scheses.

In the operational grid-point model a sigma coordinate is used, with half
levels

Py ™ Opay Py + k= 0,1,2,...NLBV, (18)
and full lavels

P % P, 19
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15 levels are used, and the sigma valuss are given for both half and full levels

by

4

3
-, 758 + L7 Sk - 1.5 Bk 120)

“x %

vhere 5 * (k-41/15. Pull-level pressures ars given in the left-hand column
of Table 2.

In the new model, a more general specification of half-level pressures is
adopted:

Pray * My + 8, 0, (213

Pg.9=8g, 70

o

p
T==uv£DTq

T==uvéDTg
+]

with full-level values given by

! ' P " By ¥ Py} 221
Necessary values ars

My By T Ay, " ¢ By ™t

The sigma-coordinate form is reproduced by setting all the AH_,’ to zero, while
zero uppar-level values of !ki-l; imply that the vertical coordinate is locglly
4 pressurs coordinate. Mivantages of a hybrid coordinate which transforms
smoothly from a sigma coordinate at low levels to s pressure coordinate at
upper levels have been discussed by Simmons and Burridge (1981), and Simmons
and strfing (1981),

Final details of the oparationsl implementation of the new coordinate remain to
bes finalized, but a radical change in the mumber or location of levels is
unlikely. In particular, the stratospheric resolution cver the sea will ba
sasantially unchanged in the first instance, although the topmost one or two
levels will be constant-pressure levels if final testing proves satisfactory.
Once the system is sstablished operationally, testing of alternative resolutions
coincident with the resolution of the stratospheric pressure-level analysis, a
poasibility which is a potential sdvantage of the new formulation, will take

-
Fig. 3 VYertical distridution of variables.

NLEV-¥%
NLEV—1 ==~ 7
NLEV—%

NLEV

NLEV+%

place,

A minor change in resclution may occur, however, and a possible distribution of
16 full-level pressures is given in Table 2. Above the planetary boundary
layer, levels differ little from those of the operational grid-point model, the
extra leval baing used to give a less rapld variation in vertical resolution
close to the ground.
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Tahle 2

PRESSURE (mb)

original Operational Model

25
77
132
193
260 "
334
415
500
589
678
765
845
914
967

996

Fuli-level pressures (mb) for the original coperational
" model and possible alternatives for the new operational
-model. Values are for a surface pressure of 1000 mb.

New Operaticnal Model

25

75

128

185

250

324

406

496

589

681

769

B46

9209

955

982

996

The motivation behind the propossd changa is to give an unambiguous traatment
of the loweat model level. The form of the function (20) defining both full
and half-lavel sigma values is asuch that the lowest full-level iy defined to
have a valus of sigma approximately equal to

1- baygsa ,
where M‘S ia the difference in 0 between the ground tolS‘: = 1) and the next
lavael (d“,.l. In particular, this value is used to define the haight of the
lowast full leval in the boundary layer parameterization, Conversely, the
vertical finite-difference schems for tha adiabatic model effectively assumas
the lowest level to be at

g=1a=- 5015,2

There is thus an asbiguity in the treatment of the lowest wodel level, and
this can only be removed by adding an additional level if the resolution is
constrained to be essentially unaltered in the free atmosphers and to give
an unchanged haight of the lowest wodel level in the boundary-layer acheme.
The impact of this possible change on the large-scale forscast is unlikely
to be large, although it remains to be seen whether near-surface model fields
exhibit an improved bghaviour.

Tha vartical finite-difference scheme for the first operatiocnal model ham also
been described in detail in an earlier seminar (Burridg*.uwﬂ). and detalls
will not be repeated here. The rapressntation of the : tearm in (2) is
such that the change in potential energy assoclated with it balances the
change in kinetic snergy due to tha term v.(V§ + Ryl 9inp) that arises in

the kinetic energy equation darived from (1). In sddition, energy conservation
1s pressrved by thoalotaulntlon of the vertical advection terms: the

‘X

representation of ﬂ—n for any variable X is such that

) I %
) Ap. and &
R " R
ares not changed dus to finite~difference exrors in the treatment of this term.
Hare !k daniotes the valus of X at laval k, and Apk - pk“’ - pk_.‘.

The vertical fimite-difference scheme used in the new formulation (21) is a
straightforward axtansion of the sigma-coordinats achems, and has bean discussed
by Simmons and Burridga (1981) and Simmons and EtrOfing (1981). The only point
of differance lies in the choice of a representation of the V¢ + Rd ‘rv Tinp
term in {1) which ensures no spurious generation or dissipation of angular

modentum due to vertical truncation error., The {mpact of this change on sigms
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coordinate forecasts has been found to be extremely small, but idealized
calculations of pressure-gradient srror over sloping ground for a temperature
field dependent only on pressure have indicated that this error is reduced for
a hybrid coordinate by choosing the angular-momentum conserving scheme rather
than sinpler alternative finite-difference approximations {Simmons and
scriifing, 19813,

Simmons and Striifing (loc, cit.) have algo reported on forecast tests using

the new vertical scheme. OCwverall, new and old schemes gave a very similar

performance, although the differences that wers found generally favoured the

Rew gystem. The hew scheme was not tested in data assimilations, where a

further small benefit might be anticipated. /.

5. TIME HCHEMES

Burridge (1979) has alwo discussed the semi-implicit tiwe-stepping scheme
adtoped for the operational grid-point model, and only the barest outline
of the scheme, which derives from the work of Robert et al. (1972], will be
given here. If X is a model variable satisfying the equation

the time-scheme for adiabatic terms is formally written

X(t4at) = X(t-At) + 28t (X(t) + I,{iqmm + iqct-nu - 25(gu:)ll

(23)
with
Xt = xie) + alx(esde) + Rit-a¢} -~ 2x(t)} (24)
in Eq. [23-). xg represents that comp of X iated with linear gravity

wave motion about a rasting basic state with temperature 'I‘l_ {0}, and the
implicit treatment of X terms ensures that the time-step criterion is not
determined by the rapid (« 300 II—IJ phase speed of the model's fastest gravity
wave. Eq.(24) describes the time filter analyzed by Asselin (1972), which
acts to inhibit the growth of the spurious computaticnal mode associated with
the leap-frog scheme.

16

Operatiocnally, an isothermal reference temperaturs, with Tr = 300 X, {2 uged.

& choice governed by the computational stability properties of the semi-implicit
technique (Simmcns et al., 1978), The valua of the time-flltering parameter o

is 0.05. A timestep At of 15 minutes is generally used with the model, although
very strong winds in the polar-night jet of the Southern Hemisphere stratosphere
have necessitated a reduction to 12 minutes in September both in 198t and in 1982,
The extansion of the semi-implicit mathod to the hybrid vertical coordinate
discussed in the preceding section has been degcribed by Simmons and Burridge
{1981) and Simmons and Strifing (1981), who also discuss how additional care
must be taken in the choice of reference state for this coordinate. Also in the
context of the new operational model, an extension of the semi-implicit technique
will be introduced. Following results obtained by Robert (1981}, who showed

that in a semi-implicit shallow-water squation model the time-step limit was
determined by the explicit treatment of the vorticity equation, an implicit
treatment of the linearized zonal advection of vorticity and moisture will be
included. The time-step to be used remaine a matter for experimentation.

8. WORIZONTAL DIFFUSION AND THE PRESCRIPTION OF OROGRAPHY

Ideally, the horizontal diffusion that is Tapresented by the K terms on the
right-hand sides of Eqs. {1}-(3} would be regarded as rapresenting the influence
of unresolved scales of motion on the explicitly forecast scales and trested
with a physically based parameterization schame. In practice, since the smallest
scales in a model are inevitably subject to numerical misreprasentation, it is
Gomioon to choss empirically a computationally convenient form for horizontal
diffusion and adjust it to ensure that fields of intersst do not become
excessively nolwy. Such an approach has baen adopted at ECMWF, and some results
may be found in Technical Memcranda by Jarraud and Cubasch [1979) and Striifing
(1982),

The Adiffusion scheme used oparationally since March 1380 may be written in the
form

4
‘xﬂkD X#Cx 12%)

The operator D‘ is given for the grid-point model by

4.1 1 4 .
D"{*——‘ BA+63}

126)
a4 cos @
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where 1

6x X {(Xi{x + &n/2) - X(x - 8x/1))
and the diffusion coefficient k has the value 4.5 x 1015 n‘u‘l in the operational
forecasts, a value twice asg large being used in data assimilation cycles. Tha
operator 6; is computed on values at time-step t-At, while 6; is applied on the
valve for t+it uming Fourier analysis and synthesis. This implicit treatment:
enables the model to be integrated without any additjonal spatial filtering to
counteract the influence of the convergence of meridians on the time-atep
criterion.

The term t:x in (25) reprasents a correction connected with the forecasting of
Precipitation {in mountainous areas. After the introduction of a new steeper oro-
graphy in April 1981, the uncorrected sch: & was found to alad to highly unrealistic
pPrecipitation patterns and amounts near mountains. Since the diffusjon scheme
mixed temperatures on modal sigma surfaces, it tended to warm spuriously the
mountain tops, and this lsads to spurious convection and precipitation.

The ideal way of preventing this happening would be to apply the diffusion on the
guasi-horizontal surfaces of conatant pressure, but this would not he straight-
forward to implement, and would be computationally expensive. As a compromjse,
the foliowing correcticn operators on temperature and humidity were introduced
operationally:

T 4
Cp = 5g’ O top,

-4 3
cq q, o 9, o lnp.

where q' denotes the saturation specific humidity. This appears toc have largely
8olved the problem, although it is evident that forecast precipitation must be
treated with particular caution in mountainous areas.

Horizontal diffusion in the spectral model also is in the form (25), but with
D" now Tepresenting the 9% cgperator. Thus in the absence of a correction,
4
Kx ==k ¥V X
and

..k 2 2
Ly K n“ (n+1) x:
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It is also applied at time-step t+it. The diffusion cosfficient used for wost
past experimentation is smaller than that used in the grid-point model:

k= 7x 101" n% "1, mnis Lesssns the likishood of spurious precipitation near
mountains, and this problem may also be lessensd by use of the hybrid vertical
coordinate (Simmons and Striifing, 1981). tf necassary, a correction of the

type used in the grid-point model =ay be applied operationally, but details remain
to ba finalized.

A further remark about the prescription of the orography is also appropriate.

A study by wallace ot al, (1983) has indicated that a sighificant part of the
systematic error in the operational forecasts of the extratropical height field
may be due to inadequate orographic forcing of the large-scale flow, and has
shown use of a higher “envelops® orography to result in significant improvements
in the wedium-range forscasts for a sid-winter period. It thus appears likely
that another change in the preacription of orography will take place when further
ressarch has been completed. This should be noted when using model output
statistics for sountainous areas.
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PARAMETERISATION OF SUR=GRID SCALE mlﬂ.
-
J.PLouis

. TWIMODOCTION

The role of the parameterization in the forscast model Le to take into
acoount the physical foroings whioh make the squations not purely adisbatic.
Thie includes the exchangs of momentus, heat and moisture at the aarth's
surface, the horizontal and vertical «ddy fluxes of the same quantities, the

sffect of precipitation and radiative exchanges. ‘ -

I shall not expand on the horisontal 4iffusion. Although it should represent
the effect of the eub-grid scale horizontsl fiuxes that arise from tha
discretisation of the model, it is in fact used mainly us a uthc-;ti.cu.'l.
devics to control numerical noiss in the integration. In the operational
model it is done with a linear, fourth order scheme, which is implicic

in the sast-wast direction,

My purposs, in this paper, is not to give a detailed mathesatical description
of all parts of ths paramaterization schemes of the ECWNWF model. Such a
dascription can be found in the Forecast Model Documentation Manual and in
othexr published papers (Louis, 1979, Galayn and Wollingeworth,1979)., I shall
try, inatesd, to give the reader an idea of tha general priuciples on which
our methods are basad, with only encugh details to understand the forecast
products which ars darived fram the sub-grid scals paransterization, (na-l‘y
the near surface temperature and winds, the precipitation and the forecast

cloudiness) .
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2. BOUNDARY LAYER FLUXES

Under this heading I include the surface exchanges as well as the sddy fluxes
in the atmosphcrea. Even though theae fluxes are most important in the
boundary layer, they are computed throughout the model atmosphere since they
can provide a fair amount of dissipation and mining in region of large
vertical shear such as near the jet stream. Results from the surface fluxes
computations are also used to determinae the two-metre temperature 4and the

ten~metre wind which are among the experimental products of the Centrs.

The distributicn of levels Iin the

forecast model s such that we can evel v/m, height

— 0712

resolve some structure in the boundary

layer. As ®an be seen on figure 1, we

M ommemeco BIOK -—--m-meme nra
have four levels in the lowest 1500 m
of the atmosphere, and the lowest —— A0
level is at about 30 m. Nota that the
....... o cme—em - T4
heights shown on the figure are " e
approximate helghts above the ground, —_— oz
computed for a standard atmosphere,
L L) D0 —rmwao oo T
0.943
We use the winde and temperaturs of W emmmea POBY mmmmmaoon m

the lowest leval, as well as the

ground surface temperature, to computea
)

the fluxes at the surface, according Fig. 1 Vertical distribution of the

model lavels near the ground
to a drag law, It is well known,

however, that surface fluxes are not

only dependent on the wind ahear at the surface, as in the simpleat drag law,
but are a strong function of stability. we have used the Monin-Obukhov
similarity theory to determins the behaviour of the surface fluxes in terms

of the atability,
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This theory assuses that, near tha ground, the local vertlcal gradients of
potential tempsraturs and wind dspend only on the height, the surface fluxes
of heat and mowentum, and the expansion coefficlent of the air. Then, by
integrating these Elux-gradiant relationships between the roughnesa length

lﬂ and the lowest wodel level h, it can bs shown thst the surface tluxea are
related to the wind at the lowest model level 'h and the potentiasl
temperature diffetfence “h in the lowest laysr through universsl functions of

h/to and the Richardson nusber R, given by
2
Mo« ghBe /0|vh| 5}
Hence the sxpressiona for the surfaoe fluxes can be written
2
Ty UX /7 nth/z 3 1% . Pih/e ,m1) |'h| v,
{2)

To= Ux 7 tath/ag) 12 atnse e | v | e,

in a way which shows the logarithmic profiles in nevtral conditions (i.e, when

FuG=1}, The constant k is von Karman's constant.

| 4 Fig. T Varistion of the mormalized
drag cosfficient in terms
of the Richardson numbar,
o 1 L L 't L 1 for h/:ﬂ = 30,




The analytical form of the functions F and G is not uniquely defined. 1In the
course o!‘ two yewars of operational forecasts, we have In fact changed them
twice, on the basis of ohsarvat == i parformance of the model, The
variation of ¥ with the stabllity 4rametsr RL in the current operational
model Ls ‘shown on figure 2 for h/l°-50: This curve represents the ratio
batween the drag coefficient under varying stability to the cne for a neutral

atmosphere.

Above the surface layer we have extended the similarity argumenta by assuming
that, Lf the model layers are thin enocugh, the wind and tamparature gradlienta
should depend only on the fluxes through the layer, the expansion
cosfficient, and a mixing length which is a function of height only. The
diffusion coefficients are then related to the Hichardson number of the layer

through formulae very similar to (2),

It should be noted that the effect of mojisturs on stability must be taken
intc account since water vapour is lighter than dry air. This is done by
using tha virtual potential temperature in the definition of the Richardson

number.

The two-metre temperature and the ten-metre wind which are disseminated as
-xpfri.lentll products of the Centre's forecast should be consistent with the
computation of the fluxes described above. In principle (1) and (2) form a
system of equations which can be solved for ¥ and 0 at any hsight, given the
surface fluxes r“ and r". Rowaver the analytical form of these equations
tmake the solution of this system rather difficult. Hencas we do an
approximate computation where wa first calculates the aquivalent roughness

langth t ' which would produce the sawe surface fluxes assuming the

logarithmic profile, i.e. :n- is such that:

Lk /anth/e vy )2 = [k / Inth/z ) 12. Fih/z_,R1) (1

Bé

Then we use the logarithmic profiles (i.s. Equ.2 with F=G=1) with this
squivalent roughness length te computs ¥ at 2 and 10 m and ¢ at 2 m. A
sisilar interpolation of the humidity is used to compute the dew-point

temparature at 2 m,

It should be noted that, so far, the diurnsl variation of the solar radiation
has not been included in the operational model: we use, as solar input, the
average over 24 hours. This means that one should compare the neac-surface
varisbles produced by the model with the averaged observed values and not
instantanecus ones. In addition, the abeence of diurnal cycls 18 likely to

produce too small a depression of the dawvpoint temperature.

3. WNOINT FROCESSES
We dletinguish two kinds of clouds in the forscast model: stratifors and

convactive.

The treatment of stratiform clouds ig quite simple. It is assumed that,
whenever the total humidity of & grid point becomaeas greater than ite
saturation value, the excess molsture condenses and the corrssponding latent
heat is relessed. This sxcess soisturs, howaver, is not necessarily removed
44 rain immadistely. it only precipitates Lif either the top level of the

cloud is cold encugh (below =12 €} or the total liguid water content of

the column is large enough {greater than 2 mm). The first criterion takes
into account ths greater sfficiency of ice nuclei at low t..lp;uturn. The
sscond condition crudely simulates the fact that in a deep cloud the droplet
distribution has a wider spectrum than in a thin cloud and the coalescence of
droplets into rain drops is wore rapid. Tinally, as the rain falls, it can

re~svaporate in the drier layers below the cloud.
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The main weakness of thies scheme is the assusption that condensation can
oacur only when the grid point is antirely saturated, even though it is
fairly ;hvl.ou. that stratiforw clouds can exist which do not entirely f£ill a
volume nearly 200 ke on the side and up to 100 mb thick, In order to
overcome this difficulty one would nesd some additional information such asa
the mixing ratio of liquid water in the clouds and the variance of humidicy
in the volume. A drawback of the present achame is that we only have one
progaostic variable for moisturs in the model: the total amount of water.
Hence we cannot sdvect separately the water vapour and the liguid water and,
at gach time step, the liguid water is diagnomed as the amount which 1a
supe;utuutad. We have prafarred to choose 1001 ralative humidity as the
critical valye rathar than soms arbltrary lower value, In a future modal we
shall have a prognostic variable for the asount of liquid water and we may

also be able to relax this 100% relatfve humidity criterton.

Our comvective precipltation echeme follows closely the method proposed by
Kuo (1965,1974}. A convective cloud exists when thare i{s a nat tonvergcnue
of moisture into a conditionally unstable layer. The amount of cloud alry s
computad as the ratio of the latant heat contained tn the convergling waler
vapor to the excess moist static energy of the cloud, Part of the moiatura
contained in the cloud is then mixed with the environment, while the rest
ralne out, releasing its latent heat. This fraction is determined by the
relative humidity of the environment. Again, some of the rain can

re-svaporate balow the cloud.

One should be aware that the divislon betwesn stratiform and convective
precipitation is somewhat arbitrary and model~depandent. As an illustration
of this statement we show in figure 3 two forecasts done with the limited
area version of the Centre’s model. One was done with the operational model.
In the other forecast the Kuo convection scheme was replaced by a mathod

proposed by Arakawa and Schubart (1974). It can be seen that, although the

ARAKAWA - SCHUBERT

WHOALYHLS

INILIIANOD

Fig. 3 Comparison of two 24-hour precipitation forscasts



total precipitation is nearly the sase in the two forscasts, the partition
betwean stratiform snd convective pracipitation is very diffarent in the
polar region. Ancther thing which might ba worth mentioning is that, at the
moment, no distinction is made between snow and rain within the cloud. 1t is
only when the precipitation resches the ground that it Ls assumsd to be snow
if the surface temperaturs is below 0 C, or rain otherwise. This means that

thers is & slight energetic inconmistency be

tha tresat of the clouds
and that of the surface processes whars we do take into account the haat
necessary to melt the snow, This inconsistency will be removed in ths

future.

4. JMADIATION

One can look at the role of radiation in the atmosphers from two Aiffsrent
polnts of view. Globally, radiation provides ths primary source of energy
tor l-.h; atmoaphare and maintains the thermal gradient betwsen the squator and
the poles. Locally, radiation has a largs affect on the weathar by driving
the boundary layer processes and affecting the devalopment of clouds. The
importance of tha cloud-radiation interactions is obvious for the local

weather, but it is no less important for the global heat balance.

short waves ong waves

Fig. 4 Qualitative demcription of the radiative
fluxes iu the earth/atmosphers systems
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The diagram of figure 4 fllustrates this statemsnt. It describes, in a very
schematic way, vhat hsppens to the radlative fluxes in the stmosphers. The
left side of the figure represents the short vave fluxes, while ths right
slde shows the long wave flmxms. I have not put any nusbers on the figure
becauss some of the components are still rather uncertaln, but tha thicknasa
of the arrows is approximately proportional to the magnitude of the fluxes.
The short wave diagram is fairly straightforward, showing that, slthough
littls of the sun light is absorbed by the clouds, about one third of the
incldent solar radiation is reflacted by thea, The long wvave fluxes are a
bit wore difficult to represent in such a dlagram becauss & lot of absorption
aM re~shission takes place within the atmosphers, but since ths clouds are
nearly black bodies in the infra-red, they are clearly important in tha

tramafer of long wave radiation.

In view of the iwportance of clovd-radiation intsractions in both long and
short term processss, we have placed a high smphasis on the treatment of the
tlouds in the radiation schema. Hence the grey processes are computed first:
absorption and scattering by clouds and aerosols, and Rayleigh scattering by
the air molecules. In this calculation clouds are allowed to occur in any
layer of ths model and multipls scattering is taken into account. Then the
absorption and emission by the gases (coz. H 0, and 0,) ncdl.fiu the fluxes

resulting from the first part of the computation.

The sain problem for the parsssterization is to determine the cloudiness of
sach layer of the model. We énnnot, unfortunately, use the information from
the parameterisation of the moist processes since, with the 1008 relativs
husidity criterion for condenssticn, we would never have partisl cloudiness.
Almo in its presant implemsntation the Kuo convection scheme does not give us

any information on the lateral extent of the cumulus clouds.
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We have than used statistice of Pham and Roussesu ( 1976) on the relationship
betwesn relative humidity and the fraquency of molet adiasbatic lapse rate to
evaluate a regression curve betwsen cloudiness and relative humidity.

This curve is shown on figure 5 for

the 600 mb level., The critical T T
telative humidity below which no ce
clouds ars assumed to exist is a
inverss function of height. In each
layer of the model a fraction of the
ares corresponding to the curve in
figure 3 is assumed to be entirely

filled with clouds, and the radiative

fluxes ars computed separataly in the

cloudy and clear parts. When clouds [+] L

. C 5 1.
axist in two adjacent layers, maximum

RH

Fig. 5§ Assumed releticaship betwesa
cloud cover and relative
assumed, humidity at p/y' = 0.8,

overlap of the cloudy parta is

It is evident that such a parswmeterization is vary crude, and likely to be
poor in the regions which have either tall cumull penstrating into 4ry
layers, or thin clouds which would not entirely £i11l a whole layer of the
wodel. The latter problem is particularly bad in the case of thin stratue
Clouds developing st the top of the boundary layer. Radiation is important

in the development of thess clouds, with strong cooling at the top and warming

within the cloud which destabilises the cloud laysr. 1In the modsl, however, with

& telatively coarse vertical resclution and our assumption that the clouvd
occuples the whole modal layer, the effect of radiation tonds to destabilise
ths ihol_n boundary layer and produce a wrong feed~back involving vertical
diffusion and condensation. In order to avoid an exaggerated precipitation
in this situation we have besn forced to suppress the clouds at the top of an

ungtable boundary layer, as far as the radiation schema is concernad.
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Once wa introduce s prognostic variable for the liguid watar content we hope
to be able to connect in & more consistent fashion the cloudiness in the
radiation scheme and the liquid water determined by the molist processes. At
any rate this cloudiness parametsr is a quantity which can be directly
compsred to observations. This is why we routinely produce psevdo-astsllite
pictures which are simply this radlation cloudiness, integrated over all the
levals, and plotted as verious shades of gqray. An exawple 1s given in

figure 6, compared with the actual satallite photograph.

5. GROUND PROCESSES

The model has prognostic equations for the surface temparaturs and molisture.
At the time of writing, the method of cowputing these variables iz about

to be modified, and I shall describe the new scheme. 1t is designed so that
¥e can switch on the diurnal cycle which, as already mentionsd, im now
sappressed. The schems is a strailghtforward simulation of the diffusion
equation in the ground, using a finite 4ifference scheme vith thres layers,
The top laysr le thin snough to react to the daily cycle. Tha second hylu'
responds to changes with time scales of sbout a month. PFinally, a climate
value is imposed in the bottom laysr. The boundary condition at the top is
the net flux st the surface: rediative, sensible and latent heat fluxes for

the temperature) precipitation and svaporation for the molsturs.

Nearly a year sgo, a bulk parsmeterization schems was introduced,

following the ideas of Deardorff (1978), Various problems with our
implemantation of this scheme have delayed a subsequant introduction of the
4lurnal cycle. We hope that thess difficulties will be avolded with this new

scheme #o that we can turn on the &lurnal cycle soon.

Another slesent of the parameterization which is important for the radiation

is the treatmant of the snow, since there is a strong feesd-back batwssn the
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ECMWF 24 hr forecast
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e

Fig. 6 An example of & 24-hour cloudiness forecast, with
the corresponding satellte photograph

for 19-7- 8t

N
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albedo and the ground temperature in the presence of snow. SBnow is au;-d
to have an albedo of 0.8. However, In order Lo avoid shocks which might
produce noise in tha forecast, we assumed that ths albedo changess smoothly
batween the valus of the bare ground and that of the snow, dapanding of the
Snow cover which is taken as a monotonic function of snow depth. The albedo

valus of 0.8 is reached when the snow depth is about 1 m.

Thezrs are a number of weaknesses in the trestmant of the snow in the
operational msodal. I have already mantioned that precipitation %- aAssumed to
be snow only when the ground tempsraturs 1s below freszing. Another problem,
which is dus to the fact the we do not carry information about vegetation in
the model, 18 that we do not take into consideration the fact that forest can
have a relatively low albedo, even with €eep snow, if it is windy. The
changs of albedo with the sge of the snow is not considered sither. Pinally,

and probably most important, is the fact that we 4o not change the heat

pacity and ductivity of the ground whan snow ig present. This reaults
in frequent oversstimation of the snow covered ground tempsrature and too
Tapid malting of the snow. We hopa to correct this latter problem scme time

in the near futurs.

6. CowCLDBION

1 hope that this quick overview of the paramsterization schemses of cur
forecast model has given the reader an 14ea of the mathods ve use. It is
avident that all the schemes ars fairly simple, even though they nonstheleas
repreasnt the current state of the art in large acals wmodel paramaterization.
Ona reason for thias simplicity is the need for fast computation. 7In the
present cperational model the parameterization takes up about 30% of the
whole computing time. We would not want this figurs to increase too much
with mors sophisticated methods. Already we are forced to parfors the
radistion calculation only twice per forscast day because it would be

prohibitively sxpensive to 4o it more often in ite present fomm.
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In add.ition' to the nesd for fast computation, we also prefar to keep our
schemas simple, (with few arbitrary parameters} in order to undarstand their
behaviour mors easily) but at the sama time we try to include in the schemes
all the significant interactions between the various processes, in order to
sinulate as woll as possible the effect of all the feed-back loope. In
tuture development, we shall try first to remove soms of the inconsistencies
which still exist, such as tha differsnt definition of cloudiness in the
condansation and radiation, problems with the snow, and the absence of diurnal

cycle.
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