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ADIABATIC FORMULATIONS oF THE ECMWP FORECASTING SYSTEM

A. J. fiancne
ECuwYF

1, INTRODUCTION

point in time to discuss not one formulation, but two.
Cperational forecasting has
accurate finite-differance

Eince Augqust 1979,
been carried out at ECMWF using a second-order
Eodal with teagular lltitlﬂe-ltmqltud. grid and
Tesolution of 1.8750. & sigma-coordinate and 15-lavel cesolution in the vertical,

and a Semi~implicit time schems which allows a time step of 15 minutes in most

Cases. During q-u first operational period,
work has been directed towards
adiabatic formulationa,
Teplace the current
the horizontal,

one aspect of the Centre's research
the development and testing of alternative

and this has led to a new formulation which will shortly
scheme. The new model 1s based on » spectral technique for

4 more general urnm—touwinq vartical ceordinate than the
Usual Slgma~coordinats, and a seni-implicit time
ROt only linesrized gravity-wave
of vorticity and mojisture,
account is

scheme that treats implicitly
but aiso the linearized zonal advection
In outlining the two different formulations, an

thus given both of the model uged to Produce the results discussed (n
other contribotions to these procesdings, and of the model which will be oper- [
ationsl, or very closs to bacoming Operational, by the time thase proceedings are
published. Mention will be made of differences which may influence the
statistical intarpratation of the sodel outputs,

terms,

The following section Sets out the primitive equations for a moist atmosphere ag
adopted in both formulations, using a genaral vartical coordinate.
then discusses

Section 3
the grid-
comparisons batween these
Aspects of the vertical and temporal discret-
4 and 5, Finally, the incorporatjon of
treatment of orography are described in Section 6.

the horjizonta) discretization, with 4 summary both of
poist and spectyal techniquas and of the results of the
techniques carried out at ECMwr,

izations are discussed in Bections
horizontal diffusion and the

. ™ PRIMITIVE ZQUATIONE
We consider a genaral, t-rnin-follwing vertical coordinate, a manotonic
tunction of Pressure p and dapsndent on its surface values plz

n=n (p.p.) ' v

whers n (o,p.) = 0 and n (p.,p.) =1, The usual sigma coordinate
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(Phillips, 1957) adopted for the adiabatic formulation of ECMWF's original
operational model iy a special case of this coordinate, with

NEoep/p.
Xasahara (1974) has given the form of the primaitive equations for A ary atwonphers
using varicus coordinate systems. The n-coordinate form for a mofet atmosphare
is set down {n this section. Prognostic variables are the horirontal wind
components u and v, the temperaturs T, the specific humidity q and tha surface
Pressure Py- They are governed by the following equaticns.

Bomantum_eguation

g—:+15x3+v¢‘nd-rvvtnp-gvn_:v i

ar KTVW
3T T ———— a ’ + K .
dt  (1+(8-Tiq)p T T (22

dt q q ’ {3}

3.3 oD 3.2
In (5D 4V :g;ﬁ)+ﬁm5§)-o "

Sydrestatic_equaticn

an P an (5)

Here & is time, and &1!: denotes the paterial derivative, which in N coordinatas
takes the form

in.

- -
-

3 . ?
Tty 9+n5; .

¥ is the horizontal velocity vector, v = (u,v,0), and ¥ is the two-dimensional
gradient operator on a surface of constant n, f is the coriolis parameter, _'5
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the unit vertical vector, § the geopotantial, lld the gas conatant for dry atr,
and x & ldlcpd' vhers C . is the specific heat of dry air at constant pressure.
P. and K' denots the rates of change of variable x rasulting respectively from
Parameterized processes (the subject of a separate contribution to these pro-
ceedings) and from horizontal Aiffusion, :

A squation for tha surface preseure, Py is cbtained by integrating Eq. (4} from
n=90t n=1, ullngmobomduyeonmumn-on.n-o:ndn-h

al:'l ! [
ﬁ_.-.{" tg;ﬁ;an {6}

while h and « are given by

. n
n#--%{--{v‘(g:nm o
and
n
Y Py
where ;{u known in terms of 53" from the definition of n.

Maisturs effects 4ppsar in the somentum, thermodynamic and hydrostatic equations
thwough tha virtual temparature, Tv' which is given by

T, = i1+ (-::"- TR

vhere nv i the gas constant of Water vapour. An additional term (1+{8-1)q),
whare § is the ratio of the wpecific heats at constant Pressure of water vapour
anc dry air, is written in the thermodynamic squation. Thiz term was neglected
in the adimbatic formulation of the grid-point modal, but as it is of the same
order as the ratio of temperatures and virtual temperaturs, it is included in the
new model. Purther detail will be given in the documentation manual of this
model ,

Equations () to (B) Ray readily be cast into their more familiar form for sigma

coordinates by replacing 3p/in by Pge and gf by 05-? * The pressure-gradient

ters Ry T, Vinp becones squal to Ild Tv nnp' at all levels. In general, the

term has the latter value at the surface, and decreases to rero in the case in f
which coerdinntc surfaces beacome surfaces of Constant preassure at upper levels.
In this case n {s indepandent of Py for all pressures less than a certain value,
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3, THE HORLZONTAL DIBCRETIZATIONE
3.1 The g9rid-point model

A discussion of the adisbatic formulation of the finite-difference meda) has
been given in & series of lectures by Burridge in tha 1979 ECHY Sem-nar and
details will not be repaated hera. The model uses 8 sacond-order accurate
difference schems based on the staggered grid of variables shown in Flg. 1, the
grid known as the C-grid (Arakawa and Lamb, t1977). Choice of thig grid was
Sade mainly because of its low computational noise and tha sase of iaplemantasion
of & semi-implicit time scheme. Opsrationally, a grid interval of 1.875° 15
latitude and longitude i Used, and this resolution 1y Teferred to as N4B, thare
being 48 gria intervals betwaen equator and pola, Following the work of
Arakawa {1966) ang Sadourny (197S) the finite-difference schema was dasigned to
Conssrve, among other quantities, the potential enstrophy during vorticity
advaction by the horizontal flow. Further detsil has been given by Bmrridge
and Haseler (1977) and Burridge (1979),

3.2 The spectral mode

A more detatled description of the spactral model will be given, although it
largely follows the adiabatic formulation described by Baede ot al, (1879) in
an ECMWF Technical Report. The basic prognostic variables of the model are
€D, 7 qand thp s where ¢ and D are the vorticity snd divergence computed or
surfaces of constant LH

-l v 3
£ acond {ax - ) fucond} )

1 Ju H
Ly g 35 (vooss) }
where a is the radius of the sarth, A 1is longitude and g g latitude. Variables
Are rspresanted in the horiozntal by truncated series of spherical harmonics;
]

‘(il’“ln't,-z

T tn, t) PN (uelmt )
l"'-ﬂn-lllf 'n [} n e

whers X {g any variable and y iy ain 8. The P:tul ars the Associated Lagendre
Functions, defined hare by

a3 .nem

" o oy owiT whiia 2_,.n

) {2n+1) o) T ‘;'l'.;-l—;.—(lnl v FrmPQ,
and

- n
LN T Py W
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and the normalizstion is such that

1 @ w
lf"(u)r”t)du-‘s ) “un ‘
I ll'l ] u nr ns i

The l: ara the complex-valuad spactral coefficients of the field X. Since X i
rsal, .

x; .. (fn|.

whare ( }* denotes the complex conjugate. The model thus deals explicitly nly
with the X for » > 0,

The Fourier coefficients of X, X tu,n,th, are defined by O ‘L.'
Nim) '
Tl th e T e o g ‘42
LS|
with
X f imk 0
PBT, E) . Xy, o, the 11 !
vy ® ’ 11} G hrd

Derivatives are given analytically by

[
- - na
%
and @ L&
Niw) n
(.31) - § = ol IISI‘
W n-Ll "o
whers the derivative of the Lagendrs Punction is given by tha recurrence
relation;
Uad) 22 ein ™ L e (15)
-1} n+l “nel n n n-1
with
e B -n? 0 i:’
—
4n2-l
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As In the first ECMWPF spectral model (Baeds et al., 1979} the model i Programmed
to allow for a flaxible pentagonal truncation, depicted in Fig, 2. Thia trun-
cation is completely defined by the three parameters J:, K and M illustrated in
the Figues. The common truncations are special cages of the pentagonal cne:

Triangular N=sJg=gk
Rhomboidal K~d+m

Trapszoidal K=J, K>N

The spectral calculation utilizes the transforn technique pioneered by Eliasen
et al. (1970) and Orszag [1970). It follows that of the early multi-lavel
Spectral models describad by Bourke {1974) and Hoskins and Eizmong (1974), amd
the ECMW spectral model Feported by Baede et al. {1979), although it differs
in its use of an advective rather than & fiux form for the temperaturs and
moisture squations. The objective of the calculation is to compute apectral
tendencies (:—::l: for each prognoatic variable, from which new values say be
comrited using the time differencing discussed in Section 5. The orthogonality
of the epherical harmonics is such that these spectral tendencies are related
to grid-point tendencies by

= imd

0 a4y (17
n

X 10 2% ey g -
o -;L! t3g PR ) e

An outline of the model's computation of spectral tendencies can now be given,
First, a grid of points covering the sphere is dafined, Using the basic defin-
ition of the spectral expansions (9) and the linear tquations relating wind
Components with vorticity and divergence, values of £, D, u,v,T,q and lnp. are
calculated at the 9rid points, as also are the required derivatives

%r. _:_I_‘r' -:?- g. 1;?- and 3%'23 uning {12} - (15}, The resulting grid-point

values ars sufficient to calculate the required grid-point contributions to
adisbatic tendencies, and also the parametarized tendancies since prognostic
surface fialds associated with the parameterization are defined and updated
on the same grid. The inteqrands of the prognostic squations of form (17] are
thus known at each grid-point, and approximate spectral tendencies are calculated
by numerical quadrature. Intagration by parts is used to avoid computation of
scoe derivatives:

ap”
[ Bdeefagra

ap "
whera e is known from {16).
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give an exact (given the spactral truncation of the fields, and within round-off
srror) contribution to Spactral tendencies from quadratic non-linear torms. The
integrals with Tespect to A involve the product of three trigonometric functions,
and as shown hy Machanhauer and Rasmussen (1972) they may be evaluated axactly
using a reqularly-spaced 97id of at least Iu+] points. For the latitudinal
integrale, Eliawen et al. (1970) showsd that quadratic non-linear termg laad to
integrands which 4re polynomials {n y of & certain order. They asy thus be
omputad axactly using Gaussian quadrature with points located at the {approx-
inately *qually-spaced) laticudes which satiafy P:(nl =0, for a sufficlently
large integer "G' Thess latitudes form what are referred to as the “"Gauseian
latitudes™. ryor triangular truncation, the ainisum value of N, 18 {m+1)/2,

It is likely that trianqular truncatien with M = 63 will be adopted for cthe
tirst operational version of the apactral model. The agsociated grid of 192
longitude points and 96 latitude points 19 & very close equivalent of the reqular
N48 grid used by the operational grid-point mcdel, Detail tn addition to that

given hare will be found in the documentation manual for the new forecast model.

1,3 The quasi-operational comparigon of grid-point apd spectral
tachoiguss

Tha primary factor influancing the decision to changa operationally to the
Spectral technique was the better performance of the tachnique in an extended
axperinent comparing forecasts performed once Par vesk for a complete year
{Girard and Jarraud, 1902), 1n thig expariment, the opsrational grid-point

model forscasts were compared with spectral torecasts using trianqular truncation
4t total wavenumber §3 (T63). The two models used identical Parameterization
schemes, and Tequired a similar amount of coMputing rescurces. Although the
sodels often gave a very similar forecast, some clear differences in overall
Performance were found. An indication of thig is given by r1q. 3, while Pig. 4

Presanis one example (out of by no means few) of a Barkedly better local forecast
by the spectral model.

A question central to the thems of this particular seminar is to what extent
will the change to the spactral modewl influsnce statistical forscasts of local
weather made using the mos tachnique with statistics derived from earlier grid-
point forscasts, Insofar as tha two models give generally similar large-scals
forecasts, with substantial differences found mainly in the medium Tange in
Places and cases where the grid-point modal is subject to a significant error in
its pradiction of the synoptic acale, the use of Spectral forecasts in conjunc-
tion with statistice produced using the grid-point model output should not cause
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Percentage of cases

70 |-
80
SPECTRAL {T63] better than GRIDPOINT {N48)
50
40}
30+
20
104+
o L ) Y Sl L }
23 26 28 212 215 218 22 224
Difference in predictability {hours)
Mg, 3 The difference in predictabllity (measured by the length of the

forecast period for which the ancmaly correlation of the 1000 mb
height over the axtratropical Northera Hemlsphere remaine abave
60%) between spectral (T83) and grid-point (N48) models. Results
ATe oxpressed in terms of the parcentage of cases for which one or
other model gave better results.
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The analyxed 500 mb height for 10 Apri
forecasts for this date by the TE3 spe
the N48 grid-point model {lower right)
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1, 1981 (upper) and S-day

etral model (lower left) and




particular problems, with the statistical forecasta benefiting from ts improved
model prediction of tha large-scale flow, Two pointe should, however . be borne

The second point concerns the use of model surface and near-surface parameters.
in mind.

1t the paramster in quastion {s particularly sensitive to the nature of the
model surface (whather it be land or asa, its heaight, stc.}, then caution s
8gain called for, since the different location of gtid-pointas in the new wode]l
may give rise to differences in surface and near surface parameters interpolated
from neighbouring grid-points in the vicinity of coastlines and Eteep orography.

The first concerns soms systematic differences in phase spesd found betwesn the
two models, B5tatistics pressnted in Table 1 from the quasi-operational comparison
show phase speads to be genarally better represented by the spectral model, at
least in the short range (for which an unasbiquous fdentification of analyzed
{ and forscast lows was possible}. In view of such differences, uss of modal
’ Predictors at times shifted from the forecast time of interest {n order to
compensats for systesatic phase errors in synoptic-scals systess should svidently
be treated with caution. G o 4. TER VERTICAL DISCRETIZATION
The vartical variation of the depandent varisbles is represented by dividing
the atmcephere into a numbar (NLEV) of layers ms illustrated in Plg. 5. 1In
ganaral thess layers sre defined by the presaura of the intsrfaces batween
them (the "half-levels”). Prognostic variables are dafined at intermediate

T R

Table 1 Errors in the displacessnt {in degrass longituda) levels (the “full-lavels”). The Precise locstion of these full levels is not
of surface lows between day | and day 2 of the - raquired by the adiabatic formulation (apart from the topmost level) since it
forscusts for spactral (T63) and grid-point (M48) @ .
model forecasts. - generally uses only half-level pressures. Pull-level pressures nesd to be

specifisd, however, for the initial analysis of data and for use in the
paramstarization schemses.

< of des L R

Error (Degrees)

ﬂ Displacement {p) Cases 163 N4

Fa In the opsrational grid-point modsl a sigma coordinats is used, with halt
—— _—

#* levela

ﬂ e s° 64

L& + .6 +1.0 . -

3 o o @ v/

Ly 5 <D< 10 39 + .3 + .2

;é‘ 10° <o & -1.8 2.6

5 152 < p 4 -1.8 -3,1
2% <p 16 -2.9 -4.8 Py T Ok Py o k= 0,012, .0, e

and full levels

- (19}
Py %% Fs

) "
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15 lavels ave used, and the Sigms values are given for both half and fui; lavels

O "
@ : =758 +1.758) - 4,55 ‘
SR R TR R LY N (20

whare sk =~ (k=4} /15, Full-level pressures are glven in the luft-hand column
of Table 2,

In the new modsl, a more general specification of half-level prassures is
adopted:

p=0.9=0

P = Ayt p, ' t21)

with full-level values given by

/ °© ¥

; b Ink_,’ * o) 2}
Neceasary valles are
My By Ayt 0, Purzvey = !
@ ‘t;,‘] - The sigma-coordinate form ie reproduced by setting all the "h'; to zero, while

R8I0 upper-level values of 'k"|l imply that the vertical coordinate {a loeatly
& pressure coordinate. Advantages of 4 hybrid coordinate which transforms

..I......‘

smoothly from s sigma coordinate at low levels to a pressure coordinate at
dppar levals have been discussed by Eimmons and Burridge (1981), and Sicwmonn
and striifing (1981),

‘w) Pinal details of the operational implemsntation of the new cordinate remain to
@ ba finalized, but o radical change in the number or location of levels is

unlikely. 1In particular, the stratospheric resolution over the sea will ba
essantially unchanged in the firat instance, although the topmost one or two
levels will be constant-pressure levels if final teating proves satisfactory.
Once the system i establ iphed Operationally, tasting of altarnative resolutions
colncident with the resclution of the stratospheric pressure-lavel analysis, a
possibility which {g a potantial advantage of the new formulation, will take
place.

e e e VD Ta

Levs!
%
%

1
1
Fig. 5 Vertical distributios of variables.

NLEV—1 ===~
NLEV+3%

A minor change i{n resolution may occur, however, and a poseible distribution of
- 16 full-level pressures is given in Table 2. Above the planetary boundary
Q 'UC} : layer, levels difrer little from those of the operational grid-point model, the
extra leval being used to give a less rapid variation in vertical resolution
close to tha growsd.
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Table 2

LEVEL

~ o

10

13
4
15

16

Full-lavel pressures (mh) for the
model and possible alternatives

nodel.

original oparational
for the nev operational

Valuas are for a surface pressure of 1000 mb.

PRESSURE (mb)

Original Operational mModel

25
77
taz2
193
260
A

415

589
678
765
a45
914
967

996

74

Now Operational Model

25

75
128
185
250
324
106
496
589

169

846

955
982

925

¢

The motivation behind the Proposed change is to give an unambiguous trestment
of the lowest model leval. The form of the function (209 defining both full
and half-level sigma values is such that the lowest full-level iy defined to
have a value of sigma Approximately squal to

1 - MISI‘

whers “’as is the difference in ¢ batwaen the ground ‘“lsk ® 1) and the next
lavel lIl"H). In particular, this value is used to dafine the height of the
lowest full level in the boundary layer paramsterization. Conversely, the
vertical finite-difference scheme for the adiabatic model effactively assumes
the lowest level to be at

o= ] - Aulslg

Thare ia thus an ambiguity in the treatment of the lowest model level, and
this can only be remcved by adding an additional level if the resolution s
constrained to by essentially unaltersd in the fres atmosphere and to give
an unchanged height of the lowest aodel level in the b dary-laysr sch
The ispact of this Possible changs on the large-scale forecast is unlikely
to be large, although ft remains to be sesn whether near-surface model fields
exhibit an improved bshaviour.

Tha vertical finite-difference scheme for the firat oparational mndel has also
been described {n detail in an earlier sewminar ilurridg;-uﬂﬂl- and detafly
will not be repeated hars. The Tepresentation of the —;— term In (2) is
such that tha change in potantial energy associated with it balances the
change in kinetic energy dus to the term v. (V¢ + RyT, Vinp) that arises in

the kinetic Shergy squation derived from {1}, In addition, energy conservation
is preservad by the formulation of the vertical advection terms: the

repressntation of ﬂ:—' for any varisble X ig such that

n

LKV LRy
' kZ: " 4Py sna le % 49

are not changed dus to finite-A1fferance arrors in the treatsent of this term.
Bere l“ denotes the valus of % at lsvel k, and Apk - ph“ - pl:-';'

The vertical finite-21ffersnce schems used in the new formulation (21) 1s a
straightforward extension of the sigma-coordinate schens, and has besen discussed
by Sismons and Burridge (1961} and Simmons and Strlfing (1981), The only point
of difference lies in the cheice of & representatjon of the V¢ + Ry -rv Yenp
term in (1} which snsures no spurious generation or dissipation of angular
somentum due to vertical truncation error. fThe lmpact of this change on sigma

s



coordinate foracasts has been found to be extremely small, but fdealized
calculations of pressurs-gradient srror over eloping ground for a temperature
field dependent anly on pressurs have indicated that this error ls reduced for
a hybrid coordinate by choosing the angular-mowentum conserving scheme rather
than simpler alternative finite-difference dpproximationa {Simmons and
5trifing, 1981),

Simmons and Btrlifing (loc. cit,} have also reported on forecast tests using
the new vertical Scheme. Overall, new and old schenes gave a very similar
performance, although the differences that were found generally favoured the
new system. The new scheme was not tested in data agpimilations, where &
further small benefit might be anticipated.

5. T scuemgs

Burridge (1979} has also discussed the semi~-implicit time-stepping scheme
adtoped for the operaticnal grid-point model, and only the barest outline
of the achems, which derives from the work of Robert et al. (19721, will be
given hare. If X 1 a model variable satisfying the equation

n
at

.
- X

the time-schems for adiabatic terms is formally written

KIEHE) = X(t-At) + 28¢ (X(t) + b [ % (eent) + & tt-ae) - 2x (03]}
g Hd, '] g 23
, o
/
with /
J
Vi
f &
124)

K(t) = xit) + alx(esdt) + Rle-4t) - 2xie)}
. ]

In Eq.(23), xg Tepresents that component of X associated with linear gravity
wave motion about a resting basic state with temperature ‘l'r o], and the
lmplicit treatment of xq terms .ﬂ:lll-t'el that the time-step criterion is not
determined by the rapid (= 300 ms ) phage speed of the model's fastest gravity
wave. EBq.{24) describes the time filter analyzed by Asselin (1972}, which
acts to inhibit the growth of the spurious computational mode associated with
the leap-frog scheme.

N (b o [ N (4]

/!

"

Opsrationally, an isothermal reference temperature, with Tr = 300 K, is used,

# cholce govarned by the computational stability properties of the semi-implicit
technique (Simmons et al., 1978). The value of the time-filtering parameter o

is 0.05. a timestep At of 15 minutes iy generally used with the nmodal, although
vVery strong winds in the polar-night jat of the Southern Hemiaphere stratosphers
have necessitated a reduction to 12 minutes in September both in 1981 and in 1982,

The sxtansion of the vemi-implicit method to the hybrid vertical coordinate
diacussed in the preceding section has baen described by Bimmons and Burridge
(1981} and Simmons and 5trOfing {1961}, who also discuss how additional care
Bust be taken in the choice of reference stats for this coordinate. Also in the
context of the new Operational modal, an extension of the ssmi-implicit technique
will be introduced. Following results obtainea by Robert ({1981), who showed
that {n a vemi-implicit shallow-water equation model the time-step limit was
datermined by the axplicit treatmant of the vorticity squation. an implicit
ireatment of the linearized onal advection of Vorticity and moisture will be
included. Thae tine-step to be used remains a wmattar for exparimentation,

8. BORTZONTAL DIFFUSION AND THR PRESCRIPTION ap OROGRAPHY

ldeally, the horizontal diffusion that fe represented by the ‘x tarms on the
right-hand sides of Eqe. (1}-(3) would be regardad as representing the influence
of unresolved scales of motion on the explicitly forecast scales and treated
with a physically based parameterization scheme. In practice, since the smallest
scales in a mods] are inevitably subject to numerical aisrepresentation, it {s
common to chose empirically a computaticnally convenient form for horirontal
diffusion and adjust it to ensure that fields of intereat do not become
excessively nolsy. Buch an approach has been adopted at ECMWF, and some results
may be found in Technical Memoranda by Jarraud and Cubasch (1979) and Btxlifing
(3982).

The diffusion scheme used opsrationally since March 1980 Bay be written in the
form

K =k D‘ X+

X Cy (25)

Tha operator n‘ is given for the grid-point model by

4

t 1,4, .4
[ -_"—{__Ta 8, + &) (26)

a con

”



where 1
dx A= ™ (X(x + ax/2) « x(x - ax/2) }

and the A1ffusion cosfficient X has the value 4.5 x 1015 n‘n-l in the operatiocnal
forecasts, a value twice as large being used in data assimilation cycles. The
opearator 6; is computed on values at tine-step t~At, whils 6: 18 applied on the
vaiue for t+at ueing Fourjer analysis and synthesiu. This fmplicit Lreatment
enables the model to be integrated without any additional apatial filzering to
counteract the influsnce of the convergence of meridisns on the time-atao
criterion.

Tha tarm €, in (25} represents a correction connectsd with the forecasting of
Pracipitation in sountainous areas. Aftar the introduction of a new steeper oro-

9vaphy in April 1981, the uncorrectad schame was found to olad to highly uncealimtic

Precipitation patterns and amounts near mountaine. Since the Aiffusicn scheme
Bived temperatures oh model sigua surfaces, it tended to WaIR spuricusly the
mountain tops, and this leads to spurious convection and precipitation.

The ideal way of Prevanting this happening would be to apply the diffusion on the
quasi-horizontal surfaces of constant Pressure, but this would not be straight-
forward to implesent, and would be computationally expensive. As a compromise,
the following corraction operators on tamperaturs and hunidity were introduced
operationally:

T ]
" G’ O o,
L B 4
‘@"a, e U ° L,

whare q, denotes the saturation Specific humidity, This appears to have largaly
solved the probles, although it is evident that forecast Precipitation must be
treated with particular caution in mountainous arsas.

Borirontal diffusion gip the spectral model also 1g in the form (25), but with
D* now Teprasenting the VY operator. Thus in the abssnce of a correction,

K o=-kvlyx

- k 2 2 .m
“x’n'_:'d'“ (n+1) x

8

S

Q
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It is also applied at time-stup t4+at. The diffusion coefficjent used for most
past experimentation {s smaller than that used in the grid-point model;

k= 7x 10l ntg "1 g,y lessena the liklihood of spurious precipitstion near
Sountains, and this problem Bay also be lessened by use of the hybrid vertical
coordinate (Eimmcns and Strfifing, 1981), 1f NecessAry, & correction of the

t¥pe used in the 9rid-point model say be applied oparaticnally, but dstails remain
to ba finalized.

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

A study by Wallace et al. (1983) nap indicated that a slgnificant part of the
systematic ercor 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 “envalope® orography to result in significant improvements
in the madium-rangs forecasts for a mid-winter period. It thus appears likely
that another change in the prescription of orography will take place when further
Tesaarch has besn completed. This should be noted vhen using model output
Statistics for sountaincus areas.
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FARMETERIXATION OF SUB-GRID SCALE PROCRESES.

7.7 Losls
ECuwr

1. DPROOUCYION

The rola of the paramaterization in the forecast sodel is to take into
dccaunt the physical foroings which aake the equations not purely adisbatio.
This includes the sxchangs of momentum, heat and moisturs at the sarth's
surface, the horizontal and vartical eddy flumes of the same quantitlies, tha

eoffect of precipitation and rediative sxchanges,

I shall not expand on the horizontsal diffuaion. Although 1t should represent
the affact of the sub-grid scals horizountal fluxes that arlwe from ths
discratization of the sodal, it 1s in fuct used mainly as & wathmmatical
deviocs to contrel nuserical noise in the intagration. In the opsxational
model it is done with a linsar, fourth order schems, which is f{mplicit

in the saspt-west direction.

Wy purposs, in this PAPET, 18 not to give a dstalled sathsmatical description
of all parts of the Paransterization schemes of the ECHWF modal. Such a
Gescription can be found in the Porecast Model Documentation Manusl amnd in
other published papers (Louis, 1979, Galeyn and Hollingsvorth, 1979}, 1 shall
try, inetead, to giva the reader an idea of the general principles cm which
our sethods are baged, with only encugh datails to understand the Corecast
products which are derived from the sub-grid scale Parameterization, (nagely
the near surface temparature and winds, the pPrecipitation and the forecast

cloudinesa),

2. BOUNDANY LATER rLUsEs

Under this heading I include the surface sxchanges as well as the eddy ?luxes
in rhe Atmcaphore. Kven though t'hnue fluxes are most important in the
boundary layer, they are computed throughout the model Atmosphere since thay
can provide a falr asount of dieslpation and aixing {n region of Tirge
vartical shear such as near the jet stream. Regults from the surface [luxes
camputations are also used to determine the two-metre tewperatura 4and the

ten-matre wind which aArs among the experisental products of the Centre.

The di.sr.rlimuon of levels in the
forscast modsl 1g such that we can ovel BN, Neight
resolve soms structurs in the boundary
laysr. As can be seen on figure 1, we
hive four levels in the lowest 1500 m

of the atmosphare, and the lowsat

—— e ————

level ie at about 30 . Hats that tha
heights ahown on the figure are
approximate heights above the ground,

computed for a standard atsmosphare.

We use the winda and temparature of

the lowest level, as weall as the

ground surface temperature, to compute

the fluxes at the surfacas, according Fig. 1 Vertical distribution of the
model levels near the ground

to & drag law. It is well known,

however, that surface fluxes are not

only dependsnt on the wind shear at the surface, as in the simplest drag law,

but are a atrong !unq:ton of stability. wWe have used the Monln-Obukhov

similarity theory to detemine the behaviour of the surface fluxes in terms

of the stabilitvy,

a4
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This theory assumes that, near the ground,

potential temperature and wind depend only on the helght,

of heat and momentus,

and the expansion cosfficlent of the air.

the local vartical grudienta o’
the surfaco fluge

! Yhan, by

integrating thase flux-gradient nlat.ltmship- between the roughness:| Jength

'o and the lowast model laval h,

relatad to the wind at the lowaest

it can be shown that the surface

Tdunes arq

nodel level ¥, 4nd the potentinl

temperature differance “h in the lowest layer through univerval furckiong of

h/lo and the Richardson number R, given by

Rence the expressions for the surface fluxes can be written

2
Py = [/ 1nthe) 12, Fih/e ,n1) |vh| v

Ty Uk /atnse 12,

in a vay vhich shows the

FaGml),

logarithmie profiles in neutral conditions

sth/ang) | | ae,

The constant k is von Karman's constant.
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H ¥ ]

Lo, whan

i Fig. 2 Variation of the sornelised

drag coefficient in terne
of the Richaydaon numbay,

tor h/s° - B8,

The analytical form of the functions P ana G is not uniquely defined. 1n the
courus of two years of opearational forecasts, we have in fact changed them
twice, on the basis of obasrvations and performance of the model. The
variation of ¥ with the stability parameter Ri in the current operational
model is shown on figqure 2 for h/:o-su. This curve represents the ratio
between tha drag coefficiant under varying stability to the one for 8 neutral

atsosphare.

Above the surface laysr we have axtended the aimilarity Arguments by assuming
that, 1f the model layars are thin snough, the wind and temparature gradients
should depend only on the fluxes through the layar, the sxpansion
cosfficient, and a mixing length which ia a function of height only. The
diffusion coafficients are then related to the Richardeon number of the layer

through formulae vary similar to [2),

it should be noted that the effect of molature on stability must be taken
into account since water vapour fg lighter than dry air. This ie done by
coing the wirctual potential tempersturs in the definition of the Richardson
mumber,

The two-patre temperature and the ten-matre wind which are disseminated an
sxparissntal products of the Centre's forecast should be consistent with the
computation cf the fluxes described above. In principle (1) apa {(2) form a
system of equationa which can be solved for ¥ and # 4t any height, given the
surface fluxes r" and r". Howevar the analytical form of thess aquations
aake the solution of this systems rather difficult., MWHence we do an
ipproximate cemputation wvhere we firse calculate the squivalent roughness

length lo' which woulq produce the same surface flunes Assuming the

logarithwic profile, i.e. £,' 18 such that,

L/ lmh/e oy 20y, Inth/z) )2 . Ph/z, k1) {3



Then we use the logarithaic profiles (leme Tqu.2 wich ¥aGail with thie
Squivalent roughness length to compute ¥ at 2 and 10 w ana 8 at 2 m, A
similar intsrpolation of the hunidity 1s used to computs zhe dew-~pa:.nt

temperature at 2 m,

It should be noted that, so far, the diurmal varistion of the selsr radiation
has not been ingluded in the opsrational Bodel: we uss, as solar input, the
average ovar 24 hours. This means that one should compars the near-gsurface
varisbles produced by the modal with the averaged obearved values and not
instantansous ones. In addition, the absence of diurnal cycle is likely o

Produce too small a dapression of the dew=point temparature.

3. MoISY PROCRSSRS
We dfstinguish two kinds of clouds in the forscast model: stratiform argd

oonvective.

The treataent of stratifors clouds is quite vlsple. It i assumed that,
whensver the total humidicy of a 9rid point becomas greatsr thanm its

saturation valus, the axcess Raisture condenses and the corresponding latent

heat is released. This excess moisture, h ¥, 18 not arily camoved
a9 rain immediately, 1t only precipitates if sither the top level of the

cloud is cold enough (below “12 ¢l or the tota) liquid water content of

the column ig large enough (greater than 7 mml. The first aritearion takes
into account the greater efficiency of ice auclei at low tesperature. The
second condition crudely simulates the fact that in a desp cloud the droplet
distribution has & wider spectrum than in a thin cloud ana the coalescence of
droplets iato rain drops is wore rapid., Pinally, as the rain falls, 1t can

Te~4vaporate in the drier layers balow the aloud.

a7

The main weakness of this scheme {s the &ssumption that condensation can
occur only when the grid point is entirely saturated, wven though it ia
falrly obvious that stratiform clovds can exist vhich do not entirely fili a
volusa nearly 200 km on the slde and up to 100 mb thick. In order to
overcame this difficulty one would nesd some additlonal Laformatlion such as
the sixing ratio of liquid watar in the clouds and the variance of humidity
in the voluma. A drawhack of the present achame i that we only have one
Prognoatic variable for moisture in the model: the total amount of water.
Hence we cannot advect separately the water vapour and the liquid water and,
At sach time step, the liquid water is diagnosed as the amount which is
Supersaturated. We have proferrad to choose 1004 relative husidity as the
critical value rather than fome arbitrary lower valus. 1In a future modsl wa
shall have a prognostic variable for the amount of liquid watar and we nay

8180 be abla to relax this 1008 relative humidity criterion.

Our convective Precipitation schems #ollows ¢losely the mathod proposed by
Kuo (1965,1974). A convective cloud exists whan there is a net convergances
of moiature into a conditionally unstable layer. Tha amount of cioud air im
computad as tha ratioc of the latent heat contained in the convarging warwee
VApOr Lo the excess molst statle enargy of the cloud. Part of the molstura
contained in the cloud is then wixed with the environment, while tha rest
raine out, releasing ite latent heat. This fraction is determined by the
relative humidity of the snvironsant. Again, swome of the railn can

re-avaporats below the cloud.

One should be avare that the division between stratifors and convective
pracipitation is somewhat arbitrary and model~depandent. As an {llustration
of this statement we show in figure 3 two forecasts done with the limited
ares varslon of the Cantre's model. One was done with the operational model.
In the othar forecast the Kuo convection echems wss raplaced by & method

proposad by Arakawa and Schubert (1974). It can be seen that, although the
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Fig. D Comparisen of two 24-hour precipitation forecasts

total precipitation ig nearly the seme in the tvo forscasts, the partieion
betvesn s:iratifora ana convective precipitation is very different Ln the
Polar regions Ancther thing which might be worth sentloning 1s that, at the
Boment, ne distinction is made batwesn snow and rain within the cloud. 1t g
only whan the Precipitation resches the ground that it is assumed to be stow
if the surface temparature fe below 0 C, or rain otherwise. This means that
there 4a slight energetic lncuuhtcney betwaen the traatsent of the clouds
and that of the surface Processes whers we do take into account the haat
Recsssary to melt the snow. This inconsistency will be removed in tha
future,

4. EDTATION

One can lock st the role of radiation in the atmosphare from two differant
pointe af view. Globally, radiation provides the Primary source of energy
for the atmosphers and muintaine the thermal gradient betwesn the sgquator and
the poles. Locally, radlation has a large effect on the weather by driving
the boundary layer Procasses and affecting the developwent of clouds. Tha
importance sf the cloud-radiation interactions is obvious for the local

weather, but it ie no less important for the 9lobel heat balance.

short waves

g, 4 Qualitative description of the radiative
fluxes in the sarth/atmosphers system
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The diagram of tigure 4 illustrates this statement. It dascribes, in a vary
schematic way, what happena to the radiative fluxes in the stacsphera. Tra
left side of the figure represents the short wave fluxes, while the right
alde shows the long wave fluxes. 1 have not put any numbars or the figure
because some of the Colponents are still rather uncertain, but the thicknesss
of the arrows ig spproximately proportional to the magnitude of the fluxes.
The short wave dlagraa iy fairly straightforward, showing thak, althougy
little of the sun light is absorbed by the clouds, about one taird of the
incident solar radlation is reflected by them. The long wave fluxes are a
bit more difficult to represent in such a diagram because & lot o? absorptios
and ce-emigsion takes Place within the atmosphere, but since the clouds are
nearly black bodies in the infra-red, they are clearly important fn the

teamsfar of long wave radiation.

In view of the iwportence of ¢loud-radiation interactions in boch long and
short tarm Processes; we have placed a high emphasis on the treatsmnt of the
tlouds in the radiation schems. Mence the grey processes are compated first;
absorption and scattering by clouds and asroscla, and Rayleigh scattering by
the air molecules. In this calculation clouds are allowed to ocaur in any
layer of the modal and multiple scattering is taken into account. Than the
absaorption and emission by the gases (coz, Hy0, ana o3l modifieas the fluxes

Tesulting from the firat part of the computation,

The main problem for the parameterization is te deternine the cloudinass of
sach laysr of the modal. Wwe cannct, unfortunately, uss the information from
the paramsterization of the molst processes since, with the 1006 relative
humidity criterion for condensation, we would never have partial clouvdiness.
Also in its present implementation the Kuo convection scheme doss nst 9ive us

any information on the lateral extant of the cumulus clouds,
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We have then used statistics of Pham angd Roussssa {1976} on the relationahip
batween relative humidity and the fraquancy of moist sdiabatic lapae rate to
Svalmate a regression curve between cloudiness and relative humidity,

This curve is shown on figure 3 far
the 500 mb lavel. The critical

cc
relazivs humidity below which no

c€louds are assumed to exist is a
inverse function of heaight. 1In sach
layer of the modsl & fraction of the
4rea dorresponding to the curve in
figure 5 1s assumed to be SAtirely
filled with cloudas, and the radiative

fluxes are cclputed separately in the

cloudy and clear parte. When clouds Dl + :

RH
axist In two sdjacent layers, maximum

Fig, B Assumed relstionship betvess
cloud cover and relative
ansumed, bumidity at p/a. =0.8.

overlap of the cloudy parts is

it is svident that such 4 parsmptarisation ia very crude, and likely to be
poor im the regions which have sither tall gumuli Penatrating into dry
layers, or thin clouds which would not entiraly fill a whole layer of the
modsl, The latter problem ig Particularly bad in the vase of thin stratus
Clouds developing at the top of the boundary layer. Radiation is important
in the sevelopsant of thess clouda, with strong cooling at the top and warming
within She cloud which destabilises the cloud laysr, In the model, however, with
4 Telatiwwly coarws vertical resclution and our assumption that the cloud
oocupies the whole modsl layer, the effect of cadiation tends to destabiliae
the whols boundary layer and produce & wrong fesd-back involving vercical
diffusios ana condenaation. In order to avold an exaggerated pracipitation
in this situation we havs besn forced to Fuppress the clouds at the top of sn

unstable boundary layer, as far as the radiation schema is concerned.,
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Once we introduce a Prognostic variable for the liquid water content wa hope
to bs able to connect 1 o Rore consistent fashion the c¢loudinesa 1in the
tadiation scheme and the liquid wvater dateruined by the moist procesmas. At
any rate this cloudinans PArameter fg g quantity which can be directly
compared to obsarvationa. This is why we routinely produce Pesudo=anzeliite
Plctures which are olmply this radiation cloudiness, integrated over all the
levels, and plottad as various shades of grey. An example igs given in

figure 8, compared with the actual watellite photograph.

5. GROUWD PROCEESES

The model hes prognostic squations for the surface temperature and molature.
At the time of writing, the method of computing these variables {s abow

to be modified, and Shall describe the new achems. It i dasigned so that
we can switch on tha diurnal cyole which, as alrsady mentioned, is now
Suppressed. The scheme g a straightforward timulation of the diffusion
squation in the ground, using a finite differance schems with three laysars.
The top layar is thin enough to react to the daily cycle. The fecond layer
reaponds to changes with time ecales of abgut a month, Finally, a clinate
value 1a imposed in the bottom layer. The boundary condition at the top le
the net flux at the surfaces radiative, seneible and latent heat fluzes for

the temperature; procipitation and Svaporation for the moisture.

Wearly & YoAr ago, a bulk Paramsterisation scheme vas introduced,

following the ideas of Deardorte (197a), Various problame with cur
implementation of this scheme have dalayed a subssquant introduction of the
dlurnsl cycle. we hope that theae Adifficulties will be avcided with this new

scheme 8o that we can turn on the diurnal <Yqls soon,

Another elemant of the PArasaterization which ie important for the radia<ion

is the trestment of the snow, since there s & wtrong feed-back betwasn the
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Fig. 6 An exmaple of & 24-hour cloudiness forecast, with
the corresponding satellite photograph
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albsdo and wlnn ground tamparature in ths presence of enow., Brow iy assomsd
to have an llllb-h of 0.8, Howaver, 1¢ ordsr to avold shockn wrhiloh imyive
produce nohlle in the Lorecast, we assumnd that the albedo chawe ookl y
beatween the Iul.uo of the bare ground andl that of the 800w, depaniing of itihe
Anow covar -Ihxch 1s taken as a lollotoll.l.q: function of snow depth. Mhe allhedo

valua of o.l] 18 reached vhen the snow depth is about | m,

Thare are .:nulbar of weaknesses in the trestaent of the ymow in itk
oparational llbd.l.- T have alresdy Bentionad that Procipitation i asswasd b
be snow only when the ground G-pil'ltlll'.‘:l.l below freesing, Anooiwr problmy,
which is dus Ito the fact the we do wot carsy information about whtation lin
the model, ul that wa do not take into coneideration the fact thai: fores:: .y
have a nln.l.lnly low albedo, even with deep sanow, if it is windy. ' Tia
change of albodo with the g8 of the uon‘ is not comsidered aithan, Pinelby,,

and probably most important, is the fact that we do not cham: Ehe ! nea:

capacity and ‘onductivity of the ground 'lpn Snow is present. T resdlen.
in trequent mlarutluuon of the snow covered ground temperatura gad L B

rapid melting of the snow. we hops to oorrect this latter Pproblan sone nimg

in the near future.

$. comCLOBION

I hopas that tihig quick overview of th-‘paru.t.uhluon schesms 0f (puwy
forecast model Ihu given the resder an ld{l. of tha mathods we e IG) 4
avidant that nlll. the schemes ars falrly lh,plo. even though they honatlheles )
Teprasant the ciu.trm atete of tha art in 1..11: scale modsl parassitornization .
Onsa resson for <|:M.- slmplicity is the nesad for fast computation. In th
pressnt oporltl1m1 model the paramsterisation takes up about %Ik of th
vhole cc-puttngltm. We would not want this figurs to inoreasw (voo much
with more lophlj.lt!.catod aethads. nlrunp w8 are forced to Pwiltomm tha
radlation cllollalatl.on only twice par forecast day because 1t \would o

prohibitively aXpanaive to 40 it more often in ite present form,
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In addition to the nesd for fast computation, we also prefer to keep cur
schemes simple, (with few arbitrary parameters) in ordar to understand their
behaviour more ®asily; but at the u-; time we try to include in the wchenes
all the significant interactions betwssn the various procsases, im order to
8imulats as well as poseible the effect of all the feed-back loops. 1In
future development, we shall try first to remove some of the inconsistenciss
which still exist, such A5 the different definition of cloudiness fin the
condensation and radiation, Problems with ths snow, and the absence of diurnal

oycla.
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