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1. INTRODUCTION

In August 1782, after ten years of service, the Meteorological
Office’s 10-level hemispheric "octagon" numerical weather predictiaon model
(Burridge and Gadd, 1977) was withdrawn from daily operational use, to be
replaced by a new glaobal 15-level model run on the recently aquired Cyber
205 computer. In the following month the old regional "rectangle" model,
covering a smaller area on a finer wmesh and used principally for 36-hour‘
predictions of the weather in the neighbourhood of the United Kingdom, was
replaced by a new fine mesh model.

The design of the new models followed a period of research aimed
at identifying the most important ingredients for a successful
short-to-medium range prediction model. The }esults of this research
(Cullen et al., 1981) suggested that néne of the possible discretization
ﬁechniques, that is finite-difference, spectral or finite-element, showed
any clear advantage over the others, and the design strategy was thus to
implement a simple economical model with as high a resolution as computer
resources would reasonably allow.

A split-explicit finite-difference scheme (Gadd, 1278a) is used to
integrate the governing prognostic equations for momentum, temperature and
humidity, together with the continuity and hyAPostatic equations. Because
of the global coverage required of the coarse mesh model, these equations
are defined on a latitude-longitude grid. The non-dimensional variable
o’==p/p,x_ is used as the vertical coordinate. The physical processes
modelled are large-scale precipitation, deep-convection, radiation and the
vertical transfer of heat, moisture and momentum through the atmospheric
boundary layer. The techniques used here were developed over a period of
several years for use in the Meteorological Office’s ll-layer general
circulation model (Saker, 1975) and have been adapted for short-to-medium
range forecasting.

The purpose of this paper is primarily to document the formulation
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and designh of the new operational models, including the modifications made

in the light of experience»up'to January 1984. Its contents are also
abplicable to the research versions‘o# these models such as the 1l-level
low resolution global model used for long range forecasting studies and
the experimental higher resolution versions of the fine mesh model.

The forecast models themselves form only a part of the operational
suite; just as important are the data assimilation scheme used to define
initial conditions for the model forecasts, and the translation of the
results into various output media for supply to users. A companion paper
(Lyne et al., 1983) describes the.current design of the operational data

[ assimilation scheme.
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2. THE CO-ORDINATE SYSTEM AND CONTINUQUS EGQUATIONS,

2.1 The horizontal co-ordinate system,

In the old "octagon" operational model, with its southern boundary
near 1OON, the equations were written in terms of a cartesian (x,y)
co-ordinate system cn & polar stereographic projectibn. Since the new
model is required to produce global forecasts, such a co-ordinate system
could no longer be used as the south pole would be at infinity. The new
model is therefore based on a spherical polar co-ordinate system with
latitude ¢ and longitudefx as the independent variables.

For a global model, nho horizontal boundary conditions are
required. The lateral boundary conditions for the hemispheric, 30°s and

fine mesh models are described in Section 10.

2.2 The vertical co-ordinate system.

The old operational modeis used a pressure co-ordinate system in
the vertical. Although this system worked well enough, it had the
disadvantage tﬁat the lower pressure levels disappeared below high
topography, and in the case of the 1000 mb surface this even occured at
sea-level in regions of low surface pressure.

In order to avoid such problems the new models use a sigma
co-ordinate in the vertical, defined by O = p/p* where p is pressure and p
is surface pressure (Phillips, 19357). The sufface of the earth is
the#efore always at ¢ = 1, resulting in simple boundary conditions, while
the top of the atmosphere, where p = 0, is at o = OL

The vertical boundary conditions are simply

>

= 0 st 2O & i (2.1)

dhapa A d&f , i3 the vertical velocity in sigma co-ordinates. P e
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2.3 The continuous equations,

In the (A ,¢ ,GW co-ordinate system, the momentum equations may be

written az follows!

du  + u Q_u‘ + v Q_}l # &E_Ll ./4 + tané)v
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where a is the radius of the earth, + is the coriolis parameter,gz is
the geopotential, cP is the specific heat of air andé) is potential

temperature. TT, the Exner surface pressure, is given by

where K = R/c? and R is the gas constant. The termleu and FV represent
sources and sinks of momentum due to the subgridscale effects described in
Sections 5-8, together with dissipation terms.

The thermodynamic equation is
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and the moisture‘equation is
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where 9 is potential temperature, Fis specific humidity, andﬁ:e and

F

- represent sources and sinks of heat and moisture respectively.

The continuity equation in sigma co-ordinates is

Ipx + 1 (_D_(p&u) X
ot a cosg \ A o oo

which, when integrated vertically using the boundary conditions (2.1),

gives a predictive equation for the surface pressure,

dpx + 1 Dipguw) +  Jpgv cos@)| doo = o0 (2.7)
ot a cosa 51 a¢
o

The vertical velocity O is also given by integrating (2.6):

o
p*(.)/ = - 1 b_(pxu) + @_}P*V cos¢ ) do -Uap* {(2.8)
acos¢ o\ a¢ ST

0

The geopotential § is determined from the hydrostatic equation:

Q
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where Tv is virtual temperature, given by T, = T(1 + 0.61F ), and the

temperature is related to potential temperature 9 by

x af B L5 (2.10)
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3. JHE MODEL GRIDS,

3.1 The horizontal qrid

In the horizontal we use a regular grid defined by intersections
of lines of latitude and longitude. Fﬁr the coarse-mesh model, the grid
increments ar;e given by A)&—-— 1.8750 and ACP = 1.50 - This rn-:aax;s ‘that
there are 192 points around each latitude circle and 121 rows from north
pole to south pole.

The area covered by the.operational fine-mesh model is shown in
Figure 3.1. It is enclosed by the longitude lines 80.625° W and 39.375° E,
and by the latitude lines 79.50 N and 30° N. The grid increments for the
fine mesh model are A>\= 0.93750 and A¢ = 0.750, that is ‘twice the
resolution of the coarse mesh model. The dimensions of the fine-mesh area
are thus 129 points E-W and &7 N-S.

The variables are horiiontélly staggered using ;he arrangement of
the so called "B" grid (Arakawa,}l?éé). Thus the wind components (u,v) are
held at points ((L +“2'T)A7\, (J +%)A¢) whilst the remaining variables p¥%,
e, r, together'with the diagnostic gquantities é’and QE s are held at the

points (LZS%, AZ§¢>. See Figure 3.2.

3.2 The vertical grid

The 15 (O -levels used operationally are unequally spacedy in order
to give higher reso.iution in the boundary layer and in the vicinity of the
tropopause and jet streams. The prognostic variables u, v,ey r and the
geopotential §§ are held at the levels GK while the vertical velocity is

held at the intermediate levels Cf" The O -values of these levels are

K+

given in Table 3.1.

3.1
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!
Number Full-level Half-level
0,013
15 0 023
0.042
14 0.065
0.098
13 0: 125
0.156
12 0.1%20
0.228
11 0.250
0. 273
10 0.310
0.350
5 0.390
0.433
e 0.4%0
G992
7 0.5%90
0.6&630
é 0.6%0
0.754
. S 0.790
j 0.827
l 4 0.870
0.214
l 3 0.935
0.956
2 0.975
0.994
; 1 0.997

Table 3.1 The ( -levels used by the operational forecast models.
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Figure 3.2 The horizontal grid spacing used in the operatioanl models.

323




b 4 U 0 00U U0 e uvuUe v

*Topow Ysaw=-aulj TrUOIRIAdO 3Y3 IO

BaJe UOTIBIZSQUT BYJ °*|*¢ aIndTyg




4. THE INTEGRATION SCHEME,

The model uses an economical split-explicit integration scheme
similar to that introduced 6y Gadd (1978a) for the 10-level model.
The equationsvare split into two parts, called the "adjustment" and
nadvection" steps. The former includes the pressure gradient and Coriolis
terms as well as the terms which involve the vertical velocity éf, and the
latter consists of the horizontal advection terms together with the
lateral diffusion terms. The effects of the subgrid-scale parametrizations
are also added in during the advection stage. Each complete timestep of
length ZXt (15 minutes in the global model) consists of three adjustment
steps each of length gt =[3t / 3, ftollowed by an advection spep of length

At which is carried out by a two~-step Lax-Wendroff method.

In the following description superscript n indicates the time level

and we use the standard finite-difference notation:

[ Alx +2Ax) - Atx - £Ax) 1/ Ax

Ex P

A = [ Alx +3Ax) + Atlx - £Ax) 1/ 2

4.1 The adjustment step.

The adjustment step uses a "forward-backward" scheme in which a
torward difference in time is used for the p¥, 9 , and r equations, and
the new values of these variables are then used in the u and v eguations

The "forward" part of the integration scheme is:

a cos

n n ¢
i e [s,\(p“ i )

' gp(cos¢p“¢ ﬁv (Ao )J
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9n+1 ¢ 9'1 | - &t [O‘B_Q (4.2)

n+1 " oh n

The vertical advection terms in (4.2) and (4.3) must be carefully

handled to ensure the correct balancing of energy conversions. The

finite-difference form which conserves heat is given by

b - L ’:( Ok~ 0% )c(rgdenk_d_ + (Okey - Ok )[0‘5’8%,,,2: (4.4)
0o (Ao .
in (4.2) with a similar expression in (4.3).

v
The vertical velocity @ 1is given by

-

P
B8 gpivatt oo — g
) [55F D selob i) ]y dong

¥

(4.5)

The "backward" part of the integration scheme is given by

n+l n n
u s | = 8t[";‘_F <v + v ) - 6 So-u

)¢]

n+1 n n n+1 2 n)‘gS n

L
n+1 K =f, 2
"._;_ (&5@ + €0 (6 5{“’) ) ] (4.7)

where F = (£ + u tan}Zg/ al).

Note that the vertical advection terms in equations (4.6) and (4.7)

-
€«
‘
=
=
e
L=
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are handled in a "+orw$rd" manner, which in theory would eventually lead
to instability. In practice, however, the amplification is compensated by
damping elsewhere in the scheme. .

The coriolis terms in equations (4.6) and (4.7) a}e handled by a

centred implicit step in order to eliminate a source of instability noted

by Gadd (1980); this is essential for integrations of more than a few

days.

-—

The geopotential 92 required in equations (4.6) and (4.7) is

e A A A 1 el S~ W T —————————

computed by the following discrete form of the hydrostatic equation:

. K-l
é& = §¥ + R (Ty) 1In Oe-4 + R (Ty)y 1In 0’{4 (4.8)
L= Oe+y O k+i

where §i‘is the orographic height.

4.2_Grid splitting.

The difference scheme described above can suffer from a grid
separation, since the "B" grid supports two independent solutions. This
instability can be forced by boundaries and experience has shown that its
effects are more apparent in limited area versions of the model. To
prevént this decoupling, a scheme devised by Mesinger (1973) and extended
by Janjic (1979) is used, and is applied in slightly,dif%erent forms in
the fine-mesh and coarse-mesh versions of the model.

A term o+-the form

ToP

w5 Y (Ve - V) R (40,

k=1 °

is added to the right-hand side of equation (4.1) in all versions of the

model, where

‘7:@ : —r‘-—r[ SyFo6a8) + 6x(cpB 0 Py 'gg.',\(-_)]

aco5¢
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+ 1 5¢ (c05¢ Ff&;‘@) + '6¢(CD5¢CP§{O” .8 6¢ﬁ)

(4.9)
2 - & . ”7?”“”‘¢ ¢ v
Vefoo ol @D ¢ SRt FET)
- el
i ——i—l—~—:¢ 6¢(Lo“¢ “);sﬁ) + 6¢C:DS¢P-)?¢CPO( e 8¢H )

This couples the external gravity mode by ensuring that perturbations in
the height field are immediately felt at all the surrounding gridpoints.
In the fine mesh model the internal gravity modes are also coupled

in a similar fashion, a term of the form

being addéd to the righthand side of equation (4.5)

An upper limit for the value of the parameter w may be inferred from
linear stability theory. (See Appendix A). The maximum allowed for
stability is w = 0.25. At present a value of w = 0¢]25 is used in all

versions of the model.

- 4.3 The advection step.

The two-step Lax—Wendro++'integration scheme for the advection step
uses the modification due to Gadd (1978b, 1980), ‘which gives smaller phase
and amplitude errors. The scheme is “time-staggéred" with the variables
(e, r) and (u, v) changing places at‘the ena of the first step. The

finite-ditference equations for the first step are:

n+d ) ~ s ~2\In
o) = [9 < Ay 566 + _\_/_8¢@7. (4.10)
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In the

derivatives:

n+ |
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second step we use fourth-order

(G2 98,7~ (35,5 +45.5)
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3¢

i -y 3 : . _3([ 2
In equations (4.14) - (4.17), the parameter c is given by c—z‘ -“

where F-is the Courant number,

&
‘H - WAL2 " s ! (4.18)
a® cos*g (A" a(Ag)*

4.9 Horizontal diffusion.,
The changes due to diffusion are calculated at timelevel n and
added to the right-hand side of equations (4.14) -(4.17). Non-linear
. . 2 2 P g . ?
diffusion of the form KlV’X“V‘X is used, this being more scale

selective than linear diffusion. In finite-difference form

VZX _ SR SXA X ¥ g S¢(CO5¢5¢)() (4.19)
a* cos*¢ a’-cos¢
where X = 5 y Py B Or v
Within the model’s co-ordinate system, this horizontal diffusion
operator is calculated on O -surfaces. In regions of steep orography the
O -surfaces themselves slope steeply, and eﬁuation (4.19) does not

provide an accurate represenﬁation of horizontal diffusion, since the
atmosphere is stroﬁgly stratified in the vertical. This tan lead to errors,
particularly in the temperature fields. Above the boundary layer, equation
(4.19) is modified to approximate horizontal diffusion on pressure

surfaces by using the formula

SA(SOYOQA px.) - i}&( Sojoé,,; Bx)_] (4.20)

3

VA i) i e g

Py|@” cos

This includes a correction term for the local slope of the 0 -surfaces.

4.6
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S. LARGE-SCALE PRECIPITATION,

== Large-scale or dynamic precipitation is produced when the air at
— model gridpoints becomes supersaturated as a result of convergence or
— radiative cooling. The parametrization scheme removes this excess moisture s
i
- and allows it to fall as rain or snow. The effects of evaporation and the i
1
- melting of snow on the falling precipitation are also taken into account. |
. i
; it
- . !I
S.1 The formation of precipitation through condensation, }
Starting at the top of the model, the following calculation is |
— i
{ performed for each level k in turn., First, the specific humidity, q<, is
—y > ;
compared with the saturation specific humidity, PS(TK), corresponding to |
- : |
the temperature Ty at that gridpoint. (See Appendix C for details on the |
calculation of rs). If PK 6 PS(TK), and therée is no precipitation falling
A from higher levels, then we proceed to the next level below.
I+ P > PS(TK), then the excess moisture is removed and the
temperature is increased through the release of latent heat. Detining
= ‘ ; e
- adjusted values of PK and TK by rS(TK) and TK— (TK + A Tk)’ we have

: v S N o UL 0096 ) . (5.1)
c

where Lo is the latent heat of condensation and CP is the speciftic heat of
dry éir at constant pressure. The adjustment is made so that the gridpoint
is just saturated at the new temperature. On using the Clausius-Clapeyron
relation, we have

/ ;
" r's (TK) - (TK) + %__TQ_S(TK)AT - P (TK)( + aL;ATIK (5.2)

where £ is the ratio of the molecular weights of water and dry air. Eguations
(5.1) and (5.2) can be solved simultaneously far A&TK and %.(T;) the new

’ 3
value of rS(TK> being given by .

2 twncpron g s o, e




'
PS(TK) = rl = r - LR rgVihgrd (3.3)
CU-wC BT CPR) Tt]

I+ the temperature is below freezing, the precipitation formed is
assumed to freeze. A further contribution to the temperature increment
is then derived from the the additional latent heat released using Lj, the
latent heat of fusion.

The precipitation per unit mass resulting from the adjustment at

this level, given by
F = Rl b T (TK) s {S5.4)
is added to any precipitation reaching this level from above.

5.2 Evaporation.

I+ rK < rs(TK), that {é the air is not saturated at level k, and
precipitation is falling from higher levels, a proportion is evaporated.
The form of the evaporation is chosen to be consistent with the method
employed in the deep convection scheme and is designed to give evaporation

rates which are typically of the order of ?mm / day / 100mb. The

evaporation per unit mass, EK s is given by

B g™, min BB frodt = n A Ly Bud {5 5

-5 <
where t>= 2x10 s, At is the timestep and PK is the precipitation falling

through the layer.

v 7 of
New values of q< and TK’ say ) and TK y as a result of the above
evaporation are given by
7 1]
= 4 = -—
q< q( E'< and T'< TK = EK/ cP s
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where L is the latent heat appropriate .to the phase of the precipitation.

5.3 The melting of snow.

Snow is melted in the highest model layer whose temperature is
greater than 2730K. All the precipitation falling into this layer is
assumed to melt immediately. The accompanying change in temperature is
therefore given by

TopP

ATK = —'ﬁl(_% - E) - (5.6)

v
® 0k

A similar adjustment is made to the temperature field if the

precipitation changes from rain to snow.

5.4 The precipitation reaching the surtace,
From the above the amount of dynamic precipitation reaching the

surface in one timestep, A¥,, may be calculated. Expressed in mm per unit

area

Ay = 3_9_7.'p¥ (PQ - E)Aoé. : (5.7)
g

The rate of precipitation, Ry, in mm per hour is then given by

R = (300 2. Dv) agy : (5.8)

5.3




é. DEEP-CONVECTION.

The deep-convection scheme, originally described by Lyne and

Rowntree (1976), was developed using data from the GATE experiment for use

in General Circulation studies. It is based on parcel theory modified by
entrainment fRiehl 1954, Scorer 1958, Ludlam 1963) w;th a treatment of
detrainment based on Ceselski (1972) and Arakawa (196%9).

Several arbitrary parameters are encorporated within the scheme
allowing adjustments to be made and the scheme to be "tuned". Many of
these have been modified in the light of experience from the values
originally quoted by Lyne and Rowntree. The values in current use in the
operational model are shown in Table &.1.

The bottom two levels of the operational model are combined for
the purpose of convection. This avéids problems associaéed with the
shallow nature of the bottom iayer and is consistent wjth its treatment
in'the boundary layer scheme (Section 7). A convective adjustment step is
performed as part of the boundary layer calculations in order to remove

any instability between these layers.

6.1 The buovancy equations.

The scheme assumes that in each grid box there is an ensemble of

buoyant convective plumes with varying characteristics (temperature,
humidity, cross-sectional area) which eritrain air from the surrounding
environment and ascend until they are no longer buoyant. Within the
ensemble the virtual potential temperatures of the ﬁlumes are further

assumed to be distributed about an average value

<95>K ‘4 9:( } '.* Q64 "Z) (6. 1) |

Here rP is the average specific humidity of the plumes with r




e g

The finite difference treatment pf the ensemble is best understood
by reference to Figure &.1. We define SK as the fractional rate of
detrainment at level k and £K+L’£K+i as the fractional entrainment rates

o i+
at levels k +i: s Kk + é . The entrainment rates are specified empirically
within the model (see Table 6.1), whilst the detrainment rate is diagnosed
by the convection scheme. The value of SK may be interpreted as the
fraction of the ensemble whose plumes terminate at level k.
The yertical mass flux at level k, MK s gives a measure of the size

of the ensemble and is predicted by

.

" T ¥ EK{-#) ( ! *Em-%)( B SK ) Mg - (6.2)

The treaiment of the ensemble as it passes from level k to level

k+l is described by the following equations:

EE L ER TG R I

K41

P R ’ E
o 7 Sk e, - f.qz(r_( 1 - SK) re ¥ £K+% ( 1 *EK«,';)(l - SK) r-ﬁ“ (6.3)

P L
(! +£K+%,><1 +fk+%)<’ -5 )| O <":+f 'S(S.Zi))".: Las) =

K‘H— %JK-I»( +
P ;
P R E :
GK_" SKQK + £k+¢ ( 1 - SK ) ‘@K g £K+% (1 +EK*E~)( £ Sk)efﬂ (6.4)

where r is the specific humidity of the ensemble before condensation

¥

K
P

and E'K= - B & PK ), rs(eg); otherwise b‘K = 0. A superscript E retfers to

environmental values whilst a superscipt R refers to detrainment values.

6.2 Detrainment.
Detrainment does not take place at the lowest convective level.

Indeed at higher levels detrainment only takes place when it is necessary




to make the ensemble buoyant at the next level.

The ensemble is first raised from level k to level k+l without

detrainment. This is done by solving equations (6.3) and (6.4) with SK= 0.
, 4
The Clausius-Clapeyron relation is used to approximate %’(QK“) in equation
(6.4) by
P E = oy € i Ay
Fe (OKf() =T (@Kﬂ) 1+ L .Q!S.*J._ ;_@‘KL_) O/(“ H 6.5}
Ry | D)™ ~
K41

If it is found that the virtual. potential temperature of the
ensemble is greater by a quantity b than that of the environmental air,

that is

(Gs\ml - b > (B-S)KH.,_ (6.6) .

then the ensemble is assumed to be buoyant at this level and no
detrainment occurs. The minimum excess buoyancy b allows for the spread
P
of Ek,in the ensemble. Thus the characteristics of the ensemble at level k
are now known.
If (6.6) is not satisfied, then it is assumed that sufficient
detrainment has occured at level k at a virtual potential temperature of

s
f)v to raise the minimum 9 of the plumes to that of the environment.

v

Theretore defining the virtual potential temperature of detraining air by

(95)'( - 9:( 1+ 0.61%, r~5<6§) +-0.61 {1 -F,) :i) (6.7)

we can set
K £ : | :
(9\/ )K o (eV)K 5 (6.8)

The potential tempeﬁature of detraining air may now be derived

from equations (6.7) and (&6.8) by using the Clausius-Clapeyron

2% 00




relationship (see equation (6.5)) with the approximation

Ocrs (B0 = 6+, (B%)

K

whence

R E
QK = QK 1+ 0.61 (rg - r (922} - (6.9)

1+ 0.61 L/(R,TE ] rg (65

The detrainment rate SK may now be determined from equations (6.3)
and (6.4) together with equation (6.9) by choosing a value for e%u‘such
that the ensemble is just buoyant; the buoyancy test (6.6) is treated in

the same way as the derivation o+ equation (46.9) to give

P & e
; 6)@,, = QKH + 061 B rS - rs (O)) + b (6.10)
” , — L+ 06T L/RyTE] % (BE ]

When dry convection is hecessary, that is = = 0, this reduces to
K. o it

6)P £9E< =
Kt = kyy 1+ 0.61 rpy ) + b (6.11)
1 + 0.61 rP
h K41

6.3 Initiation of convection.

The model atmosphere is tested from the bottom upwards for

convective instability by taking a parcel from level k to level k+l with
P ef- g 3
= = + == =
@K 61 K 59 and rK rI rK + SP

vheare 89 and SN are constants. Convection is then initiated if the

buoyancy test

P c
(Bv),(+, @ (8V)K+| R ENWAO"K\LJ,._ (6.12)

6.4
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is satisfied. Here EHHJiS a constant and represents the minimum buoyancy
required by the ensemble for convection to begin.
The initial mass flux ascribed to the ensemble is primarily based

on the excess buoyancy and is given by

1% At [ d ¥ og T @QEﬂ;_JQG)KH - b ] (6.13)
13C7k+5

Here d and c are constants (sce‘Tablelé.l). The parameter d is designed

to allow some convection to take place independently of the amount of

excess buoya;cy . MI is additionally constrained to be smaller than the

depth of the thinnest model layer to prevent over-stabilisation.

é.4 Termination of convection.

Convection continues upwards through the model atmosphere until the
énsemble is no longer buoyant. This occurs when the upward mass flux
becomes so small (less than a critical mass flux MHMJ) that the effects of
convection would be nhegligible. Convection is therefore terminated when
the residual mass +lux

f4 -Sadome < Mgl (6.14)

P 4
with detrainment taking place at level k using the parcel values E& and rg

Convection is also terminated at level k if an undilute parcel
rising from the first convective layer ( I ) is stable in layer k+l. This

happens when

e : :ﬂ;'i(i + 0.61 r, (9:?) (6. 15)

©) +v > (B + .L;_P(ri 3 '3(95?)‘{_

This test prevents the detrainment from leading to excessive buoyancy.




6.5 Effects on_the environment.

At those levels whére convection has taken place the model’'s
temperature and humidity fields are modified to take account of the
changes in the nature aof the environmental air. The latent heat released
during condensation is added to the barcel temperature and so does not
appear explicitly in the environmental heat budget. The changes described
here are due to entrainment, detrainment and the subsidence which
cempensates for the parcel’s upward mass flux. The effects of evaporation
are considered in the next section.

For layer k the effects of the fluxes on the mass of the

environmental air are

(i) Entrainment: a loss of

‘ Ex-% 4 g k+d (1 -SQ M

&
at the environmental values of 6&1 anhd rE « In the lowest convective layer

) € (=
this transfer takes place with the values (3K s 86 and PK + Sr'

(ii) Detrainment: a gain of

SK My

R e
at the detrainment values of QK and‘KKtk;(@ﬁ) + ( 1 ;6K) rk, except in

F
the top layer where values of E>K and P:’ are used.

(iii) Downward mass flux into laver k: a gain of

€ b1 5} wi

. 5 £
at the environmental values of é%g,and Peay ®

(iv) Downward mass flux out of laver ki a loss of

6.6
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Mg 72 (1 + 8y

E E
at the environmental values of Ezﬂcmd r Note that this flux will be

Ky "

zero in the bottom convective layer.

On combining the effects (i) - (iv) the net change in the values
of the environmental potential temperature and specific humidity at

level k may be calculated. These are given by

~

AGK = ..'i'E ( 1 +£k*'}t( 1 —SK)) (@i(—@ﬁ ) o+ gK (6: -621)‘-1 (6.14)

AGy

E — R £
A &S ol (¢ "21«#( REM). ("‘,’m 2 SK ( Pl (6.17)

A6,

6.6 Condensation, evaporation and precipitation.

The condensation, in mm per unit area, produced by taking the

ensemble ¥from level k to level k+l is given by

P P
B - T BKH(rKH 5 '”5(9,@)) "‘m.(lolp:;) (6.18)

g

This is assumed to be immediately converted into precipitation and is

allowed to fall as snow or rain depending on the signh of

L + Tk+f * 263
Here 263°K is assumed to be the temperature at which the effects of
sublimation of water vapour into ice become pronounced. I*6k+f 1
: P
the parcel humidity is then adjusted so that'r‘,f:“ gt - (em-b'
In order to allow for cloud dissipation and the effects of
unsaturated downaraughts on the falling precipitation, some evaporation

takes place at level k. This is done according to the formula

647




N: £ 2
Bl Lo <'_‘$ (O = o ¥, | 1Y :,Z\_O_"_K (6.19)

where e is a ctonstant. The evaporation is further constrained so that

The environmental temperature and humidity are then incremented by

Z& PK = g EE. and ZXTK = = L g9 Eg
px AO-K CP p* AO’K

The falling precipitation ﬁhanges state as it crosses the freezing
level, and the model temperature fields are changed accordingiy. (See
Section 5.3).

The total convective precipitation beaching the surface may now be
calculated from equations (6.17) and (&4.18) by summing over the model
levels in essentially the same wa; as in the large-scale precipitation

scheme. (See Section 5.4).

6.7 Enerqgy considerations.

The final stage of the scheme ensures that the vertically

integrated sum of potential, internal and latent energies, that is

|
S(CPT + Lr)db’, (&..0)
o

"is conserved by the convective motions. The full environmental temperature

increments are therefore adjusted so that

Tofp g
(epdn il e, YAG, = o (4.21)

K=\

by equalising the vertically integrated temperature increments of each

sign.
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— Parameter Meaning Value
g (¢}
- b excess buoyancy of 0.2 K
. parcel for continuance
- of convection
B - T s ve | e e e e S e e Se e e e el e e
e e evaporation constant G
______________________________________________________
[— B N N i s il a ™ -
. 2K+-‘- fractional entrainment 30‘:,(0&(“6}‘(4‘{)
; % rate at level k+f o
';‘.
T O TR | Rt 4 SRS T AR il S
€ fractional entrainment 30-(0‘ -
b K4k
— Kt2 rate at level .l<+% o B K“)
. # |
- c constants in initial 3.33x10 s K
: d mass flux formula 0.0 s J
i—._» ———————————————————————————————————————————————————
o -3
—— MHIN minimum mass flux 10 cAt Enin
Sp excess of initial 0.2 %
S parcel values over the 0.0 Kg/Kg
environment
Emin Minimum .parcel buoyan .y loK
- Table 6.1 Values of adjustable parameters used in the operational deep
— convection scheme. .
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7. THE BOUNDARY LAYER.

The description of the transfer of heat, moisture and momentum through
the earth’'s boundary layer by the process of vertical turbulent mixing is
based on the scheme due to Richards (1980). The equations used are those

for vertical diffusion with a variable eddy diffusion coefficient!

du = - _a__(KME_)__&) $754)
ot oz

dv = 9 [ KyQuv (7.2)
dt 0z az
2 r = 9 (KH§__:~_ ) (7.3
ot oz dz

Q2
@
fi

%(K“g%) (7.4)

g

where K°1 and KH are the diffusion coefficients for momentum and heat
respectively. Terms of the form K BX/QZ are referred to'as the fluxes
and are calculated at half-levels within the boundary layer. The problem
of determining the effects of.vertical exchanges within the boundary layer
therefore reduces to that of specifying these fluxes. No;e that the
operational model has 4 {ull'leQels within its boundary layer, whilst for

example the l1il-level version has only 3 such levels.

7.1 Surface exchanges.

At the surface a drag coefficient approach is used, and these

fluxes are given by the bulk aesrodynamic formulae

F, = ot oS (Y S R (7.5)
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Rk RN - LT ) (7.6)

Fp = = Cyly,! (8, - Ox) §2+ 70
Fy = -gly )l =Trg (0.)) (7.8)
where l%ll = ( u% + v% ) .
In equations (7.5) - (7.8) the subscript 1 denotes values at the

lowest model level, and ¥ denotes surface values. Over land, S% is
predicted in‘the model from a heat budget based on radiation, evaporation
and sensible heat flux, whilst over the sea, it is held constant
throughout a forecast.

The surface moisture fluxes are curtailed over dry surfaces, when
the sign of Fr corresponds to evaporation into the atmosphere, by setting
Fr = 0 at those model grid points designated as "arid” land. The model’s
surface land types are "snow-covered", "ice—covered", "temperate" and
"orid". These are specified climatologically and are given in Appendix D.

The drag and exchange coeftficients Cb and Cy depend on the
roughness length z g (specified as 16 m over sea and J.O-l m over land) and

the bulk Richardson nhumber

(R{) = _'__9_.2| - el = 9* + 0.61 (l*\ - rS(Q%))] (7.9)
2 6.1y, |
Qher-e-zl is the height of the bottom level and (W —lg(q»is treated in

the same way as abave. The form taken by Cyp and CH can be seen from
Figures 7.1 and 7.Z2. Tabulated values of Cp and Cy are required near

(Ri)s = 0 (see Table 7.1). These are derived from Monin-Obukov similarity

theory, which gives

2.

. K |
: SEY SPy(€)§

I&%

(7.10)

(7.11)

e v
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where 3 =<z‘/Z4 . 3°= ZO/[, . PL=O.4 is von-Karman's constant

and Z; is the Monin-0Obukov length

K. Cx (R{)g

C

2
Cp = , z (7. 12)

2”H and 1%&’ are the Monin-Obukov similarity functions defined by

29 - _93‘. v §7. 37
- kz %<T~¢> ‘

(e
N

Qi Wi K q}/ g : (7.14)
Kz T |

The expressions used for W%{ and WPH are
(1+52/) #4or 227 &1
= = (7.15)
o
6 for z/’& >
in stable conditions (Webb, 19270), and
: -0.275
U/M = (1415 z/E") (7.16)
-0.556

\PH - R A S ' (7.17)

in unstable conditions (Dyer, 1967).

7.3




7.2 Vertical ditfusion.

Within the remainder of the boundary layer, above the surface of

the earth, the fluxes take the foarm

F = - Ky X (7.18)

whepel{x_depends on the depth of the boundary layer Zy s the roughness
length z,, the stability R; and the velocity gradient (348 /éhll through

a mixing length approach

Ky = 223&(9{}

bﬂ’

N

oV [ (7.19)

the local Richardson number being given by

L]

06/3dz . (7.20)
(o Lhd2it>

Ri

-8
T

Note that in equation (7.20), the squared vertical shear in the denominator
R
is computed as ISZV ' /(A:ﬂl and ‘QLVIK+L15 not allowed to fall below
~ -~ 1—
1/A Zgad o where Azmi= T ” Eig s
The form chosen for the mixing length is
-~
4 = 1 + e B (7.21)
Kz QA
and is due to Blackadar (1975). Here z is the height of the half level at
whichl(xiis being calculated and PL is von Karman's constant.eA,

the asymptotic mixing length, is given by
eA = 0.08% Zy s (7.22)

where =z b is the depth of the boundary layer in metres.
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The form of the stability function-§x<ﬁi) is based on that given

by Hicks (1976) for Ry > O,and Dyer and Hicks (1970) for R. & 0O
) L
(1 - 16 R * it R{ & O
. 1 3
(L =5 Ry ) if 0 < R é 0.143
(Ry) = j:(R') = $7.23)
‘f\& t L 7 S

-~ -3 ;
(Rl + 0.624)x9.546x10 i+ 0.143 < R( < 1.3183

0 : ‘ it Ry 2, 1.3183

For fluxes of 9 and r, the form of §I(R() is the same as in (7.23) except

in the unstable case, where

ge(RL) =£_(R.) o (47 =1 08 Ry) M0 FaglanRy goY0 (7.24) I

Fluxes and hence Ky g(R() and R, are calculated at model half-levels. The

vertical finite diftferences used are therefore calculated between full

levels.,

The boundary layer depth, z ps is defined to be the heighf of thé
lowest half level at which the vertical heat fluxes fall ts zero, that is
when R { 3,1.3183. The top of the boundary layer is not allowed to be
higher than the half-level above the top full level in the boundary layer

(the fourth level in the operational model).

7.3 Changes to the surface temperature.
The surface temperature changes are determined by the surface

evaporation and the flux of sensible heat:!

.g_z.* s - o ‘[{M«l€* Cp (Bx-6)) - L(%(T@—[ﬂ)(?.w)
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é¥_is the density of air at the surface (= %‘102/ (R T¥) kg m ), H is the
thermal capacity of the soil and L is the appropriate latent heat for
evaporatian (including that of melting snow if T%‘é 273o )o In additian,
T*_is constrained to be N é73.2° over sea or land ice, and i+ 1# . 271.2o

it is relaxed towards 271.2° over sea ice according to

&
OT = 8. % 40 (2728 2 = Tt (7.26)
LIME »

ot

See Appendix D for details on the specification of land-ice and sea-ice.

7.4 Stability considerations.

Equations (7.1) - (7.4) are solved in an explicit manner and it is
necessary to limit the size of the fluxes given by the above scheme to the
maximum allowable for computational.stability. In atmospherically unstable
conditions this constraint can lead to severe truncation of the surface
fluxes when the bottom model layer is very thin, as is the case with the
distribution of levels used in the operational model. A further step is
therefore carried out which permits the proportion of the surtace +luxes
remaining beyond the maxima allowed for computational stability ﬁo be
passed through the bottom level and attributed to the next level above.

A similar coupling of the bottom two layers of the model is also
carried out in the deep convection scheme (see Section &). A dry
convective adjustment of these layers is therefore performed to remove any
instability within them.

These steps may be summarised as follows:

(i) The vertical diffusion coefficient is limited by

Ky < (Dz, + 2 zz)(AZ,g_)/ZAt

for the first half level and by

7.6
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Ky ¢ AZKAZK+§_/2~A{:

for the Kth halt level.

(ii) The bottom level fluxes are restricted by

] A A |
At

where Az' and A zl are the thicknesses 0f the 1st and 2Znd layers.

(iii) The surtace +luxes may be redistributed between the lowest two levels

of the model. For any variable x (= u, v, 9 or &) i¢ x

v
(@]

el > I(X:-gt*)Az | and (X - Xx)( X~ Xy)

1 -

then B - (X - X¥) Az / At is added to F,. I+

ju | > !(X, -A)(tﬂAz." and (I‘~X¥)(X,Z—Ix) <0

then F, is reduced to (Xl - X.X)A z,/ Ak

I+

v
O

e ] » '(IL-A)%)AZ(, and ()(,-Xz>(xx‘xz)

then F, - ()(2- I‘) Az‘/At is added to F . I+

el 3 I(XI—AXt.)Az." and (X‘-x,_)()()‘-)(i) <0

2.

2

then F, is reduced to (X,_ = X‘ )A %l ‘At-

(iv) The convective adjustment between the bottom two levels is applied

when ©,> D, . All variables X are mixed so that

7.7




f Ly & % oo el Xy s
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where /\\O"l and A(i are the thicknesses of the lst and 2nd levels.




A\I‘. ® vQUﬂEO”

senyeA pajlerngel]

up¢ = lz uy _0l = Oz

GNVT ¥3A0 :U anv 9 SLNIIDI 44300 OVdd

teecveceesscocecboseceiecesboecscevinces

(1 .mnv:o, mﬂv‘\n

UOT2D9AUOD

dox5_01 ‘HOX,_oO!




U ¢ ¥ U U 00U 0 U U U U UIJIIU U U IUUIU U UV UY Uo s

*Topow TeUOTIRIRdO 9YJ UT BIS JIAO DPISN SIUDTOTJIS90D a8uBYydXa 9deJUNS pue Seaq *g°L 24n3T4]

ol 0 olL- 0zZ- 0¢- oY- 0¢- 09- olL- 08- 06— 00lL- oLl- ozl-
mﬁ.ﬂfmv ] \ \ . 1 | 3 \ 1 1 L i =
(L*)Qo=Hp=ap| : :

: : Ly s
sanTeA m : L Z°
pazernqe] : ;
: .
m Ly
UOTS9Jd JBaUTT m (oo1-)Tp=0y
. g
*  UOTID9AUOD
5 991
: 8.5
o 001 -
— 17y 7 b % =
,r.N..
Uox,_o1 ‘Hox_ g
o= -

vas ¥3ro Hy anvy 9 SLNIIDIJAAF0D OVYd




oz

Er
o
o
wi
- 4 ~-“OMmMMNT U1
I ITMINOONDTMNOONCOMNOANNTNOONINMARNNDMNODINNONMONMMOTOMAONT SINSTOM OIS LN
XW i 909 aninnNnnNinnnS T TTrTTsTMMMMMMIANC ~2211111000099988776,054303221111
na O NNNNNNNNOINNNNNNNNNNNANMNNNNNMNNNMNNNNNNNE _2211111111111110000000 nm
O~ «we. e @ o oh a sl s o se w Bis w die s & e &4 G 8 @ e e W EOE U ooal ate e et e W RN e T e .
1H OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 0000000000000000000000 .ﬂa
(&} ©E
sfe]
EM
= )
-~ ~ -
| N ONWD N T -
st NONOMNMIO—-W0 SN .
.~XA SNOMANDSNNOTONOIY A0 A0 A0 A 0—HNOTONIOTOATNOMDANRAMNMTTMNOINONIDTMMMNN o
.. - OO?O,roE.c_ BN ..”,o.orfacld.)._ 022110(.998770654437n. ~“O0MAONCWNTMNAENT-0OCO000 o™ .
O~ . . . . e/m s &8 8 Wim ® @ 8 s 6 6 &% .wcwk W e el WTe s BT T e W S
-t < 441. u_ir; :: Mt :,Jvi : \:\..3333332227:542?22_. HUNMNAAAAA A A - - OO0 00000000 a.rw.
< “
& U
o>
04
]
(TR e
—SOOMNNT ¥ =l = R
NINTMNNA0HONSIONTMN-SCONIONTM—=OoO0OONMANORNNDMAERNDNOCMONOSTTSINTONIINT - *
llllllllOu00000_00099999,9999 COURCOONANANMRNYGOCNNDSTTTIMINOMMNMN A~~~ - 7. ~
NN NN ?,1 2n,".,,.m,,.mancll111111111111111111111111111111110000000 L=
" & o s = & . s & w s u = o 8 &8 8 ¢ e 8 B WeSTTE NN RO TR R S IR S T R S IS e
OOOOGOOOOOOOUOOOOOOOO OOOOCOOOOOOOOOOOOOOO00000000000000000 -
T L
o T
Nl =
J=
EC
N~ T
O ONIND + N
CCOOMNEHRNIN—~-0 <
MmmmMmmeMmrmmaMmMmmemMmmeMmmMmMmamMmIMmMmMmmMIIMmMIM ..3330553074060378892543322 @ >
MMM 3333-;33333 33 SMIMIMIMIMIMNNNNA- OO ONYT 000000 IDW
& mve & & 8 s » % s 8 s 8 o s s & s e o wis & ¥'n B » B0 m e Woa e W e e e T e R e ux
e b e e e R R e e R R R e R e e e ] 111111111111111111000000000000 -~ 30
40
w0 E
| N
o<t
Uu=0C
T
MD:
=0
~O M 05432109an Db«tS210987654321098?654321098765432101234567 mmz
554.{444..14.1.4433_53333333?2422222222111111111100000000000000000 [+ 3
I I D T O T O A AN Y RN NN RN IC N U N N B N U O G R GO B B R M s M G DL R TR MR B o T S « L0
-4
« M
nNoTw
L u
v >
C e
DLo :
0w >
—00

k@ e e e 4




The treatment of radiation in the model follows the ideas of Corby
et al (1977) and Raowntree (1975). The scheme takes account of the seasonal
and diurnal effects which influence the incoming solar radiation and
longwave cooling to space, and modifies the model’s temperature structure
accordingly. The effects of cloud and humidity are not modelled directly
but are inferred from zonally averaged climatological values. These
climatological values specity the mean daily radiative heating and cooling
rates and are kept canstant throughout a forecast, normally at values
appropriate {D the initial time. This is acceptable for short-to-medium
range forecasts but would be unsatisfactory for forecasts of an extended
range. Appendix B tabulates the climatological functions used in the
scheme.

This approach has led to a computationally economic scheme, often
not the case with radiation parametrizations; whose performance in short-
to-medium range forecasts compares favourably with schemes involving much

more elaborate calculations.

It is possible to divide the scheme into four sections! solar
heating of the atmosphere, solar heating at the surface, longwave cooling

in the atmosphere and longwave cooling at the surface.

8.1 Long~-wave conling in the atmosphere.

The long-wave radiative cooling is calculated using empirical
emissivities combinaed with the cooling to boundaries approximation to give

cooling rates in the form

T ™ ~n T + bk VR T? o8 l)

———

-+

where T, is the temperature of the Kth level and T* is the surface




temperature. The parametefs ayg and bK are functions of latitude, pressure
and time of year. Values of ag are tabulated in Table B.S5.

{ , Since the second term on the righthand side of equation (8.1) is
generally small, it is neglected outside the model’s boundary layer. This
term, in effect, represents the radiative exchange with the earth’s
surface. The coefficient b is assumed to be constant with height and is

related to by, the coefficient of radiative exchange at. the surface, by

\ by = 9 by (8.2)

n
-

The values of by used in the model are given in Table B.4.

8.2 Long-wave ceoling at the surface.

From the parameter ay , an effective emissivity aK for cooling to

space may be calculated. This is given by

E¢v = 2k cp px Aok (8.3)
Cg

where cP is the specific heat of air and C is Stetan’s constant. This
allows the surface emissivity, E*J to be calculated from observed values

of total column emissivity, €T’ by using the relationship

ToP

Eyminbap ZE’K (8.4)
: K=

£Tis tabulated in Table B.1.
The rate of long-wave coonling to space from the earth’s surftace may

now be calculated using equation (8.4) and is given by

P RO ODDDDODEREDDDDOOOD0000 00000

4
QT¢ = - fuTy (8.5)
t H
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where H is the thermal capacity of the soil, taken to be equivalent to
that of Scm of water.

A second term is also required in order to balance the heating of
the bottom model layers through the radiative exchange term in equation

(8.1). A compensating cooling of the ground is therefore encorporated

through
K=ﬂb
\ 4 4
OTx = = b (T T T (8.6)
> Y Dx ¥* K .
; ol i
Ke|

where by is the coefficient of radiative exchange at the surface and n

is the number of model levels in the boundary layer.

8.3 Solar heating of the atmosphere. |

7
The instantaneous solar heating rate,f{K, at level k is computed
from the 24 hour mean value,}i’, by imposing a diurnal variation such

that

e

e

-
~
l

a Hl( *: )ghj:—fk . (8.7)

-

where{g depends on latitude, longitude, time of year and time of day.

—

Values of }{kare given in Table B.é&.
}% is calculated by assuming that the sular radiation,ﬁak, reaching

some point in the atmosphere at time t may be expressed as
/KK= r;(s::'osf ; (8.8)

where ? is the zenith angle, § is the solar constant and Fkis an
attenuation function that depends only on latitude, height and time of

year.,

The zenith angle may be expanded in termé of the model’'s parameters

8.3.




so that equation (8.8) becomes

/KK = FKS [c05¢ cnsg cos(>\+-[) - sin¢sins i | (8.9)

where 6 is the solar declination, defined as being positive in the
Northern Hemisphere. C = tT /12 and t is GMT in hours.
It is reasaonable to assume that the instantaneous heating is

proportional to the incident radiation. Thus

:E{K =d\[F\K (8.10)

where d is a constant of proportionality. Moreover, HK is similarly
proportional to /KK integrated over the daylight hours.Therefore
d FkS [ccs¢co:—3$cos(7\+t) - sin¢sin$) dT

27
d Fr S [c05¢cosgsinz - Zsinésing] (8.11)
._-_n_ ?

5

il

where 3 is half the length of daylight in radians given by
cos 3 = tan?ﬁ tan S
On substituting equations (8.10) and (8.11) into (8.7)

TT[CDS¢ cos8 costA+T) = sin¢sin6] if I'l:,gg
[cos¢ cos § sing - $sin@sing ]

E » (8.12)

0 iko j Tli6
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heating at _the surface,

The surface solar heating is calculated in essentially the same way
as the solar heating of the atmosphere, with allowances being made for the
effects of the surface albedo, &{ . 24 hour mean values of the incident

— solar fluxlfi, are used to give heating rates of the form

- }[X - f‘z.‘g’é‘.-ulw_—,_a(_l,_ (8.13)
~ H

where'ﬁ is given by equation (8.12) and H is the thermal capacity of the
J
soil. Values of ;%%are given in Table B.Z2.
The albedo is specified according to the values given in Table B.3,
unless the suface is snow covered when & = 0.5 or ice covered when

ol = 0.8.
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9. STABILITY AND ZONAL FILTERING,

A major problem with the rdgulav latitude-longitude grid chosen
for the model is that, due to the convergence of the meridians, the zonal
separation of grid points decreases as the poles are approached. Thus,
according to the Courant-Friedrichs-Lewy stability criterion (see Appendix
A), a very short timestep is required in order to maintain computational
stability at these high latitudes. For the global version of the model,
tor example, the adjustment timestep would need to be less than 18
>econd?, making this model far too expensive to integrate.

Anh examination of the linear stability analysis presented in
Appendix A shows that only certain wavelengths are unstable for a given
gridlength and unstable timestep. This is manifested in an amplification
rate greater than unity. Futhermore it is only those waves shorter than a
critical gridlength that are unstable. The soplution to our problem is
therefore to keep a lohg timestep but remove or damp these short
wavelengths by applying a zonal filter, therby increasing the effective
zonal separation of the gridpoints without sacrificing the regularity of
the grid.

The timestep is chosen to ensure that the model is both stable and
economical, taking into account the computational expense of the zonal
filter and any unacceptable loss in effective longitudinal resolution as
the filtering region is extended equatorgards, An adjustment timestep of S
minutes is used in the coarse-mesh model. This is stable within the region
equatorwards of latitude 60? The advection step of 15 minutes is also

stable within this region provided‘fhat the maximum wind speed , Umpys is

less than 116 m/s. (See Table 2.1).

‘9,1 Fourier tiltering in_ the coarse-mash model.,

A Fourier chopping technique (Williamson, 197&) is used to zonally

filter the global, 3008 and hemispheric versions of the forecast model,

9.1
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and is applied to all prognostic variables at the end of each adjustment
and advection step. Special measures are required for those variables that
are strongly tied to the model orography since filtering along 0 -surtaces
will smooth some of the orographically induced variation. The scheme
therefore filters the prognostic variables u, v and r together with Z> P )¢
(the surface pressure increment) and a linear combination ofé} and T,

4
e = (OJT + (1 -W) 8). The v;lue DfCJ varies with height allowing a
gradual chahge from @ near the ground to T at upper levels. (J is tabulated
in Table 2.2,

Note that increment filtering could be used, as is done in the fine
mesh model, but the above procedure is prefered for reasons of
computational econcmy.

The linear stability criteria (A.ZO) and (A.24) are combined in the
model for the purposes of Fourier chopping. It is easily shown that for any

latitude;qs sy the model is computationally stable at zonal wavenumber, j,

provided that

a cospAXy B sinll , : (9.1)
N
where B = CS t in the case of the adjustment step and B = %M{St in the
case of the advection step. N is the number of points around a latitude
circle and c is the phase speed of the external gravity wave.

: 2%
The filter is applied polewards of a predetermined latitude, gﬁ

where the condition

"/
a cospA) 5 B ; (9.2)

. s
holds for both the adjustment and advection steps. ¢> would normally be

the latitude at which condition (9.2) is just satisfied. For each latitude

0%
¢ >¢ a maximum wave numberpr j" may now be found from conditions (9.1) and

ggow
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(2.2) such that

sin ;i ( cos @ (9.3)

N coséy

and stability is ensured for all j S j{
Zonal Fourier coefficients are obtained by applying the discrete

Fourier Transform:

—U}e
X(A ¢ O’)Ei (9.4)

=0

l\/l :

i;( ¢ ’O') ~

A
N

()

where¢>5 s “N/2 < § < N/2+ 1 Ae = 27 ¢ /N andx= (u, vV, r*,ApA< ora).

The high wavenumber coefficients, that is ‘j' > jﬂ are then set to
/
zero, and the filtered field )( is constructed using
.iJ'
LQAJ
14
X(?\e,¢,0) i X(¢ U)EZ (9.5)
JAm]
Note that the use of discrete Fourier Transforms to perform the
above filtering is only possible because of the high computational speeds
provided by the special impiementation of the Fast Fourier Transform

algorithms on the Cyber 205 computer (Temperton, 1982) .

9.2 Multipoint filtering in the fine-mesh model.

The zonal periodicity required for the direct application of the
Fourier Transform is not present iﬁ the fine-mesh model because of the
restricted nature of its forecast domain. An alternative method to the one
described above must therefore be souéht.

The Ehoseh approach uses a multipoint filtering technigue based on
the ideas of Hills (1982). A local approximation to the Fourier Transform

is used to construct“a;{ilter of the form

9.3
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(
AXQ = 'CMAXQ{.M.’ (2.6)

m==M

where M is the half width of the filter and Zg( ( /3 U, v, A Pxs [SP or
Z&B). A value.of M = 12 is used in the operational model.

The caoefficients c A IV are constants for a given

-M
latitude and are calculated from the amount of damping required for linear
stability. This method is therefore equivalent to reducing the amplitude
of each wave by the amount of unstable amplification. The increments

are assumed to be zero outside the east-west lateral boundaries of the

model so that the filter may be applied near the edges of .the forecast

are determined by taking an

The coefficients c ceasnsuses c
~M’ ! M
Inverse Fourier Transform of the form

j: + LM«AJ

L |
= 1 Krﬂ—-_¥%L—f € (2.7)

o ‘N*J TNA("/\@

PR

C

»

where (Mlé M, N is the number of points around a latitude circle, using
the zonal grid separation of the fine mesh model, and ]& is an
amplification factor predicted by linear theory. The values produced by

solving equation (9.7) are then adjusted so that

M=’4

P g
/_—M

mz-M

(2.8)

in aorder that the mean value along'é row is conserved by the filter.
The form of the amplification +actor,1§i s is provided by the

linear analysis presented in Appendix A. From equation (A.1&)

AAD('AJ)= 2thip3_>‘\} il s ek 1P (lAsxn }Asxn__j) (2.9)
-
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2. % 2. ¥ 2
with f/\ SRR ol c*§ ¢ and 5 ¥ 1
a’ nglcosﬂﬁ

and fraom equation (A.23)

AdvV

- A (AD: 1 b 4}3( 1 - ffxl‘)lfl + 4% - !41)51.?‘)5] 51&':42_]' (9.10)
2

S = 2 .2 A Z 2
. i 3 = £ and 2 .
with B vg LHAxt 1vd b 2 1

- On combining egquations (2.%9) and (92.10), }K is defined by

A O = wex (BaDA,00, 1)

5 is a constant and allows for the approximate modelling of the
response (9.7) caused by the truncation of the Fourier series. At present

a value of 5 = 1.2 is used.

QD




LAT (°)
45 60 80
(HMINS)
10 246 174 60
15 164 116 40
20 123 87 30

Table ?.1.

Table 92.2.
tield, B’ =

The maximum stable wind speed predicted by linear theory +or
the advection step of the coarse mesh model.

Level )
10"="18 p §
2 = 10 0.5
1 - 4 0

The weighting coefficient used for calculating the filtered

((QT +

Gt s DB Y
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10. LATERAL BOUNDARY CONDITIONS AND THE TREATMENT OF THE POLES.

|
10.1 Fine-mesh model. ' A

_ In the fine-mesh model, which covers a restricted geographical |
; ; ’ " !
. area, the baoundaries can influence the synoptic behaviour over the whole e
i forecast region in a short time. It is therefore necessary to impose
boundary conditions which allow the movement of synoptic features through
.
1 the edges of the forecast region.
sy =
- This is done by extracting values of the prognostic variables Py o
e é), ry W and v from a coarse mesh forecast at hourly intervals and
;_ linearly interpolating these to the corresponding fine-mesh boundary
s points. These are then converted into tendencies. The fine-mesh
— boundaries are updated using these tendencies every advection timestep.
-~ Thus, for any variable X; (= u, v,@ s P Or %%)
.‘
e n+1 n n
‘ X = X + Axfa b (10.1)
b b
,;;‘
where suffix b refers to boundary values and suffix c refers to values
b
interpolated from the coarse mesh model.
- x
v A region of high diffusion is imposed around the edges of the
-
3 fine-mesh area to smooth any roughnesses caused by inconsistencies between
' the fine-mesh and coarse-mesh forecasts. The diffusion coefficient used in
\
-
this zone is currently set at three times the value used in the interior
V- .
v of the forecast region.
- ;
l 10.2 The treatment of the poles.
In coarse-mesh forecasts the variables g*,fa and r are stored at
the poles but not predicted independently} at each timestep their values
are set equal to the mean of the surrounding points. Thus; for example,

when computing the value of the surface pressure at the poles, a*, i1t is

10.1




given by

-

. N
‘ Z‘A ' (10.2)
p = L p .
. %
N =1 ¢ :

where N is the nhumber of model points in the east-west direction and the
superscript A refers to the values on the row adjacent to the pede.
The above procedure cannot be directly applied to the polar values
. . P P : ;
of the wind field (u , v ), since they are stored at the half grid
positions. Instead a mman cartesian wind is first calculated at the pole
p. P

and this is then used to compute new values of (u , v ). Hence at the

North Pole for m

i

R R e

N N
A A L A

u o= (u rocz = sin )cos 1 (u, cos + s Jsin

m 'JE: I3 3 6 5 Tflu. L %{ £ Q_ Um
L=t b=1

(10.3}
N N
L) eyt g
= 1 (u + ) 4 ( i )si

VM < Ll CDSB v 51115' CDSZS' N u cos Uf, VLS“T'EZ sxnbm

Q»l Q:l

where superscipt A again refers to the row adjacent to the polar row and

a'm? 2TMm 7 N.

o :
10.3 The southern boundary in hemispheric and 30 8 forecasts.

The values rf the prognostic variables are kept constant along the
southern boundary during hemispheric and 30°s forecasts. The mean
meridional velocity at the southern boundary is constrained to be zero by

initially setting

for m= 1, «.i..s. 3 N . This ensures that -there is no net mass +low

through the boundaries.
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APPENDIX A.

A lineaé stability analysis

A.l Introduction.

This section considers some of the stability properties of the
operational integration scheme which can be infered from analysing simple
linearised forms of the equations of motion.

Gadd (1978a) has shown that for the version of the scheme used in
the 10-level modely, a sufficient condition for computational stability is

(i) for the advection step
UAt/A ¢ 1 (A.1)

where U is the maximum wind speed, At is the advection timestep andll
is the gridlength, and

(ii) for the adjustment step
cSt/A ¢ 1 (A.2)

where ¢ (A 300 m/s) is the phase speed of the fastest moving gravity wave,
St is the adjustment timestep and A is the gridlength.

These results, whose general form is known as the Courants-
Friedrichs-Lewy (C.F.L) stability criterion, allow a choice of timestep
and gridlength which ensure a stable integration. In practice, because the
operational model uses a latitude-longitude grid, conditions (A.l) and
(A.2) are not satisfied near the poles and more detailed information
about the behaviour of the scheme is required in order to implement the
Fourier filtering which damps the unstable zonal wavenumbers at high

latitudes.

A.2 The adjustment step.

When the gravity-inertia terms in the continuous egquations of




motion are linearised they may be expressed as the set of two-dimensional

gravity wave equations

Qu + g 0h = 0 (A.3)
ot o %

DR R (A.4)
ot QY

Qh 4 H(Q_g + @_y) = 0 (A.S)
ot O X oY

where H is the equivalent depth of the linearised atmosphere and g is the
accelgration due to gravity. For convenience a cartesian grid is assumed
with h representing height. Note that the gravity wave propagation speed
i

is given by c = (gH)*.

The details of the forward-backward scheme used in the adjustment
step of the forecast model are presented in Section 4.2. If this scheme is
applied to equations (A.3) - (A.5), the following set of difference

equations is obtained:

n+1 n =Y h+l
u = u - g &t gxh (A.&)
n+l n =X ntl
v = Y o Sy St.gy h ; (A.7)
n+i n LY LEacu ety 2 51 N
h 0 e Sz'u + SJV ) + w2 (U -Y%on (a8

where the same nots.ion is used as in Section 4.
The stability properties of these equations may be investigated by
considering Fourier modes of the form

n n 1(jx+fy) n n i(jx+2y) n n 1(jx+fy)
f e f. e

W Agw g o bk andh=hoi e

wheregy and € are wave numbers in the x and Y directions respectively.
n n=1

This means that, for example, u = ?~u and rg‘@s therefore the amount

that each Fourier mode is damped or amplified in one timestep. If‘fl b 3B

1

A.z




then the scheme is computationally unstable. Eguations (A.6) - (A.8) may

now be written as
(g - Duy + i hysind CUSE}

(§ - Dy, + hpsinf cose

Ax AY
[i‘ -1 + 4nggt2( 1+ 1) sinld s,inlﬁ l1 hyg= ©0

Ax* A v+

St ('__L}b(_;ino’\cose} 4 vos-:.in‘@c.ou()(> +

ah ~ = J— ( { = L
where o J_JZSX and @ 7 PAy.
After taking the determinant of equations (A.?) - (A.11) and

simplifying, the quadratic
«f -1 tef -1) + wBl (A.12)

is obtained where

&5 (\A—Lsinzo( coszﬁ + y

2 2
4 | k1+ 2% 3 sin sin ﬁ (A.14)

2
and Y = gHSt”
Ak

gH §t*
Xx
The solution of equation (A.12) is thus

E
j’ = 1 - (A + wB) + [(A + wB)” - AIZ

There are several possible solutions to this equation, but since A,
B and w are all positive quantities the modulus of the amplification
factor is given by
2 -

lfl = ﬁ(A+wB)-1+[(A+'wB) - Al%

For stability we reguire that }?li 1, that is




$ b (A.17)

5 L
TA + 2uB) >

After substituting from équatimna,(A.lS) and (A.14), this implies that

2 2 A 2 2 * .2 o 2p a
}ksin%& cusf;+ D sin @ cose{ + 2w (*A +2 ) sind SU]& F (A.18)

and so a necessary condition for stability is

f o 2 2 29 2
W& 1 - sin o cosf% +;22 sn%ﬁ cos ol (A.19)

2 (p2+p>) siniK sint @

Ah upper limit of w = 0.25 may be obtained from (A.1%9) by taking
Sin%x.= sinlﬁ = 1, provided that the choice of gridlength and timestep is

2 2
such that the C.F.L criteria D+1A\< 1 and U & | are satisfied.

k-
=
=

The cendition for stability in the x-direction may be obtained from
] = o B ' 2 5
equation (A.16). when%& > and Oﬁé w  0.25;, then cosﬁ =1 gives
% 2 .
i,& sin X ¢ 1 (A.20)

for stability. This result is true for all values of e, the wavenumber in
3 the y-direction.

A.3 The advection step
I A linear stability analysis for the modified Lax-Wendrof+ scheme
! has been given by Gadd (1978b) and (1980). When this scheme is applied to :

F 3

the two-dimensional linear advection equation

(A.21)
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the amplification factor for a typical Fourier mode is is given by

2. 2 : T ;
15) = 1 -20 a0 ¢ (1-8107 - ZM\S AL+ (1-5)c1 (A.22)

vwhere [

cos¢ s5in® cosﬁ + sin¢ coso{sin/g }

Z z Golpiall s 2 2
sin“ol + sinﬁ g-sxno( sinél

c

R

cosx_cosé H

’




eUUUIPUELVIUUUUWUUUUULULUDL

gb “kan P IR
H\= uZSt/Z\x ; 2) = v[)t/A:yi 8 = f“ + 2 H

°"\=‘£ij! &ﬁ"if/n'-

Equations governing the stability properties of the scheme in the
x-direction May be obtained by setting cosg = 1 in equation (A.23). This

gives
Sl 2y 2 = 2 - 2
=1 - 2 CDsS:’)sir-o([l-*(l-S.)sino(J - 21 Scosg sink cosX [1+(1-9)s8inel]

so that, after some algebra,

y 2. 2 2. >
‘i\ =01 - ALV (1- ) (1-$ ) sink 1 (14 (1- $Isine)sin®1 (A, 23)

This formula provides an upper bound for the amplification factor for all
wavenumbers £ in the y-direction.

An analysis of equation (A.23) §hnw§ that the scheme is stable
ih.the x~-direction provided that

% Lo 1 - (A.24)
sin*s

a higher level of stability than predicted by the C.F.L criterion.

A.5




APPENDIX B.

Radiation constants

This section tabulates the constants used by the'climatological
radiation scheme (see Section 8). These are specified at 10° latitude
intervals and in the case of atmospheric functions at 200 mb intervals for
each solstice and equinox. Unless otherwise indicated the tables apply
equally to both the Northern Hemisphere and the Southern Hemisphere.

Simple linear interpolation between latitude bands and between
pressure levels is used in the model to derive the value of a function at
any spatial position. Interpolation is also carried out in time. This
ensures that the correct solar heating and long wave cooling rates are
specified for the time of yearhof the forecast. The sinusoidal variation
in the values of the mean solar heating and long wave cooling rates is
modelled by using the Solsticé values for the 30 days before and after the
solstice. At other times linear interpolation betweeﬁ adjacent solstice

and equinox values is used.

Table B.1l. Total column emissivities.

| i H H H H H i } H
Latitude (°) I 000t 42000 30 1 4400 b 800§ 4b0s - o20s b B - 580

i | i ! i ! i i } :

H i i | i H i H i i
Vinter solstice 1§ .910 ! .918} ,928 ! .937 % .942 % .946 ! .949 % .950 i .952 1 .932
Spring equinox ! 910 ! 915} 9231 .93t % .97 1 J942 1 5461 949 0 L9510 952
Susmer solstice ! .910 1 910} 918} .922 % .935 % .940 ! .944 1 .947) 9491 .950
Autuwnal equinox ! 911} 9141 ,920 % ,928 % .933 % .937 % .94l .943 % 9471 .94

i H H ! i ! i 1 i H
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Table EB.4 Surface radiative exchange coefficients 10

Latitude (2)

Northern

D L0431 10,19 0 10,60 1 9.793 | 8.996 1 8.126 1 7.437 1 6,772 ¢ 6,350  5.810

Hemisphere

L)

11,43 1 10,95 ¢ 10,78 1 10,44 1 10,75 } 10.30 § 9.844 § 9.160 ! 7.910 } 6.700

Sbuthern

Hemisphere
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Table

1000 - BOO mb

Latitude (9)

7 3.12

3.17

3.34 1

2,69 1

Vinter solstice

Spring equinox

]

2,65
2.71

suer solstice

u

]
'

futumnal equinox i

800 - 600 mb

4.34

3.65 1

 Kinter solstice

3.67 1§

]
i

Spring equinox
Summer solstice

4.54
§.44

3.86 1 4,06 1 4.32 1 4.61 %1 4.87 %1 4.82 7 4.0
4.49

3.67 1

3,65 1

3.72 7 3790 4010 4,200 4460 4.54 0 4.54

3.67 1

Autumnal equinox |

3.82'}

.25}

600 - 400 vb

3.1

4.34 1 4.27 1 4.06

4.27 |

4,821 4.61 1 4.34 1

Vinter solstice

4.82 |
4.82 |

Spring equinox

4.06
.03

4.08 i

4.44 1

4.82 |

Sumzer solstice

4.82 |

Autumnal equinox |

3.62 |

400 - 200 mb

3.77
3.86
§.15

6,05 1 5.62 1 5.04 1 4.6B 1 4610 4.54 1 4391 4.131
5.81
4

Winter solstice

5.06 1 4.87 1 4.82 1 4.68 1 4.44 1 3911
4.6!

5.38 1
5

6.02 1
6.05 @

Spring equinox

4.20 §

1 5.28% 4.97 % 4.90 1 4.87 1}

69

6,05 |

Summer solstice-

.20

5.83 1 5.47 1 5.4 1 5,021 4.92 1 4.78 % 4381 4.30 %

6.02 |

Autusnal equinox |

200 - 0 sb

3017717 3.02.1 300 13,0570 (3.17 3 3,291 °%.24 30 %070 2,83 1 2.8l
2.86
3.07
3.00

Vinter solstice
Spring equinox

2.86 i

3.31 4

3.17 %
3.17 %

307 1 3174 220 3.630 3.531 3.381 3.0

3.17 1}

Suseer solstice

312 ) 3,071 3.07 0 3,144 3,29 § 3.26 § %19 08007 4

3.17 4

Autumnal equinox @

B.3
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1000 - 800 b
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0
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1
1
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1

623

968 1

Sueser solstice
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. 983 i
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1
'

0

879 17,752 1 .658 1 4991 ,305 % .143 % 016!

941
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0

.088 |
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i
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1.0
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1.049
0

916 4
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979 4

1
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Summer solstice
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998 4
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APPENDIX C.

Saturation speciftic humidity calculation.

The farmula used for the calculation of the saturation specific
humdity at pressure p and temperature T is

ro (T 4, p) = 0.622 eg(T), CGu k)
P

where eS(T) is the saturation vapour pressure and is calculated in the

model by linear interpolation from the values given in Table C.1. HNote

that if T < -90°C then eg(T) = 9.672 1o-inb.
- SATURATION  VAFOUR PRESSURE
=5 ; -4 “~4 e 4 o e

-90 9.672 10 1.160 10 1.388 10 1.658 10 1.977 10 2.353 10
-84 2. 996 104] 3.316 10%| 3.925 104 4.638 10%]| S5.472 104 ¢.444 10
-78 2 mo9 so0W g 804 104 1.042 103) 1.220 102 .1.42% 103 1.662 107
-72 1.936 1072| 2.252 10 2.615 10>| 3.032 103| 3.511 10>| 4.060 1072
-66 | a.688 103 5.406 103| 6¢.225 10%| 7.159 103| 8.223 10%| 9.432 10°°
-&0 1.080 104 1.236 10%*| 1.413 10%| 1.612 10%| 1.838 10%| 2.092 10
-54 2.330 102| 2.703 10%| 3.067 102| 3.476 10%| 3.935 10%| 4.449 107
-48 5.026 102| s.671 102 6.393 102| 7.198 10%| 8.097 10%] 9.098 10
-42 1.021 10! 1.145 10| 1.283 10| 1.436 10| 1.606 10| 1.794 10
-36 2.002 10| 2.233 10°'| 2.488 10| 2.76% 107'| 3.079 10°'| 3.421 10
-30 3.798 10| 4.213 107'| 4.669 10| 5.170 107'| 5.720 107'| 6.323 107
-24 &.985 10°1l 7.709 107| 8.502 10°Y| 9.370 107!} 1.032 1.135
-18 1.248 g 1.506 1.652 1.811 1.984
-12 Do 2.376 2.597 2.889 . 3.097 3.522

-é 3.8619 4.2148 4.5451 4.8981 5.2753 5.678

0 6.1078 6.5662 7.0547 7.5753 8.1294 8.7192

é 9.3465 10.013 10.722 11.474 12.272 13.119

12 14,017 14.969 15.977 17.044 18.173 19.367

18 20.630 21.9644 a any 24.861 26.430 28.086
24 29,831 31.671 33.608 3I5.649 37.796 40.055

30 42.430 44,927 47.551 50.307 53.200 56.236

36 59,422 62.762 66,264 69.934 73.777 77.803

42 82.015 86.423 91,034 95,855 100.89 106.16

48 111.66 117.40 123.40 129.65 136.17 142.98

54 150.07 157.46 165.16 173.18 181.53 190.22

60 199.26 208.67 218.45 228.61 239.18 250.16

Table C.1. Saturation vapour pressure (mb) at temperature T (°c). Values

are for saturation over ice when T -8°C and for saturation over water
when T J -5°C, with transitional values used for -@%c ¢ T ¢ ~5%c.
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Surtace characteristics.

This section describes the orography and climatic types used in the

operational forecast models.

D.1. Model orography.

The global orography used in the coarse-mesh model has been
derived by ‘interpolation from a dataset of half-degree gridbox mean values
provided by }he United States Air Force. Some further smoothing has then
been carried out over Antartica and Greenland. See Figure D.l.

The fine-mesh orography ié derived by a simple bi-linear

interpolation of the global orography.

D.2. Climatic types.

The six surface climatic types used in the models are: temperate
land, sea, sea-ice, land-ice, arid-land and snow-covered land. These are
modified each month to reflect the seasonally changing patterns. The

values used operationally are given in Figures D.2Z - D.13.
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Contour interval = 250 m ,

Figure D.1. Global model orography.
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Figure D.%. FEBRUARY SURFACE TYPES.
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Figure D.7. JUNE SURFACE TYPES.
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Figure D.8., JULY SURFACE TYPES.
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Figure D.1%. DECEMBER SURFACE TYPES.
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