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Introduction

Part II continues the description of the numerical model of atmospheric dy-
namics, designed as the nonhydrostatic extension to the hydrostatic kernel
of HIRLAM. The theoretical concept, initiated in Part I, will be brought to
numerical codes. The anelastic hybrid—coordinate model is formulated both
in the continuous and discrete representations, and the numerical code with
the explicit-Eulerian time stepping scheme is implemented in the HIRLAM
environment. The paper ends with numerical examples, demonstrating the
capabilities of the model.

The numerical code is based on the former results, obtained by Xue and
Thorpe (1991), Miranda and James (1992), and, with respect to pressure
adjustment, R66m (1997). However, there are several modifications in com-
parison with those papers. Instead of the sigma coordinates, the present
model makes use of the more general hybrid coordinates of HIRLAM. Also,
the whole vertical extent of the atmosphere is incorporated, and there is
no artificial upper boundary in the present approach. However, the most
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fundamental difference is in the level and mode of simplifications. In the
above-cited papers the Miller-Pearce variant (Miller and Pearce, 1974) is ap-
plied, which makes use of the background separation and linearization of
the energy conversion term. We make use of the more general White model
(White, 1989) without linearization in that term. At the same time, some
linearization is introduced at surface pressure handling, which is needed for
surface pressure adjustment.

In the development of numerical code, the main attention is paid to the cre-
ation of the elliptic solver for the baric geopotential equation. It is different
from the hydrostatic semi-implicit scheme which makes use of the Helmholtz
equation. In this case we have to deal with the Poisson equation. The main
difference is that the Poisson equation does not have any large diagonal part
like the Helmholtz equation does, and, as a result, the iterative scheme of the
latter is not applicable here. The present solution algorithm is based on the
scheme, initiated by Xue and Thorpe (1991), and further elaborated for three-
dimensional domain by Miranda and James (1992). The essential quality of
that scheme is the application of fast discrete Fourier transformation in hori-
zontal with consequent numerical inversion of one-dimensional Laplacians for
each Fourier mode in vertical. The lateral boundary—condition treatment in
their approach follows Williams (1969). In this approach we have gone one
step further, and apply an orthogonal basis in all three coordinates, including
the vertical hybrid coordinate. The nonhomogeneous boundary conditions
are handled by introduction of singular sources on lateral and bottom bound-
aries. Due to such a modification, the developed inversion algorithm becomes
a rather universal tool for solution of Poisson equations in horizontally rect-
angular domains with general boundary conditions. At the same time, the
scheme is not more time consuming than the original Xue-Thorpe approach.

The hybrid-coordinate representation of the nonhydrostatic model follows
the notation of the hydrostatic HIRLAM, presented in the Manual (Kéllén
1996). A few exceptions are:

(i) instead of 7, the notation v will be used for the horizontal wind velocity.

(ii) instead of R,T,, notation RT (with the "moist" R and true T') will be
used; s = R/c, corresponds to moist air.

(iii) Special notation m = 0p/0dn is used.



(iv) Energy conservation, disregarded by the hydrostatic scheme in some mi-
nor terms of adiabatic dynamics, is restored following Haltiner and Williams
(1980).

The section and formula numbering is continued from Part 1. The first section

in this part has number 4; "(3.4.1)" represents reference to the formula (3.4.1)
in section 3 of Part I, etc.

4 Continuous anelastic hybrid-coordinate model

4.1 Diagnostics

The vertical n-coordinate 0 < n < 1 is defined via mapping n — p:

p=A(n) + B(n)p, - (4.1.1)

where Dy(x, t) is a given (fixed or externally driven) background surface pres-
sure field, and A(n) > 0, B(n) > 0 are the appropriate weights, which
satisfy boundary conditions

A0)=A1)=0, B(0)=0, B(1)=1. (4.1.2)

Thus, the vertical domain in the pressure coordinates is (3.4.1), and n = 1
corresponds to p = p,.

The horizontal domain is a part of the globe with spherical coordinates {), 6}
—A<A<A, -0<0<0O. (4.1.3)

However, the horizontal coordinates, used at the definition of gradient oper-
ators, are x = a\ and y = af , with a as the mean radius of the Earth. the
physical differences along the parallel and meridian are

dX = acosfd\ = hydz  dY = adf = hydy (4.1.4)

where
hy =cost, hy,=1

are the metrical coefficients. Thus, the curvilinear hybrid coordinates are
{z ,y,n }, whereas the velocity components are u = h,dz/dt, v = h,dy/dt,
N = dn/dt.



The hybrid-coordinate density m is related to the pressure-coordinate density

n via mdn = ndp, and for the anelastic model with n = 1
dp
m=—. 4.1.5
o (415)

In accordance with the definition (4.1.1), m depends on time (via p,), and
the continuity equation for it is

om onm
. =0 4.1.6
5 T V- (mv) + o : ( )
where the n-coordinate "horizontal" divergence of vector a = {a,, a,} is
1 ohya ohza
V.a= L =) . 4.1,
a hyhy ( Oz * oy ) (4.1.7)
From the definition (4.1.1)
- 3, )
w =mn+ B(n) §+V-Vp0 , (4.1.8)
or alternatively
: Op ,
wzmn—kv-Vp—i—a. (4.1.8")

Condition (2.4.3) and (3.4.2") give with the help of (4.1.8) boundary condi-
tions for 7:

n=0 at n=0 and n=1. (4.1.9)
As a consequence, integration of (4.1.6) in vertical gives
8_ 1
at 0

whereas integration of (4.1.6) in the the domain [n, 1] yields
. opy '
mn = (1— B)E + [ V-(mv)dn. (4.1.11)
n

Using (4.1.8’), the continuity equation (4.1.6) can be presented in the form

. 1
Grove L% g, (4.1.12)

mon
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where Gt is the n-coordinate presentation of the pressure-coordinate "hori-
zontal" divergence

Gt-v=V, - v= EV (mv) — mon (4.1.13)
which can be simplified to
A 1
G+-V:V-v——a—v-Vp, (4.1.13")
m on
where the "horizontal" hybrid—coordinate gradient is
1 1
V=i* 0 wllo (4.1.14)

=1 h—ma'i‘l h_ya_y

Thus, (4.1.12) is the hybrid-coordinate presentation of the anelastic condition
(3.2.5).

The "horizontal" pressure-coordinate gradient is presented as

A 10
Go=V,p=Vyp— Ea—ivp . (4.1.15)

The operators G and G+ are skew symmetric conjugates of each other:

/ dVmpGt-a = —/ dVma - Gy (4.1.16)
v v

for optional finite a and ¢, where dV = hyh,dzdydn , and V is the domain of
integration. This relationship is useful in the discrete case for establishment
of proper symmetry of the operators G and G™.



4.2 Dynamics

In the Eulerian presentation the equations of motion (3.2.3) — (3.2.4) are,
after separation of momentum advection terms into the gradient, solenoidal
and vertical parts,

ou ~
5 = F, — G,¢ , (4.2.1)
ov ~
—=F, - 4.2.2
® =R -Gy, (122)
or
—=F 4.2.
at T » ( 3)
where @x and @y are the components of G:
Ag= L (02) _ L (9 _10p0¢
Gotp = hy (83:)10 " he (ax m Ox Bn)n’ (4.2.4a)
~ 1 (0¢ 1 (0p 1 0p0o
=— =] =—=—-——= . 4.2.4b
Go? hy (321),, hy <3y mayan)n (4:2.40)

F,, F, and Fr are the hydrostatic tendencies, which are those of the hydro-
static HIRLAM (with an exception that ¢ is the thermic geopotential rather
than the hydrostatic one):

Ou 1 [__Olnp 0 ]
F = —9— — — |RT — E P,+ K 4.2.
ov 1 [ __ 9dlnp 0 1
F, = —f)— — — |RT — E P, + Ky, (4.2,
(F+Quiig — 3 [RIZ5F+ 5 (¢4 B)| + Bt Koy (420)

u 0T v 0T oT »Tw
Fr= — - _p " P Kr . 4.2.7
r hy 0z hy Oy 77677 + P o A ( )

The vorticity and energy terms are here

1 Ohyv  Ohzu
£= hohy ( 5 9y ) (4.2.8)
Lo, 2
E = §(u +07), (4.2.9)



and P,, K, represent the tendencies from physical parametrization and hor-
izontal diffusion (the sum P, + K, corresponds to A, in (3.1.6) - (3.1.7)).

The thermic geopotential (3.4.4b) is in the hybrid coordinates
mdn’
o

1
© = gh +/ RT (4.2.10)
n

The vertical momentum equation (3.2.2), which is required for the deduction
of the ¢-equation, is in hybrid coordinates (and in the Eulerian presentation)

ow p? O0¢
—=F, - — 4.2.11
ot Y mH?20n ( )
where 5
F,=A,—v-Vw— f)% . (4.2.12)

Differentiation of the continuity equation (4.1.12) in time, and elimination
of velocity tendencies with the help of (4.2.1), (4.2.2) and (4.2.11), yields the
n-coordinate form of elliptic equation (3.2.7):

A 10 ([ p* 0¢
=G Gop+—— — | = A 4.2.13
where the volume-distributed source function is
A 1 OF,
A" =Gt . F, + 19k, : (4.2.13b)
m On
and F, = {F,, F,}.
The boundary conditions (3.3.4), (3.4.11), and (3.3.6) become
8¢)
- =ar, (4214)
(8" r
1 1 82]_)
V- / (Go)ymdn =V / F,mdn — —2 | (4.2.15)
0 0 or?
1 1
/ |p|mdn < oo, if / |Almdn < oo. (4.2.16)
0 0

They define the structure of the boundary-distributed singular source func-
tion, which is the same as (3.3.7)

Ab(x,m,t) = v(x,1)6(n, 1) + f(xr, 0, 8)8(x, xr) . (4.2.17)



5 Discrete anelastic hybrid-coordinate model

Discretization takes advantage of the hydrostatic HIRLAM framework to full
extent. Some minor changes are introduced into computation of the discrete
thermic geopotential with the aim to increase smoothness of the source A,
which is accompanied with alterations in energy conversion term. However,
all these changes are not too extensive.

The grid is the classical staggered (Arakawa C) grid. The surfaces i =
1/2, Nlon +1/2, and j = 1/2, Nlat + 1/2 are lateral boundaries, k¥ = 1/2
corresponds to the level n = 0 (outer space) and k = Nlev+1/2 corresponds
ton = 1 (model surface p = ;). It is convenient to consider each small cube
with the center at {7, j,k} and facets at {i £1/2,4,k}, {4,7 £1/2,k}, and
{i,7,k £1/2}, as an elementary pseudo-particle. The discrete scalar fields:
temperature 7', specific humidity ¢, etc., and baric geopotential ¢ are located
in particle centers:
Tijk, ¢ijk, Qijk,
whereas the components of vectors u, v, w (and m7n, w), determining in-
and outflows on the particle boundaries, are located in the centers of particle
facets:
Uit1/25ks  Vij+1/2k>  Wijk+1/2 5 (mﬁ)ijk+1/2 .

Also, the discrete pressure is located in the centers of horizontal facets:
Pijk+1/2,
and, consequently, the pressure difference belongs to scalars:
(Anp)ijk = Pijk+1/2 — Pijk—1/2 -

Standard notation is used for averaging and difference operators, and for
finite differences:

—  Aisip+ A —¢ A+ A
A= ! o ) Az+1/2 == )
2 2
Arpry2 — A1y Aip1 — A
0cA) = ,  (0¢A =,
Ocd) Ev172 — &i—1)2 Oc Az S41—&

(AeA)r = Arpija — At (AeA)pe = A — Ar

where £ is for z, y, or 7.



Horizontal averaging over the kth n-level is denoted as

1
(@ = NionNiat D> ik

ij
5.1 Diagnostics

The pressure is

Pijk+1/2 = Akt1/2 + Bry1/2Doij 5 (5.1.1)

where
Aptre = Ak+1s2) 5 Bre = B(kiiy2) (5.1.2a)
A2 = Apnievtrz =0, Bijg =0, Buniewr1p=1. (5.1.2b)

The coordinate differences are Ax = aAX, Ay = aAf, An. The physical
differences along the horizontal coordinate axes are

AXij = hgijAz ;. AYy = hyAy . (5.1.3)
The horizontal divergence, a finite-difference analogue of (4.1.7), is

_ 1 A Y
(V- )ik = gy [ az) + 3y ay)]ijk , (5.1.4)

whereas the horizontal gradient of a scalar a,;; has components

1 Qit1jk — Qijk

Va)glivtpik = 05@)ir1 2k = : 5.1.5
(Ve)elinyain = g Gt =5 A (5:1:5¢)
1 Qijr1k — Qijk
Va),lii =——(0,a)i; = otk Tk 5.1.5b
[( )y] j+1/2k hyij+1/2( y )]+1/2’€ hyij+1/2Ay ( )

In these difference formulae we have maintained the original, formal, two-
dimensional structure of h, and h,, used in HIRLAM (both for better co-
incidence with the HIRLAM formalism and for larger symmetry), though
actually h,;; = hg; depends on the meridional index only, whereas h,;; = 1.

The auxiliary vector V = {Uji1/2jk, Vij+1/26} is:

Uis1/2jk = (A—npmu)i—l—lﬂjk v Vijyyoe = (A,,p u)ij+1/2k . (5.1.6)



The discrete analogue of (4.1.11) will then be

. a_ Nlev
(mmM)ijr+1/2 = (1 — Bk+1/2)ﬂ + V-V (5.1.7)
at k'=k+1

from which the recurrence formula (the discrete form of (4.1.6)) follows

. . OPoij
(mn)ijk_l/Q = (m?])ijk+1/2 + (V . V)ij + ABk a(;J y (5.1.8@)
(mM)ijNiev+1/2 =0 (5.1.80)
The vertically integrated mass balance condition (4.1.10) becomes
8?0- _ Nlev
- “V)ije = 0. 5.1.9
o+ YV (519)
The formula (4.1.8’) for omega-velocity is
. . OPijk+1/2
Wight1/2 = (M)igh1/2 + (71 VD)igkrr/e + =3 ==, (5.1.10)
where we define
(¥ VD)ijer1/2 = 1 (h_mﬂ"(smpm + Ty T py) . (5.1.11)
! (hahy)ij N7 Y5 ) ijkt1y2
For the operator G a discrete presentation follows from these definitions
(GF V)iop = V-V — Ay (" - VD)Liji
’ (Ayp)ijk
1 11 — 7
- - _ 7
(A'ﬂphwhy)ijk [5z (hy A"p u) A" (hy W0sp )]ijk
1 TUAY VY
+ m [5y (hw Anp U) Aﬁ (hw v 5yp )i|z]k (5112)
This formula can be simplified (Appendix A) to
—_— . . —y—yﬂ
A 1 — hy (Apu)dzp —y hy (Apv)d,p
Gt v)ijg = —— | 05(h, u) — L1 +6,(hy v) — 1Y ,
( )]k (hq;h/y)zj [ ( Y ) Anp y( ) A'r;p e
(5.1.12")
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which is a discrete analogue for (4.1.13’). The conjugated to (5.1.12) gradient
is (for details see Appendix A)

_ —
A 1 0zp)A
(G®)it1)2jk = = 0z — (127# , (5.1.13a)
L nP dit1/25k
L[ (6)Ag |
A p
(Gy¢)ij+1/2k = ﬁ 0y — ?JATTL (5.1.13b)
v L nP dij+1/2k

The discrete analogue of (4.1.12), consistent with (5.1.8) - (5.1.12), is

(G+-v+A”°’) =0. (5.1.14)
Anp ijk

The thermic geopotential (4.2.10) is

Nlev

(pijk_]_/Q = gh” -+ Z(RT)ijk’aijk’ y (5115)
k'=k

where

ijk = (AyInp)ijx = Inpijey12 — Mpije—1y2 , K #1, and o4 =2In2.
(5.1.16)
The thermic geopotential can be evaluated also from the recurrence

PijNiev+1/2 = ghij
. 1
Pijk = Pijh+1/2 T §(RT)ijk04ijlc : (5.1.17)

1
PVijk—1/2 = @?jk + E(RT)ijkO‘ijk :

Coefficients «;j), are different from those, employed in the common hydro-
static HIRLAM, and thus, the thermic geopotential diagnostics is different.
Such a modification is required for reduction of numerical noise at the com-
putation of the divergence G*-(G), which constitutes a major contribution
to the source A in the elliptic equation (4.2.13).
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5.2 Dynamics

The equations of motion (4.2.1) — (4.2.3) are in the discrete model

(uH—At _ ut—At) N
YV = Lyi+1/2jk — (Gw¢)i+1/2 ik > (5.2.1)
24t i+1/25k ’ ?
( t+AL _ Ut—At) R
T oAr = Fuijri2r — (Gy®)iv/2ik » (5.2.2)
2At S J Y j
Tt—I—At o Tt—At)
= Frijy - (5.2.3)
( 2At ik J

The components of the hydrostatic velocity tendency correspond to the time
level t:

]
1 Y hymn A,u
Fuit1/2jk = — [ﬁ <—Zh_zyV + 0, F + #)]
i+1/2jk

—(Go®)iz1y2ik + (Pu + Ku)iv1/25n (5.2.4)
1 —_ V" hy A,
Foijr1jo0 = — [: (Zh U +46,F+ %)]
h nP ij+1/2k
~(Gy@")ijr12k + (Po + Ky)ijijok (5.2.5)
where
[fhmhywy +0a(hyv) = 5y(h_mxu)] 41/2j+1 /2
Zit1)2j+1)2k = ———y L (5.2.6)
(hzhyAnp )z’—|—1/2j—|—1/2k
]- 1 —x L 1 —y Y
Ejip == (—h u?2 + —h, v? ) , (5.2.7)
2 \h ! hy ik
and 1 AT
(G2@")it1)2jk = == [(M@" — %] ) (5.2.8a)
he nP i+1/2jk
~ 1 . 0 ]—)WA @y
(Ge®@)ijg1/26 = 7= [%(p” — %] (5.2.8b)
Y nP ij+1/2k
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The temperature tendency is

R »Tw
FTz'jlc = _(CLT)z‘jk + (T) + (PT + KT)ijk , (5.2.9)

where

. [hy U8, T + hyVE,T" + hyhy (mn) AT ik
(@T)ije =

(hohyAqp)ije
is the discrete temperature-advection term, and Pyji, Ky, are tendencies
from physical parametrization and horizontal diffusion.
Note that the horizontal gradient G in (5.2.8) is different from G, defined in
(5.1.13). The modification consists in the substitution of terms 5prn¢")‘n

(5.2.10)

and 6ypAn¢"0n , including double vertical averaging, by more simple, verti-
cally diagonal approximations ¢,p"A, " and 6,p"A,®Y. Such modification
gives rise to the numerical smoothness of this term, which is substantial at
high resolutions in the steep orography case.

The discrete presentation of the energy conversion term in (5.2.9) is

T A
<M> - - (Qﬁ> , (5.2.11a)
p ijk Aﬂp ijk
where
—z Xz —y Y
Quge = 1, — hy Ay (0zpApu) + hy Ay (6,pA,0) (5.2.11h)
i dhyh, y
ij

This formula is consistent with the discrete presentation of the thermic geopo-
tential (5.1.15) and definition (5.2.8), which is proved in Appendix B (see
(B.5)), where the overall energetics of the discrete model is checked. The
term in the square brackets is caused by the use of approximation (5.2.8)
instead of (5.1.13). This term is a second order small quantity as it is pro-
portional to a second order vertical difference and tends to zero like (A,p)?.
Except for very poor vertical resolution or drastic variations of the horizontal
wind with height, it can be omitted and the energy conversion term can be

simplified to
(J{_M) = wﬁ,km _ (5.2.11")
D/ ijk 5 (Anp)ijn
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5.3 The elliptic equation for baric geopotential

For establishment of the proper form of elliptic equation we also need the
discrete analogue of the omega-equation (4.2.11) - (4.2.12). Proceeding from
energy conservation, it is correct to start from the definition

wp
Wijk+1/2 = — (——nH ) , (5.3.1)
ijk+1/2

where Wiy /2 is the hydrostatic vertical velocity, which does make use of the
tendency equation (comes from (3.1.2) with the help of (2.2.1’) and (3.2.1))

(wst+At _ wst—At) B ( p And) )
“\FA
24t ijk+1/2 H Agp™/ k)0

—(&ws)iij/Q + (Pw + Kw)ijk+1/2 y (532(1,)

with aw® representing the transport of vertical velocity

by T 6w® + ho V0,0 + hyhymiy Agw® Jijnsn o
(hmhyA—npn)iij/z

and P, and K, representing the physical parametrization and spectral dif-
fusion terms for w®. The correspondence of (5.3.2) to energy conservation is
established in Appendix B.

Differentiation of (5.3.1) in time gives

(M) o (i)zAnfb
2At k12 wijk+1/2 Hn —'r;Anp

where

, (5.3.2b)

(dws)ijk+1/2 =

. (5.3.3a)

ijk+1/2

A s W —
Flijkv1/2 = [—% (aw® — Ky — Pw)} + <_—,7FT"> . (5.3.3)
H ijk+1/2 ijk+1/2

Differentiation of the discrete continuity equation (5.1.14) in time, and elim-
ination of the velocity tendencies with the help of (5.2.1), (5.2.2), and (5.3.3)
yields the discrete form of elliptic equation:

(Le)ijr = Ay,
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where the discrete elliptic operator is

. N 1 P> Ao
B0k = (G G+ | X oS \men )], O34
and the volume-distributed source function is
R A F,
ik = (G- Fy)y +< ! “’) : 5.3.4b
o= @ o (J00) (5.3.40)
Here Fy = {Fyit1/2jks Fuij+1/2x}- Keeping in mind a solution of this

equation in the orthogonal basis, we will supplement the source function
with a singular, boundary-distributed source A, and consider the equation
in the form

(Lo)ijk = Aiji (5.3.4c)

where
Agije = AYy + A%y (5.3.4d)
The boundary-distributed source function is a discrete analogue of (4.2.17)

b _ rxlx Tr T yl yr
Al = [55€"0i1 — [ ¢"0i Nion + fix.¢"051 — fii €0, Niat + YijOk Niew 5 (5.3.4€)

where
2 2

(he)Az (hy)Ay
and 6, ; is the Kronecker symbol. Note that functions ¢*d; ;/, ¢¥d; ;» represent
the discrete analogues of the Dirac delta-function §(x,xr) on the z- and
y-walls, respectively.

The amplitudes of lateral sources f and bottom source 7 are determined by
nonhomogeneous lateral conditions, and vertical condition, respectively.

5.3.1 Boundary conditions for the elliptic equation

The condition of integrability (4.2.16) reduces in the discrete case to a
requirement that the solution has no rapidly (exponentially) increasing mode
at k& — 0. This is achieved, employing the eigenfunction technique in 7—
coordinate.
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The vertical condition (mass balance condition for ¢), a discrete analogue
of (4.2.15), follows, differentiating (5.1.9) in time and eliminating the velocity
tendencies with the help of (5.2.1) and (5.2.2)

(Bo)y; = % [@C (h—ym—npwém) + 6y (h_xyA—npyéygb)ij = b, (5.3.50)
k=1
by = sz: [(5 (h_wA—wF ) +6 (WWP )} 1 PPy (5.3.50)
1y s z \ My AnD L'y y \ e gD Ly ik a2 0.

This condition is used for the specification of coefficients 7;; in the boundary
source (5.3.4e).

The lateral boundary condition (4.2.14) becomes in the discrete case

1 X 1 xr
(:zdxgb) =al , (:z6$¢) =aj; , (5.3.6a)
hz 3/2,jk hz Nlon—1/2,jk
1 1 .
(h:y5y¢> =alj . (ﬁ@zﬂﬁ) = ay, (5.3.6b)
Yy i,3/2,k Yy i,Nlat—/2,k

where coefficients a are known. These conditions will determine the coeffi-
cients f in the boundary source (5.3.4e).
In a particular case of smooth (along boundary) a and large Nlon, Nlat, Nlev,
coefficients f in (5.3.4e) are related to the boundary gradients explicitly (Ap-
pendix D)

lei = a;c/lf » fik = ajy ’fk _azk ,fik = ag - (5.3.7)
Consequently, the boundary source (5.3.4e) transforms in the continuous
limit to (4.2.17) with

f(XFa m, t) = —ar , (5371)

where ar represents the given normal boundary gradient of ¢ (see (3.3.4)).

5.3.2 Solver for the elliptic equation

The general idea is to solve the equation (5.3.4¢) in the tree-dimensional or-
thogonal basis for given A? and for A® with optional coefficients f and 7, and
then determine coefficients y from (5.3.5), and f from (5.3.6). For application
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of the basis in all three coordinates, equation (5.3.4) and condition (5.3.5)
have to be represented as the sums of horizontally homogeneous main parts
and horizontally nonhomogeneous perturbations. The main elliptic operator
is inverted explicitly, then the solution is substituted into the perturbation
terms and a new improved solution is looked for, repeating the procedure
until the required precision is achieved. As the metric coefficient h, depends
on the spherical Earth in the latitude 6, the planet’s roundness is considered
in this algorithm as a perturbation to the plane geometry. This means that
too large areas will not be accessible by the model. In practice, integration
areas are limited within a square with 5 000 km long side.

Equation (5.3.4c) is presented as

(Lo)ijk = Asjk — (L'D) ik , (5.3.8)
where B
(L)ijk = (Lud)ijk + (Lyd)ije + (Ly®)ijic (5.3.9a)
Ly,Ly, and L, are the horizontally homogenized, one-dimensional Laplacians
1 2 1 2
Lo®)ije = (—(MS) , (Le®)ijr = (—6 ¢) 5.3.9b
( ) Jk <hm> - ( ) Jk <hy> Y - ( )
1 (P)* Ayg
L,0)ij =[ A (_ — : 5.3.9¢)
( n )]k <A"p> n <H77>2 Anp" - (
and £ is defined as B
L'=L-L. (5.3.9d)

Analogical expansion of the integral condition (5.3.5) to the sum of main and
perturbation parts gives

(B%)ij = bij — (B'¢)ij , (5.3.10a)
where B is the horizontally homogenized part of B
Nlev
(B%¢)ij = (ha)(hy) | (Lo + Ly) D> (Ayp)iti (5.3.100)
k=1 ij
and perturbation B’ is defined as
(B'9)ij = (Bg)i; — (B°9)i; - (5.3.10¢)
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The iterative algorithm is

o =0 at t=0, and [p\h]' =[] at t>0,  (5.3.11a)

and for [ = 1,2,....
(LoD)ije = ALy + Uk — (L' D) = Ag.)k, (5.3.11b)

(B0 = by — (B¢ D)y = o) (5.3.11¢)

ij

where A*® is the iterated boundary source

A;,Q = fc-c;i(l)Cx(Sm - W( c"0i, Nion + f Cy5j,1 i Cy5] Niat T %J 51c Nlew
(5.3.11d)
with the iterated coefficients f®), ¥(), which have to be specified from the
iterated versions of conditions (5.3.6):

1 1
<_$ mm) =al} , <:$ mqﬁ(”) =dl, (5.3.1le)
P 3/2,5k ha Nion—1/2,jk

1 1 .
—y(sy(b(l) = a:;!kl; ) —y 5y¢(l) = azylc y (5311f)
h , h )

y i,3/2,k Y i,Nlat—/2,k

and from (5.3.11c), respectively.

The iterative set of equations (5.3.11) is solved using the three-dimensional
orthogonal basis X ® Y ® E, where

X ={X,,¢=1,.,Nlon} = {{Xi;,i =1...,Nlon},qg=1,...,Nlon} ,

Y ={Y,,r=1,.,Nlat}Y, = {{Y,r,j =1...,Nlat},r = 1,..., Nlat} ,
E={E;;s=1,.,Nlev}Es = {{Eys,k = 1..., Nlev},s = 1, ..., Nlev} ,

represent the one-dimensional bases in the z, y and n dimensions, respec-
tively. They are chosen as the eigenvectors of the one-dimensional Lapla-
cians:

rJr oo

(LoX)i = —NoXig, (LyY2); = =NV, (L,Ey)k = —A"Eg,, (5.3.12)

. . .
where A7, AY, A7 are the corresponding eigenvalues.
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For X and Y the discrete normalized cosine bases are employed (see Ap-
pendix C), whereas the basis F and eigenvalues A" (they depend on the ver-
tical temperature distribution in the atmosphere) are specified, numerically
solving the vertical eigenvalue problem (ibid).

Presenting ¢ in the basis

z]k - Z Ek8¢qrs ) (5.3.13)

qrs

the solution of the equation (5.3.11b) for Fourier coefficients ¢ will be

A1) ASID
= - 5.3.14
= NN (5:3.14a)
'At(zlrs q'rs (’CI¢ )qrs+
@ ! W 0] () e
c ;Cl Xq,l C zr( )Xq,Nlon + Cyfélsl Y;‘,l - Cyfgs Y;",Nlat + ’}QS?ES,}([@U’
(5.3.14b)

where A?, L£'¢(—1) are the Fourier coefficients of the volume distributed
source and perturbation term

qrs ZX(NX E : zgk’ (£,¢(l 1 qrs ZXW sk: ‘Cl(ﬁl 1))(17"5’

ijk ijk

and fO, 5O are the Fourier coefficients of f®, ®:

xl/?‘ Z}/;JESIC zl/T(l Zl/l/T ZXq'LESk yl/r ’ ~(l ZXq'L r],ym )

Substitution of the solution (5.3.14) into the boundary conditions (5.3.11e)
- (5.3.11f) yields (for details see Appendix D) an iterative algorithm for the
Fourier coefficients of the boundary force:

~ (I ~ (I—-1 ~ (1
O = Y s (5.3.15a)
A A (5.3.15b)
SO B 0
W= e (5.3.15¢)
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~ (1l ~ (-
é’s’() = é’!( - 5fy’“( (5.3.15d)
where the increments are
1 —_ N
S0 = al — ( Sy 1> , (5.3.16a)
Srs ﬂf 3/2,r,s
ofar® = — \af - (—ms(ll)) : (5.3.16b)
Srs h’I Nlon—1/2,r,s
~ 1 1
5fé/sl(l) = |a¥% - <_5y¢(l—1)> , (5.3.16¢)
Sgs hy @,3/2,s
50 = (g (L g0-n 5.3.16d
qgs ST gs — h_ y¢ : ( o )
qs Y ¢,Nlat—1/2,s

and

Nlon—1 T
ERS N o . S 2
# T Nlon—1\ 2 A MAN T () A2 N + AN )
(5.3.17a)

1 Nlat—1 \ 9
S:ZS = Mi Z T Z n + T n
at — 1 — M+ A+ A ((hy)Ay)2 (A2 + Mtar + A9)
(5.3.17b)
In the case of smooth boundary conditions and for large grids (Nlon, Nlat,
Nlev — 00), the square brackets in formulae (5.3.16) become zero at [ = 2,
which yields the case (5.3.7) (Appendix D).
After the coefficients f are specified from (5.3.15), (5.3.16), the source func-
tion (5.3.14b) still includes unknown coefficients 4, which can be solved from
(5.3.11¢). Transforming this relationship into the basis and using represen-
tation (5.3.14) (where f@ are specified from (5.3.15)), the explicit formula
for ~y results

1 IVBT—(B%U_/I)) e, AT -‘
~(1 q T s41grs
0 — . q _E

 sar T | 5.3.18
Tar = gm [<h$><hy)(Ag;+)\g) . )\§+A¥+A2J ( a)
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where

s,lev o
Sqr = s m ;o Cs = zk:(Ap)kEks ; (5.3.18b)

—_

A0 = Ay — (L)t

qrs

= ¥ z V) g r (D)
C Xq,l —C Xq,Nlon +c qu Y;,l - cyqu K,Nlat . (5-3-186)

rs s

Thus, the solution of the elliptic equation at the /th iteration is (5.3.13),
where coefficients ¢ are presented by (5.3.14), with () evaluated from
(5.3.15) and 4" from (5.3.18). The iterative’ process is stopped at [, for
which:

(lo© — D)y < e(|p)) (5.3.19)

where ¢ depends on the required precision (The typical value in application
ise ~ 1073 — 107%).

5.4 Boundary and initial fields

The nonhydrostatic scheme takes advantage of the Davies’ boundary relax-
ation scheme (Davies 1976) of hydrostatic HIRLAM. Modifications, induced
by the presence of nonhydrostatic force are described in the following.

Hydrostatic evolution from the time level ¢ — At to the level t + At, when
the boundary relaxation zone (BRZ) is present, is described by the formula
(for field u, cases of v and T are similar)

ut-I—At — (1 o a)ﬂt+At + auz—FAt , at-I—At — ut—At + 2AtFu ,

where « is the weight function, which is zero beyond the relaxation zone,
increases smoothly in the relaxation zone towards the boundary, and becomes
a = 1 on the boundary I'. Field @‘t2* is the evolution of v to the level
t+ At from the initial state u*~2* when BRZ is absent, while F,, presents the
hydrostatic tendency (5.2.4). The function u’™" presents the boundary field
(which represents the surrounding environment), towards which the internal
field u!T2? is relaxed and which is always reached by u!*** on the boundary
surface I'. From this formula, the effective (’boundary relaxed’) hydrostatic

tendencies are A
. ub+ _ ut—At

B=(l-a)F,+a% — " 4.1
( a)F, +« SAL (5.4.1a)
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A PLHAL _ gt=it

F,=(1-a)F, - 5.4.1b
(1-a)F+at— (5.4.10)
. TiHAL _ pt-At
Fr=(01-a)F b 4.1
= a)Fr + « SA7 (5.4.1¢)

The corresponding modifications of the nonhydrostatic equations (5.2.1) -
(5.2.3) are

1+ i+ ~ ~
Sar = Fuiyei = (God)iiyin (5.4.2a)
pirAt g t=At
ij+1/2k ~ Yigrijok o N
= 2At FHE = vij+1/2k = (Gy®)it1/2jn (5.4.2b)
TiHAL _ pt-At
. oAt T = Frije . (5.4.2¢)

The BRZ is not applied to w, and its tendency remains (5.3.3). Thanks to the
inclusion of the boundary relaxation in the hydrostatic tendency, the baric
geopotential ¢ takes into consideration all forces and maintains the anelastic
quality of the model in the whole domain, including the relaxation zone.

To establish in (5.4.2a) and (5.4.2b) rigid conditions w2 = ultA pt+AH L =
v,f“LAt, the normal gradient of ¢ has to vanish on I, which yields zero value
for the boundary function « in (5.3.6):

a% =0,a% =0,a% =0,a] =0. (5.4.3)
Consequently, the boundary source amplitude f in (5.3.4e), (5.3.11d) be-
comes also zero, and the iteration algorithm (5.3.15) - (5.3.16) is not required.

Thus, in the case of the Davies’ relaxation scheme, the lateral boundary value
problem for ¢ reduces to the homogeneous Neumann problem.

An important quality of the Davies’ scheme is approximation of the singular
lateral boundary source A° (see (4.2.17)) of the continuous model (without
BRZ) by the volume-distributed source AY, which in the BRZ approaches
the singular limit (4.2.17), if the depth of the BRZ tends to zero. To prove
this, we will consider the volume distributed source function A” in the BRZ
near the right wall in z-direction:

L-d<x<L, L=alA
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(Discussion is confined to this particular case. However, results would be
the same at the other walls). For a sufficiently narrow BRZ, when d — 0,
the most rapidly changing function in the tendencies (5.4.1) is the weight
function «, which gradient becomes large in the BRZ. As a result, the volume-
distributed source function (5.3.4b) can be estimated from (5.4.1a) - (5.4.1b)
in the BRZ as

1 da bAoAt
A’ ~ —a h—mg where a = Fu — bQ—At (544)
At the limit d — 0, o approaches the Heaviside function and, consequently,
1 O«
——— =0
hy Oz (=, or),

whereas a tends to ar in (3.3.5). Thus, A” approaches precisely the first term
of the singular boundary source (4.2.17), with f = — ar (see (3.3.77)) where
ar is determined as (3.3.5).

As seen from (5.4.4), the source A" is specified in the boundary zone by the
"hydrostatic disbalance" a. Extreme values of a should be avoided, as large a
would cause large amplitude of ¢ near lateral boundaries, which would result
in large normal gradients of ¢ and strong spurious tangential circulation in
the boundary zone. As a is mainly driven by the boundary fields wuy, vy, T},
and p,, the amplitude of a depends how well the boundary fields, including
Do, match the hydrostatic evolution model. Especially sensitive is a to the
choice of the mean surface pressure field p,.

Two main choices, requiring different approach, are as follows.

a. po(x,y,t) is taken, along with other boundary fields wy, vp, and 7}, from
a coarser, hydrostatic forecast model. In this case a is always small, there
would be no problem with large spurious boundary sources, and the integra-
tion scheme (5.4.2a) - (5.4.2¢) supported by homogeneous conditions (5.4.3),
is advantageous. In this scheme, ¢ and pj will represent fine, small-scale,
nonhydrostatic contributions to the hydrostatic fields. The described ap-
proach is attractive because of its simplicity, and it is presently applied as
the basic scheme in NH HIRLAM.

b. Do = po(z,y), where pg(z,y) is the mean barometric background pressure

(2.5.7c). This approach assumes prior specification of the mean temperature
To(p). For given initial velocity and temperature fields, py is rather different
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from the actual hydrostatic surface pressure. Consequently, the thermic and
Coriolis forces are mutually out of balance, hydrostatic tendency becomes
large everywhere and a in (5.4.4) becomes also large. To restore the approx-
imate geostrophic balance in the BRZ, a compensating baric geopotential
forcing must be added to the hydrostatic tendency before the BRZ is ap-
plied. The algorithm here is as follows. The baric geopotential is presented
as a sum of the steady field ¢, and transient component ¢’

¢=cd.+ ¢ . (5.4.5)

The steady component is specified as a solution of the elliptic equation (5.3.4)
in the homogeneous case, a = 0, nonhomogeneous boundary conditions

ajw-llc = Fujj2ik » @Gx = Funion—1/2,jk ol = Foizjon 0 = Foiniat-1/2
(5.4.6)
corresponding to the actual hydrostatic tendency F, on the boundary. The
forcing —Gé, is then added to the hydrostatic tendency with the resulting
equations of motion

t+At t—At

u — U

z'+1/2jk2At i+1/25k _ Aui+1/2jk o (éz¢l)i—|—1/2jk ’ (5.4.7a)
piTAt _ t=At
ij+1/2k = Yij41/2k g ~
LI fjiaon = G i, (AT
where
N - “Z+At _ yt—At .
F,=01—-a)(F,— G;¢. - 4.
(1 —a)( Ge) + = (5.4.7¢)
R . U2+At _ Ut—At
By = (1= a)(Fy = Gyde) + a=— (5.4.7d)

The transient component ¢ is computed at each ¢ from the elliptic equation
(5.3.4) with A, corresponding to the effective tendencies (5.4.7¢), (5.4.7d),
and with the homogeneous boundary conditions (5.4.3). Forces in round
brackets in (5.4.7¢) -(5.4.7d) compensate each other, mainly, and the result-
ing effective tendency F', remains restricted in the BRZ. The major com-
pensation is achieved due to the application of nonhomogeneous boundary
conditions (5.4.6). These conditions supply the solution ¢, with a long-wave
component, which compensates the initial large F,, restoring the approxi-
mate geostrophic balance and providing the initial tendency to be moderate.
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In this respect, substitution of Fy to F, — G, gives an effect, similar to the
background surface pressure field initialization from the coarser model. Con-
sequently, the conditions (5.4.6) are rather essential, and the proper specifi-
cation of the normal component of hydrostatic tendency Fy on the boundary
I" is of great significance. Fortunately, the thermic and Coriolis forcings, both
being reliably computable from the temperature and wind distributions, are
major contributors to this tendency.

The temperature and w tendencies are not affected by the described modifi-
cation (5.4.5) - (5.4.7d), and remain (5.4.2c), and (5.3.3), respectively.

Though the described scheme with py in the role of lower model surface
is more rigorous in comparison with the former one, its advantage is, that
it provides some lowering of numerical noise, if py is chosen appropriately
smooth. Along with the application of py, and when the background tem-
perature Ty(p) is introduced into consideration, it is advantageous to apply
one more noise-lowering modification, which consists in the prior separation
of the background thermic geopotential in (3.4.4b)

o(z,y,p,t) = wo(p) + ¢ (,y,p,1) . (5.4.8a)
The mean component depends on the background temperature only

ﬁo(wj?/) T /
©o(p) = gh(z,y) + Ry / Og )dp' : (5.4.8b)

p

where R, is the gas constant of the dry air, whereas the fluctuative part is a
function of the fluctuative part of RT

Po(z,y) (RT)I(:U, y, 7, t)

(pl(.T,y,p, t) :/ / dpl
P p
Po(®9) (RT ', t) — RqTo(p
:/ ( )(x,y,p;),) o) 4 (5.4.8¢)
p

Cancellation of ¢y dependence on z,y occurs due to the barometric formula
(2.5.7¢). Due to this cancellation, the hydrostatic tendency will not include
the large background geopotential ¢,, which will enhance smoothness of the
numerically computed F,,.
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When applied in the discrete scheme, the tendencies (5.2.4), (5.2.5) are mod-
ified to

—
1 — Y h,mn A
Fusii = — | =5 | 2RV + 8,8 + =512
+1/2j 7 A
i+1/2jk

T 77p
_(éww)iﬂﬂjk + (Pu+ Ku)iv1/2jk (5.4.9q)
j’r}
1 —z 9" homn’ A,v
Frijr1jor = — lﬁ (Zhy U +6,E+ ?/A"T")]
Y nP ij+1/2k
_(éyan)ijﬂ/% + (P, + Kv)ij+1/2k ) (5.4.9b)

where ¢’ is computed from the recurrence (which is a modification of (5.1.17))

, —_—
PijNiev+1/2 = 0,

— 1

gDl?jk = ‘P;jk+1/2 + §(RT);jk04ijk ) (5.4.10)
1

g";jk—l/2 = a?]k + §(RT)'Iijkaijk .

Note that there is no linearization in connection with the separation (5.4.8a),
and the equation for the full temperature remains (5.4.2c).
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6 Explicit Eulerian time scheme

6.1 Time scheme

Integration of equations (5.4.2a) — (5.4.2c) (or (5.4.7a), (5.4.7b), (5.4.2¢),
respectively, when the separation (5.4.5) is applied) is implemented as the
explicit-Eulerian leapfrog time-stepping scheme, which is a parallel option
to the ordinary, hydrostatic explicit-Eulerian integration scheme. Nonhydro-
static integration is switched on with the logical key nhdyn. The integration
block—scheme in the nonhydrostatic regime is presented in Fig. 6.1.1.

GEMINI

[HS INITIALIZATION ]
]

NH INITIALIZATION:
COSTI, PGRAD, COEF, NDUV

|

NHEULER

HSDYN:
Fu.Fy . Fr. Fo

HDIFF4
PHCALL

HDIF, VDIF4

BNDREL

ELLIPT
)

du/dt,dv/dt,dT/dt

‘ g et \'/t+dt Tt+dt‘

I

I

PGRAD,COEF, NDUV (every
ncor th time-step)

]

Fig. 6.1.1

In the main routine GEMINI, subrou-
tines COSTI, PGRAD, COEF, and
NDUYV are called after general initial-
ization. The subroutine COSTI ini-
tializes coefficients for fast 2D cosine-
Fourier transformation. The sub-
routine PGRAD computes p,, which
in the present realization is the ini-
tial actual hydrostatic surface pres-
sure, and prepares difference arrays
Anp, Agp. The subroutine COEF
prepares coefficients for the elliptic
solver, including the mean temper-
ature < T >, mean pressure <
P >gy1/2, and vertical eigenvectors
and eigenvalues of the mean elliptic
operator. The routine NDUV checks
the balance (5.1.9) of the vertically
integrated mass and restores the bal-
ance if there exists any initial depar-
ture.

The restoration algorithm is as follows. The imbalance

Nlev

(in)
0Py
E‘F;(Vv)k) (6.1.1)
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is computed and then a gradiental correction is introduced into the velocity
field: . _
v — vim _ e (6.1.2)

where ( is the solution of the equation
V- (p,V¢) =d. (6.1.3)

This equation is inverted iteratively with fast cosine-Fourier transformation.
The corrected velocity field (6.1.2) satisfies the balance condition (5.1.9).

The recalculation of boundary pressure field p, in PGRAD, coefficients in
COEF and restoration of the mass balance with NDUYV is applied repeatedly
after each ncor time-step.

In the main Eulerian time-stepping routine NHEULER, which represents a
modification of the hydrostatic subroutine EULER, the subroutine HSDYN
(represents a modification of DYN) is called, which computes the hydrostatic
tendencies F,,, F,,, Fr, and F, in accordance with (5.2.4), (5.2.5), (5.2.9), and
(5.3.3b). Thereafter, the explicit horizontal spectral smoothing (optional)
for u, v, ,7T, and humidity ¢ is carried out in HDIFF4 which is followed by
physical parametrization in PHCALL. The explicit smoothing and physical
parametrization are common with the hydrostatic model. After that there
is another branching: instead of the implicit smoothing with DIFFH, in the
nonhydrostatic case a spectral smoothing is performed by subroutines HDIF
and VDIF4. The subroutine HDIF represents an implicit diffusive spectral
filter of variable order. It makes use of the cosine-Fourier transformation and
acts on the Fourier amplitude @i]—k of the field ¢ (in the role of ¥ are u, v,
and 7T") as follows

- i)
(i6) V™) = Y (6.1.4a)
N 1+ fyl’cl[()\f + )\?JJ)/()\:]EVlon/Q + /\g]!\flat/Z)]qlC
Here v and g are the level-dependent smoothing parameters, and A%, A
represent the eigenvalues of one-dimensional horizontal Laplacians (see (5.3.12),
and Appendix C, (C.1c)). The default value for 4} is 1, though in the short-
scale domain (dz, dy < 10 km) 7, must be increased to avoid buoyancy wave
reflection at the top. The parameter ¢ varies with the height according to

q = 2 —exp[—(k — 1)*/k}] , (6.1.4b)
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the default value for kj, is 5. Thus, in the majority of the atmosphere, g, = 2
and the filter has fourth order, whereas at the top, where ¢, — 1, it steadily
transforms to a second order filter.

The explicit vertical 4th order filter VDIF4 performs smoothing (Miranda
and James 1992)

Yl = (L= W) — 9 (Wijksz + Yije—z — 4inn — 4bige1)™ . (6.1.50)
The parameter 7}, is a piecewise linear function of the level index

if £ > k,,

vo__ ryfnm
Te = { f)/:]nm + (anum - fY'Zun)]]zz:’f if k S kv- (615b)

The default values of the parameters are k, = Nlev, v}, = 0.0, V7., =
0.0625. Note that v* = 0.0625 yields total elimination of the 2-grid-length
waves.

TABLE 6.1.1
The nonhydrostatic tuning parameters in
the namelist NAMRUN and common COMNHD

Name Type Default Reference
Inhdyn logical false. NH switch
Incor logical false. Switch
for COEF and NDUV
ncor integer 20 Period in time-steps
for COEF and NDUV
lhdif logical false. Switch for (6.1.4)
rkh real 5.0 kp, in (6.1.4D)
lvdif4 logical false. Switch for (6.1.5)
nkv integer Nlev ky, in (6.1.5b)
gvmin real 0.0 Vi in (6.1.5b)
gvmax real 0.0625 Yo ap i (6.1.5b)
epsell real 5.e-4 e in (5.3.4e)

Smoothing is followed by the boundary relaxation in BNDREL, which is
an ordinary boundary relaxation subroutine of the hydrostatic HIRLAM.
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Thereafter, the hydrostatic tendencies are passed to the subroutine ELLIPT,
in which the baric geopotential is computed. Finallyy, NHEULER is fin-
ished by the tendency updating with nonhydrostatic contributions and by
the next time level prognostic field computation. The tuning parameters of
the nonhydrostatic model are presented in Table 6.1. In the program they
are described in the common COMNHD.INC with default initialization in
the routine NAMEIN, and they can be initialized explicitly in the namelist
NAMRUN.

6.2 Numerical tests

The developed NH model is tested in two different regimes: (A) nonhydro-
static forecast on low-resolution ("hydrostatic") grids with realistic initial
data and with the physics included. These simulations should be considered
as preliminary experiments, which will be extensively continued after code
parallelization. (B) nonhydrostatic simulations on high-resolution grids in
the adiabatic regime without the physics, with artificial initial and boundary
data and model orography.

Modeling is performed in the single-processor environment on Pentium II.
The time step At is in all experiments chosen maximal for that particular
resolution. It is determined by the Courant-Friedrichs-Lewy stability condi-
tion

At < Az/(U+C), (6.2.1)

where Az is the horizontal grid-step, U is the dominant horizontal wind-
speed, and C' is the typical phase speed of buoyancy waves. As the external
waves are excluded, C represents the internal buoyancy wave phase speed.
It is ~ 100 — 150 m/s at large scales but diminishes rapidly as the horizontal
scale decreases. The typical time-step is 90 s at the 22 km resolution, 60
s at the 11 km resolution, 50 s at the 2.2 km resolution (for U = 25m/s),
and 30 s at the 1 km resolution (for U = 25 m/s). Presumably, at the
high-resolution limit (Az, Ay < 5 km), where C' << U, the explicit scheme
reaches theoretical upper limit Az/U.

A. Low-resolution tests with physics

Experiments in the realistic conditions are carried through at the 22 and 11
km resolutions. Integration is performed with the non-hydrostatic extension
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Fig.6.2.1 6h forecast of surface pressure with the explicit hydrostatic (a)
and nonhydrostatic model (b). 194x140 grid, 31 levels, 22 km resolution.

of HIRLAM 4.6.0, and thus, the physical package represents the physics of
version 4.6.0.

The purpose of 22-km-resolution experiments is to check the influence of the
surface pressure adjustment and to demonstrate, that this does not reduce
model quality in the hydrostatic domain. Another purpose is to show that the
plane approximation in the main part of elliptic operator does not influence
model performance in the case of moderate (square side less than 5000 km)
integration area. Integration is performed with the 31 level, 194x140 points
(4300 km x 3100 km) model. The time step is 90 s, and the default spectral
smoothing is applied. The results of 6h forecasts of the sea-level pressure
are shown in Fig. 6.2.1, where the nonhydrostatic model is compared with
the explicit (20 s time-step), hydrostatic Eulerian scheme. As seen from
the example, results by NH model are close to the corresponding results of
the hydrostatic scheme, though not identical. The comparison shows also,
that there is no systematic distortion of nonhydrostatic pressure forecast to
the edges of the area due to the quasi-plane approximation of the elliptic
equation.

The results of 24 hour forecast with the 11 km resolution on the 114x100
points grid (1210 kmx1100 km) for the sea-level pressure are shown in Fig.
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6.2.2, and for the vertical cross-section of u-wind and temperature, in Fig.
6.2.3. The time step in these experiments is 60 s. The forecasts by the NH
model and semi-implicit Eulerian hydrostatic model are compared with the
analysis for the same time. The sea-level surface pressure distributions (Fig.
6.2.2) of hydrostatic and nonhydrostatic models show reasonable coincidence.
Spectral smoothing in the NH model is reduced in comparison with the de-
fault standard to the values: 4 = 0.5, 72, = 0, and 72, = 0.01. In spite
of that, the NH scheme produces smoother wind distribution in the middle
troposphere than the hydrostatic model (Fig. 6.2.3). At the same time, the
nonhydrostatic scheme exhibits wind anomaly at the top, which is caused by
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residual buoyancy-wave reflection on the upper boundary and which shows
that the level of spectral smoothing is too low in the top region. However, the
close co-incidence of the two models during a rather continuous run shows
that the NH kernel does work and produces reliable results.
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B. High-resolution adiabatic tests

High-resolution experimentation in the adiabatic mode has been the main
tool for model debugging and nonhydrostatic kernel quality testing. Fol-
lowing examples aim at demonstrating the quality of the model in actually
nonhydrostatic conditions and clearing up its high-resolution limit. These
are experiments with artificial orography and initial state of the atmosphere.
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Fig. 6.2.4 Vertical velocity waves in the case of the stationary flow over
one-dimensional isolated mountain. a = 10 km, hy = 300 m, U = 25 m/s.
Isoline step Aw = 0.1 m/s. Grid 65x49, resolution 2.2 km, At = 40 s;
Nstep = 240; w,v: vt = 2.5; T: +b = 7.5, nbdpts = 6.

Orography is presented by an isolated bell-shape mountain

ho
1+ (z/az) + (y/ay)’]"
where a,, a, represent half-widths of the hill along « and y axes, and nondi-

mensional parameter s ~ 1 (usually 1 or 1.5). The special case of one-
dimensional orography is modeled with the formula

h(z,y) = (6.2.1)

ho

TG (6.2.1")

h(z,y) =

The initial state is characterized with the sea-level temperature 1" = 280
K, Viisild frequency N(p), and wind U, which is taken initially constant
and then transformed to the mass-balanced wind with the help of formu-
lae (6.1.1) - (6.1.3). The corresponding mean surface pressure field p, is
computed from the barometric formula. Consequently, the algorithm with
the background baric geopotential separation (5.4.5) is employed along with
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Fig. 6.2.5 Nonhydrostatic steady flow over one-dimensional isolated moun-
tain, according to HIRLAM (panels a - ¢) and the analytical model (panel d).
a=>5km, hg =200 m, U =25 m/s, N = 0.01 1/s. Grid 100x 50, resolution
2.2 km, At = 50 s, Nstep = 216, I = J for u, v, and v* = 8 for T, nbdpts
=8

the temperature and thermic geopotential splittings (3.5.1), and (5.4.8). The
boundary-relaxed time integration scheme is (5.4.2c) (5.4.7a), and (5.4.7b) in
this case. Boundary conditions are presented by the boundary fields, which
coincide with the background fields: u, = U, v, = 0, T, = Ty(p).

The difference between the one and two dimensional orography in boundary
handling consists in the BRZ treatment. In the case of two-dimensional hill
(6.2.1), the boundary fields are specified on all boundary walls, whereas in the
case of one-dimensional orography (6.2.1’), boundary relaxation is applied on
the west wall 7 = 1 and east wall i = Nlon. In the case of one-dimensional
orography, there is no relaxation at the south and north boundaries, which
is equivalent to a continuation of the domain of integration to oo in the
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Fig. 6.2.6 Vertical velocity waves in the case of the stationary flow over
one-dimensional isolated mountain. ¢ = 2 km, hg = 100 m, U = 15 m/s, N
= 0.005 1/s, isoline step Aw = 0.02 m/s. Grid 257x49, resolution 0.4 km,
At = 20 s, Nstep = 500, v = 25 for u, v, and v} = 50 for T, nbdpts = 20.

y—direction. Evolution of the atmosphere is modeled from the initial state
until the stationary flow regime is reached with required precision. The final
wind, temperature, and surface pressure fields are compared with the semi-
analytical solutions of the linearized equations where available.

A series of stationary two-dimensional flows over one-dimensional orography
(6.2.1’) in different conditions is presented in Figures 6.2.4 - 6.2.7. The main
nonhydrostatic flow characteristic, nondimensional parameter aN/U, varies
from 7.4 in Fig. 6.2.4, which corresponds to the hydrostatic flow regime,
to 0.66 in Figs. 6.2.5 and 6.2.6, which represents completely nonhydrostatic
flows. The main attribute of the nonhydrostatic behavior is the leeward
shift of the wave sequence with height. At the relatively long nonhydrostatic
scales ¢ = 10 and 5 km (Figs. 6.2.4, 6.2.5), the shift is small and becomes
evident at the higher levels only, whereas at the shorter scale a = 2 km, all
waves are leeward shifted. The resolution (grid-step) is 2.2 km (Figs. 6.2.4
and 6.2.5), 1 km (Fig. 6.2.6), and 0.4 km (Figs. 6.2.6 and 6.2.7). Along
with the decrease of the horizontal scale (determined by the mountain half-
width) and stability parameter N, the horizontal smoothing parameter ¥ in
(6.1.4a) should be increased to avoid numerical noise and reflection at the
top. Theoretically, there is no reflection for constant N in the continuous
model. However, due to the finite vertical resolution and fluctuations of N,
the reflection does exist in the numerical model, and a sponge layer, modeled
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by spectral filters (6.1.4) and (6.1.5), is necessary at the top. Parameter
7% can be varied in a broad interval. Its enlargement causes the increase
of smoothing rate and reduction of the wave amplitude, whereas reduction
causes larger noise and spurious wave reflection near the top, and forces a
time step decrease. Vertical diffusive smoothing (6.1.5) is the default one in
all experiments, as the model is relatively insensitive to the small variation
of v¢, while the large variation is not supported by the explicit filter.

Experimentation with one-dimensional orography is a sensitive indicator of
model quality. Vertical oscillations of the atmosphere are strongest in this
case, as the atmosphere can not flow around the obstacle, yet is forced to
get over it. Both wave amplitudes and vertical extent of wave pattern are
reduced in the case of two-dimensional obstacle. An experiment with two-
dimensional orography (6.2.1), a; = a, = 1 km, hy = 200 m, s = 1.5 is shown
in Fig. 6.2.8. As seen, vertical flow disturbances are restricted below the 800
hPa level (though modeling is performed for the complete vertical extent of
the atmosphere).

The general conclusion from the presented experiments is that the model is
capable of nonhydrostatic simulation. In comparison with the linear model
there is some reduction of wave amplitude and narrowing of wave wings due
to spectral diffusion (especially manifested near the top of the atmosphere)
but both the general wave pattern and the nonhydrostatic lee-ward shift are
reproduced authentically.

As experimentation shows, the grid-point extent nbdpts of the BRZ must
be increased along with the resolution. In Fig. (6.2.4), and (6.2.5) with
Az, Ay = 2.2 km, bndpts = 6 and 8, respectively. In the high-resolution
(0.4 km) experiment with two-dimensional hill in Fig. 6.2.8, this parameter
is nbdpts = 8 (which is yet not too extreme), while in the experiments with
one—dimensional mountains with the same resolution (Figs. 6.2.6 and 6.2.7),
bndpts = 20 and 16, respectively. The reason for the large grid-point ex-
tent of the BRZ is the potential buoyancy wave reflection in narrower BRZs.
The reflection would be much stronger in the case of one-dimensional orog-
raphy, as wave amplitudes are larger in this case and they do not decrease
significantly during propagation from the mountain to the boundary. This
explains larger nbdpts in one-dimensional experiments. However, the situa-
tion would be similar for a small-scale two-dimensional hill, placed near the
outer boundary. For practical reason of rapidly increasing computational
cost, the reasonable value of nbdpts is restricted within nbpts = 10, and even
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Fig. 6.2.7 Vertical velocity waves in the case of the stationary flow over
one-dimensional isolated mountain. ¢ = 1 km, hg = 200 m, U = 15 m/s, N
= 0.01 1/s, isoline step Aw = 0.05 m/s. Grid 257%x49, resolution 0.4 km;
At = 20 s; Nstep = 300; vt = 35, nbdpts = 16.

in extreme situations it should not go beyond 15 - 20. This limitation sets, for
a nonhydrostatic model with the BRZ, the practical upper limit of horizontal
resolution at 0.5 - 1 km.

7 Conclusions

In this part the theoretical concept of the nonhydrostatic, pressure-coordinate,
anelastic model of atmospheric dynamics has been brought to the numerical
code. Preliminary experimentation with the new code has shown its ability
to produce reliable results both in hydrostatic and nonhydrostatic regions.
It is premature, of course, to make far-reaching conclusions before thorough
and careful testing of the new routine. However, the model has shown its
potential in these preliminary runs, and some conclusions can be already
made.

The present maximum horizontal resolution of the model is approximately
0.5 km. This limit is set by gravity wave reflection at the lateral boundaries.
To achieve the 0.5 km resolution without meaningful reflection, the boundary
relaxations zone depth must be 15 - 20 points. For higher resolutions, either
this depth should be increased even more (which is non-realistic), or lateral
boundaries should be made transparent to buoyancy waves.

38



(a) (b)

10 T . T T T T T 0]
200 |
51
400 |
£ ©
< 0 z
= 600 -
5t
800 |
-10 A L L L L L 1000
10 15 20 25 30 35 40 45 50
X, km
(c)
10 0
200 |
51
400 |
£ < A e,
2 9 &
> -
= 600 |
_5 L
800 |
S, X -
10 ‘ ‘ ‘ ‘ ‘ ‘ 1000 ‘ e L
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
X, km X, km

Fig. 6.2.8 Distributions of v and w components of wind at the stationary
flow over the circular hill. a, = a, = 1 km, hg = 200 m, U = 15 m/s, N
= 0.005 1/s. Grid 129x 97, resolution 0.4 km, At = 20 s, Nstep = 300;
u,v, T : v = 20, nbdpts = 8. Tsoline interval 0.01 m/s.

(a) — u at the level p = 860 hPa, (b) — u at the vertical plane y = 0, (¢) — w
at the level p = 860 hPa, (d) — w at the vertical plane y = 0.
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The model is economical in terms of vertical resolution requirements. The
standard 31-level eta-grid provides sufficient resolution for adiabatic dynam-
ics at all horizontal scales. However, much higher vertical resolution may be
needed by diabatic processes. So far, tests with the finer vertical grid are
missing.

Due to the application of surface pressure adjustment, the accessible time
step is rather large and makes the model applicable in high-resolution simu-
lations already in its present explicit-mode realization. In the high-resolution
domain (Az < 5 km), the time step reaches the theoretical upper limit and
most likely can not be significantly increased with the help of a semi-implicit
scheme. At larger scales, where the main limiting factor is the internal buoy-
ancy wave speed, the implicit scheme would approximately double the present
time-step.

The practical advantage of the model is that it supports instant inclusion
of existing physics. Still, at finer scales, beginning with 11 km resolution,
physical parametrization should be revised.
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Appendix A

Pressure gradient G and divergence G in the discrete model

Integration of divergence (5.1.12) gives

/ dVmG*t v &Y AzAy(Aypheahy Gt - v)ij
ijk
= Aaty Y 6. (R Bp") - &, (hy@0p")
ijk
+8y (Ra"Bap"v) = Ay (R0, )|
Due to the full differences in the square brackets, this integral transforms to a sur-

face integral (disappears for finite u and v). Thus, (5.1.12) defines the divergence,
indeed.

To get the alternative form (5.1.127), the identity

(A1)

ijk

[0 (550)]; = (s8¢v); + (v0es)s (A.2)

is required. With the help of this identity, the first term in the first square bracket
of (5.1.12) can be modified

60 (" D) = Ayl (y™u) + Iy ube By
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whereas the second term (with 7 in the role of £) can be presented

1

Ay, (h_ywﬂ"’éxpw) = h_yxuéwAnpw + h_yw(A"u)éwpw .

Analogical identities hold for the second square bracket. As a result, (5.1.12’)
follows.

To derive the operator G skew conjugate to G, the integral relationship (4.1.16)
has to be used, which for the A-component is

> (hahyAyppGiu)igr = = > (ha' by Bpp uGo)iv1jajn - (A.3)
ijk ijk

Using definition (5.1.12), left side here is

> (hahyAqpoGlwyige = - pige |3 (B Bap"u) = Ay (B0 )] (44)
ijk ijk

To the first term in the sum an identity is applied
> ai(Fab)i = =Y big1/2(020)ity2
% %

where finite functions are assumed. Further, this identity is denoted shortly as

ai(05b); ~ —bz'+1/2(5wa)i+1/2 . (A.5)

Thus "~" means "equivalent at the summation over finite functions". Analogical
identity is applied to the second term in (A.4)

ak(Anb)k ~ —brr1/2(Ana)kt1/2 (A.6)
along with ~
(@) k41/2(0) k172 ~ (a)e (") - (A.7)
This results in the formula
> (hahy AyppGiu)y =
ijk
- Z(h_zmh_ywA—npx)i—f—l/ijui—f—lﬁjk —iﬂsz@ - %(%M&;@wﬂ ,
hy hy Anp

ijk i+1/25k

from which presentation (5.1.13) follows for G, and Gy,.
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In further applications, the following equivalences (which proceed from the defini-
tions of G and G*) are also useful:

(hohy AgpeGiu)ije ~ —(he by Bpp uGe@)is1 )24k (A.8a)
(hwhyAnp‘Pé;—U)ijk ~ _(Eyh_yyA—WyUéy‘P)ij+l/2k . (A.8b)

The first one represents (A.3), the second is its y-coordinate analogue.

In a small domain, when |tanf| < 1, divergence (5.1.12) can be simplified, con-

sidering the metrical coefficients h; = cos# and hy = 1 constants
2 1 (Au)dp 1 (A, 0)0,p""
Gt .v) = | —6 I St/ el SR _\EnT)TylE A8

ijk

which means a plane approximation for G*. This approximation was applied in
initial versions of the nonhydrostatic model (R66m and Ménnik 1999). Yet it
does not yield much simplification in comparison with more precise representation
(5.1.12’) and is not applied in the recent versions.

Appendix B
Energetics in the discrete model

Total energy of the discrete model is

AzA
E = p y 3" Ein (B.1)

ijk
where E;j;i, is the energy, associated with the cell with indexes {3, j, k}:

Eijk = Eviji + Eyijr + ETiji

Ll freei—a o TYT YA Y. 2
Eyiji = 2 [(hw hy” App~u )i+1/2jk + (ha; hy” App”v )
(ws)g]

2 lijk+1/2
ETz'jk = [hmhy(Anp)cpT]

z'j+1/2k:|

1 -
Ewijk = 5 [hwhyAnpn ’
Applying to E;j;, differentiation in time yields with the use of equations (5.2.1),
(5.2.2), (5.2.3), and (5.3.3) (dissipative P- and K-terms are omitted)

5 = Yiik — bijk — bl — bk + bl + b (B-2)

ijk ijk
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where

- —Y j—1
Ly = (hy”UZhj"V‘” ) = (lTw‘"VZhway ) (B.3a)
i+1/2jk ij+1/2k
. —z »
b = By (V6B + uhgmi Ayu )]Hmjk
. ——
+ (B (Vo B + vhymi” Ao )]UH/% (B.3b)

bz-Tjk = (hgghyA,,pc][,&T)ij,c

_ {c,,[hywx:r* + VO, T + hahy (mﬁ)A,,T"]} y (B.3¢)
ij
b = [hahyDgp " w® (6w®))ije 12 =
hy T Ssw® + by V' Syws + hohymal Agw® Jijks1 /o (B.3d)
0 —  (hREUG RV G,
i (hm hy UG:p )i+1/2jk (hz hy"VGyP )ij+1/2k
RTw
T (hahyAgp) <—> (B.3¢)
P/ ik
b2, = — (hy hy UGy — (7 R, VG
ijk ( y UG ¢)z’+1/2jk ( Y VGy¢)ij+1/2k
wp
+ (hzhy?Amﬁ) ) (B.3f)
ijk+1/2

For energy conservation, the right hand terms in (B.2) should at the summation
either transform to surface integrals as full differences or mutually annihilate in
neighboring nodes.

In (B.3a), an equivalence holds (equivalence "~" is defined in Appendix A) for the
first term

. T ——1uY —Y — T
(hyzUthyV ) ~ (U RV
i+1/2jk i+1/2j+1/2k

and analogous equivalence holds for the second term. As a result, (B.3a) transforms
to a surface integral.

In (B.3b), equivalences are valid
(h_yzuhzmﬁzAnun) ~ (h_ymhxmﬁxﬂ"Anu)

i+1/2jk i+1/2ik+1/2
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e iy
(hy hymn An—) ~ |hghymnAy | —hy" — :
2 ) iv1)2ik41/2 hy = 2 ijk+1/2

Analogically,

. 1 v
—Y 7Y b J— —
(hz vhymi)” Apv )z’j+1/2k [hzhymﬂAn (ha:hm 5 )] ) i
ijk+1/2
Thus,

E — —y .
bije ~ (hy U(S“E)i+1/2jk + (h”” V(SyE>z'j+1/2k + (hohymnAgE) iy 1/ ~

(h_me‘SzEbb + h_:cyV‘SyEy + hwhymﬁA"En) ik
ij

Addition to this relationship of the identity 0 = (E D);j, where
o T Yy .
Dige = [0 (A7U) +8, (A'V) + 8y (hahymi)] =0 (B.4)
is equal to zero due to (5.1.8), results in

bk~ [0 (B "E°U) + 0, (RVE'V) + By (o B'mi) |
ij
The discrete divergence of a vector on the right side will give at the summation a
surface integral.

Analogical addition of identity 0 = ¢,7'D to (B.3c) yields

b = |00 (BT U ) + 8, (BT ) + A, (hmhycp—Tnmﬁ)ij .

Quite similar is also transformation of (B.3d) to a divergent form. First, with the
help of (A.7)

W
bijk

~

(U W™ 55w* )i 1 j2k 4172+ (V by w3 Syw®) 541 k412 + (hahymi " w Agw?) i

= (Unh—a:y 5:5 (w

s)2>
2 ) iv1)25k41/2

(w*)?

+(V"h_$5 +(h hma, (@)
y Yy My 1) Ag 2

)ij+1/2k+1/2

)ijlc

e )2 i 52" T2
~ (Uhmyéz (w2) ) +(Vhy 5y%> +<hzhym7']An (w2) ) .
i+1/2jk ij+1/2k ijk+1/2
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A full divergence results from this relationship after addition of identity 0 =
D(w?)?" /2.

The relation (B.3e) can be used for specification of discrete representation of the
energy conversion term RTw/p. First, (B3.e) is presented in the form

b¥

_ 11 2
ik = Dijk Dk 5

- o RTw
bijk = — (hzwhyzUsz) —(EyhnyG’y@") oty Bap)iji ( p ) ik
t]

i+1/25k ij+1/2k

corresponds to the exact gradient G, and
b = — (AR, U (@ — C)P")

- (V@ - G) =

~[B"v (0pBue™ - 59" 80" )|

i+1/25k

[ (™ )

i+1/25k ij+1/2k

represents a modification due to approximation G — G.

Application of the equivalences (A.8) to bzlj « results in

A RTw
bzljk ~ [hzhy(Anp) (@GJF "V —)] ;
p ijk

which can be presented with the help of (5.1.14) as
RTw
bzljk ~ [hwhy (—E”Anw + (Anp)—)] :
p ijk
Using equivalences (A.7) and (A.5), the first term can be transformed further:
= (hahy@" Aqw) i ~ = (hahy@Aq@") g 0 ~ (hahy@" Aqp) 0 -
Thus,
. RTw
bijr ~ [hwhy (w”Ango—l- (Anp)—)] :
p ijk

The term b?j & can be transformed, applying to the first terms in the round brackets

equivalence (A.7) twice in respect of 7:

o i () 5[ () 57

i+1/2jk [ ij+1/2k
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hy" e by’ v
== TAU (5prn“) App - TAn (5ypAnU) App
i+1/2jk ij+1/2k
1r1/= —
~ T [(hyzAn (0zpApu) + hzyAn (‘SypAnU)y) An‘P] I
ijk

Thus,

_ RTw
L)

1 /= T == Y
1 [(hyzAn (6zpAqu) + hzyAn (dypAyv) ) An‘P] ik

This expression cannot be simplified further, and for energy conservation the right
side should vanish to give

<_RT‘*’) _ (Q_A"‘P> (B.5a)
P Jijk Ayp ijk
where
» iy A (62pAgu) + by’ Ay (SypAgv)
Qijk =w?jk— [ y By (0:pBy )4hyh; n (9yp2nv) . (B.5b)
ijk

Finally, with the help of (A.8) and (5.2.12), an equivalence follows for (B.3f):

bl ~ (hahy)ij {[¢(Anp)é+ “V]ijk — (WAn¢)ijk+1/2} ;

which can be further transformed with the help of (A.7) to
~ Apw
by ~ (hahy®Dyp)ij <G+ v+ AL) :
P/ ijk

Due to (5.1.14), expression in the large round brackets is zero.

Thus, we have shown that energy is conserved in the employed discretization
scheme. A single non-trivial additional relationship, required for energy conser-
vation, is the expression (B.5) for the energy-conversion term.
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Appendix C
Orthogonal bases

Horizontal bases X and Y

For X and Y the discrete normalized cosine bases are employed,

( 1 —
v/2(Nlon-1) q=1
cos[w(i—1)(g—1)/(Nlon—1)]
Xig =1 2 V/2(Nlon—T1) ’
(=it

\ v/2(Nlon-1)
(—(——— r=1
\/2(Nlat—1) ’

cos[w(j—1)(r—1)/(Nlat—1)] . _
Yj, = { 2 J2(Niat—1) ,7=2,..Nlat — 1
_CEVT L Nlat
\ +/2(Nlat—1) ~

They are solutions of the eigen-problems (see (5.3.12))

qg=2,..Nlon —1 (C.1a)

,q = Nlon

(C.1b)

(LaX,) = —NoX, | (L) = MY, |
where and A7, A/ are

4 .ofm qg—1 y 4 o fm r—1
o — _— = " _ . 1
A0 = T EAL2 Sn (2 Nion — 1) A= Ay S\ 2 Niat =1 (C1e)

Two successive cosine transformations perform the identity transformation: XX = I,
YY = I, which means that the inverse transformations coincide with the direct

transformations
X'=x, vl=VY. (C.2)

Vertical basis.

The eigenvalue-problem for vertical Laplacian (see (5.3.12)) is

Z(['n)kk’Ek’s = —X1Egs , (C.3)
kl

with £, presented by (5.3.9c). With the help of transformation
Eys = elcs/ V <Ap)s> (04)
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The equation (C.3) can be presented in the symmetrical form

k+1
Z Mk’klekls = —)\Z@ks ; k', s = ].,...,Nle’l] ; (C5)
k'=k—1

where M is a symmetrical tridiagonal matrix

Br—1/2 + Brt1/2 Br+1/2
Mo, — — .M, - M — ,
H (Ap) BT (Ap)(Aphen) 2
(C.6a)
<p)i+1/2
6’6—1—1/2 = = — ’ (CGb)
<H")i+1/2<Ap>k+1/2
fork = 1,....,Nlon — 1,
and

MNlev,Nlev = _MNlev—l,Nlev . (CGC)

This is a negative semi-definite matrix: it has one (with index s = 1 by agreement)
null-eigenvalue
M =0

with the corresponding eigenvector

€ks = C/ <Ap>s,
where c is constant, whereas other eigenvalues are real and positive A7 > 0,
s = 2,...,Nlon.
Inverse to e is the matrix
-1
€k = Clk

and thus, inverse of F in accordance with (C.4) is
Bl = /Brers - (1)

Except the first one, eigenvectors and eigenvalues must be solved from (C.3) nu-
merically. There exist multiple recipes and ready free-ware for computation of
eigenvectors and eigenvalues of symmetric, tri-diagonal, negative/semi-negative
matrixes. In the NH HIRLAM the routine tgli from Recipes (Press et al, 1992)
is applied.
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Appendix D

Iterative algorithm for lateral boundary forces f

The derivation of iterative equations (5.3.15), (5.3.16) is similar for all four groups
of coefficients f#0), far(® i fur() and we will follow in detail the derivation
of f=0) from the first condition in (5.3.11e). Applying to this relationship the
Fourier transformation in z and 5 coordinates, Y 'E !, and using (5.3.13) for
presentation of ¢, we get

1
o)Az Z(X2q X1g)¢W, = art . (D.1)
w q

Let us present ¢ in (5.3.14) with explicitly exposed f=®

O & frOX )1 Txl(l
Bl = —m + o) (D.2)

where the last term represents the remaining part of (5.3.14), including all other
boundary coefficients f2r®) ful)  fur) and 5O, Substitution of (D.2) into (D.1)
and making use of ¢ = 2/((hz)Az) results in

- X9y — X1
o= L ( Sy B L) 03
T8 q xr
where
o (Xog — X14) X g1
TS )2 Az FSVANSVE

The explicit presentation of s¥, with the help of (C.1a) yields (5.3.17a).

The equation (D.3) includes unknown coefficients f and +y also on the right side, and
thus, for the specification of boundary coefficients, similar equations are needed for
f on other lateral walls, and for -y, and the arising system should be considered and
solved in corpore. However, the second, summation term on the right hand of (D.3)
is small for smooth ¢*(®) which assumes smoothness of the volume-distributed
source AV and boundary gradients a. In Fourier terms, smoothness of ¢ means
that the coefficients ¢*"!) are essentially different from zero for small indexes g
only(!). For very small ¢,r, s which assume a very narrow spectrum & of normal

Tt is worth of pointing out, that for small g, the first term in the right hand sum
approximates the derivative of the continuous cosine at the zero, which is the continuous
sine at the zero, which is zero.
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gradients (i.e., extreme smoothness of a), and for Nlon, Nlat — oo, which means
continuous limit of the model, one has

Xog — X14

z 1
S T ThVAG

TS?

— 0,

and, as a consequence,
l l
77O gzt (D.4)

which yields the first relationship in (5.3.7).

For smooth A and a, but for finite Nlon, Nlat, Nlev, the second term in (D.3) is
still small, and it can be approximated in the iterative scheme from the previous
iteration (I — 1):

~ 1 _ Xo X1 1(1-1)
Fol =~ gal N 220 2l gal( ) (D.5)
37@5 " zq: <h$>A e
Presenting in (D.4)
Fal) = fal(=1) 4 57el) (D.6)
we obtain
- 1 (. X X
§ el = — arl — Z ngqlml) (D.7)
A

(Note the full coefficient of the previous iteration (=1 on the right side). This
equation is the equation (5.3.16a), written in a different way.

The first iterative solution of (D.6) - (D.7) is

w) _Getygr (D.8)

which already takes into account the finite resolution of the model. As0 < s%, s¥s
< 1 for finite Nlon, Nlat, the spectral coefficients (D.8) are larger than predicted
by the smooth approximation (D.4).
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