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Abstract. SL-AV (Semi-Lagranginan Absolute Vorticity) is a global atmospheric model. Its latest version SL-AV20 provides
global operational medium-range weather forecast with 20km resolution over Russia. The lower resolution configurations of
SL-AV20 are being tested for seasonal prediction and climate modeling.

The article presents the model dynamical core. Its main features are vorticity-divergence formulation at the unstaggered grid,
high-order finite-difference approximations, semi-Lagrangian semi-implicit discretization and the reduced latitude-longitude
grid with variable resolution in latitude.

The accuracy of SL-AV20 numerical solutions using reduced lat-lon grid and the variable resolution in latitude is tested with
two idealized testcases. The results agree well with other published model solutions. It is shown that the use of the reduced
grid having up to 25% less grid points than the regular grid does not significantly affect the accuracy. Variable resolution in

latitude allows to improve the accuracy of solution in the region of interest.

1 Introduction

Atmospheric General Circulation Models (AGCM) are basic tools for weather forecasting from several days to seasons. Also,
such models are essential building blocks of Earth system models used for climate simulations. AGCM consists of dynamical
core responsible for solution of dynamics equations of resolvable flow component and the package representing sub-grid scale
processes (often in parameterized way).

SL-AV20 is the latest version of hydrostatic AGCM developed at the Institute of Numerical Mathematics, Russian Academy
of Sciences (INM RAS) in cooperation with the Hydrometeorological centre of Russia (HMCR). SL-AV is the model acronym
(semi-Lagrangian, based on Absolute-Vorticity equation), 20 indicates the targeted horizontal resolution over the territory of
Russia. The SL-AV20 dynamical core is developed by the coauthors, while the most part of subgrid-scale parameterizations is
adopted from ALADIN/LACE model (Geleyn et al., 1994; Gerard et al., 2009).

SL-AV20 is accepted as a basic method for operational medium-range weather forecast in HMCR in 2015. The lower
resolution version of this model will likely be applied in HMCR long-range forecasting system. Also, SL-AV20 is considered
as a starting point for developing the new atmospheric component of INM climate model (INMCM, Volodin et al., 2010).
Among the papers that discuss SL-AV model numerics e.g. Tolstykh (2002), Tolstykh (2003), Tolstykh and Shashkin (2012),
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Shashkin and Tolstykh (2014), there is no one that would put all the developments together. This article describes the present
state of the SL-AV?20 dynamical core.

While developing a dynamical core, we want it to have a given accuracy with respect to test solutions combined with a
given wall-clock time and minimum number of processors necessary to calculate these solutions. We call this computational
efficiency. Furthermore, as the dynamical core can be used at a range of horizontal and vertical resolutions typical for numerical
weather prediction and climate simulations, it is desirable to maintain dynamical core computational efficiency at maximum
possible range of resolutions. This is somewhat contradictory requirement. Indeed, using a global dynamical core at maximum
possible resolution of first kilometers ultimately requires dynamical core to use efficiently up to tens of thousand cores. This is
not so easy to achieve if a semi-implicit time integration scheme is used.

Given typical applications of SL-AV20 model mentioned above but also limited computer resources available, our approach
to the dynamical core design is based on the following choices. We use semi-implicit (SI) time stepping scheme (Robert
et al., 1985) and semi-Lagrangian (SL) treatment of advection (a review — Staniforth and C6té, 1991). This combination
allows to circumvent Courant-Friedrichs-Lewy stability limitation for both wind speed and inertia-gravity wave phase speed.
Practically, this means that the time-step is much larger than with the Eulerian treatment of advection and/or explicit time-
stepping scheme, however, at the cost of solving Helmholtz equation at each time-step and having larger communication
pattern in parallel implementation. The unstaggered grid is used, i.e. scalar and vector variables are stored at the same grid
points. Therefore, only one set of upstream trajectories needs to be computed for SL advection scheme (C-grid requires 3 sets).
Also, this improves trajectory computation accuracy, since the velocity components are stored at arrival points and no spatial
interpolation or averaging is needed to compute the displacement terms at arrival point.

Following the results of Randall (1994), the vertical component of relative vorticity and the horizontal divergence are used as
prognostic variables to achieve good inertia-gravity and Rossby wave dispersion properties at the unstaggered grid. However,
the reconstruction of wind velocity from vorticity and divergence is needed at each time-step. We use the direct inversion
of relative vorticity and divergence finite-difference formulae avoiding solution of Poisson problems for stream function and
velocity potential. This leads to the accurate and efficient solver Tolstykh and Shashkin (2012).

Fourth-order finite-difference formulae are used to compute gradient, divergence, and vorticity operators. Compact finite-
differences were used in early versions of the SL-AV model (Tolstykh, 2002) for their smaller truncation errors. To improve
parallel efficiency, compact finite-differences are abandoned now except Helmholtz and velocity reconstruction solvers.

The important question for the global atmospheric model is the choice of the horizontal grid on the sphere. The regular
latitude-longitude grid that served in the atmospheric modelling for decades is now ending its era. The grid-points clustering
near the poles forces to use either very small time-step for stability or special numerical techniques (polar filters, SL advection)
that needs excessive data transfer in the polar regions and leads to scalability problems. Moreover, physical grid-spacing in
latitude in the polar regions can be order of magnitude (or even more) larger than the grid-spacing in longitude. This presents a
difficulty for parametrizations of sub-grid scale processes. A significant effort is made to develop models based on icosahedral
(e.g. Zangl et al., 2015), Voronoy/Delaunay (e.g. Skamarock et al., 2012), cubed-sphere (e.g. Fournier et al., 2004), Yin-Yang

(Quaddouri and Lee, 2011) or some less popular grids on the sphere.



10

15

20

25

30

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-265, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 12 December 2016

(© Author(s) 2016. CC-BY 3.0 License.

Unfortunately, all quasi-uniformly spaced grids proposed to date suffer from one or more of the following problems (as
discussed in Staniforth and Thuburn, 2012): disbalance between vector and scalar degrees of freedom (grids with triangular
or hexagonal/pentagonal cells), non-orthogonality of underlaying coordinate system (cubed-sphere), overset regions or grid
transition (Yin-Yang, cubed sphere). These issues can degrade the accuracy of atmospheric circulation simulation, cause grid-
imprinting and/or occurrence of unphysical wave modes and some other problems.

SL-AV20 is formulated using the reduced latitude-longitude grid suggested in Kurihara (1965) but with different design. We
believe that using reduced grid can alleviate most of the polar problems of the regular latitude-longitude grid. Moreover, the
reduced latitude-longitude grid is free of problems specific to more complex quasi-uniformly spaced grids, and is relatively
easy to implement. As shown in Tolstykh and Shashkin (2012), the accuracy problems of reduced grid computations reported
by Williamson (2007), Staniforth and Thuburn (2012) can be overcome with proper construction of this grid (Fadeev, 2013)
and using high-order discretizations.

Another feature of SL-AV20 is the possibility to use variable resolution in latitude. This approach is especially suitable
for Russia territory which is stretched for almost 180° in longitude. Variable resolution in latitude with the ability to use
non equatorially symmetric grid reduction allows us to refine resolution in the region of interest (midlatitudes of Northern
hemisphere) and to coarsen it in other regions (e.g. Southern hemisphere).

The article is organized as follows. The governing equations are listed in Sect. 2, Sect. 3 briefly presents SL-AV20 semi-
Lagrangian advection scheme. The details of semi-implicit temporal discretization are given in Sect. 4, the numerical tech-
niques for horizontal and vertical discretization are presented in Sect. 5. The solvers for Helmholtz problem and wind velocity
reconstruction are presented in Sect. 6, Sect. 7 discusses the dissipation mechanisms used in the model. Section 8 describes

SL-AV20 parallel implementation. Numerical experiments are described in Sect. 9.

2 Governing equations

Governing equations of the SL-AV model are derived from the set of hydrostatic shallow-atmosphere primitive equations on
the sphere (Holton, 2004, chapter 2). The hybrid coordinate 7 of Simmons and Burridge (1981) is used in the vertical.

The spherical longitude and latitude are (\,¢), r is the vector pointing from the center of the sphere to the point on its
surface, a is the radius of the sphere (notations used in the article are summarized in Appendix A). Standard definitions of
horizontal V operator and Lagrangian derivative - are used . The pressure is p(n) = A(n)po + B(n)ps, po is a constant
reference pressure and py is the surface pressure.

The horizontal wind velocity is V' with u and v being its zonal and meridional components respectively. D =V - V' and
¢ = k-V XV are the horizontal divergence and vertical component of relative vorticity, k = 7 /a is the vertical unit vector. The
vertical velocity in the hybrid coordinate system is 7). The Coriolis parameter f = 2|Q|sin¢, €2 is the Earth’s angular velocity.
d is the geopotential, T is the temperature, P is the surface geopotential. We also use virtual temperature 7,, = R‘E—‘;‘“T; Ry
is the dry air gas constant and Ryoist = (1 —q— Y ¢;) Rq + R, q, where R, is the gas constant of water vapor, g is water vapor

specific concentration, g; are liquid and solid water species specific concentrations. The heat capacity of moist and dry air at
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constant pressure are ¢, and c¢,q, ¢, includes contributions from all water species presented. The sources/sinks of arbitrary
quantity v due to subgrid/diabatic processes are denoted by F,.
We begin with the equation for the vertical component of absolute vorticity ¢ obtained by applying k - V x operator to the

momentum equations:

d

a(@’f):—(ﬁ'f)D—J(*'FC (1)
B B(n)ps Ry 0T, Olnpg 78Tv Olnpg 1 @@ B @@

o= A(mpo+ B(n)ps a?cosp \ ON dp  Op O acos (8)\ on cosgoaw (‘377)’ @

Equation for the horizontal divergence D is derived from the discrete form of momentum equations (see Sect. 4 for details).

The momentum equations are written in the vector form of Bates et al. (1993) using advective Coriolis term (Rochas, 1990):

av dr B(n)p,

— 4+ 20 x — =-Vob-———+ >~ R;T,Vinp, + Fy, 3
<dt dt>H Ape + Blgps iteVinps + v ©)

subscript H denotes projection on the surface of the sphere.
Also, there is an option to use divergence equation obtained in analytic way applying V- operator to momentum equations

(Eq. (3) can be used, however the derivation is simpler with the component form Holton, 2004):

dp B(n)ps udf

— +D?*=-V?®— V- (R4T,VInps ————+Jp+Fp, 4

a " A(n)po + B(n)ps (Ra nps) + ¢ f aa(er p+Fp “4)
1 A((u* +v?)singp) d( duy 0/ v 1 /00 du on v

= AR o (- 2 () (Gl I

Using analytic divergence equation (4) gives a possibility to use the same spatial approximation for V2@ in both explicit and
implicit parts of time-discrete equations. Therefore, we can expect better dispersion properties for the shortest inertia-gravity
waves (according to Caluwaerts et al., 2015), however, at the cost of computing additional non-linear terms. It is interesting to
note that unlike Heikes and Randall (1995) who formulated vorticity and divergence equations in terms of true scalars (¢, D,

d, stream function and velocity potential) we use components of vector quantities V' and V&.

1dp

1s rewritten in
p dt

Thermodynamic equation is readily formulated for virtual temperature 7. The energy conversion term

terms of Inpy and analogue of vertical velocity $ = ;Tls %ﬁ (McDonald and Haugen, 1993):

d(Tv + ’Y(T])q)s) Rooist T Ds . B(U)ps du lnpg . 87(77)
— £ S+ S = F U+ VV(bS_’_ 7@57 (6)
dt cp A(m)po+B(n)ps  Am)po+ B(n)ps dt T, +7(n) (e
Rmoist RV
Fr o= moist o ol (Y r i
T, R, T + (Rd ) q Z a | o
du

where S is horizontal Lagrangian derivative with neglected vertical displacement. The term (1) ® was proposed by Ritchie

dt
and Tanguay (1996) to suppress spurious orographic resonance, also, it smooths temperature field near orographic variations

and contribute positively to the accuracy of temperature advection.
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The continuity equation in the form of mass conservation for an arbitrary Lagrangian cell V() can be written as

1d dp B
St (%)dv -0, @)
V(t)

is rewritten in terms of In pg and $ similar to McDonald and Haugen (1993):

A aB .
oBd Dy BP0+ 5. Ds 0s OB 0
2 (np, + )=t p Py (), ©)
On dt RyTeonst Ps on on RaTeonst
the term ( Rd%’; — ) was also proposed by Ritchie and Tanguay (1996).
The hydrostatic balance equation is
0P Olnp
— =—RyT,——. 10
an v, (10)
The equations for transport of water vapour and other water species are all written in the same form:
dg
2 _F 11
a7 1D
d dp dp
E (Y gay = (7) F,dV, 12
dt/(an)qv /3n adV (12)
V(t) V(t)

the finite-volume form (12) is used for locally mass-conserving discretization.
Boundary conditions for the above Eqs. (1)—(12) are 7) = 0 at the lower 77 = 1 and upper 7 = 7)., boundaries. Also, it is
assumed that B(n) = 1, A(n) =0 when 1 = 1, normally B = 0 above some 1, > 7;,p,, however model can work in the pure

o-coordinate mode, when B(n) =7, A(n) = 0 everywhere.

3 Semi-Lagrangian advection
3.1 Conventional semi-Lagrangian advection

Lagrangian time derivatives in the prognostic equations given in Sect. 2 are approximated in time as i) /dt = ("1 —97) / At,
where superscript indicates time level " = nAt, subscript * indicates that quantity 1) is evaluated at the departure position of
Lagrangian parcel (at ¢™). Under the SL approach, each point of fixed computational grid is the arrival position of some
Lagrangian particle. The advection equation d)/dt = 0 is discretized in time as 1" ! = 9”*. SL approximation is not subjected
to the Courant-Friedrichs-Lewy stability limitation, so At can be chosen from accuracy considerations that greatly contributes
to the computational efficiency.

The departure position of the Lagrangian parcel arriving to some grid point can be approximately found by integrating the
equation % =V one step back in time. Following SETTLS scheme (Hortal, 2002), we approximate this equation as
el ]

L Y ) )
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where V("t1)e = 2™ — V=1 Tterative approach is used to solve Eq. (13):
At
Pl =7 = S (Ve VD), (14)

where *m indicates the departure point position found at m-th iteration. Additional geometric approximations are needed
iterating Eq. (14) to account for spherical geometry and shallow atmosphere approximation (see Temperton et al., 2001).

The quantities at the departure positions of Lagrangian particles are evaluated using interpolation. We use 3D tensor-product
cubic Hermite interpolation for advective terms of equations (the terms that arise from SL approximation of d/d¢). Trilinear
interpolation is used for components of V' in iterative process (14) and non-advective terms of equations. The change in
the direction of coordinate system unit vectors between departure and arrival positions should be taken into account when
interpolating the vector components:

% o i ¢)\ ) 77[})\* 7 (15)

dt At ¥, Vi

where *R is the rotation matrix (see Temperton et al., 2001, detailed derivation in Staniforth et al., 2010).
3.2 Mass-conservative semi-Lagrangian advection

The disadvantage of semi-Lagrangian approach as formulated in Sect. 3.1 is the lack of tracer mass conservation. To address
this problem, SL-AV?20 incorporates finite-volume SL Conservative Cascade Scheme (CCS-3D, Shashkin et al., 2016). Finite-
volume SL discretization starts with the advection equation in form (12) where the arrival volume V(" 1) coincides with grid

cell V;5; (I is vertical index):

n+1 n
Op . dp
<8nq> SZjAnk_/<an(q+Fth)> av. (16)

Viji v

il
(.)v,;, is quantity averaged over V;;;, S;; and S;;An; are the cell horizontal square and volume respectively. Cell-averaged
tracer density g—gq is chosen as prognostic variable.

The departure cell V(t") = Vi, is defined by its vertices i.e. the departure positions of Lagrangian parcels arriving to the
vertices of V;j; at " 1. Departure cells vertices are found with interpolation of known coordinates of departure cells centers.
The latter are departure positions of the Lagrangian parcels arriving to the grid points computed using Eq. (13).

Approximation of integrals over the departure cells is the main problem of FVSL discretization. Geometrical approximations
of departure cells shape and reconstruction of (¢dp/dn)™ subgrid distribution are employed (Shashkin et al., 2016) to solve

this problem efficiently.
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4 Time discretization
4.1 Basic semi-implicit formulation

The non-advective terms of prognostic equations (from Sect. 2) are approximated using the combination of Crank-Nicolson
scheme with the pseudo-second order decentering (Temperton et al., 2001) for linear terms and SETTLS scheme (Hortal, 2002)
for non-linear terms. For the equation

dy

3~ LYt N®), (17)

where 1) is an arbitrary scalar or vector variable the scheme writes as

,(/)n+1 wn 1
At 2

1+e 1+6

(M@ N@)") + - L+ Ly — £ (L Lyt (8)

Absolute vorticity Eq. (1) is discretized in time as follows:

At

¢S fDM = R, (19)

where R is combination of time-level n and extrapolated in time ((n + 1)) quantities (see Appendix B for details on right-
hand-side terms of SI system of equation), no decentering is applied to term fD. We use the background state with constant
reference temperature T and reference pressure p = A(n)po + B(n)Ps (s is a constant) to extract the linear terms in Egs. (3),

(4), (6), (9). First, the pressure gradient term of momentum equations (3) is split into linear and non-linear contribution:

n
B(n)ps
\V/ <I>s—/R T,dlnp | + ———=——RT,Vinps =
( ¢ > A(n)po + Bn)ps

n

=\ g1 P B(n)ps .
VG| -V [ Ry(T,~T)dmL 4 2P p (7, —T)Vinp, (0
( ) /d( ) "5 T Apo + Bps o(T~T)inps, O

—— 1

linear term

non-linear term

n
G:CI)S—/Rd(TU—T)dlnﬁ—i—RdTInps, 1)
1

here we use the fact that V [[" RyT'dInp = RyT[Vp(n)/p(n)—VInps] = RaT[B(n)ps/(A(n)po+B(n)ps)—1]V In ps. Similar
relation is derived for V2 of pressure in the analytic divergence Eq. (4). The approximation of vertical integrals is described in
Sect. 5.5.

The time-discretized divergence equation is written as

Dl 4 (142%) AV2G" Z V. Ry, (222)
Dn+1 _ %anJrl (1 + 6) AthGnJrl D’ (22b)
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Eq. (22a) is the divergence equation derived from momentum equation (3) discretized in time via Eq. (18), Ry is the right-
hand-side (RHS) of corresponding vector equation. The RHS term V - Ry is calculated with the discrete divergence operator
from Sect. 5.2. Equation (22b) is based on analytic divergence Eq. (4). This equation allows to use the same Crank-Nicolson
discretization in time for — f¢ and V2G, the two terms representing geostrophic balance.

In the thermodynamic equation (6), the Lagrangian time derivative of In py is discretized in the SL manner in the linear part
of energy conversion term, whereas it is replaced by the RHS of continuity Eq. (9) in the non-linear part. The resulting time
discrete equation is
R4T Ps

cpa A(n)po + B(n)ps

T, — <B( YInpl Tt 4 1;6&3”*1) = Ryp. (23)

The continuity equation (9) is discretized as follows:

= sn+1
Elnpn+1 + 1+6At (aA/an)pO + (8B/87])p5 Dn+1 + ]‘ +6Atas — RP~ (24)

on 2 Ds 2 on

Integration of Eq. (24) from model top to the ground provides the expression for Inp?*! independent of "1, whereas the

integration to the arbitrary level ) gives the s7*1:

(1= BOmop) ) g =~ / (aA/a” pO;(aB/ampSD”“%p)dn, es)
=MNtop °

1+e€

2

L [ ((aA/ampo + 0B/,

At§" T (n) = — (B(n) - B(ntop)) Inprtt — 5 Dty Rp) dn, (26)

N="Ntop

the RHS of Eq. (25) can be easily substituted for Inp?*! term in Eq. (26) providing equation for §"** which depends only on
D™+ unknown quantity.

Equations (19), (22), (23), (25), (26) and the definition of linear geopotential G (21) forms the linear system for time-
level n + 1 variables (¢, D, T,,Inps, $,G). The solution procedure for this system is as follows. First, if analytically-derived
divergence equation (22b) is used, the relative vorticity ("*! is excluded by substitution from Eq. (19). Then, Egs. (25), (26)
are substituted in (23) to obtain expression for 7! that depends only on D™ *!. This expression and Eq. (25) are used to
eliminate 7"+ and Inp™ ™! in the G"*! definition Eq. (21). Therefore, we obtain the pair of equations that contains only

G™*1 and D"t unknowns. With the aid of vertical discretization (see Sect. 5.5) this pair can be written as

1+4+e€

G+ AtMD = H, (27)
2AL2 1 A
(1—|—af 4t )D + +€AtV2G RD—i—antRC, (28)

where G, D and R, are columns of Nlev (number of model levels) components, with I-th component representing the
corresponding horizontal field at the level [, H = 3+ RgARr +M'Rp, M, M/, A are the matrices of discrete vertical

operators (resulting from vertical integration, see details in Appendix C). The coefficient aw = 0 if the standard divergence
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equation (22a) is used and av = 1 for analytically-derived divergence equation (22b), Rp corresponds to the RHS term of the
relevant divergence equation.

Substituting D from Eq. (28) in Eq. (27) and using eigenvalue decomposition M = PAP ! results in Nlev 2D Helmholtz
problems for components of P~1G vector. The solution procedure for Helmholtz problems is described in Sect. 6.2. Once G
is found, we can find the divergence D with Eq. (27) and use it to calculate Inp?+!, s7 1 T+l and ("*+! (see Egs., (25),
(26), (23), (19)). The n + 1-th time-step calculations are finalized by reconstruction of the horizontal wind V"1 as described
in Sect. 6.1 and calculation of 7) and recalculation of $ (Sect. 5.5).

We have also implemented an iterative time-integration scheme (Goyman, 2015) in addition to the time discretization de-
scribed above. The basic discretization is used at first iteration to obtain first-guess n + 1 time-step fields (¢, D, T,Inpg, V). At
the second iteration, we replace the time-extrapolated non-linear terms N("*1) of the equations and time-extrapolated wind
velocity (u,v, 7‘])(”“)e involved in the upstream trajectory computations with those obtained using n + 1 time-step first-guess

values. Using this iterative approach allows to improve stability and use larger time-steps without degrading accuracy.
4.2 Inherently mass-conserving model semi-implicit formulation

Inherently mass-conserving (IMC) version of the model (Shashkin and Tolstykh, 2014) uses continuity equation in the finite-
volume form (8). The non-linearity of this equation is hidden into the trajectory computation or equivalently in the evolution of
the Lagrangian cell V(¢). The equation is linearized using orography dependent reference pressure profile p™¢/ = Apo+ Bple7,
where p7¢/ = 1013.25hPa x exp(—®,/(R4T)). The following equation is

ref ref
V(t)(?;;)dv_—vé (v.(agn V>+8877(7'731';n ))dv, 29)

where p’ = p — p"®f. The equation for mass-conservative update of p; is obtained with discretization of Eq. (29) using the

scheme (18) and its integration from model top to bottom:

(1*B(mop))5u( o — p;’ef)s —l_Niv< HeAtv (agn V"+1)+;Atv(8‘gr;f )) S Am+
V,

ij
gl

l[=Nlev 1_|_€ apref € 8p7”6f " .
3 /( ALV - ( o )+§Atv-(a—nv< +1>) dv, (30)

=1 )%
Vin

where (ps)s,, is the surface pressure averaged over S;;. The departure volume integrals are evaluated using CCS-3D (Shashkin
et al., 2016).

Using orography dependent reference pressure profile is crucial for stability in mountainous regions. The term V- ( V"‘H)
however, cannot be expanded in terms of model prognostic variables, so it is very difficult to solve the system of equations
similar to those formulated in Sect. 4.1, but with mass-conservative equation for p?** (30) instead of Eq. (25). Therefore, the

following procedure is implemented. First, we run a time-step of non mass-conserving model version, solve the semi-implicit
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system as it formulated in Sect. 4.1 and obtain n + 1 time-step horizontal wind V"1, Then the mass-conservative update of
Ps, Eq. (30) is calculated.

We achieve inherent mass-conservation, however, at a cost of introducing some inconsistency between the surface pressure
and horizontal wind fields. This results in a slight noise in the regions with steep orography, but does not significantly affect the
model accuracy. The greater problem not solved yet is the consistency between dry air and tracer mass so IMC model version

now is rather a research option.

5 Spatial discretization
5.1 Horizontal grid

SL-AV20 model incorporates reduced latitude-longitude grid with variable resolution in latitude. The grid consists of points
located on the latitudes ¢ = ¢;, j € [0,Nlat] with longitude spacing A);, (A, ¢)i; = (1A\;, ;). The number of points on
a grid latitude is reduced polewards of equator. The pole points are assumed to be the grid latitudes. The regular latitude-
longitude grid is the special case of the grid described above with constant latitude spacing and the same number of points on
each grid latitude.

Formally, the model algorithms can work with any set of ¢; and A)\;. However, the choice of these crucially affects accu-
racy. The grids are constructed with the algorithm of Fadeev (2013). This algorithm generates the set of ; that satisfy grid
smoothness constraints (to avoid spurious wave reflection at the regions of abrupt spacing change) and match the desired grid
spacing latitude dependence as close as possible. Then, given ¢; and the total number of grid points, the algorithm optimizes

A\ to minimize the error of interpolation of an analytic test function to some finer grid.
5.2 Discretization of horizontal gradient, divergence and vorticity operators

The following 4-th order accurate formula is applied to evaluate first derivative:

(371/)) _ i1 = 2T + 2741 — iy
or/iv1/2 24Ax

+O(AxY, (31)

where = can be either ¢ or A, v is scalar quantity or vector component. However, we use unstaggered grid and need the

values of % to be located at the same points as 1, thus we interpolate (%) , to the integer nodes of the grid using
i+1/2

4-th order Lagrangian interpolation. To calculate divergence and vorticity, 4-th order Lagrangian interpolation is used to obtain

vector components at the grid half-nodes. Then second-order locally-conservative formula is applied to calculate the meridional

derivative:

1 OyYcosp _ ¢j+1/2 COSYj11/2 —1/)]‘71/2 COSY;_1/2
acosyp Oy a(sing;1/o —sing;_1/2)

+0(Ap?), (32)

the longitudinal derivative is evaluated with Eq. (31) as in the gradient operator.
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To account for the variable resolution in latitude, we introduce pseudo-latitude ', such that the grid is equally spaced in
¢’ (following Tolstykh, 2003). Then the meridional derivative g—i = g;f’, %—g. The derivative g;”, and inverse mapping factor
) .
M= a;ﬁ are calculated using Eq. (31).
The longitudinal derivatives are calculated in the grid point space, whereas Fourier representation in longitude

D5, N) = Ao(ps)/2+ Y (Ar(i) cos(kA) + By (i) sin(kN)) (33)
k

is used to calculate meridional derivatives on the reduced lat-lon grid. Actually, we calculate meridional derivatives of Ay, By
and then use inverse Fourier transform. If V; is the number of points at the grid latitude ;, the wave-numbers k > N; /2 — 1
can not be represented, so it is natural to set Ak, Bk and their derivatives to zero at this latitude.

The disadvantage of FFT is the nessecity of global communications in parallel implementation, which could lead to poor
scalability. So we also implement an option to approximate meridional derivitives on the reduced lat-lon grid in grid point
space. First we use interpolation along longitude to align v and then apply Eq. (31) to obtain half-integer values of derivatives.
The similar approach for calculation was applied in (Jablonowski et al., 2009). We have tested this grid point algorithm and
there is no impact on the results for the baroclinic test case presented in Sect. 9 as compared with the computations in Fourier
space as described above.

Calculation of meridional derivatives near the poles using Eq. (31) requires the values of v at virtual latitudes p_; =
—7/2— (p1 +7/2) and YNlat+1 = 7/2+ (7/2 — PN1at—1). If one continues the meridional line A beyond the pole, it will
coincide with A+ . Thus ¥(p_1,A) = (—1)"4¢(¢1, A+ 7), where v is 0 for scalar quantities and 1 for vector components (the
latter is due to change of basis vectors orientation after 7 phase shift). It is easy to show that Ay (p_1) = (=1)5t” A, (1), the
similar relations take place for Bk(ga,l), Ak(@NlatH), By (PNlat+1)-

To evaluate divergence and vorticity at the pole point, one uses the fact that the scalar quantities can have only Ay non-zero
Fourier coefficient at the pole point to be uniquely defined. The 4-th order accurate Lagrangian interpolation is applied to obtain
Ay polar values from known Ay at adjacent latitudes (including virtual latitudes). Similarly, vector components can have only
Ay, By non-zero Fourier coefficients at the pole point (this corresponds to the unique value of the vector quantity at the pole
point and basis vectors dependent on longitude). Fourier coefficients of gradient components are also interpolated to the pole
point.

The Inherently Mass Conserving (IMC) version of the model (Shashkin and Tolstykh, 2014) also requires calculation of
flux-divergence operator V - (¢)V'), where 9 is some scalar function. For mass conservation Zl ; V- (¥V);5S:; = 0 over the
whole sphere, must hold up to machine precision. This operator is discretized (as described in Tolstykh and Shashkin, 2012)
in the flux-form with fourth-order accuracy. In the IMC version, this operator with ) = 1 replaces the divergence operator

described above.
5.3 Discretization of the horizontal Laplace operator

The Laplace operator arises in the time-discrete divergence equation (22). In the case of Eq. (22a) derived in a discrete way from

momentum equations (3) (which is considered standard in SL-AV20) V2 appears in the implicit part, whereas in the explicit
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part it stands as the product of discrete divergence and gradient operators (see Sect. 4 for details). If analytical divergence
equation (22b) is used, V2 is present in both implicit and explicit parts of equation.

If the discrete-derived divergence equation is used, the compact finite-difference (CompFD) approximation of the merid-
ional derivatives in the Laplace operator is applied, for their smaller truncation errors. CompFDs discretization require matrix
inversion that generaly causes the parallel scalability problems. However, using CompFDs to discretize Laplace operator in the
implicit part of divergence equation is not a computational burden, since it is already involved in the matrix inversion problem
(see Sect. 4, 6.2).

The Laplace operator is discretized using Fourier representation in longitude. The meridional part of Laplacian is discretized
with double application of compact formula for the first derivative:
ai(50) ) (5., = s P o, e

The longitudinal part of V? is the Fourier image of product of two longitudinal derivatives defined by Eq. (31).

1 9%exp(ik))
a?cos? p ON2

261sin(kAN) 4 sin(3kAN) — 36sin(2kAN
192a cos p AN

2
— k2 exp(ikA) = — ( )> exp(ikA). (35)

Further details about compact finite-difference approximation of V2 operator are in Sect. 6.2.

The main objective of using analytically-derived divergence equation (22b) is time-symmetric discretization, which theo-
retically leads to better inertia-gravity wave dispersion properties (Caluwaerts et al., 2015). Temporal symmetry means that
the same discretization of V2 is used in implicit and explicit parts of the divergence equation. We do not use CompFDs for
approximation of Laplace operator to avoid matrix inversion in the explicit part of the equation. The following approximation

to V2 is used:

1

(V9)ij = 55—
7 1242 cos? p,; A2

(1/)11—2,3‘ + 169,15 — 30v; 5 + 16415 — ¢i+2,j> +

71 (671/)) COS — (Olb) COS Y 36)
a2 cosp;Ap A/ ij+1/2 Pj+1/2 85/ i.i-1/2 Pj-1/2 |

(01 /0¢); j+1/2 are evaluated using Eq. (31).

5.4 Non-linear terms

The calculation of non-linear terms can give rise to non-linear instability, when the interaction of shortest scales leads to the

exaggerated contribution to the largest scales. We use spatial averaging to suppress this kind of instability. The following

formulae do not have a strict theoretical basis, but they are rather a result of experience in optimizing model performance.
The first type of non-linear term is scalar-by-scalar product, namely ¢ D, D? in vorticity and analytic divergence equations

(D).(4):

(¢D)i; = % >

m==+1

(Cz‘,j + Ci-i—m,j) (Di,j + Di+m,j) + (Ci,j + Ci,j+m) (Di,j + Di,j-i—m)] , 37

12



10

15

20

25

30

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-265, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 12 December 2016

(© Author(s) 2016. CC-BY 3.0 License.

oo

the term D? is computed in similar way. Surprisingly, this leads to better medium-range forecast scores as compared to the
formula with the increased weight of central term ¢; ; D; ;.

Before computing non-linear terms involving first-order derivatives in A or ¢ (components of Vlnps, 97/dz, 0T, /0x),
these derivatives are averaged in the direction perpendicular to the direction of differentiation. E.g. 97, /9 is averaged in

latitude. The averaging formula is

<%)g B 2Jlrc <(2’q§)j—1 +C(%)j + (g’i})j+1>7 (38)

where j is index in the direction perpendicular to x. The constant ¢ = 3 for T, and 7) derivatives, ¢ = 4 for V In ps; components.

The horizontal wind components and temperature are averaged in 2D for computation of J¢ Eq. (2), Jp Eq. (5) and terms

involving T}, in momentum (3) and thermodynamic (6) equations:

Ui 5 = % <8Ui,j + Z (Wigm,j4m +Ui+m,j—m)> ) Tyij= % <8Tvi,j + Z (Tvi+m,j + Tvi,j+m)> . (39)
m==+1 m==+1
Equations (37)—(39) are valid in the case of constant latitudinal resolution . To account for the variable resolution, we mention
that [¢dy = [P Mdy’ and multiply all (; j+¢; j+1)(D;s,j+ D j+1)-type combinations in Eq. (37) and v; j+1 terms of Eqgs.
(38), (39) by 2M 11 /2 /(Mj1/2 + Mj_1/2).
No averaging is applied for computations of terms involving the coefficients of hybrid coordinate system A, B, and their
derivatives. Also, no averaging is applied for computation of Ry,eist/cp term in thermodynamic equation (6) and hydrostatic

equation (10) terms.
5.5 Vertical discretization

We use Lorenz-staggered grid (Lorenz, 1960) in the vertical where all variables, except vertical velocity 7 are located at integer
levels 7; (cell centers) and 7 is located at half-levels 7.1 /o (cell interfaces). Integer grid levels are set 7, = (17,41 /2 +71—1 /2) /2,
71,2 corresponds to the model top, MNiev+1/2 is at Earth surface. Similarly to 7, the hybrid coordinate system coefficient

Ay = (Aiy1/2+Ai_1/2)/2 and the same holds for By, An; = 1;4.1/2 —1;—1/2 and the same is implied for AA;, AB; and other

variables. The vertical derivatives are approximated with 2-nd order of accuracy (g—’ﬁ) = ﬁ;ﬁ; +O(An}).

It is almost standard for hydrostatic atmospheric models to use Simmons and Burridge (1981) vertical discretization, where
the geopotential is calculated at half-levels 7,1 1,2 by integrating hydrostatic equation Eq. (10) with mid-point quadrature rule
and then interpolated to the integer levels. It was found that the trapezoidal rule allowing to calculate geopotential directly at

the integer levels is more accurate. Eq. (10) is integrated in the following way:

(I)Nlev = (I)s + RdTleeV In L

)
DPNlev

R
iy = @i+ S (T + Ty ) 2 (4D)
2 Pi-1

(40)

The vertical integrals in the time discrete continuity equation (24) and also Egs. (25), (26) are calculated using mid-point

rule. At the end of each time-step the vertical velocity is recalculated via the diagnostic relation derived from the Eulerian form

13
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of continuity equation (9):

oon o (00,0 (o0,
on ot Y <anV> 577(3,7’7)' (42)

Integration of Eq. (42) from 7, /5 to 17,4 1/2 using mid-point rule and vertical boundary conditions gives

=L

Ops op .
(BL-H/Q - Bl/2> 87]1 = _Z (AzPoDz + BV (PSV)1> An — (;;n) ~ (43)
=1 L+1/2

The expression for %p; can be obtained by setting L = Nlev in Eq. (43) and using 7Niev+1/2=0. After substituting this ex-

pression back to Eq. (43) for arbitrary L, (Op/dn - 1) 1+1/2 can be evaluated. The term V - (p, V') is calculated using standard
divergence discretization (see Sect. 5.2), second-order averaging is applied to py in latitude (longitude) before computing psu
(psv). To retrieve the vertical velocity 7) for calculation of upstream trajectories (see Sect. 3) and terms of Eq. (1), (Op/dn - n)

is interpolated to integer levels with second-order accuracy and divided by (poAA; + psAB;) /A which is proxy for Op/on.
6 Elliptic problem solution

6.1 Wind velocity reconstruction

Following Tolstykh and Shashkin (2012), the definitions of { = k-V xV and D = V-V are applied to reconstruct the horizontal
wind from known vertical component of relative vorticity and horizontal divergence. Fourier representation in longitude Eq.

(33) is used. The relations for v and v 0-th Fourier component are:

DAY cosp _ i

acosp, (44)
Op 0

Ay A

8%& = Ag)acosga. (45)
¥

These relations are integrated in latitude with the compact formula (Lele, 1992):

1 /0y 11 /0y 1 6¢) Yiv1/2 —Vj_1/2 4
— (= — (= — (== =—"_ = 2 4+0(A 46
24(&,0)3‘71—’—12(&,0)3‘—’_24(8@ j+1 Ap +O(A¢h), (46)

where flg cos (AOD cos p)is substituted for 9v/Jy in the left hand side and /Al}j cos (/13 cos ) is substituted for ¢ in the
right hand side. The resulting Fourier coefficients for horizontal wind components at half grid latitudes are interpolated to the
integer grid latitudes using 6-th order compact interpolation (Lele, 1992).

The k-th Fourier coefficients of horizontal wind components are determined solving

—kAY — M%ﬂ = Bfacos e,
S DAjcosg _ (47)
kB + =5 £ = APacos,
—kAv + Bicose _ BD cos
k B k S07 (48)

R DA cos .
kBp — % = ASacosg,
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where 01)/0¢ is approximated using Numerov’s scheme:

1oy 2009 1 31/1) Yiv1 — i1 4

(% () 42 (2E) =B TEEL L gAY, 49

6(8()0)j71+3<8<‘0>j+6(a§0 j+1 2Ap +0(A¢T) “49)
If A}f, Bf are Nlat 4 1-element columns, with j-th element representing AY, B}f at j-th grid latitude, then system (47) can

be written as:

—kA} — 52-M~16CB} = «CB,

DU 1 -1 Av AD (50)
kBk—i—mM 5CAk:aCAk y

where C is the diagonal matrix with C;; = cos;, j-th component of column § A is A, — A;_;, M is matrix with diagonals
(1/6,2/3,1/6). We multiply the system of Egs. (50) by matrix M from the left and rewrite it for (/Alz, B}j)f pairs, j € [0, Nlat]
that results in 2 x 2 block tri-diagonal system of equations. The same operations repeated for system (48) yields 2 x 2 block
tri-diagonal system of equations for (Ag, B};);‘F The details of this solver are given in Tolstykh and Shashkin (2012). As shown
in Caluwaerts et al. (2015), this solver alleviates the problems associated with non-temporal symmetric discretization. Also,
it avoids the solution of Poisson problem on the sphere which requires certain care due to the non-trivial kernel of Laplace

operator.
6.2 Helmholtz problem solution

The discrete Helmholtz problem for 1) — the k-th Fourier harmonic of arbitrary quantity can be written in the column-matrix
notation of Sect. 6.1 as L) + u21p = R, where L is a discrete Laplace operator, 12 is some scalar, R is k-th Fourier harmonic
of RHS. When divergence equation (22a) derived from time-discrete momentum equation (3) is used, the meridional part of
V2 operator is approximated by double application of compact finite-difference formula for the first derivative Eq. (34) and
Eq. (35) is used for the approximation of longitudinal part of Laplacian. The resulting 4-th order accurate Helmholtz problem

discretization is
1 —1 —1 —1 2 1 —27.2
M 61/2(01/2M1/261p) n (u - —5C7% )1/} — R, (51)

where operator d, /, acts on quantities defined at half-integer grid points, j-th component of 6, /2% iS ¥j41/2 — ¥ _1/2, 6 acts
on quantities defined at integer grid points, j-th component of d% is ¢ 11 —1;, M and M, /, are tri-diagonal matrices with
diagonals (1/24,11/12,1/24) acting on quantities defined at integer and half-integer points respectively. Matrix C is the same
as in Eq. (50), matrix C; /, is diagonal with j-th diagonal element cos ;1 /2.

Following Tolstykh (2002), Eq. (51) is multiplied by MC from the left side and reformulated using auxiliary variable
z= Ml_/1251/):

%51/2 (cmz) n M(Cu2 - %c—li?)zp — MCR, (52)

Ml/QZ = 5¢ (53)
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Then (52) is rewritten for the pairs (¢, 2,41 /Q)T, J = [0, Nlat] that results in 2 x 2 block tri-diagonal system as in Sect. 6.1.
Approximation (36) to V2 operator is used when the analytically derived divergence equation (22b) is employed in the
system of equations (27), (28). This approximation leads to 5-diagonal system of equations for 1) components which is solved

by 5-diagonal Gauss elimination.

7 Dissipation mechanisms
7.1 Fourth order hyper-diffusion

Non-linear interactions in the complex large-scale atmospheric flows results in the generation of progressively smaller eddies
until these eddies are converted to heat by molecular viscosity at the scales of order of 1cm. Such scales are far beyond the
affordable resolution of atmospheric models. Therefore, the parameterization of unresolved scales interactions and dissipation
is needed to avoid accumulation of energy at smaller scales. Such parameterizations are often considered as the integral part
of the atmospheric model dynamical core (Williamson, 2007). The SL-AV20 model includes the implicit in time fourth-order
diffusion implemented in Fourier space with the finite volume representation in latitude (Tolstykh, 1997). This algorithm,
allowing variable resolution in latitude, is a generalization of that one presented in (Li and Bates, 1994). We start with the

equation
PPt =t — KAV (54)

where ¢"*1 is one of D"+, Tntl ¢+l pntl and ¢;}+1 is the filtered quantity. Equation (54) uses implicit time-stepping
that allows us to circumvent severe limitation on K near the grid poles, At is the same as in the rest of the model dynamics.
SL-AV20 uses variable resolution grids, so the filter should not excessively dissipate smaller scale features in high-resolution
regions. However, these features should be damped out before they spread to the low resolution regions where they cannot be
resolved. We use anisotropic diffusion coefficient that varies with latitude, the V* is substituted for V - (KV3) to preserve

local conservation, K = diag(K ), K. ). To facilitate numerical solution, Eq. (54) is reformulated as

YT = gl - ARV KV,

2, n+1 (5)
E=Viprm.
We use second order finite-volume formula to approximate the latitudinal part of V - KV and V? operators:
_ 1 . §i+1 =& 1 § =& 2
(V-KV¢), = PA(sing); <Ksaj+1/2 COSPI+1/2 NG Ksaj—wzcowjfl/zm +0(A¢7) (56)

where @;11/2 = 1/2(0j +©j11), Apjr1/2 = @ir1 — w5, Alsing); =sing; /5 —sing;_; /5. Longitudinal part of V- K'V

and V2 is approximated in Fourier space as the Fourier image of second-order discretization.
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The system Eqgs. (55) using (56) can be written for zonal wave-number & as

¢ sl ¢ ol € _ @*A(sing); (v 57)
wn—‘—l wn—l—l wn—‘—l At 0 ’
f -1 f j f j+1 j
K. COSW;_1/2 K. CosQiti/a k2K>\jA(sin<p)j a2A(sintp)j
B= Pi—=1/2 Ap;_1/2 Pi+1/2 Apjyi/e cos? ¢ At ~ (38)
—a2A(sing); _cospj_1/  cospipin  k2AGing); |
¥l A@j—l/Q Apjii/2 cos? p;
COSP;_1/2 COS@Pjr1/2
A= Kij*l/Q Apj_1/2 0 C= ]:(‘p]”rl/2 Apjri2 0 (59)
0 cospj_1/2 |’ 0 COSQjt1/2
Aﬁpj—l/Q AWj+1/2

where —k2 = — (1—coskAN)/AN? is the Fourier image of longitudinal part of discrete Laplace operator. This system is solved

using 2 x 2 block tri-diagonal version of Gauss elimination.
7.2 Sponge layer

The divergence damping at the vertical levels close to model top is used to avoid spurious reflection of vertically propagating
waves from the upper rigid lid () = 0 at 7, /o boundary condition). The term —9(n)D"*? is included into the RHS of dis-
crete divergence equation (22). Implicit time-stepping allows us to feel free in choosing damping coefficient ¥ and does not

complicate the solution of system (27), (28).

8 Parallel implementation

SL-AV20 model uses hybrid distributed-shared memory parallelism based on combination of MPI and OpenMP technologies.
Each MPI process performs computations in the band of grid latitudes during the first phase of the time-step that includes
upstream trajectory computations, interpolation and combination of known terms into RHS of SI system of equation (see Sect.
4). OpenMP threads are used to parallelize longitude loops thus dividing the latitude belt into a number of parts.

The second phase of SL-AV?20 time-step consists of the solution of SI system of equations, application of 4-th order hyper-
diffusion (Sect. 7) and reconstruction of wind velocity from vorticity and divergence (Sect. 6.1). This phase is mostly the
solution of elliptic problems. To apply the direct solvers described in Sects. 6, 7, it is convenient to gather k-th Fourier coeffi-
cients from all grid latitudes in the memory of specific MPI-process. Therefore, the second phase of the SL-AV20 time-step is
preceded by data transposition. Each MPI-process performs computations within the set of longitude wave-numbers from pole
to pole. OpenMP parallelization of loops in vertical is applied.

To balance work-load of MPI-processes, the widths of corresponding latitude bands are calculated accounting for the grid
reduction, so each process treats approximately the same number of grid points. There is an additional constraint of current
implementation that all grid points for a given latitude should be located at the same processor. There is no load balance
problem in Fourier-space computations, as the processor partition is the same as for regular grid. One can additionally adjust

load balance by taking into account that some parameterizations only work in some latitude band.
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The data transpositions before and after the solution of elliptical problems require global communications between the
processors and is a future scalability bottleneck, so we work on scalable iterative grid-point solvers for elliptic problems. It is
known that iterative solvers for problems described in Sects. 4, 6, 7 can scale up to tens of thousands processors (Miiller and
Scheichl, 2014). The semi-Lagrangian advection code is also known to scale at 10* processors (White III and Dongarra, 2011).

Currently, full SL-AV20 code with parameterizations runs at 3024 cores with 70% efficiency, at 4536 cores with 63%
efficiency, and at 9072 cores with 45 % efficiency when using the grid of 3024 by 1513 points in longitude and latitude
respectively (see Fig. 1). This grid corresponds to 13 km resolution at the equator and has 51 levels in vertical. Only 288
cores are needed to meet HMCR operational NWP requirements (20 minutes per 24 model hours) at the current operational

horizontal grid of 1600 by 865 points.

9 Numerical experiments

Verification of atmospheric models dynamical cores with idealized adiabatic (moist-adiabatic, quasi-adiabatic) testcases such
as Held and Suarez (1994), Jablonowski and Williamson (2006b), Reed and Jablonowski (2012), Thatcher and Jablonowski
(2016) gained popularity last years. The reason is that various aspects of model numerics can be evaluated in easier way
using idealized setup than real atmospheric flow with all its complexity. Also, the numerical solutions to idealized tests are
independent of sub-grid scale processes parameterizations.

The full verification of SL-AV20 dynamical core with all its options can hardly be presented in one article. Here we con-
centrate on the impact of the horizontal grid aspects on the numerical solution, namely, the grid reduction and resolution
refinement (see Sect. 5.1). The results presented below are obtained with baseline NWP setup of SL-AV20 dynamical core
with no inherent mass-conservation and divergence equation (22a) derived from the discrete form of momentum equation (3).

The grids with 400 x 250, 800 x 500, 1600 x 865 points in longitude and latitude respectively and 28 levels in vertical are
used in this study. The first and last horizontal grids correspond to the old and new SL-AV operational NWP configurations
at HMCR. The algorithm proposed by Fadeev (2013) is used to obtain variable resolution and reduced variants of these grids.
The latitude grid spacing is refined in the Northern hemisphere mid-latitudes. The reduced grids used in this study have about
25% less points than the source regular grids. As we learned from shallow water model (Tolstykh and Shashkin, 2012) and
advection (Shashkin et al., 2016) experiments, 25% reduction is almost the greatest reduction that does not significantly damage

the solution. The characteristics of grids used in this study are summarized in Fig. 2.

400
Nlon

of grid points along the equator). The basic V* hyper-diffusion coefficients in 400 x 250 grid experiments are 1.5 x 101°m*s 1

The time-step for all variants of 400x 250 grid is 1200 s and reduced by the factor ¢ = for finer grids (Nlon is the number
for relative vorticity and temperature and 1.9 x 10®m*s~! for divergence, the hyper diffusion coefficients for finer grids are
reduced by the factor ¢3. The latitudinal component of hyper-diffusion coefficient (see Sect. 7) varies with latitudinal grid

spacing K, = (Ap/A¢')? K, where Ay’ = % and K is the basic coefficient value for the given grid.
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9.1 Baroclinic instability test case

In the baroclinic instability test case by Jablonowski and Williamson (2006b), the small zonal wind perturbation of the
geostrophically balanced background state is placed in the Northern hemisphere mid-latitudes. After initial adjustment, the
perturbation causes exponential growth of the baroclinic wave (days 1-7) until it breaks down (days 7-10) and transforms to
the fully chaotic solution in the course of other 20 days. The evolution of test case solution (obtained by different models) is
illustrated in details in Jablonowski and Williamson (2006a).

As can be seen from figures in Jablonowski and Williamson (2006a) and Wan et al. (2013), the surface pressure and temper-
ature fields rapidly converge to the smooth large scale pattern with the resolution increase. Contrary, the relative vorticity field
of breaking wave consists of filaments that become more and more twisted and thinner with greater amplitude when the grid
resolution is increased. Each step of grid refinement reveals new smaller scale features in this field.

Our particular interest is the net effect of increasing latitudinal and reducing longitudinal resolution in the zone of interest
i.e. Northern hemisphere mid-latitudes. Figure 3 presents the comparison of day 9 850 hPa relative vorticity field between
numerical solutions on regular lat-lon grids with constant grid spacing in latitude and reduced lat-lon grids with variable
latitudinal resolution. The absolute values of vorticity and its gradients are greater and the inner structure of the vortices is more
developed in the solutions at 400 x 250 and 800 x 500 variable resolution reduced grids as compared to the solutions obtained
at corresponding regular grids. The improvement in 1600 x 865 grid solution is less obvious that can be partly attributed to
the convergence. Slightly stronger development of the leftmost and middle vortices can be noticed in the variable resolution
solution after closer consideration. However, some subtle details of the rightmost vortex are lost due to the grid reduction (see
discussion below).

To isolate the effect of the grid reduction, we compare the day 9 850 hPa relative vorticity snapshots from the variable
resolution grid solutions with and without reduction of longitudinal resolution (Fig. 4). Except the leading vortex on 1600 x 865
grid, the difference between the solutions using the reduced and non-reduced grids can hardly be found. Therefore, the reduction
of longitudinal resolution does not lead to the degradation of solution. At the same time, one can hope that reproduction of
mid-latitude pressure systems dynamics can be improved using variable resolution in latitude. Nevertheless, it should be noted
that the effect of latitudinal resolution refinement is weaker than the effect of increasing resolution of the basic grid.

One can see in Figs. 3, 4 that SL-AV20 solutions are smooth and no evidence of grid-scale noise or any other type of
noise can be found. This does not compromise the reproduction of smaller scale details, gradient strength and amplitude of
the relative vorticity field which agree well with the solutions of comparable resolution (ICON (Zangl et al., 2015), ECHAM
(presented in Wan et al., 2013), CAM-FV, CAM-EUL, CAM-SLD, GME (compared in Jablonowski and Williamson, 2006a).
The surface pressure error norms with respect to CAM-SLD reference solution (not shown) are below the uncertainty level

(Jablonowski and Williamson, 2006b), similar to the previous version of SL-AV model (Shashkin and Tolstykh, 2014) .
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9.2 Held-Suarez test

The goal of Held and Suarez (1994) experiment is to verify statistical properties of the atmospheric model circulation driven
by highly idealized forcing — the relaxation of temperature to the equilibrium profile and Rayleigh friction near the surface.
The resulting atmospheric regime is a balance between non-uniform heating, polewards transport of heat and momentum by
baroclinic eddies and destruction of the momentum in the boundary layer. Thus, the accurate representation of baroclinic
motions in the mid-latitudes plays a crucial role for the test results.

Both lat-lon grid reduction and local increase of latitudinal resolution can modify the intensity of eddy heat and momentum
fluxes and thus alter the net circulation characteristics. Figure 5, panels (a) — (f) presents the 1000 days time-zonal averaged
zonal wind speed, temperature, eddy heat and momentum fluxes, eddy kinetic energy and temperature variance. Shading
shows the solution at 400 x 250 reduced grid with variable resolution in latitude, regular grid solution with constant latitudinal
resolution is shown by contours. One can note a slight increase of Northern hemisphere eddy momentum flux (near 300
hPa) and temperature variance (near 900 hPa) maximum values. The eddy heat flux in the Southern hemisphere at 300 hPa
is slightly degraded in the variable resolution solution that can be co-effect of grid reduction and increased latitudinal grid
spacing. The color-levels of eddy kinetic energy to the North of 45°N in Fig 5, panel (e) are extended polewards as compared
to the corresponding contours of regular grid solution. That means more intensive eddy motions at high latitudes in the variable
resolution reduced grid solution.

The standalone effect of grid reduction can be evaluated from panels (g) — (1) in Fig. 5. The shading shows the difference
between constant latitudinal resolution regular and reduced grid solutions (regular minus reduced), the contours of regular grid
solution are overlaid for reference. The majority of features depicted in these panels are explained by the shift of jet-stream
cores which is rather the result of internal low-frequency variability of test solution (Wan et al., 2008) than a consequence of
grid reduction. We can find no significant decrease in polewards eddy fluxes due to suppression of the shortest-scale motions
in the regions with reduced longitudinal resolution.

Figure 6 presents 500 hPa kinetic energy spectra from three numerical solutions (regular, reduced, reduced with variable
resolution in latitude) in Northern hemisphere mid-latitudes (left panel) and high-latitudes (right-panel). To obtain the cor-
responding spectra, v and v are multiplied by window-function equal to 1 in 30°N-60°N (to the North of 70°N in the case
of high-latitudes spectrum) and 10°-width smooth transition to the zero value outside. The lines corresponding to the regular
and reduced grid solutions are almost identical in mid-latitudes for all wave-numbers, whereas variable resolution solution
shows more intensive smaller scale motions. The effect of variable resolution in high latitudes also outweighs the effect of grid

reduction.

10 Conclusions

We have described the dynamical core of SL-AV20 (semi-Lagrangian Absolute Vorticity) atmospheric model thus summarizing
all recent developments in the model numerics (Fadeev, 2013; Tolstykh and Shashkin, 2012; Shashkin and Tolstykh, 2014;

Shashkin et al., 2016). The model is applied to operational global numerical weather prediction with 20km resolution over
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Russia. Also, its lower resolution configurations will be soon applied for probabilistic long-range forecasts and is the base for
development of the new atmospheric component of INMCM Earth system model (Volodin et al., 2010).

The main features of the model dynamical core are the vorticity-divergence formulation at the unstaggered grid, reduced
latitude-longitude grid with variable resolution in latitude, using high-order finite-difference formulae, semi-Lagrangian semi-
implicit discretization. The number of grid points in longitude at near-polar latitudes for the reduced grids constructed with the
algorithm by Fadeev (2013) is an order of magnitude smaller than the number of points at the equator.

The effects of the grid reduction and variable latitudinal resolution on numerical solutions are investigated with two idealized
tests — the Jablonowski and Williamson (2006b) determenidtic case and Held and Suarez (1994) long-run experiment. The
results agree with other published model solutions. It is shown that the reduction in number of grid points by 25% leads to only
moderate damping of the shortest longitudinal waves and does not degrade the solution. At the same time, variable resolution in
latitude allows to refine grid in the region of interest and thus improve the solution accuracy. Particularly, increasing latitudinal
resolution in the Northern hemisphere results in sharper gradients and stronger development in the relative vorticity field during
unstable baroclinic wave breaking in Jablonowski and Williamson (2006b) test and more intensive mid-latitude eddy motions
in the Held and Suarez (1994) test. In all tests, the evident positive effect of increase in latitudinal resolution outweighs the
slight negative effect of grid reduction.

Currently, the experimental SL-AV?20 configuration with approximately 13km horizontal resolution can use up to 9000 cores.
This is sufficient in a short term perspective but will become a bottleneck after some years once exascale computer architectures
will be implemented. So far, we use Fast Fourier transforms in some parts of the dynamical core. Hence data transpositions
(global communications between processors) are needed in parallel implementation. We work on scalable iterative grid-point
solvers for elliptic problems which are known to scale up to tens of thousands processors (Miiller and Scheichl, 2014). Also, we
have successfully tested computation of meridional derivatives at the reduced grid in the grid-point space. These developments

will help to avoid the use of FFT in the model code thus moving scalability limit further.

11 Code availability

The code of SL-AV20 dynamical core is available for research purposes on request, please contact Mikhail Tolstykh tol-
stykh@m.inm.ras.ru .

Appendix A: List of notations

a —mean Earth’s radius
A(n), B(n) — coefficients of Simmons and Burridge (1981) hybrid vertical coordinate
fl}é’, B;f — k-th zonal wave number coefficients of ) Fourier representation in longitude

cpds Cp — heat capacity of dry and moist air under constant pressure
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D —horizontal divergence

f —the Coriolis parameter

Fy, —source/sink of 1) due to subgrid/diabatic processes

G - linear geopotential term

1, j —longitude and latitude grid-point indices

J¢s Jp —Jacobian-like terms of absolute vorticity and divergence equations (1, 4)
k —r/a - vertical unit vector

k, k — zonal wave-number, the modified zonal wave-number

[ — vertical level index

M — inverse mapping factor Op /0y’

Nlat, Nlon,Nlev —number of grid points in latitude, longitude and vertical respectively
P, Do, Ps — pressure, constant reference pressure, surface pressure respectively

p, ps — reference pressure profile, reference surface pressure

pgef — orography dependent reference surface pressure

q, q; — specific concentraions of water vapour and liquid (solid) water species

r — vector pointing from the center of the sphere to the given point on its surface

Ry, Ry, Ruoist — gas constants of dry air, water vapour and moist air respectively

R¢, Ry, Rp, RT, Rp —RHS of time-discrete absolute vorticity (19), momentum, divergence (22b), thermodynamic (23) and

continuity (24) equations respectively
R — the rotation matrix
$ — analogue of vertical velocity used in thermodynamic and continuity equations (9,6)
Si; — horizontal square of 7, j-th vertical column of computational cells
T, T, —temperature, virtual temperature

T - constant reference temperature
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V = (u,v) - horizontal wind

Vi1 — computational cell

V(t) - Lagrangian volume

~v(n)®s — Ritchie and Tanguay (1996) correction term for thermodynamic equation (6)
A); — grid spacing in longitude at j-th grid latitude

¢ — vertical component of relative vorticity

n —hybrid vertical coordinate of Simmons and Burridge (1981)

n — vertical speed in 1 coordinate

A —longitude

¥, p; — latitude, j-th grid latitude

¢’ — pseudo-latitude

® - geopotential

®, —surface geopotential

1 — arbitrary quantity

2 — Earth’s angular velocity

(¥)« — 1 is evaluated at the departure point of upstream trajectory

(V)v.;1s (1) s,; —average of ¢ over Vyj-cell or S;j-horizontal square

Appendix B: Right-hand side of SI system

The right-hand sides of the discrete in time equation formulated in Sect. 4.1 are as follows:

At n n n
Re=Cl+fo—— |(ID)]+ (¢D)" D 4 (¢D)" 4 T Ve gy FE (B1)

where departure-point Coriolis term f. = 2|Q|sin,, @, is the latitude of departure point, ( f D): = f. D}, DI is divergence

interpolated to the departure point.
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A
Ry = 29 xr"H 4 775 (eVG” - VG’]\',)

At
TRV 420" (—(1 VG 4 eVGntDe VGN(”“)") +FL| . B2
At At n
Rp= 5 (evm" + Ng) + DI+ ((f()" — (14 €)V2G™ 4 eV2GHDe 4 N e Fg) 7 (B3)
- 0
Np=—-D"? _ R,V - ((ﬂ,—T)v1nps) _uor g (B4)
a Oy
The right-hand side of discretized in time thermodynamic equation (23):
RdT € ps . At
Ry =- = "+ —NP
T 2 AperBp T2 0T
RyT|  Bps At Ps . At
™), — np?, — 2F ( 14 €)™ — er)e) NP D L En (B
)= Apo+ B P~ o | dpy 4 Bp, (1T O3 — €8 T T (B3)
ist 1 S T Ds A B ; B\ -1
NT _ Rmomt v Ds o Rd Ds _ i—B (a /877)1)0 + (a /677)1% D_RB (87) 3
¢p  Apo+Bps  cpa Apo+ Bps ps(0B/0n) an

.0
+1(MV - VO, + 77?957”) o, (B6)
the terms of Nt proportional to B(9B/dn)~! which arise from substitution of dgz /dtIn p, from continuity equation (9) are set
0 when (0B/dn) = 0. Actually, (0B/dn) = 0 only when B = 0 and thermodynamic equation (6) transforms to pure isobaric

coordinate form that does not contain dy /d¢Inpy at all.

R A @800+ 0BJ00p. o 05 0B
2 Ps on an
5 -n .(n_;'_l)e
4 g (0A/9n)po '_" (0B /0n)ps (_(1 +e)D" + 6D(n+1)e) —(1+ E)ai + 685 + Np(n+1)e ., (B7)
2 Ps on on

Ny = <<aA/an>po +(9B/om)p. _ (9A/n)po + (33/877)ps> D. (BS)

Ds Ds
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Appendix C: SI system matrices

Following column-matrix notation introduced at the end of Sect. 4.1, we define T, S, P as vectors with k-th component

representing 7,71, §7+" and Inp? ! 2D fields respectively, and write Egs. (23), (25), (26) as:

TfnT(WlPJrWzl;EAtS) — Ry 1)
(1-Bi2)P=~CW* L AID 1 CRy, ()
1;€AtS:I[—BP—CW¥AtD+CRP , (C3)

where kK = Ry/ ¢pd, C is the matrix of mid-point rule integration from the model top to the ground, Cy, ; = An, k,l € [1,Nlev],

Bi1ps 2 _ Ds 3 _ AApo+ABps
Arpo+Bips’ lel = Aipo+Bips’® Wlal - DsAmy

trix interpolating $”*! to the integer vertical levels, L,=1,-1= % Matrix B is diagonal, B;; = (BZH/Q — Bl/z). Matrix

W™, m € [1,3] are diagonal matrices, Wl{l = , I is the two-diagonal ma-
C equals to the lower triangle (including main diagonal) of C and represents the operation of mid-point rule integration from
model top to some level [ + 1/2.

The definition of G (21) in the column-matrix form is
G=®,+ AT+ R, TP, (C4)

with the matrix of vertical integration using trapezoidal rule A = U®. ® is two-diagonal matrix which represents the in-

pi+1
pr
I € [1,Nlev — 1], U is the upper triangular matrix responsible for summation of the increments, U; , = 1,1 > k, [ € [1,Nlev].

One can see that elimination of T', P, S from Eq. (C4) using Egs. (C1)-(C3) results in Eq. (27) with M’ = anT(l —
Bl/z)‘lA[WlC +W21(C —~BO)|+R,T(1— Bl/z)‘lC, M =M'W3.

crement for linear part of the geopotential between the neighbouring levels: ®Njev Nlev =1 p’fl , P =P = %ln
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Figure 1. Parallel acceleration of SL-AV20 experimental configuration on the grid of 3024 by 1513 points with respect to 504 cores (red

line), linear acceleration - black line.
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Figure 2. Latitude grid spacing (solid line) of 400 x 250 (red), 800 x 500 (green) and 1600 x 865 (blue) variable resolution latitude-longitude
grids. Dotted lines presets longitude grid spacing of the corresponding reduced grids. Dashed lines shows latitude grid spacing in the constant

resolution grids with the same number of latitudes.
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Figure 3. Day 9 relative vorticity at 850 hPa in baroclinic instability test. Left column — SL-AV20 solutions using regular lat-lon grids with
constant latitude resolution , (a) 400 x 250, (c) 800 x 500, (d) 1600 x 865. Right column, (b), (d), (e) - the same as left column, but using

reduced lat-lon grids with variable resolution in latitude.
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Figure 4. The same as Fig. 3, but lat-lon grids with variable resolution in latitude (no reduction) in left column.
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Figure 5. 1000 days time-zonal averaged zonal wind speed (U), temperature (T), momentum flux (U’V’), heat flux (V’T’), eddy kinetic

energy and temperature variance in Held-Suarez test. Panels (a) — (f) — shading shows reduced grid solution with variable resolution in

latitude, contours show regular grid solution with constant latitudinal resolution. Panels (g) — (1) — shading shows the difference between

regular and reduced grid solutions with constant resolution in latitude (regular minus reduced), overlaid contours depict the regular grid

solution.
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Figure 6. 500 hPa kinetic energy spectra in mid- and high- latitudes in Held-Suarez test. Reduced grid with variable resolution in latitude

(red line), reduced grid with constant latitudinal resolution (green line), regular grid with constant latitudinal resolution (blue line).
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