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ABSTRACT

Advances are discussed in the area of nonhydrostatic scomitgquations. The performance of the governing
soundproof partial differential equations for scalesvaie to climate and weather is highlighted with global
aquaplanet and baroclinic instability calculations usangesearch model EULAG (www.eulag.org). Consistent
numerical integrals of the anelastic Lipps-Hemler and theuplo-incompressible Durran systems are compared
with hydrostatic results. On the algorithmic side, a pregr®wards an unstructured-mesh option of EULAG is
illustrated with simulations of atmospheric wave dynangiceoss a range of scales

1 Introduction

A lesson learned from the collection of works in the spedale 1] is that there is no set of govern-
ing equations uniformly adopted throughout the NWP comityuaind all operational models differ in
some aspect already at the theoretical level. In spite obtigwing debate on the preferred theoretical
formulation of the governing partial differential equatio(PDES), the dominant opinion seems to be
that soundproof equations are not appropriate for predjotieather and climate. On the other hand,
the soundproof models progress, expand their predictideaskl range of validity, and keep attracting
interests of the community. In particular, the last decaal@ sumerous developments consequential
for the advancement of nonhydrostatic soundproof modelwéather and climate. For substantiation,
consider an abbreviated list of works exemplifying the camity efforts. The list starts with2] that
quantified departures of normal modes of atmospheric ssonfipDEs from normal modes of the fully
compressible Euler equations. Although the authors queeti the suitability of soundproof equations
for weather and climate, their work in fact extended thediliof anelastic models beyond the ear-
lier arguments of scale analyse3 fi]. In [5, 6] soundproof models were generalized to incorporate
time-dependent curvilinear coordinates, thereby engldipproximations of elastic boundaries (such
as finite-amplitude free surface) in soundproof equatiorsfacilitating a coupling of nonhydrostatic
anelastic and hydrostatic primitive equation models; §géof examples. More recently, the worg][
generalized the pseudo-incompressible sys@rto[spatially inhomogeneous and time-dependent ref-
erence states, extending up-scale the accuracy of sowif@mproximations. Concomitantly, id(Q, 11]

the authors compared standard aquaplanet simulati@4 3] conducted with three different dynamic
cores, including nonhydrostatic anelastic model EULA@][within the framework of the Community
Atmosphere Model (CAM). They reported favorable compditsbof EULAG with the spectral and
finite-volume hydrostatic dynamic cores, and found no ewigeof inadequacy of anelastic nonhydro-
static equations for climate simulations, epitomized leydhuaplanet benchmark. In a recent wdr [
the authors proposed a hybrid system of atmospheric PDEbinorg nonhydrostatic soundproof and
hydrostatic primitive equations, thus paving the road foew class of general circulation models. Us-
ing techniques of multiple-scale asymptotic analysis,reecut work [L6] showed a formal validity of the
Durran pseudo-incompressiblg] pnd the Lipps-Hemler anelastid][equations for realistic magnitudes
of the tropospheric potential temperature stratificationgontrast to single-scale asymptoti& and
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common beliefs. On the algorithmic side, the developmenifis4, 18, 19] generalized proven conserva-
tive numerics of EULAG to fully unstructured meshes, whilstining the accuracy of structured-grid
differencing on differential manifolds. This adds yet drast path to the advancement of soundproof
models.

The goal of this paper is to address the performance of seaafipnodels in applications relevant
to climate and weather, and to comment on the potential dfructsred meshes for meteorological
simulation. Because all key results presented employ reE AG or its derivatives, next section
briefly summarizes the concepts behind this model. Sectlmings to the reader’s attention the results
of [10] for the aquaplanet simulations using different dynamicesan CAM, and supplements them
with recent resultsq0] of the global baroclinic instability benchmarR]]. Section 4 highlights the
progress with generalization of the class of nonoscillaforward-in-time schemes that underlie the
EULAG numerics on fully unstructured meshes. Remarks iti@@& conclude the paper.

2 EULAG, a numerical laboratory for atmospheric flows

The computational model EULAG is a general purpose virtahbtatory for simulating fluid flows
across a wide range of scales and physical scenarios;14p®f a review and a comprehensive list
of references. Even though the primary applications arespimeric circulationsZ2], the EULAG’s
optional dynamic cores encompass a range of diverse résasgas, with extreme examples of micro
flows in porous mediaZ3] and global solar magnetohydrodynami@&][ In consequence, the gov-
erning PDEs incorporate many options, including compbés$ncompressible Boussinesq equations,
fully incompressible (non Boussinesq) Navier-Stokes'amuns, several anelastic systems including the
Durran pseudo-incompressible equatio®S],[and fully compressible Euler equations of gas dynamics
[17]. Furthermore, all the optional model PDEs are integratitl gonsistent numerical schemes, which
is important for unobscured model intercomparisons.

The scope of this paper justifies a brief symbolic descriptibthe governing soundproof equations. In
general, to address a broad class of flows in a variety of dwnaiwith, optionally, Dirichlet, Neumann,
or periodic boundaries in each direction — the EULAG gouegnPDEs are formulated (and solved)
in transformed time-dependent curvilinear coordinate$,7]. Here, we dispense with geometric and
numerical intricacies and refer the interested readercionieal expositions in the references provided.
Furthermore, we focus attention on adiabatic, inviscidagigns and numerical approximations using
finite-volume conservative schemes. With these assunyptioth the anelastic Lipps-Hemler and in-
compressible Boussinesq equations used in this paper dach@cally viewed as special cases of the
Durran pseudo-incompressible equations. The latter cavritten in a perturbation form

/ /
?D? = —v-06; g—\t/:—BDn’—gg—e—fx<v—9%ve> , (1)
wherep* denotes a generalized densifyis potential temperature, vectagsandf are gravity acceler-
ation and Coriolis parametert is a normalized pressure-perturbation varidbéd primes symbolize
deviations from geostrophically balanced environmeraatifient) statéve, 6e), implied by the gov-
erning equations. There are two noteworthy differencesden the pseudo-incompressible system
(1) and the Lipps-Hemler anelastic system. Fipst,= pp(6y/65) in (1) but p* = py, in the anelastic
mass-continuity equation — subscriptefers to a static horizontally-homogeneous referende,stad
6, denotes a constant reference value. Second, the momenuaticggin () is non-approximated,
whereupon factors proportional thappear in the pressure-gradient and Coriolis accelesgtamdo,
replaces, in the denominator of the buoyancy term. Consequently, iffereinces between the pseudo-
incompressible and anelastic solutions are expected ttifgmyith increasing stratification and/or with

O-(p*v)=0;

INote that the definition of the actual pressure variable imsproof equations is flexible and depends on the coefficient
in front of the gradient; cf. anelastic equatioB} i section 4.2.
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increasing vertical and horizontal scales of the studiethlpm. Technically, the anelastic Lipps-Hemler
equations reduce to the incompressible Boussinesq systeetting the reference profilgs and g, to
constant valuep, and 6,, respectively.

The prognostic equations il)are of the formDy /Dt = R, with ¢ symbolizing either the potential
temperature or a velocity component. Accordingly, theithmanatically equivalent conservation-law
form can be written as

oipry

5 O (Pv)=p'R. @)

The nonoscillatory forward-in-time algorithm employedBbLAG to integrate soundproof equations
(2) to the second-order in time and space can be written in a aonfipnctional form

P = A (P VY2 p*) +058tRML = i + 0.55tRM 3)

WhereLpin+1 is the solution sought at the mesh poitit™,x;), ¢ = ¢" +0.55tR", and.< denotes a
second-order-accurate finite-volume nonoscillatory tinee level transport scheme MPDATAR6, 27].
Equation B) represents a system implicit with respect to all dependariables in {), because velocity,
pressure, and potential temperature are assumed to bevamkaia + 1. Due to nonlinearity of the
pressure gradient term id) the algorithm 8) is executed iteratively

oM"Y = 9 — 055t (VY- 06,). 4)

9/|n+17v 9n+l,v—l
Vin+l,v _ vi — 0.55t 9n+1,v—1Dn/|n+l,v + QT +fx <Vn+1,v _ Tve>]
e € i

wherev = 1,..,m numbers the iterations, and at each iteration the linegtielproblem — implied by
the continuity equation inl) — is formulated on the mesh and solved using a precondiigemeral-
ized conjugate-residual (GCR) approach; df4][and references therein. Note that the only elements
lagged behind in4) are thell 6 factors in the pressure-gradient and Coriolis acceleratiwVith the first
guess9™10 predicted using the non-perturbation form of the entropye¢ignD8 /Dt = 0 no iterations
are required for second-order accuracy. Nonethelesstetations converge rapidly, add little overhead
compared to the anelastic solver, and, in practice, theme ain in usingn > 2. For example in the
global baroclinic instability calculations in the next 8en, || 6'|"*1V — @/|"*1V—1 ||, ¢(10~%)°K and
ﬁ(l(TG)OK for m= 2 andm = 3, respectively; while the work within the GCR solver desesadra-
matically pastv = 1. Furthermore, for solution of the anelastic and Boussjreggiations on a sphere
an analogous iterative procedure is adopted to accounbfdmearity of the metric forces.

3 Soundproof models of idealized climate and weather

3.1 Aquaplanet simulations

For typical atmospheric conditions, the differences betwthe solutions of nonhydrostatic soundproof
equations and either primitive hydrostatic equations onm@ssible Euler equations increase with the
depth and horizontal extent of the simulated probl@milp]. Consequently, assessing the performance
of the nonhydrostatic soundproof models in simulation afbgl weather and climate is mandatory.
However, since there are no available operational NWP ainthté codes based on nonhydrostatic
soundproof equations, such assessments must start walzetk benchmarks. In the two part work
[10, 11] the authors report on the implementation of EULAG, with #melastic nonhydrostatic Lipps-
Hemler governing PDEs, as a dynamical core in the Communityo&pheric Model (CAM, version
3). In particular, Part 110] presents a series of aquaplanet simulations and demtasstreat CAM3-
EULAG (CEU) results compare favorably with those from CANnsiations at standard CAM res-
olution that used current finite-volume (CFV) or Eulerigrestral (CES) hydrostatic dynamical core
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Figure 1: Zonally averaged total precipitation (mm day-tm the aquaplanet simulations: a total precipitation,
b convective precipitation, and ¢ nonconvective prectjita

options. In addition, both parts show the benefits of gridpéidily implemented in CAM3-EULAG
via generalized time-dependent curvilinear coordinaaélewing higher resolution in selected regions
without evidence of anomalous behaviors anywhere in theeindeor details of the model coupling,
computational setups, and thorough solution analysisjriteeested reader is referred to the original
work. Here we only mention the key aspect of the experimedthaghlight its outcome with a few
selected results.

The model vertical domains extended to 50 mb in CFV and CE& @30 km in CEU; all resolved

with 26 vertical levels. In the horizontal, thé 8 2.5° (meridionalx zonal) resolution was used in CEU
and CFV, and T42 in CES. Each experiment ran for 18 monthswiflsied time, with CEU initialized

from rest and reaching statistical equilibrium after 4 nmsnt Both CFV and CES were initialized
from previous statistical steady states. The integraiime stepdt was 600 s in the CEU simulations
and 900 s in the CFV and CES runs. All models were forced usifiged zonally symmetric SST
distribution — the same as the control case 12][— with a maximum 27C at the equator and a
constant SST of OC poleward of 60 latitude in both hemispheres.

In general, the results irl{] evince quite similar dynamical fields for all three modelad CEU pro-
duces roughly the same climatology as CFV, CES and The Met&ffnified Model 1L3]. The basic
features are sub-tropical westerly jets peaking at 12 krd (@B) and 30 latitude in each hemisphere,
and weak easterlies in the tropics and high latitudes (seRig. 4). CEU produces the weakest sub-
tropical jets 55 ms ) while CFV produces the strongest5 ms ). CES produces jets with the
speed £60 ms1), the same as in the §] control simulatior? The tropical easterlies extend from the
surface to 14-15 km~150 mb) in CFV and CES, and extend from the surface to 13 km (A90in
CEU. The strongest easterlies below 4 km (600 mb) are ab6unst! in all three models. The zonally
averaged vertical winds from the models are also similag {§g. 5 in [LO]) showing strong ascent in

2Wwith an alternative CAM physics package, the CEU jets alsehethe~60 ms ! speed; Babatunde Abiodun, 2010,
personal communication.
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the tropics, subsidence in the sub-tropics, and a weak @stéme mid-latitudes. The maxima of the
tropical ascent are at 9-10 km (300 mb) and ‘abB-equator in both hemispheres. CEU simulates the
strongest peaks (0.04 m9, about twice the values in CES (0.018 msand CFV (0.022 mist). Below
800 mb CEU and CFV produce vertical winds of 0.012 fswice the value in CES. This comparabil-
ity, free of conclusive difference in favor of hydrostatidmitive equations, extends to thermodynamic
fields of the potential temperature and moisture as well dpical convective activity. This is sub-
stantiated in Figl that shows zonally averaged rainfall. The three modelsym®dnaximum rainfall in
the tropics and local maxima at mid-latitudes, and suppessipitation in the sub-tropics and in high
latitudes. The mid-latitude rainfalls from the models arggood agreement both in magnitude and lo-
cation; all the models predict surface rainfall of about@ day * at 38 latitude. In the tropics, CEU
and CFV produce nearly the same precipitation, with a pegtetk average 616 mm day!. CES
produces a lower peak-to-peak average 2 mm day !, consistent with CES’s lack of non-convective
precipitation in the tropics.

control
melsec? DT=5, T85 params 250 mb
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Figure 2: Kinetic energy spectra from the aquaplanet sirtiatss; courtesy of David Williamson, NCAR.

To conclude, Fig2 shows kinetic energy spectra for the three models with com@AaM physics
package for the aquaplanet simulation. The figure is sgifagmatory. Of particular note is an agreement
with the planetary Rossby modes in terms of kinetic energiwithstanding the concerns expressed in

12].

3.2 Global baroclinic instability

The results of the preceding section addressed the penfieerat a soundproof model in archetypal cli-
mate simulations. One might argue that the demonstrated déwomparability of the nonhydrostatic
anelastic and hydrostatic primitive-equations modelssomeich to filtering out in analyses many in-
termittent temporal and spatial scales important for wergphediction but possibly auxiliary to climate
studies. Thus, to address the performance of soundprooélsiadmeteorology simulations we con-
sider here the global baroclinic instability benchmazt][conducted with the Lipps-Hemler anelastic
nonhydrostatic option of EULAG ir20]. We refer the interested reader to the latter work for theitke
of implementation, grid convergence study and a thorougtudision of the comparison with the hydro-
static primitive-equation results i1]; here we only highlight a key conclusion of this study. Fig8
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Figure 3: Baroclinic wave test, day 6 (linear phase of thelation); surface pressures shown with color and lines
correspond to the hydrostatic and anelastic results2df pnd [20], respectively.

compares surface pressures after 6 days of simulated ievobftthe instability, a time representative of
the linear growth phase. Noteworthy, the EULAG horizonéslalution 1.4 is twice coarser than that in
[21], and the grid convergence study 20 shows that the comparability of the wave group in the zonal
improves for finer resolution. The result shown in Bigeveals no pathologies predicted for the anelastic
model in 2]. Furthermore, it illustrates a key conclusion 0] that during the linear growth phase —
the only time when phase speeds can be compared with highaagcy- differences between the EU-
LAG and hydrostatic21] dycore results are insignificant for the synoptic waveausated here. During
the baroclinic wavebreaking phase of the evolution, stgréit about day 10 (not shown), differences
between EULAG simulations and those @fl] emerge in details, while maintaining good agreement
in the overall global structure of the flow. By 16 days, whea tlorthern jet contains a broad range of
scales, the two model solutions appear as two differenizegans of a turbulent flow, with phases of
various highs and lows advanced or retarded and amplitédssor more accentuated in the two sim-
ulations. At this stage it is impossible to conclude whicttdas — differences in governing PDEs or
model numerics — are responsible for the differences okseand which solution better captures the
flow evolution.

In order to qualify the significance of comparability/disipa of the two model results in20], Fig. 4
juxtaposes four solutions obtained with various EULAG ops. All calculations used second-order
numerics on a 64 128 (2.8) lat-lon grid and 23 km deep domain resolved with 46 unif@m= 500m
grid intervals. The calculations in the left column of theufig employed the anelastic versus pseudo-
incompressible PDEs, integrated wilh= 300 s by the same semi-implicit finite-volume scheme dis-
cussed in section 2. The calculations in the right columth leohployed the Lipps-Hemler anelastic
equations but different numerical schemes. The resultarugiper right panel used an explicit gravity-
wave scheme witlD6/Dt = 0 in lieu of the perturbation form inl§, whereas the one in the bottom
panel used the default semi-implicit scheme but with theideagrangian (non-conservative) transport
operator foreZ in (3); see [L4] and the references therein for further discussion. Notdwpthe explicit
solution uses (and requires) 20 times smadiee 15s than semi-implicit runs. While the differences
between the results in the two upper panel are minor, theoixpln is computationally about 20 times
more expensive. In general, the differences between akkthuns based on the Lipps-Hemler equations
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Figure 4: Baroclinic wave test, day 8, comparison of surfpogential temperature perturbation using anelastic
versus pseudo-incompressible EULAG options (upper andrl@ft, respectively) using the default semi-implicit
finite-volume and a comparison of the anelastic option birigithe explicit gravity-wave scheme versus semi-
implicit but semi-Lagrangian integrator (upper and lowéght, respectively).

are on the order of differences between the Lipps-Hemlelpainaitive hydrostatic equations discussed
in [20]. Comparatively, the differences between the Lipps-Heratel the Durran equations in the two
panels on the left are dramatic. While the two solutions egeasonably well phase wise, the pseudo-
incompressible equations result in twice larger amplitafithe baroclinic wave. In terms of the wave
amplitude, the evolution of the pseudo-incompressiblatiwis is about day ahead of the anelastic and
hydrostatic solutions. An extensive sensitivity study iagnat better understanding of these solution
behaviors is in progress, and its results will be reportedvehere.

4 Unstructured mesh modeling of atmospheric waves

4.1 Background

The last decade saw increased interest and numerous deitgpin modeling atmospheric flows on
meshes alternative to regular Cartesian grids common ieorabgical models; see8] for a sub-
stantiation. Although studies exploring unstructured immeg date back to the nineteen sixti@g]| the
interests in flexible mesh adpativity have emerged morenticécf. the collection of papers ir8p])
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with the advent of multiscale Earth-system modeling anchate prediction. In spite of a high level of
activity, as yet, adaptive-mesh atmospheric models havmabthe demands of the modern operational
weather prediction and climate studies, reviewed in theectibn of works [l]. To date, research into
unstructured mesh atmospheric models was largely confonelbalized applications addressing either
synoptic flows in the lowest order long-wave approximatiomegned by the shallow water equations, or
small-scale buoyant phenomena occurring in a neutrabyiéd quiescent atmosphere — prototypes of
natural convection and density currents. Compared to thesdiverse classes of motions, applications
addressing the dynamics of internal inertia-gravity waaresscarce. These waves are consequential for
weather and climate and, because of their intricacy, nualesblutions of internal wave problems con-
stitute canonical benchmarks for NWP codes. Here we hilghtige progress with unstructured mesh
modeling of atmospheric wave phenomena, followihg, [L8, 19] and references therein.

Figure 5: The edge-based, median-dual discretization apgh in 2D. The edge connecting vertices (viz. data
points) i and j pierces the facg Shared by 2D computational (dual) cells surrounding vessié¢ and j. Open
circles represent centers of the polygonal mesh cells; $8&¢r a discussion.

The algorithmic framework suitable for the developmentlb§eale atmospheric flow unstructured/hybrid
mesh models generalizes the methodologies proven in thawted grid model EULAG. A distinct key
element of the framework is the suit of median-dual finitaumoé edge-based (Fi§; [31]) nonoscilla-
tory advection schemes MPDATA, derived from first princgpfer an arbitrary unstructured mestv].
Remaining elements of the framework — a robust nonsymmgijtov-subspace elliptic solvel3p]

and a class of nonoscillatory forward-in-time (NFT) algfams for integrating governing PDEs (sd&]

for a recent review) — closely follow their structured grigegecessors. In EULAG the structured grid
NFT framework is formulated in generalized time-depenaemtilinear coordinates, enabling dynamic
grid adaptivity via continuous mappings in either Cartesia spherical domainsl{lf]. Unconvention-
ally for flexible mesh models, the unstructured mesh NFT &aork is also formulated in curvilinear
coordinates. In particular, this is useful for modelinglgbcirculations in spherical geometrgd
employing a classical geospherical reference frame wighgthverning equations cast in the latitude-
longitude surface-based coordinates (section 7.33).[ While retaining the benefits of the classical
formulation, common in theoretical geo/astro physicsnatorious limitations associated with the con-
vergence of meridians in the polar regions are circumvebyegkploiting the flexibility of unstructured
meshes. The latter is highlighted in Fig@;ewhich shows two alternate views of the mesh employed in
simulations of global rotating stratified flows past an issdamountain discussed in section 4.3.

4.2 Alocal area nonhydrostatic soundproof model

To illustrate the potential of unstructured meshes for wrelegical simulation, here we highlight (after
[19]) the performance of a local area nonhydrostatic soundpramlel based on the governing PDEs

8 ECMWF Workshop on Nonhydrostatic Modelling, 8-10 Novemi@10
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Figure 6: Triangular mesh in the physical space on a spheré imna transformed (computational) latitude-

longitude domain underlying the geospherical framework

written in the conservation-law form

0 (ppV) =0,
0pr|

+0- (V') =

ot
oppb

—|-|:|'(pr9):0.

ot
The system&) is a special case ol}, and it encompasses several particular anelastic modpénding

on the selection of the reference profilgs ‘Here,V' (I = 1 andl

in the horizontal and the vertical, amd = (p— pe)/pp With p denoting the pressure. The Boussinesq
benchmark problem addressed is a stratified ambient flowangnstant buoyancy frequeniy= 1 s*

(Uo,0), Up = 10 ms%, impinging on an isolated ridge of the forin(x)

(x/L)?]~* centered at the origin of tHe-16.7L,25L] x [0, 25L] domain. The hill’'s half-widtH_ is fixed,

and uniform windV g

0.25L or hg = 0.5L. The respective Froude numbeFs,

whereas the heighity

1.66 orFr = 0.83 indicating a weakly- and strongly-nonlinear gravityweaesponses. The problem is

nonhydrostatic, becaud¢l /Uy = 2.4; that is, the horizontal scale of the problem is comparabtée

asymptotic wavelengthg ~ 21Uy /N of the induced mountain wave.

Calculations were conducted on an unstructured mesh {Fgpe also Fig. 2 in19] for details) with

approximately 39,500 vertices, refined to represent thgbdmetry and the main portion of the wave
train. The minimum spacing of vertices was prescribed/a®2 in the middle of the hill's base and was

gradually reduced with altitude to/8 spacing following the main wave train. The spacing was also

smoothly reduced in the upwind and downwind directions gafwam the main portion of the wave

train) to 9./3 andL /2, respectively.

Figure8 highlights the model solutions for the weakly- and stroagbnlinear responses by showing the

isentropes in a developing flow after dimensionless timetUg /L

tain wave propagates at an anglez 60° off the horizontal consistent with the linear steady

<1 the lee wave breaking and strong downslope winds (evidence

forFr
by isentrope compression) with the turbulent flow aloft adidative of much studied wind-storm phe-

In contrast

prediction [L9].

nomena in mountainous terrain. Both solutions were conapatith similar solutions generated with

structured grid EULAG model

using the standard terraitefging mapping with a uniform spacing

(in the computational space) sfL/12 covering identical domain with 157,184 grid points. Reltgss

of the fundamental differences in the spatial discretirathe two model solutions match closely each
other. For example, in the weakly-nonlinear case the stradtgrid and unstructured mesh solutions

both differ from the linear theory estimates by no more thad?o in the wavelengtiio and by no more

ECMWF Workshop on Nonhydrostatic Modelling, 8-10 Novemd@t0
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Figure 7: Model domain with the refined triangular mesh.

Figure 8: Isentropes simulated using the two-dimensiowalhydrostatic model; F£2 and Fr<1, in the left and
right plate, respectively.

than~ 8% in the propagation angke. Furthermore, they both show the same distribution of theewa
amplitude with height, with an average per wavelength (segen wavelengths) loss f7% attributed
primarily to the dispersive character of the nonhydrostatountain wave.

The canonical Boussinesg benchmark discussed above iemgged with the simulation of the non-
Boussinesq amplification and breaking of a 60km deep 2D naduntave B4]. In contrast to the
preceding example with the uniform reference profiflgsand p, and linearly increasing constant-
stratification ambient profilé,, here the reference profiles coincide with the ambient statkboth
change exponentially — such that the amplitude of the wavdifies by one order of magnitude in the
middle of the vertical extent of the model, reaching the gadgual to the wavelength of the dominant
mountain wave\g, thus inducing wave overturning and breaking. The probkemherently nonhydro-
static withNL/Up =~ 1, while only weakly nonlinearRr ~ 1.6) with respect to the linear Boussinesq
theory. Figured shows the model solutions using two different meshes wittilar number of points.
On the left the unstructured mesh mimics the structured(grighysical space) resulting from the stan-
dard terrain-following coordinate transformation. On tight a fully unstructured triangular edge mesh
is employed; cf. Fig5. Only mesh portions are shown in the vicinity of the hill. Boesults agree with
the EULAG flux-form predictions, and their departures amggnificant compared to the discrepancies

10 ECMWF Workshop on Nonhydrostatic Modelling, 8-10 Novem®010
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Figure 9: Meshes (top) and simulated isentropes (bottorimguhe anelastic model for non-Boussinesq amplifi-
cation of a mountain wave propagating in isothermal atmesph

between the consistent flux-form and semi-Lagrangian EUEAGIutions B4.

4.3 Towards a global unstructured mesh nonhydrostatic soutproof model

As documented in the literature and illustrated in sectiptih® nonhydrostatic structured grid EULAG
can be executed as a global model in the spherical geomdieyequivalent unstructured mesh variant
of the code is under development, and the results of the giregceection together with those ih§, 19]
already indicate that such an extension can be successiulsubstantiation and illustration, here we
summarize the results o, 19], where the wave phenomena in rotating stratified orogmafibivs
were simulated on reduced planed$][using isopycnic/isentropic coordinates. The calculadion [18]
used isopycnic (viz. a soundproof yet mathematically elastamework, and kept the Earth rotation
fixed while reducing the planet’s radius hundredfold. Bifegy this simulated a mesoscale response
for different stratification regimes, from large to smalbkde numbers. These calculations successfully
captured characteristic flow features — from 3D wave safuéiba large Froude number, to the upwind
flow reversal and lee eddies formation at a low Froude numbewrel-known from the theoretical,
laboratory and numerical studies. 1h9] the isentropic framework was used (viz. a compressible
hydrostatic set of governing PDES) yet the large Rossby mursblutions were hardly distinguishable
from the isopycnic results. Followind §], here we show the result comparing the rapidly and slowly
rotating low Froude number flow past an isolated hill on thalsgiobe.

Figure10 shows the instantaneous distribution of the isentropeldretjuatoriakz cross-section after
four hours of the simulated time. Figuitd shows the concomitant displacements of the isentropic sur-
faces with the undisturbed equatorial heightA, ¢ = 0,t = 0,) = 0.25MUgN* (i.e., the eight of the
dominant vertical wavelengthy at R, > 1) together with the flow vectors on these surfaces. Concur-
rently, Figs.10 and11 illustrate salient flow features. For the slowly-rotatirsgongly-stratified case
(left panels) the results evince flow blocking on the lowewinal side of the hill and intense lee ed-
dies, characteristic of low Froude number 3D mesoscale fl8@s For the hundredfold faster rotation

ECMWF Workshop on Nonhydrostatic Modelling, 8-10 Novemd@t0 11
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::%

Figure 10: Isentropes in the equatorial-vertical planansilated using the 3D hydrostatic model for global oro-
graphic flow with Fr=0.5; Ro>> 1 (left), and R 1 (right).
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Figure 11: As in FigurelO but for vertical displacements of, and superimposed floviove@t, the isentropic
surface with the undisturbed equatorial heigh.251UoN~1; contours of the hill height are also superimposed.

R, ~ 5,2 the Rossby deformation radilg = hoN/ f =~ 13- 10° m becomes comparable ltpupon which
the effects due to the rotation and stratification occur amilar horizontal scales while counteracting
each other. The planetary rotation produces strong ugltfie@isentropes on the mountain lateral sides
and compensates the vorticity of the lee eddies, wheredistadomountain wave disperses with alti-
tude. These effects are consistent with theoretical ptiedi [38, 36], and with the equivalent EULAG
solutions (not shown) on the 12864 x 91 grid. Noteworthy, the unstructured mesh shown in Figure
(repeated at 91 isentropic levels) consists of 4532 notas,dffecting in about twice smaller computa-
tional problem then in EULAG. Insofar as the economy of cotapians is concerned, the unstructured
mesh code is competitive with structured-grid progrd@i.|

5 Remarks

There are a number of particular soundproof models usedrpatational meteorology. While some
of them may be more restrictive than others, it has been diiffto find a numerical example reason-
ably relevant to NWP and climate studies conclusively shgvei failure of soundproof approximations.
The cumulative computational experience demonstratgsising flexibility and a broader than antic-
ipated range of validity of soundproof approximations. Nyarostatic soundproof equations imply
non-negligible numerical advantages over fully compi#ssequations, and the developments of the
last decade document growing interest of the community jpioiting their strengths.

3Becausef = 0 at the equator but the results depend on the rotationfrat2Qsin(L/a) is used as a more representative
value; cf. section 4 in37] for a discussion.
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An increased activity and rapid progress in modeling atrhesp flows on unstructured/hybrid meshes
with flexible adaptivity have already provided evidence loé potential and merits of finite-volume

discretizations for modeling all-scale atmospheric datians. In particular, results emerge indicating
the competitiveness of the unstructured-mesh modelsrimstef accuracy and computational efficiency.
Even though unstructured-mesh models are not yet (and magr be) poised to substitute for the

operational weather and climate codes traditionally fdatma on structured grids, it is quite conceivable
that future Earth System models will blend unstructuredirassnd structured grids for the benefit of
forecast and research.
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