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Chapter 1 Overview

SCHISM (Semtimplicit Crossscale Hydroscience Integrated System Model) 8Dasearntess
crossscale model groundedn unstructured grids (UG) for hydrodynamics and ecosystem
dynamics. SCHISM is a derivative work from the originaLEE model (v3.1dc as of Dec31

2014). SCHISM has been implemented by Dr. Joseph Zhang (College of William & Mary) and
other developers around the world, and licensed under Apache. SELFE was developed at the
Oregon Health Sciences University. However, there are now significant ddfédetween the

two models.

1.1 Major Characteristics of SCHISM

Finite-elementfinite-volume formulation
Unstructured mixed triangular/quadrangular grid in the horizontal dimension
Hybrid SZ coordinates or new L3@ the vertical dimension

Polymorphism: a single grid can mimic 1D/2DV/2DH/3D configurations

=A =_ =2 =4 =4

Semii mpl i ci t ti me stepping (no mo d e splitt
numerical efficiency

Robust matrix solver

Higherorder EulerianLagrangian treatment ohomentumadvection
Natural treatment of wetting and drying suitable for inundation studies
Mass conservative and mainnicity-enforced transport: TVD

No bathymetry smoothing necessary

= =A =4 =4 -4 =

Very tolerant of bad-quality meshes in the noreddying regime

1.2 Modeling sy stem & application areas

3D baroclinic crosscale lakeriver-estuaryplumeshelfocean circulations
Tsunami hazards

Short wavecurrent interaction

Storm surge

Sediment transport

Ecology, biogeochemistrn& water quality

Oil spill

=A =/ =4 -4 =4 -4 =



1.3 Main differences between SCHISM and SELFE

1) Apache license

2) Vertical grid system (LS€ Zhang et al. 2015);

3) Mixed triangularquadrangular horizontal grid;

4) Implicit verticaladvection scheme for transport (T$D

5) Higherorder transport in the horizontal dimensi@i{-prder WENO);

6) Advection scheme for momentum: optional higbeder kriging with ELAD filter;

7) A new horizontal viscosity scheme (includinghHarmonic viscosity) to effectively filter
out inertial spurious modes without introducing excessive dissipation

Citation

We suggest the following language for citing the model:

SCHISM is a derivative product built from the original SELFE (v3.1dc; Zhang and Baptista
2008), with many enhancements and upgrades including new extension tsciageddying
regimeand a seamless cressale capability from creek to ocean (Zhang et al. 2016).

1 Zhang, Y. and Baptista, A.M. (2008ELFE: A semiimplicit EulerianLagrangian
finite-element model for crosscale ocean circulation”, Ocean Modelling, 22§371-96.

1 Zhang,Y., Ye, F., Stanev, E.V., Grashorn, S. (2016). Seamless-sta$s modeling with
SCHISM, Ocean Modelling, 102, L. doi:10.1016/j.0cemo0d.2016.05.002

1.4 How to read this manual

This manual contains detailed information on physical and numerical foramdags well as
usage for SCHISM. For beginners, we suggest you familiarize yourseltheitbasic notations

in Chapters 2 and But skipsomedetails in thos twochapters t her e i s al so a
the end of this chapterChaptes 4&5 descrile how to set up the modeincluding grid
generation,and so should be read carefully, in consultation with appropriate sections in the
previous 2 chapters.

Since SCHISM is quite a sophisticated package, we strongly recommend you stathdrom
simple testcasesn Chapter 5.5and gradually progress towangore complex3D baroclinicor
coupledapplications.
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1.5 Notations used in this manual

We will use bold characters to denote vectors and matrices, and unbold characters to denote
scalarsin mathematical equationdn addition, superscripts usually denote time step and
subscripts denote spatial locations. EX%;, may mean the temperature at stefi (i.e., new

time step) and prism,k), wherei is the element number akds the(whole)vertical indexWe

will use redwords to denote input file names (epguram.in), purple words to denote output file
names (e.gmirror.ou), andgreenwords to denote parametespecifiedin param.in; e.gbfric

(the bottom friction option flaglCod€pseudecodefragments are written iialic.

Below are someotations used in thimanual
Np: # (hnumber)of nodes

Ns: # of sides

Ne: # of elements

Nz maximum# of vertical levels

i134(): type of an element(3: triangle; 4: quad)
Nb(i): # of surrounding elements of a nade
kbp(i): bottom index as s& by a nodée

kbg(i): bottom index as seen by a side

kbe(i): battom index as seen by an elemint
A: area of an element

az. layer thickness (at a node, side or elem.)
G:Di racds Del t aid;0chetvisedn (=1 when

1.6 Download SCHISM and compilation
SCHISM modeling system iwostlydistributed viagithub.com.To download the source code:
T Make sure your system hagi andsvn v1.8or above (see http://svnbook.rbdan.com/
for a manual for using svngvn clients on linux/unix/windows/Mac should all wprk
1 cdinto a directory where you want to store the code, and issue the follgiving

commando download theag releases

git clonegit@github.com:schisrdev/schism_svn_tags.qit



Note that youmightneed t o add your systemds ssh publ

first before cloning. Alternatively, you can goltips://githubcom/schisrdevand
directly downloadhezip files.

General users also have accesséster branch of the development repository
(https://github.com/schismdev/schisn), but this manual is intended ftire tag version
only.

1 Due to the large file siz@side the test suite used to test the code is still being distributed
via svn(note that we have moved from http to https)

svn cohttps://columbiavims.eduschism/schism_verification_tests

Note that theest suites usel to test themaster branch Due tothe differences between
the releasdags and master branchyou may need to modify some input files (e.g.
param.ir) but we hope these tests show you how we set up models for different problems;

T The website and this manuabill be updated wen a newer versidoug fixesbecomes
available.

T Useful user info can be fodnn srcReadmebeta _notes (including change of format for
input files and bug fixes).

1.7 Compilation

Your system must have FORTRAN andC compiler (and MPI wrapper like mpif90, mpicc),
netcdf (version 4.4 or new& required, pythonand perl installedYou neecdthe followingtwo
directories for gnu make.

1 src/
Makefile is the main makefile, and in general you should NOT change this file.
T mk/

src/Makefile needd/ake.defs.localn this directory. To help you design this file, we have put
Make.defs.*which arefrom various clusters around the world. You shotidgy one of these to
Make.defs.local; e.g., if yguMPI compiler is Intel based ifort, yaunay try.

cp Make.defsdhoraMake.defsmyown

In -sf Make.defsnyown Make.defs.local


https://github.com/schism-dev
https://github.com/schism-dev/schism

Then you need to edit Make.defs.local for e.g. the MPI compiler name, path fanmescd
library (v4.4 and above preferredn your local cluste(sometimes you may also need to add
FORTRAN support for netcdf, e.glnetcdff), and name of the executablEXEC). Also the
graph partitioning lib ParMETIS is compiledich time togethevith the SCHISM code, and you
mayneed to update the MPI C compiler names in src/ParfetiSep2010/Makefile.in (consult
also "INSTALL" inside the ParMETIS directory)Lastly, turn on/off modules in
include_modules(note that TVD_LIM should always have aalid value). Make sure
mk/sfmakedepend.@nd mk/cull_depends.pwre executabl¢otherwise make them executable
withc hmod +x é. ) .

After this is done:

cd../src
make clean
makepsc

The final name okxecutablehas the cluster name and aksdditional suffixes if you turn on
modules: pschism_* (note that you get a preview of this nama ye do make clean so you
knowwhich modules you have turned on).

Note: the Makefile will automatically invokeCore/gen_version.pywhich will generate
Corebkchism_vesion.F90 needed for successful compilation

1.8 Bug fixes and major algorithmic changes from previous release

The info below can also be found in src/Readme.beta_notes.

1 R5131: added 'impose_net_flux' (if nws=2 and impose_net_flux/=0, read in net surface
hed flux as 'diwrf'(Downward Long Wave) in sflux_rad (solar radiation is still used
separately), and PREC_EVAP is on, also read in neERas 'prate’ (Surface
Precipitation Rate) in sflux_prc);

1 R5125: added 'vnh[1,2] and vnf[1,2]' (vertical nudgirfgjal relax is dt times the sum of

horizontal andrertical relax. Use this e.g. to restore near surface;

R5123: added 'niter_shap' (# of iterations with Shapiro filter);

R5114: added 'i_prtnftl_weno' (option for writing nonfatal errors on invalid temp. or

salinity for density);

R5049: added dbte and other outputs in ANALYSIS module;

R5032: added a new output (if ICM): ICM_DIN and ICM_PON

R5028: renamed sflux*.nc with an extra '0' to allow up to 9999 stacks (use

sflux_rename.pl to rename)

R5017: added a newsutput (if ICM): ICM_PrmPrdt (primary production).

R5001: added a new output (if USE_SED): 'SED_TSC' (total suspended concentration).

The corresponding global array is total_sus_conc(nvrt,npa) and can be used if USE_SED;

1 R4998: added iwind_form=1 (Hwangess formulation);

= =4 = = =

= =
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1 R4970: WWM now requires hgrid_WWM.gr3 (same as hgrid.gr3 if pure triang.dar;

split_quads_wwm.f90 to convert for mixed grids; no B.C. part neetipdiatel

'FILEGRID' in .nml (GRID section);

R4947: WWM added 'MEVEG, LSOUBOUND, LACCEL"

R4904: changed nudging input format (inu_*=2) to reduce size (add_map_nudge.m to

convert old);

1 R4892: added 'h[1,2]_bcc'a different approach for treating the baroclinic gradient at
below-bottom cells;

1 R4811: wwminput.nml (removed ISOURCE, LEXPORT_* RAMWRITE in &BOUC
and a few others; renamed MDC, MSC);

1 RA4772: added iwbl=2 (wave boundary layer formulation by Soulsby, 1997)

(USE_WWM), c/o Kevin Martins;

R4697: added 'nrampwafo, drampwafo, turbinj' (matters only USE_ WWM);

R4672: ics=2 can now work withcor/=1;

R4644: nws=3 is now the option for coupling to atmos models;

R4636: added 'h_ml0','salt_ice','salt_water' in ice.nml;

R4634: added 'ICE_net_heat_flux', 'ICE_fresh_water', 'ICE_top_T' (if USE_ICE);

R4582: added 'shorewafo’ (only matters if USE_WV¥; original algorithm);

= =4

= =4 =4 -4 -8 -9

1.9 Known bugs
In Particle_Tracking/ptrack3.f90: indices error in the section that deals with junks (fixeavin
masterbranch).

1.10 Some notes on launching parallel job on linux systems

You should consult the local system mamuahow to prepare batch scripts and launch parallel
jobs. Here are some general tipsgomecommonly encountered problems.

SCHISM uses dtributed memory model via MPAIl global arrays are partitioned into MPI
tasks (aka processing element or PE)eréfore you must make sure that there is enough
memory to hold the local arrays. This is especially true if ymoke some modules that use
large arrays (e.g. WWM). In general, simply launching the executable on the head node as

Jpschism*

may not work de to memory limits (and system administrators do not like this anyway). Use
parallel launchers (e.g. mpiexec etc) even if you only use 1 task.

A word on scalability: SCHISM is written to beadable down to ~300 grid nodes pask. The
model usually achies good pdormance with < 1K nodes per taskhich is what youmay
want to start with Barotropic model is generally less scalable than the baroclinic nféalel.
large core counts, you should consider using the PETSc solvers for better scalability.

Notethat the hybrid openMHMPI option is only available for the hydro module at the moment.
You can still use this mode for other modules but the efficiency would not be good as only the
master thread is doing all the tasks there. Hybrid mode outperformaviirenode without

11



PETScon large core countprovided that the hyper threading is turned @urrently, it seems

that pure MPI with PETSc is still the best approgmtsmall to medium core count

1.11 Typical work flows: a cheat sheet

Grid Code
generation compilation

"
3
X
O

| 2D model,
ipre=1

2D model,
ipre=0

3D model

Fig. 1.1: Typicaworkflow with SCHISM modeling.

Grid generation
1. Generate grids in map projection, not lon/lat

2. Make suremajorc hannel s are resolved with

blockage oimajorchannel flow

3. Always keep the map file and DEM sour@esd be willingto edit the grid, as often the

model results (and sometimes performance) depend on the grid

arno

| east

4. Being an implicit modelith ELM treatment of momentum advection, SCHISM has an

6operating ranged6 for the t iemddoddd spfor

For

barotropic cases, 16800 sec for baroclinic cases. If you have to reduce the time step,

make sure you recheck the inverse CFL criterion as show below

5. First estimate the smallebt y o uabtttipate(e.g., 100s for field applicationsggnd then

estimate the coarsdsx at sample depths to make sure CFLX@f4 Table5.1)

6. Resolving features is much easier with SCHIEMe game! Bathymetry smoothing is

not necessary

7. Make sure all open boundaries stay wet during simuldtibrsection 5.1.7)

12



8. Implicit TVD? transport is very efficient, but horizontal transport is still explicit (and is
the main bottleneck). Therefore Wware of gridresolutionin critical regions to avoid
excessive subycling; use upwind in areas of no sifiaation

9. Checkthe followingthings immediately aftea grid is generate@ia ACE/xmgredit5)

f CFL>0.4( at | east .iNote thaivgot Beedatd aoahss)check in map
projection (meters), not in lon/lat!

Minimum area make sure therareno negativeelements

Maximum skewness for triangle: use a generous limit of 13, mainly to find
excessiv&d col | apsedd6é el ement s

1 Quad quality: use 0.5 (ratio of min and max internal angles) as threshold

T
T

2D model: pre -processing
1. Check additional grid issues with a 2D barotropic model with ipre=1, ibcc=1,
itransport0

1 You can cheat without any open boundary segnaurisg this step
1 Remember to mkdir outputs in the run directory

2. lterate with gridgen steo fix anygrid issues

2D model: calibration
1. Start from simpleand then build up complexity

1 Simplest may be atidalrunwidbc onst ant nManni ngds

2. Remember most of the outputs are on agoee basis and need to be combined using the
utility scripts; e.g., for global outputs (schout*.nc), usambine_outputll.f9@o get
global netcdf outputs that can be visualized by VisIT; for hotstart, use
combine_hotstart7.fo@f. Section 5.4).

3. Examine surface velocity in animation mode to find potential is¢eies blockage of
channels)

4. Negative river flowaluesfor inflow
5. Che k all inputs: O6junk in, junk outod

1 There areseveralpre-processing scripts for this purpose
1 Xmgredit5 or SMS is very useful also

3D model
1. The model needs velocity boundary condition at ocean boundary. There are two
alternative approaches for this:

13



a. Use FES 2014 tide package to generate tidal velocity, and use a global ocean
model (e.g. HYCOM)togetsubi dal vel oci ty bctidehien use

b. Usethe oneway nesting cagality to generate velocity boundary conditiahthe
ocean boundary

0 You may use th@D barotropictidal model for this purpose, and then
augment the tidal velocity with baroclinic velocity from a laspale
model like HYCOM

. Avoid largebottom frictionin shallow areas in 3D regions
. Examine surface velocity in animatiorode to find potential issues

. Controlthe balance between numerical diffusion and dispersioi€|, ihorcoré )
. Transport solveefficiencymay require some experience

. LSC? grid requires some learnifexperiencebut is a very powerful tool (resembling
unstructured grid in the vertical)

. See for Section 5.7 commonly encountered issues in 3D setup

14



Chapter 2 Physical Formulation

2.1 Governing equations

We will focus only on the hydrostatic solver in side SCHISM. Under this mode, we solve the
standardNavier-Stokes equations with hydrostatic and Boussinesq approximaitiehsling the
effects of:

Momentum equatior "H Q- 0O, | 990 ofufd, (2.1)

- . Q nr , , .
'H Qh 6 — n” ’Q—,,i | Q€ ¢ M

Continuity equation in 3D and 2D deptitegrated forms:

pa+®=o, (2.2)
V74

V1g; +DE h _

—+DbGRudz=0, (2.3)
a TPA

Transport equations:
C " a, MC§

B ipauc)= %8+ F, (24)
Ht Wzg Mz +

Equation of state:

” ” “ﬁ’ﬁ]

where

ap §

D o' p

D/Dt material derivative

x,y) horizontal Cartesian coordinates

z vertical coordinate, positive upward

t time

h(xy, 1 free-surface elevatiom [m]

h(x.y) bathymetric deptlimeasured from a fixed dan) [m]

uxy,z9 horizontal velocity, with Cartesian componenis/([m/s]

15



w(X,Y,Z,} vertical velocity[m/s]

p hydrostatic pressuf@a]

Pa atmospheric pressure reduced to MSL [Pa]

r,ro water densityand reference water densjikg/m?]

f other forcing terms iCfMomentum (baroclinic gradienhorizontal viscosity,

Coriolis, earth tidal potential, atmospheric pressure, radiation stress). These are usually treated
explicitly in the numerical formulation

g acceleration of gravity, in [

C tracer concentration (e.g., salinity, temperature, sediment etc)
n vertical eddy viscosity, in [fs]

Kk vertical eddy diffusivity, for tracers, in [fg]

Fm horizontal viscositym?s?]

Fn horizontal diffusion and mass sources/sifrkés}]

Vegetation effects have been accounted for in Eq. (2.1). The main vegetation parameter is
| ¢hd OO 6 Tcis a vegetation related density variable in',mvhere Dv is the stem
diameterNv is the vegetation density (number of stems per m2),Gads the bulk form drag
coefficient. Selection o€py is the topic of other studies with values between 0 and 3 (Nepf and
Vivoni 2000; Tanino and Nepf 2008), and is validated against reported lab study values. The
underlying assumption used here is tatrthe vegetation as arrays of solid cylinders, which is
only a firstorder approximation of the problem. Flexibility of the vegetation, sheltering effects
within a cluster of vegetation can lead to one to two orders of reduction in the drag forces, and
Gaylord et al. (2008) showed that the drag formulation is also species dependent. These
additional complexities are outside the scope of the current study. In this paper, we@ssigme

a constant, but a vertically varyiri@py (as suggested by Nepf andvgni 2000 and others) can

be easily added as well; the latter can be used to approximate flexible stems (Nepf and Vivoni
2000; Luhar and Nepf 2011).

SinceSCHISMa | | ows o6pol ymorphismé with mixed 2D and
2016), we hag different forms for the vertical eddy viscosity term
— 2 hoohQaai

O o
¥ RcobhQaai

(2.13)

and the vegetation term:
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= a_ ahdo
ph ¢O

wherenis the eddy viscosity, is the surface wind streds=h+# is the total water depth (with h

being the depth measured from a fixed datum), 6 5 0 is the bottom drag coefficient,

= is the Heaviside step function

pho T

mw T (219

anda is the zcoordinate of the canopy. Note thatlenotes the depiaiveraged velocity in a 2D

region.

0 ofutnr (2.1

= W

2.2 Boundary conditions (B.C.)

The differential equations above need initial condition (1.C.) and BiCgeneral, all state
variables {1, u, C) are specified at=0 as I.C. and these are also specified at all dgtenal
boundary segments (open ocean, rivers etc). However, not all variables need to be specified at all
boundary segments amde 6 | | revisit this in Chapter 4

The vertical B.C. for(2.1-2.4) are described in detail below as these impact the numerical
schemeNote that these only apply to 3D cells; for 2D cells, Eq. (2.1a) has taken into account the
B.C.

At the sea surfac&sCHISM enforces the balance between the internal Reynoldsssénd the
applied shear stress:

2 wWhoa - (2.5)

where the streds, can be parameterized using the approach of Zeng et al. (1998) or the simpler
approach of Pond and Pickard (199@).the Wind Wave Model is invoked, it can also be
calculated from the wave model).

Because the bottom boundary layer is usually not well resolved in ocean models;stipe no
condition at the sea or river bottom € w= 0) is replaced by a balance betwdbe internal
Reynolds stress and the bottom frictional stress,

2 whod  Q (2.6)

The specific form of the bottom stressdepends orhe type of boundary layer usadd herave
will only discuss the turbulent boundary layer below (Bberg and Mellor 1987), given its
prevalent usage in ocean modelifige bottom stress then:

W 699 k.o8 2.7)

The velocity profile in the interior of the bottom boundary layer obeys the logarithmic law:

17



wha Q& 1 Q (2.8)

which issmoothlymatched to the exterior flow at the top of the boundary layer. InZ%), @

is the thickness of the bottom computational cell (assuming that the bottom is sufficiently
resolved inSCHISM that the bottom cell is inside the boundary layes),is the bottom
roughness, andh is the velocity measured at the top of the bottom computational cell. Therefore
the Reynolds stress inside the boundary layer is derived as:

gL —" 2.9)

Utilizing the turbulence closure theory discusbetbw, we can show thahe Reynolds stress is
constant inside the boundary layer:

g —& 7 ssyhe | v 1 0 (2.10)

and the drag coefficient talculated from Eqs2(6), (2.7), and 2.10 as:
6 —1 1 T (2.11)

which is the drag formula as discussed in Blumberg and Mellor (1987)2H€) &lso shows
that the vertical viscosity ter in the momentum equatioranishes inside the bousy layer.
This fact will be utilized in the numericrmulation

2.3 Turbulence closure

Egs. €.1-2.4) are not closed and must be supplemented by turbulence closure equations for the
viscosity/diffusivity. We use the Generic Lengibale (GLS) modebf Umlauf and Burchard
(2003),which has the advantage of encompassing most of theeguation closure modelky{

e(Rodi 1984, k-w(Wilcox 1998; Mellor and Yamada 1982)n this framework, the transport,
production, and dissipation of the turbulertinetic energy ) and of a generic lengtbcale
variable §/ ) are governed by:

— — — ') 6 T O Ps= a a (2.12)

— — — -G ol o7oO Q| Ps= a4 & (2.13)

where /1 andn, are vertical turbulent diffusivitiesg,,, ¢

. and ¢ ,are modekpecific

constants (Umlauf and Burchard 2008y, is a wall proximity functionM andN are shear and
buoyancy frequencies, amdis a dissipation rate. The generic lengtiale is defined as
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r ® U /b (2.14)
where C,(;:O.E}”2 and/ is the turbulence mixing length. The specific choices of the congiants

m andn lead to the different closure models mentioned above. Finally, vertical viscosities and
diffusivities as appeared in Eq2.1, 2.9 are related t&, /, and stability functions:

U 0T Ib
I Wci O 7/b
, _ (2.15)

where the Schmidt numbeSi andsy are modebpecific constants. h stability functions (sm and sh)

are given by an Algebraic Stress Model (ekantha and Clayson 199€anuto et al. 20Qlor
Galperin et al. 1988 Following Shimizu and Tsujimot@1994 ST94 hereaftdr we set®

™iando T ¢

At the free surface and at the bottom of rivers and oceans, the turbulent kinetic energy and the
mixing length are specified as Direchlet boundary conditions:

0 -8 7 Wi 08 7 Ws (2.16)
¢ =kyd, or Ad, (2.17)

where U, is a bottom frictional stres¢=0 . 4 i s t he v o B isaaonstemtnahd ¢ 0 N ¢
d» andds are the distances to the bottom and the free surface, respectively.

2.4 Air -sea exchange model

We use the bulkerodymmic module of Zeng et al. (1908
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Chapter 3 Numerical formulation

3.1 Geometry and discretization

As a FE model, SCHISMises flexible UG in the horizontal and flexible vertical coordinate
systems in the vertical dimension. Hybrid triangidaadelements are used in the horizontal, to
take advantage of the superior bouneféting capability of triangles and efficiency/accuracy of
guads in representing certain features like channels. Fig. 3.1 shows an example of horizontal
grid. Fig. 3.2 shows auconvention of numbering local nodes/sides etc.

In the vertical dimension, SCHISM suppatfte following2 types of coordinates.
Hybrid SZ grid

The F'type usesa hybrid S (terrainfollowing generalizeds-coordinates; Song and Haidvogel
1994) andshavedz coordinates, with the latter always being placed underneath the former at a
prescribeddemarcation depths. Note that the use of shale layers is optional and the users
can use a pur8 grid with a choice ohs greater than the maximum depths in ¢nel. Fig. 3.3
shows &5Zgrid.

The transformation fror§to Z is given by:

& z=h(l +9 kR s(k h}Q )s (1 - & ¢
! | ; 3.1)
1 _ sinh@; 9 ,Sanhgp (s+1/2) g tanh(;q /2) _ i (3.
%C(s)—(l "9 sinhg; 4 2tanh(g /2) © gL o0 ;<0

Whereﬁ:min(h,hs)i s a Ar es thyisiapasiéve consthet didtalting the thickness of the

bottom or surface layer that needs to be resolved,gamahd ¢ are constants that control the
vertical resolution near the bottom and surface. gA#\ 0, the S coordnates reduce to the
traditional s-coordinates:

z=Hs +f, (3.2)

where H =h + is the restricted total water depth. Fgr>>1, more resolution is skewed
towards the boundaries, and the transformation becomes more nonlinga® @, only the
surface is resolved, not the bottom, whilegif A 1, both are resolve(Fig. 3.4. For typical
coastal applications, we suggest0. Unfortunately, theS coordnate systemdromes invalid in
shallow depthiQ "Q; under such circumstance, the traditios@oordinates (3.2) are used
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Fig. 3.1: Example horizontal grid (hgrid.gr3) of SCHISM.

3 (a) (b)
4 Side 2
i Side 1
Side 2 Iae Side B \j Side 1
\J

1 Side4 2

1 ] 2

Side 3
3 ()

g
o

©
\®,.®2 ON\/ @[ <o

Fig. 3.2: Horizontal element conventidrocal indices of nodes/sides for (a) triangular element,
and (b) quad elemenfc) Adjacent elements of an eleméfdllowing side convention)(d,e):
Local ball info (surrounding elements/nodes of ngder (d) internal and(e) boundary nodé.
(H shows a local sideenterbased frame used to calculate the normal fluties (global)
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el ement number of Nldakbs samhivhgs pWefolowsi 20 ut a
counterclockwise convention/righhand rule.

(a)

Terrain—fyyowing zone

g ™
R?crzone 7[«— Szone — SZz0ne VTZ =0
S-levels
x > k*
B
£
T
]
= T
]
'§ 2 Z-levels
s
\ 1
(b)
—__-‘-‘—-_
—_-‘-——_
-—“-—-—_‘%—k______‘
=\\\____ —
N0 | T
P --

Fig. 3.3 Example ofSZgrid. (a) Vertical coordinate systems (thick line is the bottoift) side
view of a vertical transect resulted fr@Zgrid; the red cells are irregular/shaved cells.
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Fig. 3.4: Example of Stransformation.

LSC? grid

The 29type of vertical coordinatasesocalizeds. Each grid node has its own vertical grid with

a set ofs coordinates for maximum flexibility; the mismatch of # of vertical levels between
adjacent nodes is treated with shaved cells near the bottom, thus the name Localized Sigma
Coordinates with Shave@ells (LSC). Although there are many ways of generating ai@@,

a convenienstartis the Vanishing Quasi Sigma (VQS) suggestedhighovskoyet al. (2009).

The essence of VQS is to first design a master (vertical) grid at selected referenceatepths,
then use this master grid to interpolate the local z coordinates at a grid node based on the local
depth and 2 references depths that contains the depth (Figrt®e5yriginal VQS also requires
masking of thin layers near the bottom, and is not freé-ldde staircases near the bottom (Fig.

3.5d) Since SCHISM is an implicit model, we do not need such special treatment, and
further mor e, 6 f i With shavedcells to gea tSEAS ead belseen feom Fig.

3.5, amajor advantage of LSCbesides beingery economical (as fewer/more # of levels are

used in shallow/deep), is that it resembles a Z grid near the surface and interior of the water
column whik behaving like terratfollowing grid near the bottom. As demonstrated in Zhang et

al. (2015, 2016ab), LSGs instrumental in reducing unphysical diapycnal mixing and pressure
gradient errors (PGE). A wetlesigned LSE&grid completely removes the neest bathymetry
manipulation (e.g. smoothifdipping), thus enabling a faithful representation of the
bathymetry/topographygs demonstrated in those papétewever, some experience is required

in designinga goodLSC? grid, and so beginners may want to start withS&Zerid.

23



Master grid
0 -
0 100.0 km
(a) -=00r — =
= =
== ‘E:_
_ 1000} =
E ===
N ]
1500 F =
R —
———
-~
N
2000 - -~
2500 1 1 1 1 1 1 1 1 1 ]
0 2 4 6 8 10 12 14 16 18 20
Grid #

' \|
-
N
(=}

U

(C) -500 F

-1000 E

E _1500F £
™ ~ 1240
1260
-2000
1280 -
i Degenerate prism
D 1300
-2500 F¥
-1320 .
3000 L L L L L L 1 L 1358 1360 1362 1364 1366 1368
71300 1320 1340 1360 1380 1400 1420 1440 1460 Along transect distance (km)

Along transect distance (km)

(d) —

-1600
Dukhovskoy et al. (2009)
-1800 ¥ :
27.24N 27.26N 27.28N

Fig. 3.5: LSC2 grid(a) Horizontal grid showing the location of the transect (yellow line); (b)
master grid at 19 reference depths; (c) corresponding vertical grid of the transect in (a), with
degenerate prisnishaved celldocated near the bottonfd) shows a typical VQS grid that
contains staircases near the bottom.
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Prisms

Regardless which type ofgrid is chosen, the basic 3D computational unit in SCHISM is a
triangular or quad prispwith 3 or 4 vertical faces and uneven top and bottom fa€es 8.9.
SCHISM solves all equations in the original space for consistency; even with spherical
coordinates (lon/lat), the equations are not transformed but instead multiple coordinate frames
are usd (seebelow). A staggering schemela ArakawaCD gridis used to define variables. The
surface elevations are defined at the nodes. The horizontal velocities are defined at the side
centers and whole levels. The vertical velocities are defined at tmemleenters and whole

levels and the tracer concentration is defined at prism ceagethey are solved with a finite
volume method. The linear shape functions arel fiseelevations and velocities (the latter has a
vertical linear shape function as NyeFor quad elements, the-lmear shape function is used.

At the end of each time step, the vertical levels are updated to account faurfisese
movement. Although method like Arbitrary Lagrangian Eulerian (ALE) can be used to march the
vertical lewelsin time, this is not done at the momeitherefore, the state variables are simply
moved to the new vertical location withoutinterpolation.

In the model sometimes vertical interpolation is required (e.g., calculation of baroclinc force).
We use cuie spline interpolation in the vertical to minimize diffusion.

n, Iy J
k (wholelevel) —— N,
7 - — N1 }
S : 7 D Uj ket Vet
: |
— K | .
a — k-1 I} Cik
E ' k-1
o T
b

Fig. 3.6: Basic 3D computational unit in SCHISM where variables are staggered.

Polymorphism

The combination of LS€vertical grid (Zhang et al. 2015) and horizontal miedeinent grids

results in an extremely flexible grid system that has great practical applications. We demonstrate
this with a toy problem for coastal oceestuaryriver system depicted in Fig. 8. Senthe tracer
concentrations are defined at the prism centers, a row of quads and 1 vertica¢saynbles a

1D model (Fig. A8). Similarly, a row of quads with multiple vertical layers leads to 2DV
configuration (Fig. 8c). Some parts of the shoals thatsafficiently shallow are discretide
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using 1 vertical layer (Fig. AB, which is a 2DH configuration. The deeper part of the domain is
discretized using full 3D prisms, but with a larger number of layers in the deeper depths than in
the shallow depthsn a typical LS fashion (Fig. A&; Zhang et al. 2015). Different types of

grids are seamlessly welded into a single SCHISM grid, resulting in greatest efficiency. With
some care taken of the consistent bottom friction formulations across 1D, 2D ari 3ipdel

results show no discontinuity acrodgferent types of gridsThe use of 1D or 2D cells in
shallow areas also enhances numerical stability, as they are well suited and more stable for
inundation process than 3D cells; e.g., the crowding of nellp layers in the shallow depths

is not conducive to stability.

(b)

Bathymetry (m)

'§'§§g§88333“"‘“""‘

Fig. A3: Model polymorphism illustrated with a toy problem. The mixed trianggleadrangular

grid and the bathymetry are shown in the foreground. The vertical transect grid aloedlitie

going from deep ocean into estuary (O6shipping
the grid near the head of estuary is shown in insert (b), with few layers on the shallow shoals.

The grid near the upstream river is shown in insertbgre transition from 2DV to 1D grid can

be seen. In the test, a M2 tide is applied at the ocean boundary, and fresh water discharges are
imposed at the heads of the river and estuary.

3.2 Barotropic solver

SCHISM solves the barotropic Eqs2.{-2.3) first, as the transport and turbulent closure
equations lag one time step behind (in other words, the baroclinic pressure gradient term in the
momentum equation is treated explicitly 8CHISM). The transport and turbulent closure
equations will be discussédter Due to the hydrostatic approximation, the vertical velowsity
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solved fromthe 3D continuity equatiomfter the horizontal velocity is found. To solve the
coupled Egs. (@ & 2.3), we first discretize them and the vertical boundary conditions- semi
implicitly in time as:

hn+l_ ﬁ h " h
T+qﬁhun dz @ §C E)ﬁ”dz 0 (3.3
T N e Qe —- 0L |99 0, (3.4)
A n+1
fen”“u =", atz =A;
for 3D cells: Kz (3.5)
I n+l
T = gtz = h
oz

where superscripts denote the time st@@,q @ is the implicitness factom(x,y,zt" is the
backtracked value calculated witBulerianLagrangian MethodELM; more on this latgr and
c" =C, |ul |. The elevations in the"2and 3 terms of Eq. .3 are treated explicitly, which

effectively amounts to a linearization procedure.
A Galerkin weighted residual statement in the weak form for £8) {eads:

M — | "% 3F Qn | %Y (B P — . "% 3 Qm
%Y'B mh "Q phE M) (3.6)

%0

whereNp is the total number of node§ * G + is the boundary of the entire domai with
G, corresponding to the boundary segments where natural boundary conditions are specified,

U= f/{nudz is the dept-integrated velocitylJ, is its normal component along the boundary, and

9

LEn is the boundary condition. IBCHISM, linear shape functions are udaedea coordinates for

triangles and blinear functions for quads)hus, i arefamiiari hat 0 f uncti ons.

Integrating Eq.3.4) along the vertical dimension results in an equatios=for , and we
discuss three scenarios below.

3.2.1 Locally 2D case

Since there is only one degree of freedom in the vertical dimension in this case, a
straightforward integration of E¢3.4) gives:

= 7 Qa0—n- 3.7
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whereq; incorporates explicit term:
7 - Yo3 W Qp —O- (3.9

andF is the depth integrated termfpfand "Ois the depth enhanced by the bottom foiati
and form drag:

0 0 .. | 95030 (3.9

The net effect of the vegetation is therefore equivalent to increases in the bottom drag, since
the 3D structure of the flow/vegetation is not accounted for. Substitutin@ Eyirfto (3.9
results in an integral equation for the unknewn alone.

3.2.2 Locally 3D case

We first integrate Eq.3(4) from bottom to surface:

z

= = 3 'Q0On— TP —"- W .0 | DS (3.10

where we have performed linearizatiminthe vegetation term:
PPQe s P&k P £ | pQa (3.19
s = PR (312

andO a Qs the height of vegetation. Note that similar procedures have been used for
other nonlinear terms (e.g. the quadratic bottom drag).

To eliminate® in Eq. 3.10, we invoke the discretized momentum equation at the bottom
cell and utilize the fachiat the Reynolds stress is constant within the boundary layer, as shown
in Zhang and Baptista (2008):

E B o Vp - | 9] (3.13
from which<>jr+ can be formally solved as:

y
—N— .
s (3.19

0 v ¢ W0 Qp —Yo-

The subbs cdreinpott e6s t he top of the bottom cell
original formulation of Zhang and Baptista (2008) is the appearance of the vegetation term.

28



The remainingdsk is to finds". We 61 1 di scuss two scenari os o
vegetation.

3.2.2.1 Emergent vegetation

When the vegetation iscally emergent, i.e’O 'Q we haves 5 , and therefore
=  can be found from Eqs3(10 and (3.14 as:

— — [1_

wherey contains explicit terms:

. £ 3 WYy yy“n y of BV (3.16
o (3.1

and’Ois a friction modified depth:

0 0 .Y (3.18

Compared to the original formulation in Zhang and Baptista (2008), the only change in this
depth is the vegetation term.in

3.2.2.2 Submerged vegetation

When the vegetation is submerged, i@., "O strong shear and turbulence develop
between theegetation and the overlying flow above it (ST94). Nepf and Vivoni (2000)
demonstrated that there are two zones for submerged aquatic vegetation (SAV). In the upper

canopy (called the O6vertical exchange zoned),
vertical turbulent exchange with the overlying water, which plays a significant role in the
momentum balance. The | ower canopy (6l ongitud

communicates with surrounding water predominantly through longitudivalcéion. The extent
of the vertical exchange of momentum between the vegetation zone and overlying water is
dependent on the submergence.

We first integrate the momentum equat{8¥) from the bottom to the top of canopy:

z

= = 'Y 00 V- Np —OoYn- | Ve Yo (319
where:
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= . oa 5 | o (3.20

The Reynolds stress at the top of canopy can be calculated from theory proposed by ST94.
These authors found through lab expemts that the stress variation inside the vegetation layer
approximately follows an exponential law:

' 2ko0 4@ Fa a (3.20)
Where=| isthe stressat &, and is determined by an empirical formula:

— ™c¢ pd | C——"0 (3.22
wherel is an energy gradient:

0 22 (3.23
which is estimated from the previous time step in the model.

The stress term in EqQB.Q]) therefore becomes:
2 Q. (3.29

wherd Q p, andd is the location of the top of the bottom grid cell.
Substituting Egs.3.24 and 8.14 into 3.19 we can =sobasiol ved for

y
. = Y Yo |$>_y“ A (3.26
O 1.Y0 (3.27

Finally, substituting Eqs.3(25) and (3.1finto (3.10 results in a relationship between
= and-

= 1 QXson- (3.29
'O 0 .30 O (3.29
T

w 25 (3.30
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(3.3)
3.2.3 General case
In summary, the deptimtegrated velocity can be expressed in compact form as:
T FoQ-e0- (3.32
where
., —h ¢$
0 . wﬁo&;&i/&c‘)cm o) (3.33
vy Cho SOOAT AOCAA
7h ¢y
F mho#i AOCAT O (3.39
7 hosOOAT AOCAA

Substituting Eqg.3.32 back into 8.6) gives an equation for the unknown elevations alone:

"0 0 Y60 p —Y6O V6@ Q phE R (3.39
where:

0 . %o "Q-30 ‘O% J— QO (3.39
O | %~ YO%OF p —YN%3IF Qm (3.3
O . %Y ® (3.39
0 . %X (3.39
O . %Y & (3.40
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Following standard finiteelement procedures, and using appropriate essential and natural
boundary conditionsSCHISM solves Eq. (B5) to determine the elevations at all hoddste
that the RHS termk.s are known; in the case of, the integrals onG, need not be evaluated

since the essential boundary conditions are imposed by eliminating correspamsdsgand
columns of the matrix

The matrix resulting from Eq. (35) is sparse and symmetric. It is also postilinite aslong

as the depthHO is nonnegative (ihhat1); numerical experimentsndicated that even this
restriction can be relaxed fonany practical applicationshat includeshallow areasWe show

that the addition of vegetation does not introduce additional stability constraint. The effects of
the vegetation ofO are generally similar to the bottom friction. For the 2D c&3é& always
positive. For the 3D emergent case, the vegetdéon in the denominator is positive and so

does not change the sign. For the 3D submerged case&) as previous results of Zhang and

Baptista (2008) are recovered. AS® Hb (i.e. very dense vegetation), the friction term (the
seconderm in Eq. (3.29 dwaifs in comparison with the vegetation term (the théxn in Eq.

(3.29), and therefore the friction is negligible under dense vegetation. &fhcgas| © H, 'O
approaches the submergeri®e O, which is positive. When the submergence is very small
(i.e. almost emergent vegetatiori{© 1 and the conditioning of the matrix would somewhat
deteriorate but the model remains stable. Physically, this means that very strong i$hear w
develop near the canopy

l'tds I mportant t emodifiedtdpth & diterbna hetweéeh 2D ahdr3D casds o n
which has implications in shallow depthd/e show more details of the evaluation of the
integralsl; below.The corresponding constant for 2D prisms is always positive (see below) and
therefore the 2D mode is inherently more stable than 3D mode; consequently, judiciously
leveragingS C H 1 S pgphorphism enhances stability near the wetting and drying interface.
The matrix can be efficiently solved using a-ponditioned Conjugate Gradient method (Casulli
and Cattani 1994)This simple matrix solver is implemented in SCHISM; alternatively, the
efficient parallel matrix solver PETSc can be used for large matrices.

In the model, the decision on 2D/3D emergent/3D submerged scenarios is made at each side
(where the velocity is defined) based on the total depths from the previous time step and the
transition of regimes is handled in the model.

Integral 13

This is a bandary integrathat only need to be evaluated when the riaddocated on an open
boundary segment where Neurrigpe B.C. is prescribed. Since the unknowns vary linearly
along any side, we havef. Fig. 3.7)
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0 B —B a4 —— (3.41)
where the outer sum is carried out along the 2 adjacent opej kids the side lengthg-a ;
is the layer thickness along sigeandkbsis the local bottom index.

If a Flathertype radiation condition (Flathei©987) needs to be applied, it can be done in the
following fashion:

-0, sfglHA" 9, (342)

whereU | and/T are specifiedneanincoming currenand mean elevatiofrhen:

0 B - 4 - (3.43

In this case, the unknowf™! needto be moved to the LHS, and the diago(adsociated with
— )is enhanced as a result and matrix symmetry is preserved.

J
Fig. 3.7:Boundary node with adjacent sides.

Integral Is
Similar to k, we have:

O B —B ot T —F (3.44

Integral 11
This is the only implicit termReferring to Fig. 3.8, we have:

O B B  —j . %%» 'Q30B OB %0 DM %D (3.45

|
=y
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Wherej is a neighboring element @fi & the local index of nodeinside element, overbar in

"Odenotes element averagiragyd %ois the local linear shape function/e discuss the case of a
triangle and quad element.

Case I: triangle

The 2 integrals can be evaluated analytically as:

%o %o D i (3.49

%o MN%oD = (3.47)
where Band®&are two vectors along sidéandl respectively, and is j the Kronecker delta:
- phQ &

' mhe «
Case Il: Quad

We can analytically evaluatetegralEq. (3.46)as:

%0 %D —p -, , p " —p -7 — P
-, " (3.48
Where (') are local coordinates, and 8nd B are 2 geometric constar(ts. Fig. 3.9)
o) PR T O O 0 W O 0w 0
o (B pha (3.49

The other integrakq. (3.47)cannot be evaluated analytically and so we uselpeint Gauss
guadrature.
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Fig. 3.8:Node ball used in calculating |

D D
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Fig. 3.9: Quad element.

Integral 14

This integral contains most of the explicit terms. Most terms are straightforward to evaluate, e.g.,
using element averaging; the integrals involvihg shape function or its derivative can be
calculated using the similar method as inTherefore we will only discusthe a few terns

below giventheirimportance in SCHISM.

Baroclinicity

Since a FVM is used to solve the tracers (including T,S) at the prism center, we evaluate the
density gradientat prism center via a reconstruction meth&eferring to Fig. 3.10, given a
prism center 606, we first project the gradie
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—0 6 —® o (3.50

—® O —0 o o (3.5)
—® O —0 o o (3.52
after a cubic spline interpolation has been

same verticalie.lik)cNote ithatnf tha sleméndiva quad, we will have 4
equations. We then solve pairsexfuationgo find for 1", i.e., (3.50) with (3.51), (3.51) with
(3.52), and (3.52) with (3.50If the 3 centers happen to be-lotear, the equations have no
solution and are discardehowever, at least 1 pair hawalid solution. If a neighbor does not
exist (boundary) or is drywe replace the corresponding equation with thdlunoB.C.; e.qg., if
AB is such a sidahen

—0 ® —6 & n (3.53
B
43
1..“‘__‘_%-‘0.////
Prisﬁ? (i,k)

A2

Fig. 3.10: Reconstruction methads the element index arids the vertical index.

After the density gradients are found at prism centers, a simple linear interpolation in the vertical
is used to calculate the gradients at side centers (and half levels). Then the trapezoislal rule i

usa to compute the baroclinic term:—_ n” ‘Qdhis will also be utilized in the solution of

the momentum equation.

Horizontal viscosity

Momentum stabilization is an important consideration in designing advection and viscosity
schemes. Zhang et al. (2016) demonstratedthieastandard Ldpcian viscosity is equivalent to
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the 5point Shapiro filter (see below) on uniform grids; howevernonuniform grids, it may
behave |li ke an 6éamplifierd and therefore the

DAY, = (6 + U+ - 44 (354
where all velocities have been interpolated onto a horizontal plane using linear interpolation in
the vertical.The biharmonicviscosity is often superior to the Laplacian viscosity as it is more
discriminating in removing sulrid instabilities without adversely affecting the resolved scales
of flow (Griffies and Hallberg 2000). The -barmonic viscosity can be implemented by
applying the Laplacian opa&tor twice. Referring to Fig. 3.11we have:

- 1D =-/ gD, +D, +Du, + D, - 4D°y,) =
(3.55

9
5[7(u1 tU, tUy + u4) = U = Upp = Uy = Uy = Ugy = Ugy = Uy, = Uy - 20"0]

where/ is a hyper viscosity in ffs,/ p¥ Mad andr _ Yois a diffusionnumbetlike
dimensionless constant. We found that in pragtice 18t ¢ is sufficient to suppress inertial
spurious modes.

(d)

Fig. 3.11 Shapiro filtersand viscosity stencilor (a) triangular and (b) quadrangular elements.

d6 alméd dbr eadj acent el ements of side of i ntere
constructing bharmonic viscosity is shown in (c). The special case of a boundary side is shown

in (d).

3.3 Eulerian -Lagrangian Method (ELM)

The default option for the momentum advectiom SCHISM is ELM, which is one of few
explicit methods that are unconditionally dalynder this methodhe momentum advectida
approximated as

Du Lu(t™) - u(x’,t")

DtC Dt

(3.56
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wherex is a shorthand foix(y,2, andx” is the location of the foot of characteristic line (FOCL),
calculated from the characteristic equation:

Dx _
Dt
The locationx” is found via a backtracking step, standard in an ELM,backward integration

of Eq. (3.49 starting from ajivenlocation &), which is in our case a side center at whole level
where the horizontal velocity is defined. The fixed starting location (Eulerian framework)
followed by a Lagrangian tracking step gives the name Euleagnangian rethod. Therefore

the ELM consists of two major steps: a backtracking step (FigaBand an interpolation step

at FOCL (Fig. 312b). We further suldivide the tracking step into smaller intervals (based on
local flow gradients), and use &-@rder RungeKutta method (miegpoint method) within each
interval, in order to ecurately track the trajectanAlthough exact integration methods have
been proposed (Ham et al. 2006), their implementation is complicated for a 3D (triangular and
guadrangular) prism anin the exceptional cases of wetting and drying interfaces. The
interpolation step serves as an important control for numerical diffusion/dispersion in the ELM,
and we therefore experimented with several options as shown below. However, before we get to
this, we first explain hov6CHISM converts the velocities at sides to the velocities at nodes, as
the latter are required in the interpolation of the velocities alonghthacteristic linand atthe

FOCL (Fig. 3.12.

(3.57)

(a)

B VA
A SV AVAVAN
2 N/

Fig. 3.12 Two steps inEulerian Lagrangian methad(a) The characteristic equatids
integrated backward in space and time, starting from a side center (the green dot). The
characteristic line is further subdivided into smaller intervals (bounded by the red dots), based
on loca flow gradients, and a 2ndrder RungéKutta method is used within each interval. The

foot of characteristic line is marked as a yellow dot. Note that the vertical position of the
trajectory is also changing and so the tracking is in 3D space. (b) liatéwpds carried out at
FOCL (yellow dot), based on either the nodes of the containing elements (blue dots),-or the 2
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tier neighborhood (blue plus red dots; the latter are the neighbors of the blue dots) using a dual
kriging method. Proper linear verticaterpolation has been carried out first to bring the values
at each node onto a horizontal plane before thedmal interpolation is done.

As explained by Danilov (2012), the conversion method used bears important ramifications:
judicious averaginde.g., from side to elements or to node etc.) may greatly reduce the need
later on for filters to remove the inertial spurious modes while still keeping the inherent
numerical dissipation low. In fact, one could have used the discontinuous velocity tealcula
within each element to carry out the backtracking, but this would introduce insufficient amount
of dissipation to suppress the inertial modes.

Il n the first appmelal tve usedinvekse didtamae aveights te interpolate

from velociies at surrounding sides onto a node (Big.3). This introduces diffusion which

may be excessive in our experience, and therefore no further stabilization (via filters or
viscosity) is required for this approach (see the discussion of stabilizatianito2012). This

approach works well in shallow waters especially for the inundation process, as numerical
stability often trumps the order of accuracy there. THRep pr oach ( MB&0her eaf
is more elegant and utilizes the (linear) shiypetion in FEM within each element to calculate

the node velocities. This is equivalent to using the fdn-conformal shape function (Le Roux

et al. 2005) as one essentially interpolates basethformation at sides (Fig. 3.4 Because

each element pduces avelocity vector at each of itsodes, the final node velocity is the simple
average of the values calculated from all tbé surrounding elements (Fig. 303 This

approach introduces much less dissipation, but does exhibit inertial spurious. isderesult,

further stabilization is required. To this erfiCHISM uses a foint Shapiro filter (Shapiro

1970) as illustrated in Fig. 3.1%ab t he vel ocity at a side 606 i s

Gozuo+%(u1+u2+u3+u4-4u0), (3.59

with the strength usually setgs 0 . 5. | ttleasthe diltervis analogous to the Laplacian
viscosity implementation in thegrevioussection. It proves to be very effective in removing the
subgrid scale inertial spurious modes; howeveteitdsintroduces too much dissipation imet
eddying regime and therefore should be used only in the-eddying regime, i.e. shallow
watersSi nce it o6s equi wiados#tynwe mayaemovie this filter ;nlthe tutura n
options and ask users to usercor=1 instead.
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(a) MA (b) MB

Fig. 3.13: Two methods of converting side velocities to a node velocity. (a) Inverse distance
interpolation from sides (blue dots) to node (yellow dot); (b) use of FEM shape function to find
the node velocity within each elemdist (the red arrow), i.e.au= uy + uy i u;, followed by a
simple averaging method to calculate the final value from all of its surrounding elements
(dashed arrows).

Once the node velocities are found via MA or MB, the interpolation at the F®C€arried out

in 3D space. A simple linear erpolation is used in the vertical dimension as the results from

the cubiespline interpolation turned out to be similar, due to more confined spatial scales and
smaller grid sizes in the vertical. The horizontal interpolation can be done using eitm@ie si

linear shape function based on all of the nodes ofthte @on ni ng el emée,ota ( 6 LI &
higheror d e r dual kriging method (O06KR6 hdRigeafter)
3.12b). The latter requires larger stencil around the FOCL, fandbest parallel efficiency we

use a zier neighborhood as shown in Figl2b. Given a total oN nodes available in thetger
neighborhood, the interpolation function is constructed as (Le Roux 1997):

"(0y) = (@ *axray) + 8 HK() (359

where the first RHS terms inside the parentheses represent a mean drift (modeled as a linear
function), and the ? termis the fluctuation parta, & are unknown coefficients, andis the
distance betweerxfy) and &y, with i being a node. The following forms of the generalized
covariance function are commonly used (Le Roux et al. 1997):

K(r)=-r, r?log(r), r3 - r° r’ (3.60
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with increasing dispersion for the highagree functions; therefore in practice, the last two
functionsars el dom used. I n the foll owing we wil/| re
and O0KR36 respectively.

The equations to solve for the unknown coefficients are:

ef"(x,y;)=d;, 1¢i¢ N

N

|

1 a b =0

I l\il:l (3 6])
} axb =0 '

'I\ i;l

I avyb =0

| i=1

whered; are given data at each node. TReejuation in (3.58indicates that the dual kriging is

an exact interpolator, and the other 3 equations are derived from minimization of the variance of
estimation error (Le Roux et al. 1997). Note that the matrix of £E§1)(is dependent only on
geomety and therefore can be inverted and stored before the time stepping loop to achieve
greater efficiency. After the coefficients are found, the intemmi at FOCL is done via Eq.
(3.59.

The smaller stencil used here compared to that used by Le Roux(#®@f) leads to larger
numerical dispersion. Therefore an effective method must be found to control the dispersion,
andwe use the ELADschemeof Shchepetkin and McWilliams (1998) for this purpose. The
essence of ELAD is to iteratively diffuse thgcesdield, instead of the original signal, using a
diffusion operator/smoother. The viscosity scheme presented in the previesecsioh is used

as the diffusion operator. The procedure is summarized as follows:

1) Find the local max/min at FOCL. Assuming tthiae prism at FOCL starting from a side
j and levelk is (kf,nf), wherenf is the element index arkf is the vertical index, the
max/min are found in the prisrkf(nf) as:

max —
uk,j - |=xir?rz]1?‘=)§10ukf+k’im(l‘nf)
min ' Y (363

U, j _|:l.iggll(g_1’0ukf+k,im(l,nf)

whereim() enumerateall nodes of an element.

2) The excess field associated wikyj)is:

1) — 11 H 11 i
eﬁ’} = max{O, Uttt - qu‘XJ+m|n[O, U ue (3.63

11 . .
where ULH, is the interpolated value at FOCL.

3) Apply a global diffusion operator te to obtain estimated velocity at the next iteration:
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n+,2 _, 1 2 (1) w;
and we use the-point filter with maximum strength

n+1,2 n+1,1

1
= D 4 A1 )4 AD (1)
Uei™ = U +§[ek,1 tEo T el(<,3 Y 4ek,j (3.65

where subscripts-4 are the 4 adjacent sidesj ¢Fig. 3.1%b);

4) Calculate the new excess field usiIOIEJ-l'2 in 2) and apply the filter 3) again to find the

. . . 13 . . .
velocity at the next |terat|0|hl|?,+j . Iterate until the excess field falls below a prescribed

threshold. In practice, 10 iterations are usually sufficient to bring the excess field below
an acceptable level (1dm/s); the remaining excess field is then further smoothed with
the viscosity.

The filter in Eq. 8.65 is conservative in the sense that it only redistributes excess mass and
does not introduce any additional mass. This is similar in spirit to the conservative scheme of
Gravel and Staniforth (1994) but appears simpler in implementation. At a boundajyEide

(3.65 is modified in order to maintain the conservation:

n+l1 }

n,2 _ () (1) (1)
=U it 3 61t €L 26 (3.66

Uk’]

where subscripts 0106 and@rig.c32H). Note #hat sincecthedineaa d ] a c e
interpolation scheme (LI) does not introduce local extrdeh&D is not applied there.

The various schemes presented above can be fr

A

Ll 6, -KBR®MB Eegperonents indicate that overall the best scheme isLMBr both
eddying and norddying regimes (Zhang et al. 2016).

3.4Momentum equation

After the elevations are foun&CHISM solves the momentum ER.{) along each vertical
column at side centers. A semmplicit Galerkin finiteelement method is used, with the
barotropicpressure gradient and the vertical viscosity terms being treated implicitly, and other
terms treate@xplicitly. For3D cells, we have:

Tl Yo— ' —— Qa . HQ& & Qbi pfE (3.67)

wherey is the hat funtton in the vertical dimensiod, is the bottom cell thicknesand
"H T YO'H "Qa— Qp —-— (3.69
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The two terms that are treated implicitly would have imposed the most severe stability
constraints. The explicit treatment of the baroclriessure gradient and the horizontal viscosity
terms, however, does imape mild stability constraints

The final FEM equations are:

— < — < © 130

— ¢H H —¢H H ha QoicglEm p (3.69

— | L eo—— L YSI —CH H ha Qdip
(3.70

— ¢l | L so— 30 —¢H ™H ha 0) (3.79)

The bottom velocity is:

| Qe nh (3.72

| “I hiQQ T (3.73

which is consistent with the bottom BL formulation we used

After the velocities at all sides are found, the velocity at a node, which is needed in ELM, is
evaluatedusing scheme MA or MB as discussed above

If a cell is 2D locally, the velocity is simply solved as:

o -0 | wroYe o Qp —N— (3.74)

3.5 Vertical velocity

The vertical velocity serves as a diagnostic variable for local volume consetydtidnis a
physically important quantity, especially when a steep slope is present (Zhang et al. 2004). To
solve the vertical velocity, we apply a finit®@lume method to a typical prism, depicted in

Fig. 36, assuming that is constant within an elemei, and obtain:

G AV, A E) E0h 8D W D
3 & < - 3.7
a_. IEjs(i,m)(@si.(li,m),k-'- qr} i,m, I&l)/z :0’ (k :H) 1 Nz 1) ( a

! Although other definitions of volume/mass exist, we define volume/mass in thevimitme sense throughout
this paper and measure conservation based on this definition.

43



where ‘f; and IJ;E are the areas dhe prism surfaces (Fig.g, (n*, n¥, n9), are the normal vector
(pointing upward), 0 and v the averaged horizontal velocities at the top and bottom surfaces,
and (E is the outward normal velocity at each side center. The vertical velocity is then solved
from the bottom to the surface, in conjupati with the bottom boundary condition
(u,v, W.n=0. In the case of earthquake moduleiii 0), the bed velocity is prescribed.
compact form foEq. (3.79isB. s B. D s whereQ is the facial fluxes outward of

a prismi. Thisconservation will be utilized in the transport equation as the foundation for mass
conservation and constancy.

3.6 Turbulence closure
Uml auf and Bmadalik:ar dés GLS

— - — b i (3.79
— = — -—®'0 ®‘0 & o (3.77
with natural B.C.:
.:. T— T[ﬁ é( -
oo — g -m 0 (3.78
v e - -
and essential B.C.:

0O @® ' —h

a I Yh wa X - (3.79

whereK is the TKE,| is the mixing length . are constant§, @ U & is a generic

lengthscale variableandD is the distance to the boundary (surface or bottdrg turbulence
production and dissipation terms are:

0 — — (3.80
0 —— (3.8
) T (3.82

In the code, the natural B.@& applied first (see the FEM formulation below), and the essential
B.C. is then used to overwrite the boundaajues of the unknown, as suggesbydGOTM. In
the FEM formulationK, y are defined at nodemd whole levels. Furthermoriie sums of M
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and N are treated explicitly/implicitly depeiing on the sign. The final equatiolo®k similar to
those for the momeam equation:

=0 4 — ¢ 0 cL 0 Yo' = a
QHA— O 0 v 0 Yo = 0
. — 0 o g .
a Yo @ U 8a — b 0

— 0 0 T

e

o — 0 | T _ .

= a Qoo ) @ 0 8a — qU 0 h
— U U T -

o o T
a QEE W (3.83
=0 & —q [ o T Yor o . = a
QOA— q [ aq T Yoo
I eyol 5 — T T n — I = 0
. — o0 w9 7 [ 70 - o
a Yo , ® O L&y 0 —

— D 0 - -
v
=0 Db LM
r = a Quwyo .
— U U T
e

© U8 0 — r h & Qo ) (3.84

where {} indicates the alternative explicit/implicit 'semes mentioned abgvand= is a step
function. We have applied the natural B.C3.78 in these equations, and aftérand y are
solved, the essentiB.C. (3.79 is then used to overwrite the boundary values.

3.7 Transport equation

SCHISM supports a few FV solvers for the transport equation. All of the tracers, including T,S, sediment
(if invoked) etc are solved simultaneousty efficiency.

The transport equation for a generic tracer C is given by:
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K ipaue) = P % K8k (3.76
Mt Hzg Mz +

whereF; includesvertical settling term (Section 3.7.40urce/sink and also horizontal viscosity terms.
The vertical B.C. is:

Il— 6Rha - (3.77)
l— 6ha Q (3.78)

Note that the 3D antinuity equation ensure$id constancy cotitibn for the transport equatioi.e.
C=const initially will remain so in the absence of sinks/source

3.7.1 Upwind

Since most ofhevariables below are defined at prism center, we will use shorthanddikdo
denote a prism at levé#1/2 whenthere s no confusion. Al sonwe of't
in the explicit terms for brevity.

A F.V. discretization of (3.76) for prisims:

6 6 —B,.006. 0O 30 —Ilj2r—"  Jy L —" RQ
h - h -

Q6 QpFE [ (3.79

wh e r et isgheNijhsport time step (subjecto Courant condition below)/ is the volume of
the prism,Ci is a shorthand fo€ix (i.e., concentration at prisnhK)), andq is the flux at facg
outward of the prism Note that we have treated the diffusion term implicitly. For the sake of

brevity weol | drop t he s ouanctcfecusamtde advectioh tersni on t
With the upwind schemehéfaceconcentravn is defined as

. 6h Q@Y

O (v) F]TQ nY k (0} (3.80)

where we haveised shorthand for concentration at pris(ne. the prism adjacent tok) from
facej), andS" and S are outflow and inflow faces respectiveljhe faceconcentratiortake
different forms with higheorder schemes.

A note on mass conservation

Eq. (3.79)is the starting point of all FV solvers in SCHISM, from which a conservation
statement can be derived. Assuming no zero fluxes at surface, bottom and lateral boundary,
summing up over all prisms leads to:

Boodh P Bobdh YBoobfo (3.80b)
wheF® &tands for free sV\isetvaleated at Mevibus stapihet t he

2nd termin (3.79) cance$ out at allfaces (or vanish at lateral boundalexcept atthe free
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surface. The 2nd terim (3.80b)represents the contribution frotine surface movement and is
supposed to account for the movement frato m+1. However, this balance is naepise (time
truncation error). h the case ofVD? or WENO (tr_met>2), there is also additional syiitg
error. Therefore mass conservation is only good up to time truncation error.

Retaining only the advection teriiag. (3.79)then becomes

6 6 p —B,. & s —B. 9 s (3.81)

We have utilized the volume conservation:

B, 9s B, &s (3.82)
Therefore the Courant condition is
p —B. gﬁ S T (3.83)

SCHISM uses this eq. to dynamically adjtisttime step for transport foraeh step. Moreover,
to improve efficiency, the vertical flux terms ir8.81) are treated implicitly, and the
corresponding terms are then removed in the Courant conditi®®.(This is allowable because
upwind is a linear method

3.7.2 TVD (explicit)

The only difference between TVD and upwind schemes lies in the evaluation of the interfacial
concentation:

0. O — 0 0 (3.84)
whered is given in (3.80)0 is thedownstream concentration, amd e G is a limiter
function TVD scheme nominally approaches 2nd order accuracy due to thkffusgiion term
After some algebraic manipulatiometfinal eq. for TVD is:

0 6 —B. Dsb 0 —B, s 0 0 i €601 0Q
QQQQ6 | Q¢ ¢ (3.85)

And the Courant condition is:

30 - _— - (3.86)

where;
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9 B, — (3.87)

and the upwind ratio, whicimvolves upwind of upwind neighboring prisis given by:

\ B v s s ~
ANy 3.88
l - n (3.88)

In egs. (3.85and B.86), the facesS, S", andS need to exclude the locations where upwind is
applied: all horizontal and vertical boundariesd interfaces betweenetting and drying. In
those placesy T. Again SCHISMautomatically calculatethe time step according to
the Courant condition3(86); the subtime step used is the minimuaf all prisms. The choices
for thelimiter function include: MINMOD, OSHER, van Leer, Super Bee etc.

Since TVD is a nonlinear method, wannot treathe vertical fluxes implicitlyand so all fluxes
have to be treated explicitlyTVD method is therefore moexpensive than upwind. A hybrid
upwind/TVD, with TVD being used in the deepipths and upwind in the shallow depths, has
been impemented in SCHISM tamprove efficiency. The user can also manualpecify
upwind/TVD zones in thelomain viatvd.prop. You areencouraged to use TVDas much as
possible for efficiency/accuracy.

3.7.3TVD?

The TVD scheme shown aboigeexplicit in 3Dspace and thus subject to the Courant condition,
which comprises of horizontal and vertical fluxes across each of the prism faces (Casulli and
Zanolli 2005). The restriction related to the vertical fluxes is especially severe due to smaller
grid size usedh the vertical dimension, and therefore a large number otgdles within each

time step are usually required. To partially mitigate the issue, a hybrid wwibDdapproach

can be used in which the more efficient upwind scheme, with an implicit treatrhehe

vertical fluxes, is used when the flow depth falls below a given threshold (with the assumption
that stratification is usually much smaller in the shallows). However, this approach does not
work in deeper depths of eddying regime, as large veralacities are not uncommon along
steep bathymetric slopes. Together with the fact that a large number of vertical levels are usually
required in the eddying regime, the explicit scheme leads to subpar computational performance
and usually takes over 908bthe total CPU time.

We therefore develop an implicit TVD scheme in the vertical dimension in SCHISM. We start
from the FVM formulation of the 3D transport equati@n a prism:

nl _ ~n Db Dt .. ADte3, uCg uC
G 1_Ci -—alQG-C)--aQC, +—¢k—o —
Viiis ] S/ iis ik Vi & HZ 5y Mz

v

- S
¢ iV
(3.89

g 2 Dt
0 Uty
Sk-10 \Y
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whereC; is the concentration at the neighboring prisni @ross a prism fac® Y "Y z Y,

with S'/S denoting outflow/inflow faces (which can be horizontal or vertical) respectively,

the prism volumeA is the area of the associated surficial elementglthe flux at a face. In

Eq. 3.89 we have utilized the volume conservation in a prism (which is enforced by the
solution of the vertical velocity)B « 0 B. 0 . We have also approximatetie
concentration at a face as the sum of an upwind and a correction part as:

Cl,=Cip*C;.. (3.90

Note that in the 2 term of RHS of Eq.3.89, we haveC; =Cj,p asj is an inflow face. In
addition, we have intentionally left out the time level in some term8.B9)(as they will be
treated explicitly or implicitly in the following.

We split the solution of Eq3(89 into 3 substeps:

m+ n Dt m

G =Cl+ =2 A1QI(C] - €M)=~ A QU (M=1...M) (399
i J|S-1 i TSy

C =Cr+ BIQIE - € FAQUF +Y ). (1 =kber LNy (3:92
i J'S/ ijis

o ol . ~+1

cri=G + AR, ICT gé(“_8 U+E "dV, (k = kbe+1,.., N,) (3.93

Vi & HZ50 ¢ Kz Vi

The P! step solves the horizontal advection part (for all 3D prigithe 29 step deals with the
vertical advection part (wheig is the bottom level index and is the surface level index), and
the last step tackles the remaining terms. We could have combine# #mel B steps into a
single step at the expense of efficiency, becausegtling is used in thesistep. In Eq.3.91),
sub-cylcing in M substeys is required because of the horizontal Courant number conditien,
is the suktime step used, angE" is a standard TVD limiter function. E8.9J) is then solved

with a standard TVD method. The last st8®8 requires the solutionf a simple trdiagonal
matrix. So we will only focus on thé®step.

Following Duraisamy and Baeder (2007, hereafter DB0O7), we use two limiter functions in Eq.
(3.92: Fj is the space limiter and] is the time limiter- thus the name TVD The originof

these two limiters is the approximation Eg.90 via a Taylor expansion in both spa&dtime
(DBO7):

Cn+l/2 _Cn+l + F +Y — n+1 +r ﬂ[‘DC]nH' _ E £ n+l

] jup JUp Jup 2 ut jup

(3.94

Note that the interface value is taken at time lendl/2 to gain 2%-order accuracy in time. The
vectorr points from prism centgup to face centef. Due to the operator splitting methaef;™
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now actually corresponds 0. Customary in a TVD method, we then replace the last 2 terms
with limiter functions:

-~ f. - - y
n+l/2 _ +
C 1 =Cim +EI(CI'D " Cip) - — (CJup Cmpl) (3.99
and so:
_f. ~ B y -
F _E](CJD lup) Y, ~ (CIUP Ciop ) (3.99

wheiD&é &t ands f or t hicalodhe faegj amdl/ apdr yi; are limiter
functions in space and time respectively. Note firat/; =1 leads to P-order accuracy in both
space and time.

Substituting Eq.3.96) into (3.92 and after some algebra we obtain a nonlinear equation for the
unknown concentration:

VaIQ |e1
6+ s QDIS/D

=cM* (3.97

i s qlS/Sq

wherer, andsg are upwind and downwind ratios respectively:

41,1, -C)
_qISV , |’ +
" QE -¢,) P Y 298
(Ci - CiM+1) a |Qp |
s, = PS8 qi g

TIQ (G, - G

DBO07 showedhat a sufficient TVD condition for Eq3(97) is that the coefficient of the"®
LHS term be nomegative, i.e.:

1+1é" £ f 82 0
2a2 g (3.99
Crs p -
Dt .. .V
1+§’a|QJ|(a_S—“-yj)2 ad>0 (3.100
ijis) ds g

where d'is a small positive number. E(3.99 can be satisfied with any choicé standard
limiter functions in space, and E®.100 must be solved together with E®.97) iteratively,
becausg/ andsq are functions 06. We need to discuss 3 scenarios for plism
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(1) vertically convergent flow: in this case, the outer sumgn@&2100 is 0, so the inequality is
always true;

(2) divergent flow: the numerator of th&2HS term in Eq.8.979) is 0, ands&® 6 ;

(3) unidirectional flow (either upward or downward): in this case, ptigras exactly 1 inflow
and 1 outfbw face vertically, so a sufficient condition for E.100 is:

Dt PR
1-§|Qj LVj 2 d>0,j| S/ (3.10

Therefore we choose the following form for the limiter:

e € 2(1- d\V. 9 ..
Y :maxéo,minél,z(l—d)v"‘ s (3.102

e e |QJ |Dt l\;[i
where we have imposed a maximum of 1 in an attempt to obt&order accuracy in time.
Note that the limiter is a function of the vertical Courant number: it decreases as the Courant
number increases. Eg8.97) and 8.102 are then solved using a simple Picard iteration method
starting fromy=0 everywhere, and fasbnvergence within a few iterations is usually observed.

Simple benchmark tests indicate that TAMD accurate for a wide range of Courant numbers as
found in typical geophysical flowdt works equally well in eddying and na&uddying regimes,
from very shallow to very deep depths, and is thus ideal for esasde applicationsYou are
encouraged to use this option as much as possible.

3.7.4Vertical movement

Many tracershavé behavi orsé in the form of vertical mi

watercol umn. This is modeled with a é6settlingd t
C . A, LICH w.C

U—+DQUC) :E%p‘_8+M’ (3.103

M Mg HZ+ Mz

wherews is the settling velocity (positivedownward. This term is treated implicitly to avoid

stability issues; i ffstgpéogetherwiththa diffusion terdm é (398). v e d

The benefit of this approach is that often the settling term balances the diffusion at boundary
(e.g., sediment).

3.7.5Horizontal B.C. for transport

In either upwnd or TVD schemes, the concentration e heighboring prisnTj at the open
boundary is known. For outflowT;=T; and the signal is advected oaft the domain without

51



hindrance. For incoming flowT]; is specified by the B.C(either in bctides.inor *.th), and
SCHISM nudges to this value withralaxation constanfspecified inbctides.ir), in order to
prevent shargradient thereFor a complete list of horizontal B.C. supported by SCHISM, see
Table 4.1.

3.8 Updating the levels/inundation

After all variables are solved at the new step,vwical grid is updated to reflect the ngw
solved elevatiors. An important aspect of this update is the treatment of inundation
(wetting/drying). SCHISM supports 2 options for inundatidote that the elevations are solved

at all nodes including dry raes at the previous time step; in other words, the elevations at the
dry nodeg they are simply below the local bottom and can be thought as inactive ground water.

The F' option (nunfl=0) is the default one that should be used in most applicationsest ai
simple bookkeeping algorithm to mark node/side/element as wet/dry based on a threshold depth
(ho). SCHISM does not support partial wetting and drying, and so the rule ihgdmde is: an
element is wet il of its nodes and sides are wet, asdry if any of its nodes or sides becomes
dry. A node/side is wet iffif and only if) at least 1 of its surrounding element is welr Rewly
rewetted element/nodsde, some state variables may bénigalized based wet neighbors.

The 29 option (nunfl=1) uses a shoreline tracking algorithm which requires finer resolution to
be effective otherwise the extrapolation procedure below may -pvedict the inundatianin

realistic casess5m resolution is usually sufficient for this purpoS¢artingfrom the shoreline
position at stem, each node on this line is checked for wetting and drying, and the local portion
of the line is updated accordingly (Fig. 3.14a). The process is iterative andayeitwetting

and drying is possible. After the nevhaseline position is found at step+l,a constant
extrapol ation of surface elevation is wused
node, in order to enhance the stability of the wetting and drying front (a technique advocated by
the tsunami NDST model).
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(b)

Fig. 3.14: Shoreline tracking algorithm. (a) The orange line is the shoreline from, steg the
light blue line is the updated portion since A is wetted and B becomes dry at-$tep) At the
end of the tracking, constant extrapolatiof elevation is uskat the new shoreline position,
which may flood the next dry node.

3.9 Spherical coordinates

We used the approach of Comblenal. (2009) and transform the coordinatestead of the
equations. Since the unstructured grids work naturally on a sphere, the polar singularity is
avoided. Most of the work is done inside local frames. There are 2 frames used (8f1%ig.

note that all frames rotate with the earth.

1 Global frame Xg, Vg, Zg) (Fig. 3.15. The origin is located at center of tearth (assumed
to be a sphere) of radil®, Xy axis pointing to prime meridiaizy to thenorth pole. The
coordinates are related to the longitude latitlide of gpoint on the spherical surface:
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w YAT®AT_O

w YATWDE] (3.103)
a YOBh
1 Local frame, located at a point on sphere (e.g., node/side center/element centroid): The 3
axes of this frame ar¢? (zonal),f° (meridional North), andl (radial). The
relationship betweethis frame and global frame is:
OEl AT_D (3.104)
Al_©OPd OEOEH AlT% (3.105

The framek©, £, 1 ) is then the localx(y,? frame.

whereijk are unit vectors of the globframe. Strictly speaking this frame usmidefinedat the 2
poles, but we aastill use it there as long as the axesuarigue.

Further assumption is made tlwehen the origins are close to each otherzthresalso coincide
with each othere.g. in the backracking part etc. This is reasonabketherelevant distances are
much smaller thaR.

With the aid from all these framethe equationg€an be solved in a very similar way as in
Cartesian frameThe main differencés in the evaluation of the vectors time local frame. The
changes to the codeetherefore minimal.

Below are some important infdaut arrays used in the code that are affectddriiat frames

1 (xnd,ynd,znd), (xcj,ycj,zcj),(xctr,yctr,zctr) agiobal coordinates of nodejdecenterand
element centroidor ics=1 or 2. Ifics=1 (Cartesian)znd=zcj=zctr= 0;

1 (znl, zs, ze) are local zcoordinates measured rieally upward from the undigrbed
surface (i.e. local frame whers=2), at node, side, and element;

1 eframe(1:3,1:3,1:nea) is the tensor foe elemenframe (w.r.t. globaframe). The 2nd
index indicates axid id (1=x; 2=y; 3=z) and the 1st index indicates tensor components.
sframeandpframeare similar.
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Fig. 3.15: Coordinate frames on a sphere.
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Chapter 4 SCHISMI/O

Most SCHISM inputs can be visualized with ACQKEmgredit5 or xmgr5 tools; see
src/Utility/ACE for instructions on how to install these tools. Other useful tools will be
mentioned in the later chapters.

4.1 Type of inputs for SCHISM

SCHISMinput files can be broadly categorized into following 7 groups:

1. *.gr3, hgrid.ll: node centered spatial data and mesh connectilitgse file can be
visualized using ACE/xmgredit5;

2. *.th: time history files in ASCIl format The ASCII files can be visualized using
ACE/Xmgr5;

3. *.ic: initial condition files Some of thesalés use .gr3 format, while others have simple
ASCII format;

4. *prop: elementcentered spatial data and propertiesan be visualized using
ACE/xmgredit5;

5. *.nc: netcdf4 inputs, including time history (*.th.nc), hotstart (hotstart.nc), and nudging
inputs (*_nu.nc);

6. *.in: role-specific input files with individual format®SCII inputs includevertical grid
(vgrid.in), main parameter (param.inB.C. input (bctides.in), and hydraulios (for
hydraulics module) etc

7. sflux/: atmospheric and heat flux files intodf format (CF convention v1.0These files
can be visualized using standard tools like ncview, ferret etc;

8. Inputs from modules: .nml, .inp etc.

4.2 Mandatory inputs
These inputare required for all SCHISM simulations:

1. Horizontal grid (igrid.gr3

N

Vertical grid {/grid.in)

w

Parameter inputp@ram.in

B.C. input pctides.ir)

a &

Bottom friction input {irag.gr3,or rough.gr3or manning.gr}

We 61 | expl ai n t he Cemmemsfexplamtions@arebdle.t a i | bel ow.
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4.2.1 hgrid.gr3
Open bnd.#1

Tsland bnd

)
Land bnd

T4, Open
bnd #3

f
Land bnd

Note:
(1) Blue segments are open;

EQ% Green segments are land;
3) Red segments are islands,

Fig. 4.1: Horizontal grichnd boundary segments.

The format of tis file is shown belowcf. Fig. 4.1)
hgrid.gr3 ! alphanumeric description; ignored by code
60356 31082 # of elements and nodes in the horizontal grid

Followed bylist of node info:
1 402672.000000 282928.000000 2.0000000e+@bde #, x,y, depth

2 402416.000000 283385.000000 2.0000000e+01

3 402289.443000 282708.750000 2.0000000e+01

4 402014.597000 283185.897000 2.0000000e+01
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31082 33118.598253 112401.547031 2.30000@e !'last node
Following is the connectivity table:

14123101 !element #, elementype (triangle or quad), nodes 14
23243

33453

60356 3 26914 30943 2680ast element

Following is list of open and land boundary segmentgneeded for hgrid.gr3 only, not
needed for other .gr3

3 =Number of open boundaries

95 = Total number of open boundary nodes

3 = Number of nodes for open boundary 1
29835! first nod e on this segment

29834! 2nd node on this segment

eeéééeeé

30001!last node on this segment

90 =Number of nodes for open boundary 2

16 =number of land boundaries(including islands)
1743 =Total number of land boundary nodes

753 0 = Number of nodes for land boundary 1'Q' means the exteriorland boundary)

30381! first node on this segment

1 llast node on this segment

741 0 ! Number of nodes forland boundary 2 ('0' means the exterior boundary)
101 = Number of nodes for island boundary 1'(' means islang

29448 ! first node on this island
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29449 llast node on this island fote thisis different from the firstnode6 2 94 48% above

Note: (1) B.C. part can be generated with xmgredit§ GridDEM A Create open/land
boundaries; it can also be generated with SMS;

(2) If you have no open boundary, you can create two land boundary segments that are
linked to each other. Likewise, if you have no land boundary, you should create two open
boundary segments that are connected to each other;

(3) Although not required, we recommend you follow the following convention when
gererating the boundary segments. For the exterior boundary (open-+landh gounter
clockwise direction. With xmgredit5, the island boundaries are automatically created once you
have finishd designating all open and land segments on the exterior boundary.

(4) Note that this format is the same as forof ADCIRC;

(5) If WWM is used, the land boundary flagd.(red texts above) are required, and also
there must not bany open boundary segments on any isl&idce WWM can only handle
triangles, the mixed grid needs to be converted to a pure triangular grid for WWM using a pre
processing script.

4.2.2 vgrid.in
See Chapter 3.1 for details of different types of vgudported in SCHISM.

4.2.2.1 An example of SZ grid

2 liveor (1: LSC? 2: SZ7)

54 18 100!nvrt(=N z); kz (# of Z-levels); I (transition depth between S and Z)
Z levels !'Z-levels in the lower portion

1-5000. !level index, zcoordinates

2-2300.

3-1800.

4-1400.

5-1000.

6-770.
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7-570.

8-470.

9-390.

10-340.

11-290.

12-240.

13-190.

14-140.

15-120.

16-110.

17-105.

18-100.!z-coordinate of the last Zlevel mustmatch -hs
S levels!S-levels below

30. 0.7 10! constants used in Sransformation: he, g, ¢
18-1. [first S-level (s-coordinate must be-1)
19-0.972222 llevels index,s-coordinate
20-0.944444

54 0. llast s-coordinate must be 0

1 Global outpus arefrom the bottomKbp, variable in space) to surfaflevel nvrt) at each
node;

1 The code will crash if the surface elevation falls beldwso make suré. is sufficiently
large (there is a handred lower bound for this around 5m the codg

4.2.2.2 An example gbure Sgrid

If a "pure S" model is desd, use only 1 Aevel and sehs to avery large number (e.g., 1.e6)
above. For example, using vgrid.in below leads to a 2D model:

2 livcor

211.e6

60



Z levels
1-1.e6

S levels
40.1.1.e4
1 -1.

2 0.

4.2.23 An example of LSEgrid

This type of grid requires some user experience and can be generated using scripts (e.g.,
Utility/Pre-Processingfen_vqs.f90).

1 livcor (1: LSC? 2: SZ)
39 Invrt (=N,)

1 29-1. -0.893491-0.793885-0.694399-0.595016-0.495718-0.396491-0.29720 -0.198191
-0.099089 0. !'node ID, bottom level index, sigma coordinate from bottom-() to surface

()

19520 12-1.0 -0.985926-0.918190-0.854562-0.794749-0.738477-0.685488-0.635540-
0.588405-0.543870-0.501733-0.461804-0.423903-0.3860-0.3535150.320714-0.289311-
0.2591690.230153-0.202137-0.174997-0.148616-0.1228780.097671-0.078B87-0.048417-
0.024156 0.0 !@last node

4.2.3bctides.in

Please refer to sample bctides.in in gwirce code directory when you read tfisble 4.1
summarizes all horizontal B.C. and nudging options supported by SCHISM.
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Table 4.1HorizontalB.C. and nudging pt i ons i n 0S Gl nSoM .\e &6 No/aAD It
Lateral b.c. and nudging bct'ldes.in
( ) param.in
Variable Type 1 (*.th) | Type 2: Type 3 Type 4 Type 5 Type -1 Type -4, -5 Nudging/spo
(*[23]D.th) (uv3D.th); nge layer
nudging near bnd
n elev.th: constant Tidal elev2D.th.n | elev2D.th.n | Must =0 N/A inu_elev=1
Time history; amp/phases c: time- and c
uniform space- combination
along bnd varying along | of 3&4
bnd
S&T, tracers [MOD]_[ID | Relax to Relax toi.c. [MOD]_3D. | N/A N/A N/A inu_[MOD]=
].th: relax to | constant for for inflow th.nc: relax lor2
time history inflow to time- and
(uniform space-
along bnd) varying
for inflow values along
bnd during
inflow
uv flux.th: via Via Tides uv3D.th.nc: | uv3D.th.nc: | Flather (‘0 Relax to inu_uv=1
discharge discharge (uniform time- and combination forn) uv3D.th.nc
(<0 for (<0 for amp/phase space- of 384 (but (2 separate
inflow!) inflow!) along bnd) varying along | tidal relaxations
bnd amp/phases for in &
(in lon/lat for | vary along outflow)
ics=2) bnd)

<you notes3Not used in code; write your own comments

ntip tip_dp '# of constituents used in earth tidal potential; cwtoff depth for applying tidal potential (i.e., it is
not calculated when depth < tip_dp)

For k=1, ntip
talpha(k) 'tidal constituent name

jspc(k), tamp(k), tfreq(k), tnf(k), tear(k)!'tidal species # (0: declinational; 1: diurnal; 2: semdiurnal),
amplitude constants,angular frequency, nodal factor, earth equilibrium argument (in degrees);

end for
nbfr !total # of tidal boundary forcing frequencies
For k=1, nbfr

alpha(k) !tidal constituent name

amig(k), ff(k), face(k) 'angular frequency (rad/s), nodal factor, earth equilibrium argument (in degrees) for
constituent

end for
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nope !# of open boundary segments
For j=1, nope

neta(j), iettype()), ifltype(j), itetype(jisatype(j), (optional) itrtype(j)!# of nodes on the open boundary segmejt
(corresponding to hgrid.gr3), B.C flags for elevation, velocity, temperature, and salinity, and (optionally) fo
each tracer module invoked (in the order of GEN, AGE, SED3D, ESim, ICM, CoSINE, FIB, and TIMOR)

Elevation b.c. section
if (iettype(j) == 1) 'time history of elevation on this boundary
no input inbctides.in time history of elevation is read in froaev.th(ASCII) ;
else if (iettype(j) == 2) !this boundary is forced by a constant elevation
ethconst !constant elevationvalue for this segment
else if (iettype(j) == 3) Ithis boundary is forced by tides
for k=1, nbfr
alpha(k) !tidal constituent name
for i=1, nond(j) !loop over all open boundary nodes on this segment
emo(j,i,k) efa (j,i,k) lamplitude and phase for each node on this open boundary
end fori
end for k
else if (iettype(j) == 4) !spaceand timevarying input
no input in this file; time history of elevation is read in fromelev2D.th(binary);
else i f (iettype(j) == 5) !'combination of 63506
time history of elevation is read in fromelev2D.th and then added to tidal B.C. specified below
for k=1, nbfr
alpha(k) 'tidal constituent name
for i=1, nond(j) !loop over all open boundary nodes on this segment
emo((j,i,k) efa(j,i,k)!lamplitude and phase for each node on this open boundary
end for i
end for k
else if (iettype(j) == 0)
elevations are not specified for this boundary (in this case the velocityust be specified).

endif

Velocity b.c. section
if (ifltype(j) == 0) !vel. not specified

no input needed
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else if (ifltype(j) == 1) !time historyf discharge on this boundary
no input in this file; time history of discharge is read in fromflux.th (ASCII)
else if (ifltype(j) == 2) !this boundary is forcday a constant discharge
vthconst tonstant discharge (note that negative number means inflow)
else if (ifltype(j) == 3) !vel. (not discharggls forced in frequency domain
for k=1, nbfr
vmo(j,k) vfa(j,k) luniform amplitude and phase along each boundary segment
end for;
else if (iftype(j) == 4 or-4) 3D input
time history of velocity (not discharge!) is read in fromuv3D.th (binary)
if ifltype(j)==-4)
rell rel2 !relaxation constants for inflow and outflow (between 0 and 1 ith 1 being strongest nudging)
endif
else i f (ifltype(j) == 5) l'combination of 646 and ti

time history of velocity (not discharge!) is read in fromuv3D.th (binary) and then added to tidal velocity
specified below

for k=1, nbfr
alpha(k) 'tidal constituent name
for i=1, nond(j) loop over all open boundary nodes on this segment

umo(j,i,k) ufa(j,i,k) vmo(j,i,k) vfa(j,i,k) 'amplitude and phase for (u,v) at each node on this open
boundary

end for i
end for k
else if (ifltype(j) ==-1) IFlanther type radiation b.cidttype must be 0 in this case)
eta_mean !mean elevation below
for i=1,nond(j) !'loop over all nodes
eta_mO(i) !mean elev at each node
end for i
vn_mean!mean normal velocity
for i=1,nond(j)
gthcon(L:N,i,j) !meannormal velocity at the node (at all levels)
end for i

endif
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Temperature b.c. section
if (itetype(j) == 0) !temperature not specified
no input needed
else if (itetype(j) == 1) 'time history of temperature on this boundary

tobc !'nudging factor (between 0 and 1 with 1 beingtrongest nudging) for inflow; time history of
temperature will be read in from TEM_1.th (ASCII)

else if (itetype(j) == 2) !this boundary isifted by a constant temperature
tthconst Iconstant temperature on this segment
tobc !'nudging factor (between 0 and 1) forinflow

else if (itetype(j) == 3) linitialtemperature profile for inflow
tobc!nudging factor (between 0 and 1) for inflow

else if{tetype(j) == 4) !3D input

tobc 'nudging factor (between 0 and 1)itime history of temperature is read in from TEM_3D.th
(binary)

endif

Salintiy B.C. part is similar to temperature:
if (isatype(j) == 0) !salinitynot specified
endif

If any tracer module is invoked, you also need the corresponding B.C. part for each tracer module, and the
structure is similar to temperature.

(A note on the AGE module: the number of tracers inside this modukec¢r agemust bean even number, and
usually you only spéfy the first ntracer agl2 tracers on some open boundaries. For example, suppose
ntracer_age4, you can set the B.C. flags as:

3 Inope

88 3000 0 !oceanno age tracer b.c. here

5011 32 !Columbia River

1. relax for T

1. Irelax for S

1. 0. 0.0. linject age tracer #1 here
1. Irelax for AGE

302 3 32 !Fraser River

1. lrelax for T
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1. Irelax for S
0. 1. 0. 0. linject age tracer #2 here
1. Irelax for AGE

end for !f open boundary segment

Notes: the tidal amplitudes and phases be generatagsing utility scripts shown on the web.

4.2.4param.in
Please refer to sample paramnrthe source code directory whiteu reacthe following

The file uses free format, i.e. the order of input parammétarot importan{but if you specify >1
instances of a parameter, th&idstance will be usedizoverning rules for this file are:

1 Lines beginning with "!" are comments; blank lines are ignored;

1 one line for each parameter in the format: keywords=value; keywords arsearastive;
spaces allowed between keywords and "=" and value; comments starting with "!" after
valueare ignored

1 value is an integer, double, orcBar string (no single quotes needed for string input); for
double,any of the format is acceptabi0 or40. or 4.elbut the last 2 are preferredse
of decimal point for integers is discouraged.

Most parametes (andtheir keywords) areexplained as follows in alphabetical ordethers are
6devel opers handlesd that should not be tweak
for many parameters.dte that you do not have to follailve orderbelow (cf. param.in.sample)

In some cases we have grouped some parameters fer eggianation, but you should specify

them on separate linesAlso you'll find additional useful info in the comments of
param.in.sample.

9 bfric (int)

Bottom friction option. Ifbfric=-1, and Manning's n is specified imanning.gr3 If bfric=0,
spatialy varying drag coefficients are read in fraireg.gr3(as depth info). Fobfric=1, bottom
roughnesses (in meters) are read in froogh.gr3

If bfric=-1, an additional parameter is requirednin_man (in meters) which sets the
minimum depth used ithe Manning formulation.

If bfric=1, two additional parameters are requiretizb min (in meters) anddzb decay
(nondimensional). In this case the drag coefficients are caldulsieg the log drag law when
the bottom cell thicknessh>=dzb min when dv<dzb_min Cd=Cdmax*expfizb deca¥(1-
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du/dzb_min], where Cdmax=Cdk=dzb mir). This is to avoid exaggeration of Cd in very
shallow water.

1 consv_checKint)

Parameter for checking volume and salt conservation. If turned on (=1), the conservation will
be checked in regions specified flyxflag.prop

1 cpp_lon, cpp_lafdouble)

Centers of prjection used to convert lat/loro Cartesian coordinates. These asediif a
variable Coriolis parameter is employett¢i=1).

1 dt(double)

Time step (in seconds)
1 dtb_min, dtb_maxdouble)

Min/max substeps allowed in btrack; actual ssteps are calculated based on local gradients.
1 eco_classntracer_gen, ntracer_age, sed_clad3}

These parametesset t he # of tracer O0classes6 for eac
SED3D), and are required if these modules are invoked in makefile. Note that other tracers
modules (ICM, CoSINE) seheir own # of classes.

1 global output optionéint)

Global output (innetcdf4 format options. The frequency of global outputs is coled by 2
parametersnspooland ihfskip. Output is done everygspoolsteps, and a new output stack is
opened everyhfskip steps. Therefore the outputs are namedwputs/schoufMPI process
id] [1,2,3,...].ncetc. The combine scripts are then used to gather each output variable across all
MPI processes into a single output, esghout] 1, 2, 3é] . nc

Each output &riable is controlled by 1 flag imaram.in We only show a few exartgs below;
the rest are similar. Note that variables may be centered at nodes/sides/elements horizontally and
whole/half levels verticallyHowever, & the moment most vables are centered atdws and
whole levels, and most pegtocessing FORTRAN scripts can only handle this type of outputs.

elev= 1 !global elevation output control. If elev =0, no global elgation is recorded. If
elev= 1, global elevation foreach nodeof a subdomain is recorded in schout*.nc. The
output is either starting from scratch or appended to existing ones depending omot.

Some outputs are conditional upon you turn on certain moduleSe@.1= 1 wonodt out
the concentrationf sediment class dnlessyou turn on USE_SED in makefile.

Somed n a tvarigb&ede.g., elementor sidecentered) are:
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hvel side = 1 'horizontal velocity defined at sice [m/s]. These are the original velocity
inside SCHISM

vert_elem=1 lvertical vel. at centroids [m/s]. These are original vertical velocityinside
SCHISM

1 hO(double)

Minimum depth (in m) for wetting and drying (recommended value: 1cm). When the total
depth is less than hO, the corresponding nodes/sides/elements sidermah dry. It should
always be positive.

1 hotout, hotout_writéint)

Hot start output control parametershiitou=0, no hot start output is generatedndftout1,
hot start output imamed outputsbtstart [processid]_[time_step].nceveryhotout writesteps,
whereit is the coresponding time iteration numbértout writemust be a multiple ohfskip.
If you want to hot stara run from stept, you needto combine all processpecific hostart
outputs into a hotstart.nesing combine_hstart7f90 (./combine_hattart71 h for help)

1 ibcc(int), itransport(int), nrampbdint), drampbdqdouble)

Barotropic/baroclinic flags. Ifocc=0, a baroclinic model is used and regardless of the value
for itransporf the transport equation is solved.ilitc=1, a barotropic model is used, and the
transport equation may (whemansporel) or may not (wheniranspor£0) be solved; in the
former case, S and T are treated as passive tracers.

If ibcc=0, the rampup function is specified withnrampbc, dramphbcamp option flag and
rampup period (in days). Ilhrampb&0, drampbds not usedThe ramp function is a hyperbolic
tangent function:

A OAIcBYeTION OGAR O
9 ibcc_mear(int)

Mean T,S profileoption. If ibcc mear=1 (orihot=0 andicst=2), meanT/S profile is read in
from ts.icc and will be removed when calculating baroclinic force. fdac is needed if
ibcc_mearO.

1 h[1,2]_bcc (double)

Option on how the baroclinic gradient is calculateelow bottom The 'belowbottom’
gradient is zeroed out if h»2 bcc(i.e. like Z) or uses constant extrapolati{@e. like terrain
following) if h<=hl bc¢<h2 bcgd. A linear transition is used if the local depth
hl bcgh<h2 bcc
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1 ic_elev(int)

Elevation initial condition flag for cold starbnly (ihot=0). If ic_elew=1, elev.ic (in *.gr3
format) is needed to specify th€. Otherwise elevation is initialized to O everywhere (cold start

only).
9 icou_elfe_wwmiwbl (int)

Coupler flag with WWM; eededf USE_WWM preprocessor is enabledcou_elfe wwm=
0: no feedback from WWM to SCHISM (decoupled); 1: coupled SCHISWM.

iwbl=1: modified GrariMadsen formulation for wavenhancedoundary layer=2: Soulsby
(1997) formulationz=0: off.

If icou_elfe_ wwn=1, additional parameters required are:
nstep_wwm(int): call WWM every this many time steps;
msc2, mdcZint): these must match thosevinvminput.nmj

hmin_radstresé@oubley min. total water depth used only in radhat stress calculation; the
radiation stress is zeroldcal depth <imin_radstress

1 ics(int)

Coordinate frame flag. Ifcs=1, Cartesian coordinates are usedici=2, both hgrid.ll and
hgrid.gr3 use degrees latitude/longitude (and #teuld be identical to each otherthis case

1 ic_[MOD] (int)

Options for specifying initiatracerfield for cold start wher e O MODG6 i s the ne
model (e.g. TEM, SAL, SED etc)f ic_[MOD]=1, a vertically homogeneous but horizontally

varying initial tracerfield is specifiedin inputs liketemp.ig salt.ic [MOD]_hvar_[class #].ic etc

If ic_[MOD]=2, a horizontally homogeneous but vertically varying initiaterfield, prescribed

in a series of #evels, isspecifiedin inputs likets.ic, [MOD]_vvar_|[class #].ic Formoregeneral

3D initial tracerfields, use the hot start option.

1 ieos_typeieos_pregint)

By default, use the nonlinear equation of states type==0. If the potential temperature is
used, the pressure effect has beenwatteal forieos pres0.

9 if_source(int)

Point sources/sinks option (0: no; 1. on).iflfsource=l, needssource_sink.in, vsource.th,
vsink.th, and msource.(see sample files in the source code directory src/ for their formats

1 iharind(int)

Harmonic analysis flag. iharind 0, an inputarm.inis needed.
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9 ihconsv, isconsyint)

Heat budget and salt conservation models flagsictins\=0, the heat budget model is not
used. Ifihcons=l, a heat budget model is invoked, and a number of ingliesl for radiation
flux input are read in fronsflux/sflux_rad*.nc If iscons¥l, the evaporation and precipitation
model is evoked but the user needs to turn on te@nocessing flag PREC_EVAP inakefile
and recompileln this casejhconsvmust be 1, and additional netcdf inputs for precipitation
(sflux/sflux_prc*.ng are required.

T ihdif (int)

Flag to use nozero horizontal dfusivity. If indif=0, it is not used. Ifhdifi 0, inputhdif.gr3
is needed.

1 ihot(int)

Hot start flag. Ifihot=0, cold start; ifhotl 0, hot start fromhotstart.ncIf ihot=1, the time and
time step are reset to zero, and outputs start frdhaccordingly(and you need to adjust other
inputs like .th etc). If ihot=2, the run (and outps)t will continue fromthe time specified in
hotstat.nc, and in this case, you do not need to adjust other inputs.

9 ihydraulics(int)
Hydraulic model option. Ifhydraulicd 0, hydraulics.inis required.
1 imm, ibdef(int)

Bed deformatioroption. Default: 0 (no bed deformation); 1: with bed deformation (needs
ibdef (# of steps during which deformation occyisdef.grd; 2: 3D bottom deformation (need
to interact with code).

1 indvel(int), ihorcon(int), hvis_coef(Qdouble) ishapirg niter_shap(int), shapiro(double)

These parameter@nd inter mom below) control the numerical dissipation in momentum
solver; see SCHISM papéfhang et al. 201dpr details.

indvel determines the method of converting side velocity to node velocityd\'£=0, the node
velocity is allowed to be discontinuous across elements and additional viscosity/filter is needed
to filter out gridscale noises (spurious 'modes’)inlflve=1, aninversedistance interpolation
procedure is used instead and the node velocity is continuous across elements; this method
requires no additional viscosity/filter unless kriging ELM is usede( mom>0). In general,
iIndve=0 leads to smaller numerical sligation and better accuracy, but does require a velocity
B.C.

In the presence of spurious modes or dispersion (oscillation), viscosity/filter can be applied.
iIhorcor=0: no horizontal viscosity; =1: Laplacian (implemented as a filter); =Babnonic.For
Ihorcorl=0, hvis_coefGspecifies the nodimensional visosity. TheShapirdfilter is specified by
ishapiro=0, 1: turn offlon Shapiro filter. Ifishapirel, shapirospecifies the Shapiro filter
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strengthlIf ishapire-1, an input calleghapiro.grds required which specifies the filter strength
at each noddf ishapird=0, niter _sharspecifies the number of times the filter is applied.

Note that for noreddying regimeapplications(nearshore, estuary, river), two easiest options
are: (1)indvekl, ishapireihorcor=0, and any choices afiter mom (2) indvekE=0, ishapirec1
(shapire0.5),ihorcorr inter_mon=0.

For applicationghatinclude theeddying regime, grid resolution in the eddying regime needs
to vary smoothly (Zhang et al. 2016), and the user needs to tweak dissipation carefully. A
starting point can bendvel=ishapirainter mon=0, ihorcore2, hvis_coefé0.025.1f the amount
of dissipation is insufficient irthe noreddying regime, consider usinghapire-1, with an
appropriateshapiro.gr3o turn on Shapiro filtelocally to add dissipatian

9 inter_mom kr_co(int)

Interpolation method at foot of characteristic line duringME inter mon=0: linear
interpolation; =1: dual kriging methodf inter_mon=-1, the depth irkrvel.gr3 (0 or 1) will
determine the oet of interpolation (linear orriging). If the kriging ELM is used, the general
covariance function is specified km_ca 1: linear f(h)=h; 2: (h"2*log(h); 3: (cubic h"3); 4= (
h"b).

In general,indveE=0 should be used witmter mon=0 or 1 to avoid large dispersion (with
additional viscosity/filter also)indve=1l can be wsd with any covariance function without
viscosity/filter.

1 inu_elev, inu_u\int)

Sponge layer for elevation and @eity. In SCHISM, relaxation/nudging of a generic variable
is implemented as:

. D T e T (4.1)
which is a discrete analogue of the restoration equation:

y— b b (42)

If inu_elev=0, no relaxation is applied to ebtion If inu_elew=l, relaxationconstants are

specified inelev_nudge.gridepth=0 means no relaxatiodepth=1 means strongest nudging
andthe elevations are relaxed towdrdSimilarly forinu_uv(with inputuv_nudge.grB

1 inu_[MOD] (int), step_nu_tfdouble)

Nudging flag for tracer model [MOD] (e.g. "TEM" for temperature), and nudging step (in
sec). Whennu_[MOD]=0, no nudging is done.

Wheninu [MOD]=1, relax backo initial conditions.

Wheninu [MOD]=2, nudge to values specified [RIOD] nu.ng which hasa time stepof
step_nu_tr
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If inu [MOD]Ii0, the horizontalrelaxation factors arespecifiedin [MOD]_nudge.gr3(as
depths mfo), and the vertical relaxation factors are specified as a linear function of depths with:
vnh[1,2] (transitional depthspand vnf[1,2] (relaxation constants at the 2 depthBhe final
relaxation constant is treim Qorizontat-verticalrelaxationfactors) timesdt.

1 inunfl (int)

Choice of inundation algorithmnunfl=1 can be used if the horizontal resolution is fine
enough, and this is critical for tsunami simulatid@therwise uséiunfl=0.

i iout_sta,nspool_stant)

Station output flag. Ifiout std 1, an inputstation.inis needed. In additionpspool sta
specifies the spool for station output.

1 ipre(int)

Pre-processing flags very useful for checking grid errofisre=1: code will output centers.bp,
sidecenters.bp, (centers lbipoint sidcenters build poijtand mirror.out and sto@heck errors
in fort.11.IMPORTANT: ipre=1 only works for single CPWire=0: normal run.

1 isav (int), sav_cd (double)

Parameters for submerged or emergent vegetdfiosa\=1 (module on)sav_cdis the form
drag coefficient, and in addition you need to supply 3 extra ingats: D.gr3(depth is stem
diameter inmeters);sav_N.gr3(depth is # of stems per3dnandsav_h.grheight of canopy in
meters).

1 itr_met(int), h_tvd(double)

Transport ption for all tracersitr_met=1 for the upwind optionjr met2 for the2nd-order
massconservative (explicit)y TVD scheme, and met=3 for TVD? If itr met>=2, 1 extra
parameter is needed: tvd which specifies the transition depth (in meters) betwegmmind and
TVD schems; i.e. more efficient upwind is used when the local depth &d Also in this case,
additionaltogglebetween upwind and TVD is specifiedtird.prop The TVD limiter function is
specified inTVD_ LIM in mk/include_modules (for effiency purpose). Ifitr met3, 2
tolerances are also required (use recommended values).

T itur(int)
Turbulence closure model selection.

If itur=0, constant diffusivities are used for momentum and transport, and the diffusivities are
specified indfv0, dfhQ

If itur=-2, vertically homogeneous but horizontally varying diffusivities are used, which are
read in fromhvd.momandhvd.tran
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If itur=-1, horizontally homogeneous but vertically varying diffusivities are used, which are
read in fromvvd.dat

If itur=2, the zereequation Pacanowski and Philander closure is used. In this case, a few extra
parameters are requiredtl pp, vdmax_ ppl, vdmin_ppl, tdmin_ppl, h2 pp, vdmax_pp2,
vdmin_pp2,tdmin_pp2 Eddy viscosity is computed as: vdiff=vldifax/(1+rich)*2+vdiff_min,
and diffusivity tdiff=vdiff_max/(1+rich)*2+tdiff_min, where rich is a Richardson number. The
limits (vdiff_max, vdiff_min and tdiff_min) vary linearly with depth between depthspp and

h2_pp

If itur=3, then the twaquaton closure deemes from the GLS model bimlauf and Burchard
(2003 are used. In this case, 2 additional parameters are requiredmet, turb_stghwhich
specify the closure schee and stability function usediurb mes MY is Mellor & Yamada;
=KL is GLS as kkl; KE is GLS as ke; =KW is GLS as kw; =UB is Umlauf & Burchard's
optimal; turb_staE GA is Galperin'sclipping (only for MY); =KC is Kantha & Clayson's
stability function) Also the user needs to specify max/min diffusivity/viscositgifimax.gr3
anddiffmin.gr3, as well as a surface mixing length scale constant.

If itur=4, GOTM turbulence model is invoked; the user needs to compile the GOTM libraries
first (see README inside GOTM/ for instructions), and turn ore-grocessing flag
USE_QGOTM in makefile and recompile. In this case, the minimum and maximum
viscosity/diffusivity are still specified inliffmin.gr3 and diffmax.gr3 In addition, GOTM also
requires an input callegotmturb.inp There are some readlyade samples for this input the
source code bundle. If you wish to tune some parameters inside, you may consult gotm.net for
more details.

1 nadv(int)

Advection on/offoption If nad\=0, advection is selectively turned off based on the input file
adv.gr3 If nadw=1 or 2, advection is on for the whole domain, and backtracking is done using
eitherEuler or 2ndorder RungeKutta scheme.

1 ncor (int)

Coriolis option. Ifncor=0 or-1, a constant Coriolis parametersigecified If nco=0, coriolis
specifies the Cories factor. If nco=-1, latitude specifies the mean latitude used to calculate the
Coriolis factor.

If nco=1, a variable Coriolis parameter, based either on adatee approximation{s=1) or
on the latitudedependent Coriolisids=2), is used, wit the lat/loncoordinates read in from
hgrid.ll. Forics=1, the center dbetaplane approximatiomust be correctly specifiad cpp_lat

1 nramp(int), dramp(double)
Ramp option for the tides amIC., and rampup period in days (not usedrifam=0).

1 Nws, iwind_form (int), wtiminc (double)
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Wind forcing options and the interval (in seconds) with which the wind input is read in. If
nws=0, no wind is applied (andtiminc becomes unused). iifivs=1, constant wind is applied to
the whole domain at anyivgn time, and the time history of wind is read in frermd.th. If
nws=2 or 3, spatially and temporally variable wind is applied and the input consists of a number
of netcdf files in the directory sflux/. The optionvs=3 is only for checking heat consation
and needsflux.th. If nws=4, the required inpuvind.th specifies wind and pressure at each node
and at each time stepwtiminc.

If nws>0, the ramjup option is specified witmrampwindanddrampwind These are ramp
flag and period (in days) for wind. In addition, the user can scale the wind byiwsingff. If
iwindoff=0, wind is applied as is. Ifwindoff=1, the scaling factors are the depths in
windfactor.gr3

The wind stress formulation is seted with iwind form. If nwss1 or 4, ornws=2 &&
Ihcons\=0, or nws=2 && iwind form=-1, the stress is calculated from Pond & Pichard
formulation.If nws=1 or 4, omws=2 && ihcons\=0, ornws=2 && iwind_form=1, the stress is
calculated fromHwang (2018formulation.If nws=2,ihcons\=1 && iwind_form=0, the stress is
calculated from heat exchange routine. If WWM is enabled iand elfe wwm> 0 and
iwind_form=-2, stress is calculated by WWM; otherwise the formulations above are used.

1 rmaxvel(double)

Maximum velocity. This is needed mainly for the-wamter exchange as the model may blow
up if the water velocity is above 2@

1 rnday(double)
Total simulationtime in days
1 sl _mxbnt, s2_mxnbrgtlouble)

Dimensioning parameters used in irs@bdomain backtracking. Start frosfil2] mxnb£0.5
3, and increase them (graduallyyifou get a f at al er.fAccuracyisote A bt r
affected by the choice of these two parameters.

9 start_yearstart_moth, start_day(int), start_houyutc_stari{double)

Starting ti metc §acdr issi bdmiodthet &MF,rand iséused to adjust time
zone. For exampleyc star=5 is US Eastern Time, and:_stare= - 8 is Beijing Time.

1 rhoO, shw (double)

Reference water density for Boussinesq approximawhpecific heat of water in J/kg/K

9 thetai(double)

Implicitness parameter (between 0.5 and 1). Recommended value: 0.6.
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4.3 Optional inputs

4.3.1 .gr3, hgrid.ll

The format is the same as hgrid.gr3, except that the B.C. part is not necessary. For hgrid.ll, the
x,y of each node are replaced by lon/lat coordinates.

The only difference bet wmeans diffegemt 8ariablés] Wesshows t h-
someexamples below.

Bottom drag inputdraqg.ar3or rough.gr3or manning.gry

The oO0depChoébmebaom roughness niThe 3rfilestcerrespgndtor Marr
bfric=0,1;1.

diffmin.gr3 anddiffmax.qr3

The O6depthé specifi esy ortdiéusivit. Needed Xitur=Bfor 4 he v
Suggested value: X&n¥/s for diffmin and 1 /s (or larger) for diffmax.

adv.gr3

Required ifnadw= 0 . The O6depthdé is either 0, 1 or 2 i
momentum advection is turned ofising backward Euler, or using"“rder RungeKutta
method at a node.

krvel.gr3

Required ifinter mon=-1.The &édepthdé i s eit herELMbringlturnecc or r es
off/on. The generalized covariance function is specifietbyo

bdef.gr3

Requiredifimm=1. The O0depthd specifies the amount of
step 1 tabdef, with positive values being uplift.

4.3.2 .th (ASCII)

This includeselev.th, flux.th, TEM 1.th, SAL_1.th etc, which share same ASCII struc.
Below is a sampléux.th (note thahegative values mean inflo\w

0.-1613.005-6186.0'time (in sec), discharge at the 1st boundargegment that hasfltype=1
(in bctides.in), discharge at the 2nd boundangegmentwith ifltype=1, é

300.-1613.050056186.60156
600.-1611.378546208.62549
900.-1609.396126232.22314
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Note that the time must st adit from O, and the

In the case ofvind.th (with nws=1 or 4, the time step specified inside must also matthminc
in param.in If nws=4, the format ofwind.th is different. each line specifies the wind u,v, and
atmospheric pressu(m Pa)at all nodes.

In the case ofnsource.th(invoked withif source=l), the values after time stamp are tracer
values at eaclsource element (specified irsource_sink.ijy and the order of tracers is: T,S,

followed by each tracer module invokdflyou do not have good values for some tracers-use
9999. instead and the code will inject ambient concentration values for you.

4.3.3 .thnc (netcdf4)

Theseinclude elev2D.thnc, uv3D.thnc TEM_3D.thnc, SAL_3D.thnc, and [MOD]_3D.thnc
(whereMODig he tracer moduTheformat sheuldibe skdpladadr@.S 6 )

Note: the time must start from 0, and the time step can be anyatiing

4.3.4 .prop

Theelement ent ered inputs color each el ement with
xmgredit5 (Speci# Properties)The format follows xmgredit5 element property format:

1 -1 !element number, element property
20
32
45

Currently there are 2 .prop files:

tvd.prop

If TVD transport is useditf met=2), user can explicitly specifiiorizontal regions where
upwind orTVD/TVD? is used, based on the element property values (0: upwiifd/CTVD?)
in tvd.prop

fluxflag.prop

The element property flags (integef®om -1 , 0 ,) kpeafy the 'region numbefor each
element. The code will only computee flow across &ideif (1) the flagsat its 2 adjacent
elements diffetby 1, and (2)neither flag is-1 (cf. Fig. 4.2). The outputflux.dat is a simple
ASCII file with the format:

0.001389 0.1004B1 0.1934E01 'time (days), flow[m¥ s] from region 616
from region 626 to 616, é

0.002778 0.8852B2 0.2285H1
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Fig. 42: Example offluxflag.prop

4.3.5 .ic

The I.C. inputs include thenitial condition forelevation or tracerssélt.ic, temp.icandts.ic).
For most generic form of I.C. (variable in space and time)hatsart.nc

elev.icis a .gr3 file that specifies the initial elevation at each node.
Depending on the values oft, T,S I.C. inputs have different format.
T |If icst=1,salt.ic and temp.itake the .gr3 format;
1 |If icst=2,ts.ictakes the followingimpleformat:
43 'total # of vertical levels
1-2000. 4. 34llevel #, zcoordinates, temperature, salinity
2-1000. 5. 34.

e.

Similar format is used for other tracers.

4.3.6.ncC

Beside the time series inputs, we have the other types of netcdf4 input files as follows:
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4.3.6.1 Hotstart.nc

This input basically contains all major state variables defined at node/side/element.

4.3.6.2 * nu.nc

This input is used for tracer nudgingy *=2). Youonly need to specify values in the nudging
zone andnay use junk values outside.h e ma p p imamto globalangde 6i s used
the array indices to the global node indices.

4.3.7.in

4.3.7.1station .in (.bp format)

This file is needed ifout sta1 and is in a build point formaesentially.gr3 without the
connectivity table):

11111111 %on(1)|off(0) flags for elev, air pressure, windx, windy, T, S, u, v, w
nsta  # of stations
do i=1,np

i,xsta(i),ysta(i),zsta(i) !zsta(i) is zcoordinates (fromvertical datum; <0 is below)
enddo

Also se station.in.sample in the source bundle.

4.3.6.2source_sinkin

This input is invoked iff_source=1, and specifiesthe | e ment #06s f or each
source and sinkhe format is:

2 !total # of elements with sources
100 !element # of ¥ source
101 !element # of2nd source
IA blank line for readability ; below are sinks
3 !total # of elements with sinks
99 ! element # of ®'sink
100
105! element # of3rd sink
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4.3.6.3 hydraulics .in

This input is invoked ifihydraulics=1, and is the main input for the hydraulics module. See
hydraulics module manual for details.

4.3.6.4harm .in

This file is needed ifharind=1. Harmonic analysis capabilities were introduced in SCHISM by
Andre Fortunato,using the routines of ADCIRCThese routines were developed by R.A.
Luettich and J.J. Westerink, who ahereby acknowledged, and weused with written
permission by R.A. Luettich. Note that only analysise@@vations at all nodes can thene at the
moment.

The file has the following format (text adapted from the ADCIRC user's manual):
1. NFREQ= number of frequencies includedm harmonic analysis of model results
2.for k=1 to NFREQ

NAMEFR(k) = an alphanumeric descriptor (i.e. the constituent name) whose length
must be<=16 characters

HAFREQ(k), HAFF(k), HAFACE(K)= frequency (rad/s), nodalfactor, equilibrium
argument (degrees)

end k loop

3. THAS, THAF, NHAINC, FMV = the number of days after which data starts tde
harmonically analyzed, thenumber of days after which dataceases to be harmonically
analyzed, the number of time steps at whichinformation is harmonically analyzed
(information every NHAINC time steps after THAS is used in harmonicanalysis), fraction
of the harmonic analysis period (extending back from th end of the harmonic analysis
period) to use for comparingthe water elevation and velocity means and variances from
the raw model time series with corresponding means and variances of a time series
resynthesized fom the harmonic constituents.This comparison is helpful for identifying
numerical instabilities and for determining how complete the harmonic analysis was.
Examples: FMV = 0.- do not compute any means and vard&MV = 0.1 - compute means
and vars. over final 10% of period used in harmonic analysis FMV = 1.8 compute means
and vars. over entireperiod used in harmonic analysis.

4. NHAGE, NHAGV = flags that indicate whether or not harmonic analysis is
performed: NHAGE= 0 no harmonic analysis is performed for global elevations; NHAGE
= 1 harmonic analysis is prformed for global elevations(output on harme.53; NHAGYV is
for velocity which is not active right now.
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4.3.8sflux/

This dir is required ifnhws=2. In this caseatmoserpic forcings include wind, air pressure and
temperature, precipitation, humidity and longwave and shortwave fluxese @hespecified in

the netcdf files inside sflux/ dir, and conform to the NetCDF Climate and Forecast (CF)
Metadata Convention 1.0.

There are 4 types of files in sflux/dir; see this site for sample files.

1. sflux_inputs.txt
This asci file is a namelist; ttommmand below shows its content:

$cat sflux_inputs.txt
&sflux_inputs ! file name
/

Notes: all parameters inside this input are optioAdizanced users may consult the source code
for a complete list of parameters.

2. sflux_air_1.0*.nc netcdf files thahave time, wind speeat 10m above MSL (u,y)air
temperature and pressure and specific humidity;

3. sflux_prc_1.0*.ncnetcdf files that have precipitation data;

4. sflux_rad_1.0*.ncnetcdf files that have downward long and short (solar) wave radiation
fluxes.

Note that 3&4 are only required if the heat exchange module is invokédcwias\=1. We have

NARR sflux files from 197%resent, but cannot upload all of them to the web due to disk space
limitation. You can find some sampleskhdtp://ccrm.vims.edu/yiglong/wiki_files/INARR/

Two sources of data are allowt each type of .nc filesand the relative priority is fixedylthe
file name. For instance sfluair 1.0003.nc might be blended with a file called
sflux_air_2.0003.nc. The ".003" component of theame represents the order of the file within
the stack of provided input files. For instance, there might be a new €6, @D2,0003)
produced every 12 hours in a forecast cycle.

Interpolation and prioritization

Using air as an example, it is assumhbdt tthe filesflux_air_2.@01.ncis more resolved or
accurate thasflux_air_1.@01.nc The two will be blended in the model in a way that favors the
0 26file. This blending of the fields is only adjustable in tteeleas described in notes below.
The deéult in sflux_9¢.F90 is a 99:1 blend of the fledtothe6 16 f i | e.

As was remarked above, the files are arranged temporally in a stack of files startingQ@itH.".0
Given the sequence of forecasting and analysis, it is common for atmospheric files to overlap. A
file might begin with a brief period of data assimilation plus a few days of forecast. SCHISM
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assumes that a new file indicates the injection of infoonaso when it encounters overlap, it
advances to the later file.

Using NARR files for your simulation (North America only)

First, make sure the NARR grid covers your hgri.lensure proper sptatial interpolation.

In your run directory, mkdir sflux anidside it, create symbolic links to the NARR files. e.g., if
you run starts from June 10, 2004 and ends June 20, 2004, then

sflux_air_1.@01.nc--> narr_air.2004_06_10.nc
sflux_air_1.0@2.nc--> narr_air.2004_06_11.nc

sflux_air_1.@11.nc-->narr_air.2004_06_20.nc

sflux_air_10012.nc--> narr_air.2004_06_21.nc (extra day to account for time zone difference)

Similarly for sflux_rad_*.ncandsflux_prc_*.nc As described above, the number "1" after "air_"
denotes the first data set used, with #econd set taking priority; you can use up to 2 sets in
SCHISM (which combines them with some given weights set in sflux.[<e@s here you only
use 1 set.

Preparing your own sflux inputs

After familiarize yourself with the NARR files and their formgigu may embark on creating
your own nc files. The best way is to modify existing matlab scripts
(src/Utility/Sflux_nc/readnc*.m) included in the source code bundle, which have extensively in
line commats to guide you along the way.

Since the time and spa interpolation will be used to interpolate sflux info onto hgrid.ll at
runtime, you need to make sure that the lon/lat grid in sflux_* 1.* covers hgrid.ll, and the union
of time records in sflux*.nc covers the entire simulation period. The time zoné&igfeen by
utc_starf and you may prpend some records if this value is negative (eastern hemisphere) or
append if it is positive. Even ific_start0, the code will need at least one time record beyond
rndayfor interpolation; simply duplicate the redoatrndayif you do not have such info.

Below are someanventions for .ndiles in sflux directory and additional files needed for sflux
run:

wind: u-component is eastwarg;comp. is northward (normal math convention, not compass
convention)

windrot_ge2proj.gr3 rotates winds in case they do not alignhwdbordinate axes, i.e. lat/lon
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watertype.gr3 6 is clear water, 7 is muddiest. Search in schism_init. FOQiftarent water
types. Required only ifhcons=1.

A few details
Below are some details from sflux_9c.F@@ear the beginning of the code.

1 Of all attributes in nc file, only 'base_date' is required;

1 The grids for air, rad and prc can be different (but must be the same within each type and
each source). Additional reqaments for the structured grid in .nc: [lon,lat](nx,ny) give
X,y coord., nx is # of pts in X. Suppose a node in the grid is given by (i,j) (1<=i<=nx),
thenthe quad (i,j), (i+1,)), (i+1,j+1,i,j+1) must be along counterclockwise direction
(ot her wi getean grrorusidghesting that no parents can be found for a grid
ndoe),

1 Search for "relative_weight" (inside netcdf_io) to change relative weights of the 2
sources for air, rad and prc if needed. All weights must > 0!

1 in case of 2 sources/grids for a vaieg use "1" as larger grid (i.e. encompassing hgrid.ll)
and "2" as smaller grid. The code will calculate weights associated with the 2 grids, and if
some nodes in hgrid.ll fall outside grid "2" the interpolation will be done on grid "1" only
(see combinesflux_data, in particular, bad_node_ based on area coordinates outside
[0,1]). Both grids must start from stack 1 and have same # of stacks for each variable.
However, within each nc file # of time steps can vary;

1 air_1 max_window_hours (etc) are genetcdf io to define the maime stamp (offset
from start time in each) within each nc file. Besides those in netcdf_io, max_file_times
(max. # of time records in each fite) in routine get times_eft may need to be
adjusted as well.

4.4 Outputs
Most of the SCHISM outputsan be found in outputs/, while the rest are in the same directory as
hgrid.gr3

4.4.1 Run info output fnirror.out )
This is a mirror image of nowefunct screen output. Below is a sample:

Barotropic model without ST calculation

# of tracers in each module: 1 1 0
0 0 0 0 0 00
Total # of tracers= 2
Index ranges of each module: 1 1 2
2 3 2 3 2 3
2 3 2 3 2 3
2 3 2 3 2
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# of global outputs= 27

done reading param.in; s2_mxnbt in param.in = 3.000000000000000

lhas quad= T

mnei, mnei_p = 4 9

lhas quad= T

Global Grid Size (ne,np,ns,nvrt): 108 130 237 2

rexeekkx Augmented Subdomain Sizegerxrxkirx

rank nea ne neg nea2 neg2 npa nNp hpg npa2 npg2 nsa hs nsgsghsa2
0O 30 14 16 40 10 43 24 19 43 72 37 7235 O

28 14 14 38 10 40 23 17 40 67 36 31 67

23 13 10 30 7 34 22 12 34

23 13 10 30 7 34 22 12 34

0
0
26 13 13 32 6 38 23 15 38 0 63 35 28 63
0
0 5 34 22 56
0

0
0
56 34 22 56 0
0
28 14 14 38 10 40 23 17 40 67 36 31 67 0
26 13 13 32 6 38 23 15 38 0O 63 35 28 63 0

N~ o o~ W N Bk

30 14 16 40 10 43 24 19 43 0O 72 37 35 72 0

**********G Iobal Boundary Sizes**********
nope neta nland nvel

1 13 1 3

reeeekkr Augmented Subdomain Boundary Sizeg*rrxrksrx

rank nope neta nland nvel

0 0 0 1 7
1 0O O 1 7

2 0 0 1 10
3 0 0 1 10
4 1 4 1 7
5 1 7 0 0
6 1 5 1 6
7 1 7 0 0

Max. & min. sidelength= 19934.91537849107 7973.938973963872
done init (1)...

done init. tracers..
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done initializing cold start

Done initializing variables

Done initializing outputs

done computing initial vgrid...

done computing initial nodal vel...

done computing initial density...

time stepping begins... 1 1440
done adjusting wind stress ...

done flow b.c.

done hvis...

done backtracking

done 1st preparation

done 2nd preparation

done stver; etatot= 3.1245774014922456H02 ; average |eta|= 4.55323560471340085
done solving momentum eq...

done solving w

done solving transport equation

done recomputing levels...

done density calculation...

TIME STEP= 1, TIME= 300.000000
é .

T h everage |eta) highlighted above can be used as a quick and easy way to check if the run is

progressing smoothly; it is treverageof the absolute value alurface elevation all nodes. If
it 6s tooNaN yoahageea problem.

4.4.2 Global output

SCHISMnetcdf4output is emitted in a direatp calledoutputg. This directory must exist or you
will get an immediaterash from the model.

An example file name isoutputéschout 0000 _2.ncMore generally, the file name is:
schout_processor_np [time_block/stack #.nc

Processor number

The mpi_processor number starts at 0 and represenddRh@rocessonD from the task that
wrote the output
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Time block

The time blockg ¢ s t stact Kr@m) 1 and are sequential. The model buffers and writes data
occasionally. Everynhfskip time steps it opens a nestack For instance, if the time step is 120
seconds andhfskip = 10080 eachstackwill be 14-daylong.

1 "Neat" time lengths that wilmake meaningful analysis (e.daily, 10 days etg are
usually east later when you pogirocess;

1 Some of the pogtrocessing scripts will run a lot better if the length of your simulation is
an even multiple ofhfskip. This can be done by alteringskip or the simulation length
- at the risk of éngthening the simulation a bilhe latter often produces a neater result.

1 If your simulation length is not an even multiple of the time block length, the last time
block will be truncated on the last bka This will cause some minor errors and warnings
in the postprocessing tools. In addition, if you then restart the run it is best to repeat and
overwrite the truncated blockthe postprocessing tools do not work well with blocks
that grow and shrinknithe middle of the run.

9 If the output blocks match the end of the simulation very neatly, the model (at the time of
writing) will open a new block thats very smallin size This is useful for the
autocombine_MPI_elfe.pas the latter always waits urdilnew block to come out before
starting to combine the previous block (and so it'd hang if theefaptyblock were not
written out).

Variable namse

The variables inside .nc correspond to 3D grid and state variables info at each output time step.
The gate variables (arrays) may have different cenggs; e.g. at node/element/side. At the
moment, most variables are centered around nodes (and meptquestsing FORTRAN scripts

also work on nodeentered variables).

Combine outputs

The perprocessor outputseed to begatherednto combinednc4 outputs first before you can
visualize or posprocess them. The scrithtat des this is calledcombine_output1190 (a simple
perl seipt autocombine_MPI_elfe.@xists to combine all availde outputs transparentlyou
just need to update the pdththe compiledcombine_outputlinside the script, and it can be
launchedbefore or aftera run is dong See the header afombine_output1190 on sample
compilation commands and usaga&nce youare donecombining you should have nc4 files
called something likechout_2.n@tc Note that he stack #remairs but the MPI process number
is gone There is no utility for gathering the outputssiackfime; instead most pogirocessing
tools are abléo work with multiplestacks
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Note that SCHISM allows users to easily add more customized outputs, using the routine
writeout_ng) inside schism_step. The combine scripts will automatically combine the additional
outputs.

Visualization ofoutputs

You canvisualize the combined nc4 outputs using VigWith SCHISM plugins). More info
can be founan Section 5.3

Other globabutputs

Lastly, the user may be interested in some maximum quantities. At the moment, SCHISM
outputs two max files for elevation éndepthaveraged velocity outputémaxelev* and
outputs/maxdahv*). These files can be combined using
Utility/Combining_Scripts/combine_gr3.f30 generatenaxelev.graandmaxdahv.gr3

4.4.3Station outputs

These outputs are invoked without sta=1, and are found in outputs/staout [1..,9],
corresponding respectively to eJair presste, wind u, wind yT, S, u, v, wEach output has a
simple ASCII format:

Ti me(sec), variable @atwtimtion 1,2, ¢é. (specifi

4.4.4Warning and fatal messages

Warning messageo(tputs/nonfatal*) contains norfatal warnings, while fatal message file
(fort.11) contains fatal errord n addi ti on, youdd al ssdodrontybue c k t h e
parallel job.
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Chapter 5 Using SCHISM

5.1 Grid generation

UG modelling starts with grid generation, and the latter is ofteteeative process. Here lies the
greatest strength and challenges of using an UG model like SCHISM. Fortunately the gridgen
tools have come a long way since 2000s and at the moment weuéireely generating large

UGs with millions of nodes and ever higher resolution, all within a few hours (after the Digital
Elevation Model (DEM) has been assembled).

We will only cover SCHISM specific aspects of gridgen using SMS (aguaveo.com) in this
chapter; you are referred to schism.wiki for other info related to DEM preparation etc. Please

al so refer t o Dr . Woodos
(http://ccrm.vims.edu/yinglong/wiki_files/Wood_MScThesis_2@EMSWMS-
Chesapeake&DelawareBa@id.pdf) for some insight info on ursg SMS.

Remember, with some practice and care, you can generatdogieag UG like Fig. 5.1.

Bay-Delta SCHISM:
~180,000 nodes
~360,000 elements

Bay SCHISM

Fig. 5.1: &n Francisco Bay & Delta grid (c/o CARepartment of Water Resource (DWR)).

5.1.1 Beware of CFL number

You may be familiar with the CFL resttion associated with explicit (moeplitting) models
CFL<1, where the CFL numberdegfined as
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6 ob S~ (5.1)

whereh is the local water depth, andis the flow velocity. Note that theurface wave celerity
term isundefined whem<0,andi n t he shall ow area itodosu~hest

and therefored "O0 ;/—Whenh<0.1m.

Being an implicit model usingLM, SCHISM has a somewhat opposite requirement:
CFL>0.4 (5.2)

(you may be able to get away with CFL>0.2 in sapelications like tsunami). Therefore care
must be taken in the grid generation process; otherwise numerical diffusion in ELM would ruin
your results, which may manifest itself in the form of either noise or dissip&ana given

grid, the errors changewith Dt in a nonlinear manner, as shown in Fig. 5.2.

Error

Truncation error dominant

fOporating range

—

Diffusion
error
Dominant
(CFL<0.4)

At At2
At

Fig. 5.2: Operational range for time sfep a given grid size

The gridgen process for SCHISM therefore starts with a rangmefstep for your applation,
We found the following rangesvork for field applications 100-400s $ep for barotropic
applications, and 16R00s for baroclinic application&€q. (5.2) is then used to calculate the
coarsest grid sizat each deptlfin anticipation of the smallest possidi#=100s) Table 5.1
shows some exgptes.You can see that the inverse CFL restriction is not restrictive.
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Three immediateonsequences of Eq. (5.2) are that (1) you do not need to rfedifigeu refine

grid (yay!); (2) if you have to coarsen grid, you will have to recheck ;($3)if you have to
reduce the time step for some reason, you may havrefine grid The first consequence
embodies the greatest strength (efficiency) of SCHISM as an implicit mbgel are doing a
convergence study, you need to keep the CFL number fixdd weaiucing the time step (which
means you have to reduce the grid spacing), as is done with explicit models. Theogéfore b
explicit and implicitmodels converge (and are consistastipx, DtA 0 andDx/Dt=constant.

Table 5.1: Coarsest grid resolutionsata mpl e dept hs, assuming a
Dt=100s.
h(m) DXmax (M)
1 790
10 2500
50 5.5e3
100 7.9e3
500 1.7e4
1000 2.5e4
4000 5e4

5.1.2 Check CFL number in xmgredit5
With xmgredit5, you can very easilysualize CFL for the entire grid.

1 xmagredit5 -belel -1.e10 hgrid.gr3 (note:-belel -1.e10' is used mainly to increase
precision for lat/lon grid. Notef your hgrid.gr3 is in lat/lon, you need to first project
it, as the grid size dx in lat/lon is not in meterk

9 Since the CFL inside ACEs calculated withouti, and a different form is used for CFL

in the shallowh<0.1m,we should impose a min depth of G {where “(Xx1m/s)). You
can do this by:

o EditA Edit over grid/regiond Evaluate, and then in the dialogue box, type
depth=max(depth,0.1(Note that the Evaluate function is also very useful for
generation of other .gr3 files needed by SCHISM)
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1 Speciah Dimensionless numbers, and then in the right bithe dialogue box, type in
100s Dt), Warning value(say 0.8, Unacceptable value (say4).and depress 'Display
filled' button. The color will appear in the main window, with red indicating good CFL,
and green for bad CFlLand orange somewhere in betwe&ou may also 'Display
Courant number' but this may take a while to refresh, and so gguvant to zoom into
a small region first.

T Smal | patches of O6greendé are OK with SCHI
However, avoid large patches of green in deeper area.

1 Revise your grid accordingly necessary.

In tsunami simulation€}t has to be sma(~1s)due to small wavelength, and you can bypass the
CFL condition by turning off advection in deeper depths as the advection is negligible there. You
also need to make sure that each wavelength is resolved by at least 20 grid points.

5.1.3 Grid quality

S CHI1 S &dpesorstability means the model is very forgiving in grid quality; skewnass
triangles(defined as the ratio between the max. side and the equivalent) ratiusan be used

without problem (the skewness can be easily checkidd xangredit5: Evalua#® Acceptable

skewness). However, for baroclinic applications, mesh quality may be important especially in
critical regions Also note that quality quads are required; split quads other@me can check

guad quality in xmgredit§ EditA Edit over grid/regioA Quality check for quadrangles, and
input 0.5 (which is the ratio between the mir
All violating elements will be highlighted.

5.1.4General rules

Unlikeex pl i ci t mo dgridgenf oy o B&IHII S™Mi n&d mor elmplicitnt ui t i
model allows you to focuen physics instead of numericéou are freer to resolve important
features(e.g. jetties)without worrying about cost/instabilitySCHISM is not picky about grid

guality (except for gads).While the physics generally suggests that coarser resolution be used

in deeper depths, this is not always the best practice. E.g., you may want to resolve the channel
to more accurately represent the salt intrusion process.

Gridgen pocessfor baroclinic appcations requires more effort and often an iterative

process and so itdés important to estlratheleddgitg a g o«
regime, quasuniform grid or gradual transition in resolutioshould be used as miu as

possible.

While there are many methods for creating conceptual maps in SMS, we typically create
representative isobath®.g., isobath at the highest gradient that represents dliogieand
specify resolution along each arc based on Table 5.1.
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We will cover some important aspects of gridgen for SCHISM below.

5.1.5 Channels

Channels serves as the main conduit for fresh and ocean fleaterand thus are important

features for gravitational circulation. When gridding channels,y t o  unse#od éop at ¢ h 6
generate quads as much as possible for better efficiency but do not round @&gieks). Use

arcs to follow the thalwegand the steep slopes (highest gradient zone for isobaths). Avoid
artificial blocking of channels (Figh.3), whichmay leal to noisy flow field but try to represent

the channel cross section fasthfully as possibleWith LSC?, there isno need for bathymetry

smoothing or other manipulation (and implicitness allows high resolution on steep slope and
skew elements).

o E—— W‘

P

Always wet \ //
[ J

Clogged Clogged or narrow
Mildly inaccurate: wrong contour? Robust!!

Fig. 5.3: Side view of channel representation. Remember SCHISM does not allow partial
wet/dry.
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-1.0

— -4.0
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— -8.0

-10.0

Channel

Fig. A5: SMS map in a stretch of San Francisco Bay.

5.1.6 Grid near wetting and drying

You may wantto havean arcfollow the initial shoreline. Reasonable grid transition should be
done fran shoreline to dryland. Use cparable or finer grid resolution in the dryland that is
expected to be wetted, and then transition to coarser resolution beyond (to account for rare
inundation).

Simulating wetting and drying well i SCHISM requires some effor critical parameter in
shallow area is the bottom friction. Note that the bottom friction parameterizations are very
different between 2D and 3frisms

From a physical pat of view, the 2D and 3D models behave very differently. Consider a
straight channel with variable depths, with flow coming from deeper partgandy into
shallower part. Fig. 5.dhows the side views of 2D and 3D velocities.
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(a) 2D model velocity
e e — ,_,_,_,!_’
> —
————__’
_—.——-+ —_—
: —
—
—>

(b) 3D model velocity

Fig. 5.4:Side view of clnnel flow for (a) 2D and (b) 3D cases. Volume conservation dictates
larger velocities in shallow areas. Note that strong shear is possible in 3D model.

In 2D model, the velocity is deptiveraged and vertical shear is not represented. Strong friction
metely translates into reduced velocity. In 3D model however, a large friction will lead to strong
shear, although the depth integrated velocity value matches that from the 2D model. This
problem is exacerbated llye exaggeration dZq in the shallow if the roughness formula is used

(since the bottom cell thickness is very small)classical pathological velocity field obtaid
with SCHISM is seen in Fig. 5.5
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Fig.5.5:Noisy velocity field in shallow areas in SCHISM 3D

There are dew approaches to resolve this issue. First, make sure the channel is not blocked.
Second, try to use 2D prisms in shallows. Third, use a negative roughness (which tells the code
that the value there {54 not roughness), e.g0.001, to avoid large frigin there.Lastly, using a
largerthetaiwould also stabilize the wetting and drying fronts.

5.1.7 Post SMS checks
Dredging open boundary

A very common rash is related to the wet/dry near thygen boundary. SCHISM does NOT

allow the open boundary segments to become dry at ANY time. Therefore you need to make sure
the depths there are deep enough compared to expected tidal range. An easy way is to impose a
minimum depth near those segmefwhich can be done using xmgrediibthe accuracy near

the boundary is not of importance

Since the wet/dry rule inside SCHISM is elembased, a node becomes dryaify of its
surrounding elements becosdry. As a result, you need to impose a minimumtlleouple

of rows of elements into the domain, not just at open boundary nodes. This ensures that water
can come into the domain without being blocked at the open boundary. On the other hand,
wet/dry is allowed to occur at land/island boundaries.

If you care aboutvetting and drying near the open boundary location, we suggest you consider
relocatingthe open boundary elsewheAdso for upstream rivers where depths become negative
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and you do not want to dredge depths there, you can use the bed defoopaton{mm=1):
start with a dredged boundary, and then gradually move the bed back to its original location.
Another option is to use point sourcésgource1).

DWR tools

In thegit directory ofBayDeltaSCHISMyou will find a number of useful python tools for DEM
preparation and for aiding the gridgen.

5.1.8 Barotropic simulation

Grid quality requirement is relatively lax for barotropic simulations. Besides the considerations
above, you mainly need to use apprate resolution based on physics (e.g., generally coarser
resolution in deeper depths and finer resolution for shallow depths). Remember: you are on
implicit UG territory, and so you are free to resolve features as you wish!

5.1.9 Baroclinic simulation

The transport process is influenced by your choice of grid, antiesgridgen for baroclinic
simulations needs some attention. The grid quality may need to be better irciéticae areas
(otherwise you magee noise). Quasiniform grid needs to be usadthe eddying regimenot
for stability but to avoid distortion of eddies (Zhang et al. 20A&piding excessive resolution
in high-flow area would speed up the transport TVD soltstablish a good work flow and be
willing to revise the grid.

5.1.10 Periodic boundary condition

Implementing this type of B.C. in SCHISM introduces some challenges in the barotropic solver
because i1itd6d destroy the symmetry of t he ma
sufficiently bad. A hgridroktcaar sphera th avoid thetcorrespahding p e 6
open boundary segments altogether. A simple script to guide this process can be found in
Utility/Pre-Processingperiodic_grid.f90

5.2 Pre-processing

All .gr3 and .prop inputs can be visualized/generatadg xmgredit5. For other inputsy can

find some useful prproc tools in the src/Utility directoryn general, all FORTRAN scripts

have a header that explains its purpose, how to use it (inputs/outputs) and sample compilation
command.

1 2dm2gr3_m2m.pand grd2sms.pl
These 2 perl scripts are used to convert between .2dm (SMS) and .gr3.

9 interpolate unstructured.f90
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This efficient script can be used to interpolate depths from .gr3 onto another .gr3 quickly. It uses
a bucket search algorithm along eitikar y direction.

f LSC?scripts: gen vgs.f90 and plot VOQS.m

The FORTRAN script can be used as a start for creating & g@&Cand you need to use the

mafab script to plot out transects to see if the vertical grid makes sense. You may lump multiple
transects into 1 transect.bp. If you want to use thisaypgrid, make sure you go througre
FORTRANCcarefully and understand the details.

9 Nudaging scriptsgen nudge.f9@en nudgl.f90,gen nudge from hycom.fo0

The F'two scrips generata simpleelliptic nudging zoner a zone with fixed distance from
boundaryas * nudge.gr3. The"®script generates * _nu.rimm HYCOM (you may modify this
for other gridded data sources from other structgrétl models)

1 Gen_Hotstafthange_hotstart®®0
This sinple script shows you thaternal structure of hotstart.nc and how to manipulate it

M Gen Hotstartgen hot 3Dth from hycom @

This script shows you an exale of how to create hotstart.nc and *.thfrmn gridded outputs.
It essentially consists of 3Dterpolations.

1 Sflux nc/

The mlab scripts inside this dir show you the structure of sflux*.nc as well as how to generate
your own files.

5.3Visualization

The easiest way to visualiZCHISMnc4outputs is viaVisIT
(https://wci.linl.gov/simulation/computarodes/visit/downloadsCalifornia Dept. of Water
Resourcegroup has developed8IT plugins for SCHISM and more infwvill appear on thei
web site soon

5.4Postprocessing
You can find some useful pegtoaessingtools in the src/Utility directory.

I Combining Scripts/

combine_outputli90 is used to combine procespecific netcdf to global netcdf.
combine_hotstart™0is used combine procespecific hotstart output®(tputs/hotstari0*.nc
into hotstart.nccombine_gr3.f9@ used to combine procespecificmaxelev_*andmaxdahv_*
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(ASCII) into maxelev.gr3 or maxdahv.gr@utocombine_MPI_elfe.ps a simple perl wrapper
script that automatically combines all available outputs during or after the run.

1 OneWayNestScriptsiterpolate variables7.f90

The purposeofthisscriptis to generate elev2ib.nc, SAL_3Dth.nc TEM_3D.thnc and/or
uv3D.thncfrom a largedomain run to be used in a smdtimain run.This is especially useful
asuv3D.thncis usually hard to generate from mod@sy., HYCOM usually only has nerdal
velocity).

To prepare for the nesting, first do a 2D barotropic run for getaor same grid, with only
elevation b.c. Note that 2D model is inherently more stable than 3D model, and to further
enhance stability, make sure you useéveE=l (shapireihorcor=0), thetakFl, and also use a

| ar ge Mma(e.q,i0.62§ or farger) near the boundary. Once this is done,

(1) useinterpolate_variablesT90to generaté[23]D.th.ncfor the smaldomain run;
(2) use the new[23]D.th.ncas inputdor the smalHdomain run.

Note thatinterpolate_variables.im the diectory are sample inputs fahe script A common

mi stake is that the parent el ements-dofmas ade ¢
hgrid) become dry and the script then fails to find a wet element to interpolate from. So make
sureall open boundary nodes in fg.gr3 are located in wet region of hghgs3is especially

important for those nodes near the codstu can use xmgredit5 to ascertain this. If necessary,

modify fg.gr3 by moving some nodes to deeper depths.

M Time series exaction with pad output¥90

This group of scripts read multipfe4 outputs and extractrtie series of a point, a slab, a
transect etc. They share similar code structure and can be used to undersiaAdutit

format as well as how to do your owropessing. You may start frormad_output*xyz.foQ

After you are familiar with these scripts, you can easily customize them for your own purpose.

5.5Simple test cases

For beginners, itodos i mpandprogresstowam madenalextsetf r om s
upsAs soon as Yyou gener-processoafregl) to check anpguiddidg r un t |
error.Therefore we will explain a few simple test cases below; thegean be found the svn

directory of schism_verificadn_tests: Test_QuerAnnulus/, Test_Flat_AdjustiNote that these

tests are used to test timaster branchnd so you might need to change param.in someiimes

please consult src/beta_notes or the sample param.in.sample for possible changes.
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5.5.1 Quarter Annulus

This is asimple 2D barotropic test for tidal propagatiora quarter anulus domain shown in

Fig. 5.6.The outer boundary is open and the other 3 sides are land. A simple M2 tide is imposed
on the open boundary; both elevation and velocity tidal B.C. are specified according to analytical
solution. The velocity B.C. is important especially foive=0. A sample visual of outputs is

shown in Fig. 5.7.

Depth (m)

—10.02
M2 tide —111.04
{1206
—113.08
—114.10
11512
16.14
17.16
1818
1920
2022

& 2124
solid wa N 2226

solid wall

2328
1 @ 2430

solid wall

Fig. 5.6: Quarter annulus domain.
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|ﬂme = 05:00:00:00 (DD:HH:MM:SS)|

Elevation (m)

—-0.44
-0.38
-0.32
-0.26

~—0.5
E /\/\/‘\/\/\N\f\/\j\
"

0.5

432000

Time (sec)

Fig. 5.7:Visualization of elevation and dep#veraged velocity, andne series of elevatiomear
the interior boundaryusing xmvis6

5.5.2 Lock exchange

This isthesimplest beoclinic test.Two fluids of different density (via salinity) are plaoen

each half of a rectangular box initially (Fig. 5.8), resulting in a density front propagating in both
directions (Fig. 5.9). This test has been frequently used toussdrical dissipation of a model

(cf. Zhang et al. 2016).he results shown in Fig. 5.9 are obtained witlve=1, and you can
explore further with ibhdves0, possiblg with agmalle gi me 6
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Fig. 5.8:(a) Top and (b) side view of domain.

100



S (PSU)
0.00
0.43
0.86
1.29
1.72
= 2.15
2.58
3.01

3.44

ime = 00:12:00:00 (DD:HH:MM:SS)

Fig. 5.9: xmvis6 transect view of the density front propagation at the end of simulation.

5.6 Trouble shootingand FAQ

Besides the following info, you may also seaarbhived messages from the SCHISM mailing
list on the same web where you registered yourself for the mailing list. Just log in, and select
‘Archive’ from the left of the screen, and then on right side of screen select 'Advanced search'.

1. My results show platform/compiler/CPU dependency

Due to some intdate differences between different compilers/platforms some minor differences
in results are expected. Biy-bit match of results using different numbers of CPUs is impossible
also. But the differences should be small and shouldiggbver time iteraon.

2. Run crashed with a fort.11 error message "QUICKSEARCH: no intersecting edge...."

First you need twiz the results before the crash (e.g. surface velocity) to see if anything is
outrageously wrong. If the results look reasonable, contact the degefoperore info.

3. Run crashed with a fort.11 error message "bktrk subs: overflow..." or "MAIN: nbtrk >
mxnbt"

The backtracking (ELM) in SCHISM is parallelized across MPI processes, and some arrays need
to be allocated to store trajectories that exited tiggmeented domain. The dimension of those
arrays is defined imxnbtandmnbt which are proportional to local # of side and # of levels, and
the proportionality constants are defined in param.in:

sl _mxnbt= 0.5
s2_mxnbt= 3.5
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(Gradually) increasing thegeo say 1, and 4) will solve the problem. Note that these constants
only affect memoy consumption and not accuracy.

4. How to do a tidal simulation with SCHISM?

The simplest way is to use SCHISM 2D. If you have to use SCHISM 3D, make swextibal
grid is reasonable

5. My run crashed; how can | find out why?

The best way to find out the reason for a crash is to visualize the surface weitiTiisIT.
Usually you maysee some large/noisy velocity somewhere, which may give you some hints on
grid orforcingissuesetc.

Sometimes you want to visualize the problem right before the crash. You cannot use
autocombine_MPI_elfe.pas the last stack of output is incomplete. But you can use the
FORTRAN combe script (e.g., combine_outplitb directly combine an imenplete stack. Just
follow the instruction in the header thfis scriptto prepare the inputs and run. Then visualiee t
combined outputs

6. How to impose river discharge if the depth is negative there?

See Chapter 5.1.7.
7. Run crashes with a diyoundary/depth error.

SCHISM does not allow any opdroundary nodes to become dry at any tinee; Ghapter 5.1.7
8. I have large velocity at open boundary

In hydrostatic modelsthe incoming velocity should be specified at open boundary. -Over
specification 1. e. el evation+velocity B.C. t h
must bdargelyconsistent with each other.

In reality it's often difficult to find velocity BC., and so a useful way is to use emay nesting
approactdescribed irSection 5.4

9. fort.11i n d i cCautdeat find suitable element in ingut

This is likely becausgour sflux*.nc is not prepared properly: either the grid.irc does not
coverhgrid.ll, or the structured grid imcis not ordered counterlockwise.

5.7 Clinical case studies

In this sectiorwe will discusssomecommon nistakesmade by users.

5.7.1 Cross-scale applications that include eddying regime
To get a good SCHISMaroclinicsetup for this type of applications, one needs to pay attention
to

1) Horizontal grid
2) Vertical grid: use LS€ and at least resolve the surface layer
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3) Parameterization: especially important are parameters that control monuiasipation
(indvel, ihorcon, ishapiro, Yt
The case studgn South China Sea (SCS) sholalow illustrates some common mistakesde
by users. A patrticularly severe challenge is a transitional regime (between eddying and non
eddying regimes) with steepogles that tend to excite parasitic noises, and a common symptom
for this manifests itself as spurious upwelling of cold water (Fig. 5.11).

For gridgen, start with modest and quasiform resolution for eddying regime. High resolution

(<=2km) in deep wate(h>=1km) should be avoided (if this is absolutely required, one needs to
reduce time step below 100 sec). At steep sl c
needs to be added to delineate the boundary between the 2 regimes (e.g. at shdfigoreak;

5.12). Note that skew elements are fine in the shallowealnlying regimes (e.g. coast). One

may be tempted to omit this arc for small islands, but the grid generated this way wonid be t

fine in deep water (Fig. 5.10which leads to spurious noifeig. 5.11). Same procedure applies

to narrow shelves e.g. west of Luzon (Fig. 5.12). With the corrected grid, the noise is greatly
reduced: the remaining noise in southern Philippines can be rectified by adding outer arcs there
(Fig. 5.13).

Bathymetry (m)

— 2000.0°

Smallislands in Spratly have steep
slopes. Using a single outer arc as
shown above does not work
because resolution at many places
with h>1km becomes too fine

Sharp shelf break
not delineated.
Because the coastal
resolution is fine
(1km), this leads to
excessive resolution
in deep water
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SD reﬁs

Fig.5.10@06Wr ongé map for SCS, showing multiple i
prevalent in this region, near small islands and continental shelf b(&kgid near Spratly,
showing excessively high resolutiondeep water (0.01 degree ).

25 1

20

15

10

105.0 107.5 110.0 112.5 115.0 117.5 120.0 1225

Fig. 5.11: Surface temperature (SST) resulted from the grid generated from Fig. 5.10, showing
the excessive spurious upwelling of cold water.
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An additional arc is
added to delineate the
shelf break to ensure
the resolution in deep
water is not too fine

Outer arcs are still
missing for the deep
depths in the area below

Outer arcs are added
for each island, to
ensure the resolution
in deep water is not too
fine

Fig. 5.12: A corrected SMS map file. Outer arcs are added near shelf break of west coast of
Luzon and Spratly Islands, but are missing in the southern Philippines.

DB: schout_30.nc
Time:30

Pseudocolor
Var. temp_surface

—25.54

20.36

15.18

10.00
Max: 30,73
Min: 0.3261

Y-Axis

X-Axis
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Fig. 5. 13:

SST

cal

cul

ated

is due to the missing outer arcs in that area (cf. Fig. 5.12).

from

t he

cledrmaeae ct e d

Parameters di=100s(slightly larger valuedike 120 s should also woykindvel=0, ihorcors2,
Ishapire - 1. shapiro.gr3 is then generated usgen_slope_filter2.f9y using larger filter
strengths near steep slopes (and small else@kh&ig. 5.14a shows the resultant input. In
general, the momentum needs to be stabilized with larger viscosity near steep slopes, as bi
harmonic viscosity alone is not sufficient there. The I.C. and B.C. can be derived from HYCOM
and FES 2014 (i.e. usg p e
relaxed to HYCOM values near open boundaries (Fig. 5.14b). Requirqutquessing scripts

can be found in Utility/.
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Fig. 5.14: (a) Filter strength input (shapiro.gr3). Larger \alaee used near steep slopes. (b)

Nudging  strength

input

(TEM_nudge.gr3,

gen_slope_filter2.f90with maximum time scale of 1 day
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Chapter 6 SCHISM code

The information presented in this chapter is mostly intended for developers or anyone who wishes to
work on the code.

6.1 General info

SCHISM was written in MPI FORTRAN 9QAfter svn revision 5225, we have migrated to
github: https://github.com/schisrdev. Fig. 6.1 shows the directory structure of the SCHISM
githubrepositoryschism General public have accessatbbranches

Fig. 6.2 shows its main work flow and major code blockéwo files inside src/
(Hydro/schism_init.F90 and Hydro/schism_step.F90) represent bulk of the hydro code, and are
driven by a maer program Driver/schism_driver.F90 The global variables are defined in
Core/schism_glbl.F9Gand the message passing routines are defin@drig¥yschismmsgpFoQ

Github schism repo

Other

branches master tags
cmake mk test SIC doc
Core,Driver,H : Qillspill- ParMetis-3.1- Sed2d Sediment
ydro EcoSim GOTM3.2.5 ICM Jung Sep2010
WWMII Utility

Fig. 6.1: SCHISMgithubrepository.

Thedomain decomposition is domeing ParMETISgraph partitioning library (included in the
src/). Fig. 6.3 shows an example of gsidmains generated by this lib.

The Utility dir hasa lot of useful utility script$or pre- and posfprocessingThe header of each
program generally has info on its pusgoand instructions on how to use it.

1 ACE: source code and install notes for ACE totils; manual can be found on the web
site

1 Combining_Scripts: FORTRAN and perl scripts used to gather outputs from SCHISM
(e.g.,outputs/schout_0* [stack number].eic)into one binary filg§schout [stack
nnumber].nk
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1 Grid_Scripts: FORTRAN codes to interpolate depths from DEM files in either structured
grid (raster) or unstructured grid format. While ACE/xmgredit5 can do similar things,
these scripts are mostly for intetating from very large DEM files.

1 Gen_Hotstart: @ipts for preparing hotstart.fiom e.g., netcdf outputs from a

structuredgrid model

PreProcessingvarious scripts for prprocessing (checking, viz etc)

OneWayNestScripts: scripts forlay nesting, ¥ preparing:[23]D.th.nc (elevation,

horizontal velocity, salinity and temperature boundary condition) that can be used for the

'smalldomain’ run.

Particle_Tracking: particle tracking code that uses SCHISM's outputs for 3D tracking

PostProcessing-ortran FORTRAN codes for extracting time series at selected 3D

points (including transects). You can modify these codes for your own purposes.

1 Sflux_nc: matlab scripts useful for preparing your own .nc files for sflux/. NARR__util/

has scripts to prepare .nael from NCEP's NARR products.

SMS: scripts to convert between .2dm of SMS and .gr3

Vis_Matlab: matlab scripts for viAt the moment, these scripts have not been updated to

handle LSE grid.

= =4 = =4

E

schism init.Foo —— | Initialization [ end |<—schism_finalize.F90

or hot start
backtracking

yes

schism_step.F90

Update levels
&-eqstate
60-80%
Preparation
ave cont.

10% Momentum eq.

Fig. 6.2 SCHISM code work flow. The percentages are estinfates a test caseith an earlier
version and may not be up to date
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Fig. 6.3: Domain decomposition. Each color represents@subma i n ( 6r esi dent do
by a MPI process and the thick black polygon
domain of process 6.

6.2Info on git
Please refer to CONTBUTING.md on SCHISM github site.

6.3 For developers working on the code

6.3.1 Rules for contributing your code to be included in the = SCHISMpackage

Here are sombBouserules for preparing youswn code:

1) No s paces (preprovessernandifelse/end for CPP flag;

2) Try to use the I/0O channel number directly, e.g., read(61, etc instead of assigning a number to
a variable (e.g. read(ich,). This'd facilitatthers searching for conflicts;

3) Avoid using tabs in editor as they mess up with the appearance. Use space instead and
strictly align code blocks for easy read.

4 Do not use automatic arrays of O2 di mensions
directly from the module schism_glbl anceubem to define arrays in a routine; e.g.
vel_sd(nvrt,nsa). This causes trouble with some compilers and may result in segfault. Use
either of the following 2 approaches instead: (1) allocatable arrays (and always remember to
deallocate them at the endtbé routine); (2) pass on the dimensions explicitly as dummy
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