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2 EQUATIONS

1 Introduction

In Part | Rged 2012) we derived the governing equations for three simpéan models.
All of them belong to a class of models referred to as shallatewequations. We also
derived a set of finite difference equations (FDEs) for ong¢heim, namely the one-layer
model. Both linear and non-linear versions of the goverreggations and the associated
FDEs were derived in Part I.

Here we specify some benchmark cases for the one-layer randgresents their solutions.
The solutions are derived numerically based on a code wiitteng the FORTRAN language.
Whenever possible also analytic solutions are derived s@enchmark cases may be used
to verify solutions based on codes written in other prograngtiages and/or run on other
computer hardware, e.g., Graphical Processor Units (GPUS)

We present a total of nine benchmark cases. They differ dlsio their wind forcing, of
which we specify three. All cases are solved within a reatéargdomain. All cases feature
a straight coast to the east, and a parallel open offshonedaoy (Figure 4). The north and
south boundaries may either be closed or open. In the latter the open boundary condition
used is the Flow Relaxation Scheme (FR&artinsen and Engedah1987).

In the first set of wind forced cases the wind forcing cong$is uniform alongshore wind
stress decaying exponentially offshore. In the secondtt@seind forcing consists of a bell-
shaped alongshore wind stress again decaying expongmtfshore. In the third and last set
of cases the wind forcing simulates a moving cyclone profagaiagonally across the basin.
For each case we present three solutions. The first featdlegsb@ttom and a closed domain.
The second has a flat bottom as well, but the boundaries toottile and south as well as the
offshore boundary are open. The third features open boigsdand a shelf running parallel
to the coast. The benchmark cases closely follows similachmark cases presented by
Rged and Coopd1987), constructed to test various open boundary comditior barotropic
shallow water equations.

We start the presentation by recalling the continuous gongrequations as well as the
associated FDEs for the linear and non-linear versionseobtte-layer model (Section 2). In
Section 3 we give details regarding the implementation efitbundary conditions. Next we
present the benchmark cases (Section 4), while SectiorsBmisetheir solutions. We end with
a brief summary and some final remarks in Section 7.

2 Equations

2.1 Governing equations

We recall that the formulation of the continuous, goverrengations for thénear version of
the one-layer ocean model Rged 2012)

3T

oU—-fV = —gHdn+ oo (2)

-1
AVHIU = —gHAN + =, @)
o




2.2 FDEs 2 EQUATIONS
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Figure 1: Sketch of a one layer, barotropic model convehjiamowing some of the notation.
Note thath = h(x,y,t) = n(X,y,t) + H(X,y).

an =—oU — a4V, 3)
while the formulation for theon-linearversion is
U2 uv X — 1%
AUV = =0 p) =) —9H+Maa + =2 = +ATRU, - (4)
uv V2 1)
QU+ U = =) = () —9H+mgyn + =2+ ARV, (5)

HereU,V are the two horizontal components of the volume transpoatong thex- andy-
axes, respectivelyf, is the Coriolis parameteg is the gravitational acceleratioH, = H(x,y)
is the equilibrium depthy is the sea surface elevatio)” are the two horizontal components
of the wind tra(:tion,ré)"y are the two horizontal components of the bottom stress qbott
friction), and pg is the density of the sea water (Figure 1). Final = d2 + 97 is the
horizontal Laplace operator adan eddy viscosity parameter tuned so as to avoid non-linear
numerical instabilities. Finally we note that the thickeed the one-layer water column is
h=H+n.

In all cases the computational domain is rectangular adayisgd in Figure 4. We apply
a linear bottom stress formulation in which the bottom stisgroportional to the the depth
mean current/H, that is,

U Vv
Ty = poRﬁ, and 1) = poRﬁ. 7)
The wind stress and the equilibrium depth are specified fon é@nchmark separately (Sec-

tion 4).

2.2 FDEs

We solve the above equations using numerical methods fee tienchmark cases as described
in Section 4. We lef\x, Ay denote the spatial increments as shown in Figure 2, whilesive |



2 EQUATIONS 2.2 FDEs

At denote the time increment. Then the associated FDESs foirtharlversion are

1 — At
n+1 n n X n+1
1 —ne1 At
v+l VR — AU T+ —PY Aty 9
jk &, [ ik kT ay ik AT 9)
At At
1 1 1 1 1
Mt = e g (VR -Ur) - 5 (VR VRS (10)
(11)
where
RAt RAt
_ y _
jk jk
. 1 y 1
k = sHiratHi), Hje=5(Hjca+Hiw), (13)
—n 1
Uj = Z(Ujrf(+an_1k+an—1k+1+Ujr|]<+1), (14)
n 1
Vik = Z(erll‘i'vjrli—lk'i'vjllk—l +Vik-1), (15)
= o (k). Ph=o (nhia— k). (16)
1 1
X = 500t (WR+R0hcr). Y=o (RIk+ R w). @D
The associated FDEs for the non-linear version are
1 = K PR+P&
n+1 n—1 n J J J n+1 X
I y Y | BY
1 —n o Nie  Pic+Py
n+1 n—1 n j j j n+1 y
2/t 2/t
n+1 n—1 n n n n
Nik Mk ™~ 2 (Ujk _Uj—lk) Ty (ij —ij_1> : (20)
where
2RAt  2AAL(AX? + Ly?) 2RAt  2AAL(AX? + Ly?)
CX = 1+ , C =1+ . (21
Ik HX AX2Ny? ik HY NN
(22)



2.2 FDEs

2 EQUATIONS
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Figure 2: Displayed are the spatial grid and grid cells we tossolve (8) - (10) and (18) -
(20). The spatial increments afe, Ay, respectively in the, y directions. The total
number of grid cells ar@J x KK. Dummy indicesj, k are used to count the number
of cells along thex- andy-axes, respectively, that i$,= 1(1)JJ andk = 1(1)KK.
Circles, (O), correspond - andH-points, horizontal dashes;}, toU-points, and
vertical lines, (), toV-points. The point marked with-ais the position of the point
Xj, Yk in grid cell j,k. The coordinates of thg-points in the grid cellj,k are thus

Xj — 30X, Yk — 30y.
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3 BOUNDARY CONDITIONS

We observe by comparing (8) - (10) and (18) - (20) that the lear version features
the six additional terma\%, N, P, P, E} andE},. While the first four are due to the
non-linearity, the two last ones are added to avoid noralinreumerical instabilities to appear.
Moreover we notice that while the linear FDE set (8) - (10) fom@vard-backward scheme,
the non-linear FDE set (18) - (20) is a centered in time, gedtén space scheme (leapfrog
scheme). This difference is manifested in the use/ifid (18) - (20), while (8) - (10) uses
At.

As alluded to irRged(2012) the indexes, k refers to the cell numbers as shown in Figures
2 and 3. Note that the grid is staggered so thattfgepoint is staggered one half grid length
in the positivex-direction and thé&/jc-point is staggered on half grid length in the posityve
direction compared to thej-point in cell number, k. Also note that the;, yx coordinates in
cell numberj,k is staggered one half grid length in both the positivdirection and positive
y-direction. We let the coast run through tb{ﬁ-points ( = 1(1)3J, k = 1), the offshore
boundary through th‘éjr,‘(Kil-points ( =1(1)3J, k= KK —1), the southern boundary through
the Uj,-points ( = 1, k = 1(1)KK) and the northern boundary through té, , -points
(j =33—-1,k=1(1)KK) as depicted in Figure 3. Since (1) - (3) and (4) - (6), styispeaking,
are valid only inside of the physical boundaries, that iSwat” points only, we emphasize
that (8) and (18) are valid fagr=2(1)JJ—2,k=2(1)KK -1, (9) and (19) foj =2(1)JJ—1,
k=2(1)KK — 2, while (10) and (20) are valid for=2(1)JJ— 1,k =2(1)KK — 1.

As noted byRged(2012) the schemes (8) - (10) and (18) - (20) are numerictdlyls as
long as the Courant-Friedrich-Levy (CFL) condition is st#id. Thus we require that the grid
speedAs/At is larger than the propagation speed of gravity waveg@Hmay, whereHmayis
the maximum equilibrium depth adik= /Ax2 + Ay2. This gives an upper limit for the time
incrementAt onceAx andAy is chosen. The time increment shown in Table 2 is well within
this limit.

3 Boundary conditions

3.1 Physical conditions

We note that for the linear version we may only specify twormtary conditions in the each

of the two horizontal directiong,y. In the non-linear version the order of the differential
equations is raised due to the presence of the eddy visdesmg. Hence we are allowed to
specify four conditions in each of the two horizontal direns for the non-linear case.

3.1.1 Closed boundaries

In this case the natural boundary conditions follows from tlondition of no throughflow.
Thus

Uu=>0 ; x=0,Lyx, WYy, (28)
V=0 ; y=0,Ly, VX (29)

1The notationj = 1(1)JJis used to imply thaj runs from 1 taJJ with an increment of 1.



3.1 Physical conditions 3 BOUNDARY CONDITIONS

This is all that is allowed regarding the linear version. Vidéerthat the staggering enables us
to avoid over-specifying the number of boundary conditiMesinger and Arakawdl976).

When the non-linear terms are added the eddy viscosity tarm#ncluded. Since these
terms acts as friction terms the natural conditions to aq@&pand (29) are no-slip conditions
at the solid, closed boundaries. Thus in addition to (28)(28% we require

V=0 7 X=0,Lx, Wy, (30)
Uu=20 ; y=0Ly, Vx (31)

3.1.2 Open boundaries

We recall that it is only the offshore, the northern and thetlsern boundaries that are open
(Figure 4). The coast is still an impermeably wall. Thusyfet O the condition (29) prevails.
At the offshore boundary = Ly we simply require

n=0 ; y=Ly, vn (32)

At the southern and northern boundaries we make use of thalkml ¢-low Relaxation
Scheme as our boundary condition as explaineRaed(2012). Hence we relax the solution
towards a specified external solution through a buffer zdogecto the boundaries. At the
southern boundary we then get

Yyt = [1—yX)]Pr(x,y,t) + y(X)@s(y,t) ; x=[0,L¢], Wyt, (33)

while at the northern boundary we get

Yyt = [1—yX)Ig (¥, 1) + YO UR(t) 3 x=[Lx—LF, Ly, Yyt (34)

Herey represents any of the dependent varialgles orV, ¢* is the solution to the original
governing equationd,r is the width of the buffer zone, or the FRS zomg,N is the specified
solution at the southerrs( and northernl) boundary, respectively, angx) is a relaxation
parameter varying smoothly from 1 at the boundaries to @eef the FRS zone.

We observe that since the boundaries are open the goverguagiens are still valid for
x = 0, respectivelx = Ly. Thus the external solutionss, VS andngy may be computed
from the one-dimensional version of the governing equatibtence we get

U§N
Ve
e e e SN
(3trl§N = —ayvsew (37)
where
_ ~—1-X _ A1y
X=py 15, Y=p, T2 (38)



3 BOUNDARY CONDITIONS

3.2 Numerical implementation

| | | | | |
KK
O O —|O — O —|O0 —]0 —
| |
KK — 1
O o —
| |
1 KK — 2
O o —
1 2 3 U-2 0 W-1 W

Figure 3: Displayed are the configuration of the physicalfaauies in the southwest corner
(a) and the northwest corner (b) of the computationals dorfeigure 4) relative
to the grid structure shown in Figure 2. The boundaries amevdras heavy, solid
blue lines. Note that we let the physical boundaries go tindpoints along the
offshore and coastal boundaries and throdgpoints along the northern and south-
ern boundaries. Note also that the céllsfor k = 1(1)KK and the cellKK for
j = 1(1)J3J are outside of the physical boundaries. As explained in eéRketheir
presence is necessary to account for the boundary condggwntiated with the non-
linear version of the FDEs and when open boundaries arergrese

3.2 Numerical implementation
3.2.1 Closed boundaries

In numerical terms (28) implies

Ugk=0 ; k=1(1)KK,

while (28) requires
Vi=0 ; j=1(1)J,
Vikk-.1=0 ;  j=1(1)JJ,

vn, (39)
vn, (40)
vn, (41)
vn. 42)

For the non-linear version we have to implement the addiieonditions (30) and (31).
This is slightly more complicated since th&-points are not collocated with the physical
coastal and offshore boundaries, and\fhpoints are not collocated with the physical location



3.2 Numerical implementation 3 BOUNDARY CONDITIONS

of the southern and northern boundaries. We solve this @nolbly adding extra cells outside
of the physical boundaries as displayed in the right panEiguire 3, and performing a linear
interpolation across the boundary. Thus we require

Uhl=-U} ; j=1(1)JJ, Wvn, (43)
Ukk = —Ujkk-1 : i=11)JJ, vn, (44)

while at the southern and northern boundaries we require

Vik = Vo ; k=1(1)KK, WVn, (45)
Vik=-Viyw i k=1L1KK, vn (46)

We furthermore emphasize that when the boundaries aredctbeeevaluation of the Cori-
olis terms at the wet points closest to the boundaries mushaeged to avoid them to be too
small by a factor of two. Thus along the coastal boundaty2 the terms containinﬂ?z in
(8) and (18) must be replaced by

1 .
V?Z:E(vj”ﬁvj”m), j=2(1)3J—2 vn. (47)

Similarly along the offshore boundaky= KK — 1 we replace them by

_ 1 .
VTKKfl =5 (Vikk 2+ Viikk—2), 1=2(1)33-2 vn. (48)

Along the southern and northern boundaries the terms cmngﬂ?k andU?k in (9) and (19)
closest to the boundaries, that is, for 2 andj = JJ— 1, must be replaced by

— 1
Uoc=5 (UR+UBs) . k=2(DKK-2 vn. (49)
and L
Uy = > (UM o +U 1), k=2(1)KK—-2 vn. (50)

respectively.

3.2.2 Open boundaries

Since then-points are not collocated with the offshore boundary, lalt tvay in between
Njkk andnji _, we use the same trick of performing a linear interpolatidnugwe require

Nikk = —Mijkk-1 + 1=1(1)3J, V¥n, (51)
which then is the numerical implementation of (32). In aiddito (51) we also let

anKK - VJT(K - O ; ] - 1(1>JJ, \V/n, (52)



3 BOUNDARY CONDITIONS 3.2 Numerical implementation

Table 1: Values of the relaxation parameyeused in (47)

Yi JEN
1.00 JJ
0.69 JJ-1
044 JJ-2
0.25 JJ-3
0.11 JJ-4
0.03 JJ-5
0.00 JJ-6

n

NOoOONWNRT

that is, we let the transports be zero at points outside opthesical boundaries. Due to
the latter we have to, as we did when the offshore boundaryclesed, replace the terms
containing\_/?k for k= KK — 1 by (48).

Regarding the northern and southern boundaries, we hawgplernent the conditions (33)
and (34). Accordingly the FDEs we use to compute the extesolitions at the southern
boundary are the numerical version of (35) - (37) using acedwersion of (8) -(10) in which
all terms representing differentiation across the boundaset to zero, that is,

HX 1
US™ = 2 UG+ S TAL (VSR +VER ) +AtX 53
Sk HY - RAY Sk 5 FAL (VS +Vsk 1) +AXG (53)
HY, fAt At
+1 1k +1 +1 1
V& = HY + RAt [Vgﬂ— - ( Ski1TUS )+ Ay (ndei1—nde) +AtYL| (54)
At
ngt = n@- g, (Ve -ve). (55)

while at the northern boundary we get

HY 1k fAt
Ut = e fugi B v +aogi 56)
HY fAt At
ViR = ﬁ:%& [VI\?E 5 ( ﬁEﬁJFUﬁEH) + Ay (MNkt1— RK) +AtYJthl}57)
JJ
At
M = kR (W) (58)

We note that (53) and (55) and (56) and (58) are valikfer2(1)KK — 1, while (54) and (57)
are valid fork = 2(1)KK — 2. For the remainind’s the appropriate boundary conditions at
the coastK = 1) and offshoreK = KK andk = KK — 1) takes over. Recall that the Coriolis
term must be replaced b&ngN?;Iifl in (54) and (57), respectively, to avoid reducing it at
k=KK-1.

The final solution for time leveh + 1 is then found by relaxing the predicted solution to-



4 BENCHMARK CASES

Z

Figure 4: Sketch of the computational domain used for alldechmark cases. Theaxis
is along the straight coast and points in the northward tioec They-axis points
offshore in the westward direction. The domairgs= 1000 km long and.y = 500
km wide (Table 2). The offshore boundary and the boundamiésat south and north
are either open or closed. The dotted line indicates theitotaf the shelf break
locatedLs = 100 km offshore.

wards the external solution through the so called FRS zokigbe southern FRS we get

U = (L=yURt+vUS™ 1=1(1ks, k=1(DKK, (59)
VI = @-pVET VST 1= 10%s k= L(DKK, (60)
Nt = A—ynit+yun&™ i=11D%Fs, k= 1(DKK. (61)

while in the northern FRS we get

U = (I=y)UR ™t +yaURE™ T=3n(033-1, k=1(1)KK, (62)

VI = (L-y)Vit VT T =3n(1)J, k=1(DKK, (63)
Nt = A=yt ke =139, k=1(DKK, (64)

where the counterd-s andJ-n and the associated values of the relaxation paranyptare
given in Table 1.

4 Benchmark cases
The geometry of the computational domain is the same foremithmark cases, and is chosen
to simulate a shelf sea (Figure 4). The integration areactsungular and consists of a straight

coast (along the-axis) oriented north-south, an offshore boundary runmagallel to the
coast, and lateral boundaries to the north and south.

10



4 BENCHMARK CASES 4.1 Case 1: Uniform alongshore wind

Table 2: Parameters and physical constants used in thelanklcases

Symbol Parameter Value Unit
f Coriolis parameter 1.20% s1
Po Density of sea water 1025.0 kgTh
g Gravitational acceleration 9.81 m%
R Bottom friction coefficient 240° mst
Ho Equilibrium depth on shelf 50.0 m
H1 Equilibrium depth offshelf 2500.0 m
Lx Alongshore length of domain 1000.0 km
Ly Width of domain 500.0 km
Ls Shelf width 100.0 km
AX Alongshore spatial increment 20.0 km
Ay Cross-shore spatial increment 20.0 km
At Time increment 90.0 S
a Offshore e-folding length=€ 1/10AX) 5.010% m!
To Amplitude of wind stress 0.1 Pa
T Maximum wind stress moving cyclone 3.0 Pa
Rc Distance to maximum wind stress :
from center of cyclone=£ 10Ax) 200.0 km
luc|  Translation speed of cyclone (Case 3) 15.0 Ths

There are three sets of three benchmark cases, making atotiale cases as outlined in
Table 2. The first set features a uniform wind dying exporadigtoffshore. The second set
features an alongshore wind which is bell-shaped along dlastcand dying exponentially
offshore. The third and final set features a wind forcing ie trm of a moving cyclone
propagating diagonally across the computational doméie.various parameters and physical
constants used are given in Table 2. The three specified winds are similar to those found
in Rged and Coopg1987). They also derived an analytic solution for the fiesteg which is
copied in Section 6 below.

Of the three sub-cases the first assumes the domain to be flatieal, and with closed
boundaries everywhere. The second still assumes the dootaerflat bottomed, but opens up
the offshore, northern and southern boundaries. In thedifdalcase the bottom is constructed

to simulate a shelf sea in which a shallow shelf runs partadlthe coasts = 100 km offshore
(Figure 4).

4.1 Case 1: Uniform alongshore wind

The aim is to test whether the model produces a proper stame silong the coast. Thus we
let the forcing consist of a positive alongshore wind stgissaying exponentially offshore,
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4.2 Case 2: Bell-shaped alongshore wind 4 BENCHMARK CASES

Table 3: Overview of benchmark cases for which solutiongaesented

Benchmark case Boundary type Shelf Wind forcing

la Closed No Uniform

1b Open No -7

1c Open Yes -7

2a Closed No Bell-shaped
2b Open No -7

2c Open Yes -7

3a Closed No Moving storm
3b Open No -7 -

3c Open Yes -7 -

that is,
X=Xe ®, Y=0, (65)

whereXo = 1p/po Wwheretp = 0.1 Pa, and the value chosen frcorresponds to an e-folding
length of 200 km, implying that only about 8% of the wind stressexperienced at the offshore
boundary. Numerically this translates to

X = %oel®), YR =00, Vjkn. (66)
As shown byRged and Coopd987) it is possible to derive an analytic solution for theasly

state solutiond; = 0) for a flat bottom case with open boundaries to the north anthsand
with n = 0 at the offshore boundary. The steady state solution is

HXo

f
n = a—gﬁe(e“y—e“v), (68)

and is characterized by a positive alongshore depth meaentd /H), and an elevation at
the coast. With the values listed in Table 2 the depth mearecustrength is 0.04 m/s, and
the elevation at the coast is 0.91 m.

4.2 Case 2: Bell-shaped alongshore wind

In this case the positive alongshore wind stress is limiesigtretch along the coast by letting
its amplitude vary according to a Gaussian bell. We also sfiguhe wind after two days (48
hours). Thus we let

Y =0, (69)

Y

e 0*xxm’e-ay 0 <t < 48 hrs
X=X .
0 ift > 48 hrs

12



4 BENCHMARK CASES 4.3 Case 3: Moving cyclone
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Figure 5: Sketch of the storm track relative to the compateti domain shown in Figure 4
for Case 3: Moving cyclone. Numbers (in hours) along traakidates position
of cyclone center after start of simulation. The dashedesrindicate the radius
to maximum wind stress (200 km). Maximum wind stress.i3 Ba. The dashed
rectangle shows the position of computational domainivab the storm track.

where Xy, is the position of maximum wind stres$ € ). Translated into numerics this
implies

e (") e if n<1920 .
Xjnk = XO 0 if 1 ; 19207 an = 07 VJ,k, n, (70)

where we have used the parameter values listed in Table Z riiéans that that both the
alongshore and cross-shore e-folding lengths are the s20@ekfn). Thus at the offshore
boundary the wind stress is again only 8 % of its value at tlestt@nd at the northern and
southern boundaries it is only 0.2 %.

4.3 Case 3: Moving cyclone

In this case the wind stress is generated by cyclone tramglat uc| = 15 m/s diagonally
across the domain from the southwest corner to the nortlveaser as depicted in Figure
5. The translation speed is slow enough for Kelvin waves tpagate ahead of the storm.
The cyclone center passes the southwest corner approiym3dtérs into the integration, is
positioned in the center of the computational domain at 4&$@and leaves the domain at
about 58 hours.

The wind stress components are given by

13



5 SOLUTIONS

where the argument of the exponential functiénis given by

2
r
E=<1—§) , r=\/(X—XO—Uct)2+(y—yo—th)2- (72)

HereX; = pglrl wheret; = 3 Pa is the maximum wind stress aRg = 200 km is the radius
from the center of the cyclone to the position of maximum wstieéss (Table 2). Moreover,
uc andvc are thex,y components of the translation velocity of the storm center, where
uc = 2vc, While Xg, Yo is the initial position of the storm center at start of the gliation

(t = 0). The translation speed isc| = y/u3+ V3 = 15 m/s (Table 2).

5 Solutions

Below we present solutions derived using the three windifigrcases. For each wind forcing
case, as outlined in Table 3, we have run three sub-cases .firshef these has closed
boundaries everywhere and a flat bottom (sub-case a). Thadéas open boundaries to the
south, north and offshore, and a flat bottom (sub-case b)fifthkhas open boundaries to the
south, north and offshore and a shelf running parallel tactest (sub-case c).

For each wind forcing case we present the solutions in forrinodé series (Figures 6, 7
and 8) and snapshots of sea surface elevation (Figures dl@1). The time series are
extracted half a grid distance from the coast (10 km) and raydletween the southern and
northern boundarieg & 26,k = 2). The time series reveal the temporal evolution of the sea
surface elevation, the alongshore and cross-shore me#m depents. The snapshots of the
sea surface elevation are extracted at 96 hours for Casedt d8chours for Cases 2 and 3.

We note that for Case 1b (uniform alongshore wind forcind,dta@tom, open boundaries)
the steady state solution shown in the middle panel in FiGureatches perfectly the steady
state solution given in Section 4.1.

To plot the results we have used free software packagesh€&dine series we used Grace
(http://plasma-gate.weizmann.ac.il/Grace/) under thk&eneral Public License, while we
used Ncview: a netCDF visual browser by David W. Pierce,®ailnstitution of Oceanog-
raphy (http://meteora.ucsd.edu/ pierce/ncvigmnepage.html) to create the snapshots.
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5 SOLUTIONS

Benchmark Case #1a
Uniform wind, closed boundaries, flat bottom
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Benchmark Case #1b
Open boundaries, no shelf, uniform wind
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Figure 6: For caption see List of Figures
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0.025

Benchmark Case #2a
Closed boundaries, no shelf, bell-shaped wind
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Benchmark Case #2c
Open boundaries, shelf, bell-shaped wind
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Figure 7: As Figure 6, but for Case 2: Bell-shaped wind faydifable 3).
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Benchmark Case #3a
Closed boundaries, no shelf, moving cyclone
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Benchmark Case #3c
Open boundaries, shelf, moving cyclone
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Figure 8: As Figure 6, but for Case 3: Moving cyclone case I@ah
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0.0z .03 004 005 0.06 .oy .03

Figure 9: Sea surface elevation after 96 hours for Case®fg ({tb (middle) and 1c (bottom)
(Table 3). Color scale at bottom indicates elevation (cm)fases 1b and 1c, while
color scale below top panel indicates scale for Case 1a (cm).
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-0 —(0,005 T 0,005 0.01 o015 0.02

Figure 10: As Figure 9, but for Cases 2a (top), 2b (middle)zm(bottom) and after 48 hours.
Color scale at bottom is the same for all three panels andatek elevation in cm.
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-

3a

Figure 11: As Figure 10, but for Cases 3a (top), 3b (middle)2m(bottom).
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6 Discussions

We observe from Figure 6 that due to presence of a bottonsstte€ase 1 solutions (appli-
cation of a uniform wind stress decaying offshore) reacteadst state within 20 - 40 hours.
Note that the latter numbers depends on the frictional sgigén byHp/R. Thus the deeper
the ocean the longer it takes to reach the steady state. feeisarue for Case 2, but after the
wind is shut off after 48 hours a spin-down is experiencedtduke application of the bottom
stress.

When the boundaries are closed Kelvin waves, and also stigdf waves in sub-case c,
starts to propagate cyclonically (anticlockwise) in theibaand this causes the transient re-
sponse to be quite different in sub-case a from sub-cased b bhaving open boundaries. In
the latter cases the Kelvin waves and shelf edge waves axeedllto propagate out of the do-
main through the open boundary to the north. In Case 1la wigtsigtent wind stress a steady
state is reached with generally higher water levels at montboundary (Figure on front page)
and a circulation with northward currents along the coadtsouthwards along the offshore
coast (Figure 9). In Case 2a we also observe how Kelvin waeegenerated when the wind
is shut off. These waves are damped due to the applicatioottdrh friction.

As outlined inRged and Coopdd987) it is possible to obtain an exact, analytic steadysta
solution for Case 1b, that is, in the open boundary, flat Inoitase. The solution is found by
solving the time independent and one-dimensional versidgh)a(3), that is, withd, = 0 and
dy = 0. The solution is

Usy) = "2 =0, (73)
f
ns(y) = %@{(e‘“y—e—ﬂy). (74)

where the subscrifgis used to denote the steady state solution. We note thatehdysstate
solution for the mean depth current at the point (26,2) tken i

Ue2 _ Ts _lany _

= e 3.9cm/ 75
Ho poR S (75)

where we have used the values listed in Table 2 to arrive ahdingber after the last equal
sign. We observe that this matches exactly the value showhreimiddle and bottom panels
of Figure 6 (Cases 1b and 1c).

7 Summary

In this Part Il we derive the solutions to three benchmarlesg3able 3). In all cases the
computational domain is rectangular with a 1000 km long takg thex-axis. The latter is
oriented in the north-south direction. The offshore bound&located 500 km offshore. The
domain is either flat bottomed or features a shelf runninglfgto the coast 100 km offshore.
The coastal boundary is always closed (impermeable), whderemaining boundaries are
either open or closed. All cases are run for 96 hours.
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Case 1 treats the response to a constant positive alongsimtstress, decaying exponen-
tially offshore from its maximum value of 1 Pa at the coasts€2 s similar to Case 1, but the
alongshore wind stress is now limited to a Gaussian bellenntiddle of the computational
domain and is shut off after 48 hours. Case 3 treats the gatr@sponse to a moving, circular
cyclone moving diagonally across the computational dorfram the southwest corner to the
northeast corner. The maximum wind stress of the cyclond”a.3

The solutions are displayed as time series of sea surfacatiele, and alongshore and cross-
shore mean depth currents half a grid distance from the coastay between the southern
and northern boundaries. In addition snapshots of the séacelelevation after 96 hours is
shown for Case 1, while snapshots of the sea surface elenadtar 48 hours are displayed for
Cases 2 and 3.
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Appendix: FORTRAN programs for one-layer model

Below follows the source code for the FORTRAN program wnitéa basis of the FDEs for
the one-layer barotropic model. Only the linear versiorrespnted.

Appendix A: FORTRAN program, closed boundaries
PROGRAM SHALLW

PURPCOSE:

- To produce results for the benchmark cases
with cl osed boundaries everywhere, that is,
Cases la, 2a, and 3a

|
|

|

|

|

|

! - O osed boundaries everywhere and no shel f.

! Case la: A positive uniformal ongshore wind stress of
! strength 0.1 Pa decayi ng of fshore.

! Case 2a: Bell-shaped wi nd al ong the coast, of maxi num
! strenght 0.1 Pa decayi ng of f shore.

! Case 3a: Myving cyclone of maxi mum strength 3.0 Pa

! nmovi ng di agonal |y across the basin from

! sout hwest to northeast. Di stance from center
! to max strength is 200 km The cyclone is in
! the mddl e of the domain at 48hrs.

|

- The linear, shall ow water equations to solve are

dUdt = + F*V - G:HxdE/dx + (TSX - TBX)/RHO
dv/dt = - FxU - G:HxdE/dy + (TSY - TBY)/RHO
dE/dt = - dWdx - dV/dy,

|

|

|

|

|

|

!

1-90

! Here x is positive northward, y is positive westward
! and t is tinme. Ux,y,t) and V(x,y,t) are the vol une
! transport conponents along the x,y axes, while

! E(x,y,t) is the sea surface deviation away fromits
! equi libriumposition, Fis the Coriliolis paraneter,
! G is thegravitational acceleration, H(x,y) is the

! equi libriumdepth, TSXand TSY are the two hori zont al
! conponents of the wind stress, and TBX and TBY the

! simlar conponents of the bottomstress. RHOis a
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reference water density.

- Al boundaries are closed. Thus U= 0 at the northern
and sout hern boundaries while V=0 at the coast and
of f shore boundary.

- Integration is performed using finite difference
met hods:
1. Forward-Backward schene (Martinsen et al., 1979),
2. Wnd and bottom stress are treated backwards

FI' Nl TE DI FFERENCE EQUATI ONS:

- The grid is staggered, corresponding to lattice C of
Mesi nger and Arakawa (two di mensions) to avoid over-
speci fying the variables at the boundaries. The
finite difference equations are:

UJ,K,INEW = BU-(U(J,K ICUR) + CU + PX + XX),
V(J, K, INEW = Bv+«(V(J,K ICUR) + CV + PY + XY),
E(J,K,INEW = E(J,K ICUR) - DU - DV,
wher e
DU = (DT/DX)*(U(J, K, INEW - U(J-1,K I NEW),
DV = (DT/DY)*(M(J, K, INEW - V(J,K-1,INEW),
VC = V(J,K ICUR) + V(J+1, K, | CUR)

+ V(J+1,K-1,1CUR) + V(J,K-1,1CUR),
UC = UJ,K INEW + U(J-1,K, | NEW

+ U(J-1, K+1, INEW + U(J, K+1, | NEW,
CU = F+DT*VC,
CV = - FDT*xUC,
PX = - G(DT/DX)*HU(E(J+1,K ICUR) - E(J,K ICUR)),
PY = - G(DT/DY)*Hv*(E(J, K+1, I CUR) - E(J, K, |1 CUR)),
XX = (TBX(J, K, | NEW / RHO) ,
YY = (TBY(J, K, | NEW / RHO) ,
HU = 0.5+«(H(J+1,K) + H(J,K)),
HV = 0.5+(H(J,K+1) + H(J,K)),
BU = HU (HU + RDT),
BV = HV/ (HV + RDT).

The vari ous physical constants are
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and V-points in m
0. 001+ X(J) : As X(J), but in km
0. 001*Y(K) : As Y(K), but in km

XKM J)
YKM K)

! DT . Time step in seconds

! DX . Space increnent in nmeters along x-axis
! DY = DX . Space increnent in nmeters along y-axis
! F . Coriolis paraneter in 1/s

! RHO . Reference water density in kg/ m=*3

! G . Gravitational acceleration in ms**2
! RR : Friction coefficent in ms

! T0 . Anplitude of wind stress (N nr=*2)

! X0 = TO/RHO : Maxi mum wi nd stress divided by water
! density

! HO : Equilibriumdepth on shelf (m

! H1 : Equilibriumdepth off shelf (m

|

! In addition we define

! J . Counter J=1(1)JJ starting at
! J=1, X(1)=0.

! K . Counter K=1(1)KK starting at
! K=1, Y(1)=0.

! X(J) = (J-1)«xDX : Position along x-axis of

! U-points in m

! Y( K) = (K-1)*DY : Position along y-axis of E-

|

|

|

|

COVMUNI CATI ON:

- Synoptic values of sea surface elevation, velocity
conponents are saved on the specified netCDF file
every hour.

- Astring of values are printed to term nal while
runni ng the program

- Tine series (ASCI1) are saved on file unit 52.

I STATUS

!

I - CODED BY . LARS PETTER RCED, net.no, Gslo
I - DATE . 27 February 2012

!

!

REVI SI ON HI STORY
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I - DATE : 13 March, 2012

I - Description . Merged all closed boundary cases into
! one program

| o o o i o o e o o o e o e e e e e e e e e e e e e e e e e e e —o o
|

use net cdf
|

inplicit none

! Gid and tine

| NTEGER, PARAMETER :: JJ = 52 I # cells in x direction
| NTECER, PARAMETER :: KK = 27 I # cells in y-direction
| NTEGER, paraneter :: JP = 50 I # cells in x for saving
| NTEGER, paraneter :: KP = 25 I # cells iny for saving
| NTEGER, PARAMETER :: NT = 2 I # of time |levels schene
| NTECER, PARAMETER :: NTM = 3840 ! Max # of tinme steps

| NTECER, paraneter :: KS =5 I Location of shelf break
| NTEGER, paraneter :: KM = 13 I Counter md basininy
| NTEGER, paraneter :: JM = 26 I Counter md basin in X

e D nensi onal i ze everything ----------
! 1. Dependent variables (arrays)

REAL E(JJ, KK, NT) I Sea surface anonmaly (m
REAL U(JJ, KK, NT) I Volunme transport along x-axis (nis)
REAL V(JJ, KK, NT) I Volume transport along y-axis (nifs)

! 2. I ndependent vari ables (arrays)
REAL XX(JJ,KK,NT) ! Wnd stress along x-axis

! di vided by water density (nx*2/sx*2)
REAL YY(JJ,KK,NT) ! Wnd stress along y-axis

! di vided by water density (m*2/sx*2)

! 3. Time series variables
REAL EP(JP,KP) ! Saved depth anomaly (m

REAL UP(JP,KP) ! Saved velocity along x at E-point (nis)
REAL VP(JP,KP) ! Saved velocity along y at E-point (nis)

! 4. Ot her variables and fl ags
REAL X(JJ), XKM JJ) Di stance along x-axis (mand kn

REAL Y( KK), YKM KK) Di stance along y-axis (mand km

REAL H(JJ, KK) Equi i briumdepth (m

| NTEGER J, K Count er i ndexes along x,y

I NTEGER I T | ndex for tine |evel nunber
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I NTEGER | CUR
| NTEGER | NEW
| NTEGER | SAVE
| NTEGER | W ND
I

I

I

I

Counter for current tine |evel (n)
Counter for new tine |evel (n+l)
Auxiliary time |evel counter

Flag to specify w nd forcing:

1: Uniformw nd

2: Bell-shaped w nd

3: Moving cyl one

R e Speci fy physical constants ---------

| NTEGER, paraneter
!

REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter
!

REAL, paraneter
!

REAL, paraneter
!

REAL, paraneter

REAL, paraneter

DT =90 ! Tine step (s). 3600
has to be multiplyer of DT

DX = 20000. ! Space increnent -> x (m

DY = 20000. ! Space increnent ->vy (m

F = 0.00012 ! Coriolis paraneter

RHO = 1025. I Water density (kg/ m=*3)

G =09.81 I Grav. accel. (m s*=*2)

RR = 0.0024 ! Drag coefficents bottom
stress (ms)

HO = 50. I Flat bottom equilibrium
depth (m

HL = 2500. I' Equilibriumdepth off-
shel f (m

uoC = 15. I Transl ati on speed center

of moving cyclone (ms)

RC = 200000. ! Distance to maxi num w nd

stress fromcenter of
cycl one (m

R e Specify auxiliary variables --------
REAL DU, DV, VC, UC, CU, CV, PX, PY, PXl, HU, HV, BU, BV
REAL ARGL, ARXR, ARG3, ARA

B Specify auxiliary help constants ---

REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter
REAL, paraneter

| NTEGER, paraneter
| NTEGER, paraneter
!

REAL

DTX = DI/DX I Coefficient (s/m
DTY = DI/DY | Coefficient (s/m
GX = G&DIX | Coefficient (1/5s)
GY = G&GDIY | Coefficient (1/5s)
FT = F+DT I Coefficient (-)
RDT = RR«DT I Coefficient (m

NSAVE=3600/ DT ! Savi ng data at NSAVE

NPRI NT=NSAVE ! Printing data on
term nal at NPRI NT

HNTM | Maxi mumintegr. tinme (hrs)
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| NTEGER
| NTECER
| NTECER
| NTECER
| NTEGER
| NTEGER
| NTECER
| NTECER
| NTECER

character (|l en=13)

DTIME ! Tine in days

HTIME ! Time in hours

TIME ! Tine in seconds

HAS8 I 48 hours neasured in seconds

XM I x at mddle of domain (m

YM I 'y at mddl e of domain (m

T0 I Maxi mum wi nd strength (Pa)

X0 I Maxi mum wi nd stress di veded
by water density (mx*2/s**2)

XDT ! Coefficient = XO0xDT (1s)

X0C ! Initial x-position of center
of nmoving cyclone (m

YOC ! Initial y-position of center
of noving cyclone (m

uo I x-conponent translation speed
of novi ng cycl one

VO I y-conponent transl ation speed

of novi ng cycl one

NTIME ! Tinme counter
NTIME2 ! Tinme step counter = NTI ME+1
NTMAX ! Maxi mum nunber of tine steps

-------- Specify auxiliary help constants ---

1. Vari abl es needed for net CDF out put:

st at uso
nci do
di m xo
dimyo
dimtinmeo
Hvar | do
Uvar | do
War | do

Ti meVar |l do
HTI ME2
outfile I # characters in fil enane

2. Make NCG-file

outfile="cl osed swe. nc"

statuso

nf90 create(trimoutfile),l OR(nf90_cl obber, &

nf 90 64BI T_OFFSET), nci do)
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i f(statuso /= nf90_NoErr) call handl e_err(statuso)

|

! 3. Define dinensions

statuso = nf90_def di m(ncido,’ x’,JP, di m xo0)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90_def _di m(nci do,’ y’', KP, di m_yo)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_def di m(ncido,’ tine’, &
nf 90 unlimted, dimtineo)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

|

! 4. Define variabl es

statuso = nf90_def var(ncido,’ h’,nf90 fl oat, &
(/dimxo, dimyo, dimtinmeo/), Hvarl do)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90_def _var(ncido,’ tinme’ ,nf90_doubl e, &
di mtinmeo, Ti neVar | do)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

|

statuso = nf90_def _var(ncido,’u ,nf90 fl oat, &
(/dimxo, dimyo, dimtineo/), Uvarldo)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

|

statuso = nf90_def var(ncido,’ v’ ,nf90 fl oat, &
(/dimxo, dimyo, dimtinmeo/), VWarldo)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

|

! 5. Variable attributes

statuso = nf90 put att(ncido, Hvarldo, | ong_nane’, &
"sea |l evel )

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90_put _att(ncido, Hvarldo, units’, netres’)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90 put _att(ncido, Hvarldo, tine’, tine’)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_put _att(ncido, Hvarldo, field, &
"sea |l evel, scalar, series’)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

|

statuso = nf90 put _att(ncido, Ti neVarl do,’|ong_nane’, &
"time since start’)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90_put _att(ncido, TineVarldo, field, &
"time, scalar, series’)
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if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90 _put att(nci do, nf90_gl obal ,’ type’, &
" GQui nea program - out put’)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_enddef ( nci do)

if(statuso /= nf90_NoErr) call handl e_err(statuso)

R LR Read in maxi mumtine and benchmark case ---
WRI TE(6, *) '
25 WRI TE(6, *) ' Specify maxi mum sinulation tinme in hours:
READ( 5, *) NTMAX
VWRI TE(6, *) ’ Specify wi nd case:
WRI TE(6,*) "1: Uniformw nd, 2: Bell-shaped, &
3: Moving cycl one’
READ(5, *) | W ND
| F((IWND.EQ 1). OR (I WND. EQ 2)) THEN
X0 = 0.1/ RHO
ELSE
X0 = 3.0/ RHO
ENDI F
|
WRI TE(6, *) *Maxi mum sinulation tine is:’, NIMAX, 'hrs’
WRI TE(6, *) "Results are saved each:’, NSAVE, 'hrs
WRI TE(6,*) 'Results are witten to term nal each:’, &
NPRI NT, ' hrs’
|
R L Conmput e auxiliary constants -----------------
NTMAX=NTMAX* 3600/ DT ! Convert nmax hrs into max tine steps
HNTM=NTM: DT/ 3600 I Convert max # of tine steps into hrs
WRI TE( 6, *) NTMAX, NSAVE, NPRI NT
| F( NTMAX. GT. NTM) THEN
VRl TE( 6, 9005) NTMAX, HNTM
9005 FORMAT(/, 1X,’ NTMAX=", 1X, 15, 1X,
"Sorry, maximum simnmulation’,
/,’time has to be less than',1X F6.1," hrs’,/,
"Please try again’)
GO TO 25
ENDI F
!
VWRI TE(6, *) ' Maxi mum # of tinme steps for this run is:’, &
NTMAX

Ro Ro Ro
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B Set all variables to zero everywhere --------
! 1. Independent vari abl es

! 2. Al the dependent vari ables

XX(J, K, 1'T)

YY(J,K IT)

ENDDO
ENDDO
ENDDO
! 3. Variables to be printed
DO J=1, JP
DO K=1, KP

EP(J, K)

UP( J, K)

VP(J, K)
ENDDO
ENDDO
! 4. Equlibrium depth
DO J=1, JJ

DO K=1, KK

H(J,K) = 0.

ENDDO

ENDDO

=

()

X

=/
[ 1 I N | I i
O OO OO0

oo
©

R T Initialize everything -----------------------
I 1. Tinme counters and tine

NTIME + 1
0.
0.
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DTIME = 0.
| SAVE=0
| CUR=1
| NEWE2
! 2. I ndependent vari abl es
DO J=1, JJ
X(J) = (J-1)*DX
XKM J) = 0.001*X(J)
ENDDO
DO K=1, KK
Y(J) = (K-1)*DY
YKMJ) = 0.001+Y(J)

ENDDO
! 3. Equilibriumdepth
DO J=1, JJ
DO K=1, KK
HJ,K) = HO
ENDDO
ENDDO
! 4. Al dependent vari abl es
DO J=1, JJ
DO K=1, KK
E(J,K,ICUR) = 0.
UJ,KI1CUR = 0.
V(J, K, ICUR) = 0.
E(J, K, INEW = 0.
UJ, K INEW = 0.
V(J, K, INEW = 0.
XX(J, K, 1CUR) = 0.
YY(J,K ICUR) = 0.
ENDDO
ENDDO
|
R L End initialize ------------------------------
| o e e e e e e e f e e e e e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e m e m—mm - -
R LR Save the initial values ---------------------
! 1. Tinme series md donain al ong coast
=2
J=JM

VRl TE(52, 8001) HTI ME, XX(J, K, | NEW , EP(J, K), UP(J, K), VP(J, K)
I 2. Wite to netCDF file

Iwite(x,*) "Wote NetCDF.. Tinme: ", HITIM
I HTI ME2=i nt ( HTI ME)
Istatuso = nf90_ put var (ncido, Hvar | do, EP, &
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! start=(/1, 1, NTI ME2/))

lif(statuso /= nf90_NoErr) call handl e _err(statuso)
I'statuso = nf90_put var(nci do, Uvarl do, UP, &
! start=(/1, 1, NTI ME2/))

l'if(statuso /= nf90_NoErr) call handl e_err(statuso)
I'statuso = nf90_put _var(nci do, Warl do, VP, &
! start=(/1, 1, NTI ME2/))

lif(statuso /= nf90_NoErr) call handl e _err(statuso)
I'statuso = nf90_put var (nci do, Ti neVar | do, HTI ME2, &
! start=(/NTI ME2/))

l'if(statuso /= nf90_NoErr) call handl e_err(statuso)

! 1. Forward the tine step
30 NTI ME=NTI ME+1

| F( NTI ME. GT. NTMAX) GO TO 160 I Tine to quit?

NTI ME2 = NTIME + 1

TIME = TI ME+DT

HTI MVE = TI M/ 3600.

DTI ME = HTI ME/ 24.

! 2. Wite a conforting nessage to the term nal

WRI TE(6, *) "Working on tine step no. ', NTINME,’ or ', &
HTIME,’ hrs '’

B Update wind forcing -------------------------
XDT = X0*DT
| F(1 WND. EQ 1) THEN
! Case 1: Uniformw nd
DO J=1, JJ
DO K=1, KK
ARGl = (2.*K - 3)/20.
XX(J, K, I NEW XDT* EXP( - ARGL)
YY(J, K, | NEW 0.
ENDDO
ENDDO
ELSEI F(| WND. EQ 2) THEN
! Case 2: Bell-shaped w nd
| F(HTI ME. LT. 48.) THEN
DO J=1, JJ
ARR = ((J-IJM/10.)**2
ARG3 = EXP(- ARR)
DO K=1, KK
ARGL = (2.+*K - 3)/20.
XX(J, K, I NEW = XDT*EXP(- ARGl) * ARG3
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YY(J, K, I NEW = XDT*O0.
ENDDO
ENDDO
ELSE
DO J=1, JJ
DO K=1, KK
XX(J, K, I NEW
YY(J, K, | NEW
ENDDO
ENDDO
ENDI F
ELSE
! Case 3: Moving cycl one
VO - U0 sqrt(5.)
uo - 2.*\V0
HA8 = 48. »3600.
XM (IJM - 1)+DX
YM (KM + 0.5)=*DY
X0C = XM - U0 H48
YOC = YM - VO*H48
DO J=1, JJ
ARGL = (J-1)+*DX - XOC - UO*TI ME
DO K=1, KK
AR&® = (K-1)*DY - YOC - VO+TI ME
ARG3 = SQRT(ARGL**2 + ARRX2+**2)
= EXP(- 0.5%(1.- (ARG3/RQ))**2)
XX(J, K, INEW = - XDT*( ARR/ RC) * ARA
K, I NEW = XDT*( ARGL/ RC) * ARA

XDT* 0.
XDT* 0.

R Update north-south volune flux conmponent (U) ----
! 1. All points inside of the boundaries
! J=2(1)JJ-2 and K=2(1)KK-1
DO J=2, JJ-2
DO K=2, KK- 1
HU = 0.5« (H(J+1,K) + H(J, K))
BU = HU (HU + RDT)
| F(K. EQ 2) THEN
VC = V(J,K ICUR) + V(J+1, K, | CUR)
CU = 0.5«FT*VC
ELSEI F( K. EQ KK-1) THEN
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VC = V(J,K-1,1 CUR) + V(J+1, K-1, 1 CUR)

CU = 0.5*FT*VC

ELSE

VC = V(J,K I CUR) + V(J+1, K, | CUR) &

+ V(J+1,K-1,1CUR) + V(J,K-1,1CUR

CU = 0. 25«FT*VC

ENDI F

PX = - GX+*HUr(E(J+1, K I CUR) - E(J, K, | CUR))

U(J, K, INEW = BU*(U(J, K, ICUR) + CU + PX + XX(J, K, | NEW)
ENDDO
ENDDO
! 2. Ensure boundaries to the north and south are cl osed
DO K=1, KK

U( 1, K, INEW = 0.

UJJ-1, K, INEW = 0.

ENDDO

! 3. Put zeros in points outside of the offshore boundary
! K=1, K=KK
DO J=1, JJ

UJ,1, INEW = 0.
U(J, KK, INEW = 0.
ENDDO
! and outside of the northern boundary J=JJ
DO K=1, KK
UJJ, K, INEW = 0.
ENDDO
I-- End update the north-south volunme flux conponent (U) --

e Updat e east-west volune flux conponent (V) ---------
! 1. All points inside of the boundaries
! J=2(1)JJ-1 and K=2(1)KK-2
DO J=2,JJ-1
DO K=2, KK- 2

HV = 0.5%(H(J,K+1) + H(J,K))

BV = HV/ (HV + RDT)

| F(J. EQ 2) THEN

UC = U(J, K, INEW + U(J, K+1, | NEW

CvV = - 0.5«FT+UC

ELSEI F(J. EQ JJ-1) THEN

UC = UJ-1,K, INEW + U(J-1, K+1, | NEW

CV = - 0.5+FT*UC
ELSE
UC = U(J, K INEW + U(J-1, K, | NEW &

+ U(J-1, K+1, INEW + U(J, K+1, | NEW
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CV = - 0.25«FT*UC
ENDI F
PY = - GYxHw*(E(J, K+1, 1 CUR) - E(J, K, | CUR))

V(J, K INEW = BW(V(J,K ICUR) + CV + PY + YY(J, K I NEW)
ENDDO

ENDDO
! 2. Ensure coast and of fshore boundary is cl osed
! K=1 and K=KK-1
DO J=1, JJ

V(J, 1,INEW = 0.

V(J,KK-1, I NEW = 0.
ENDDO
! 3. Put zeros in points outside of the offshore
! and outside of the northern boundary
! J=JJ, K=KK
DO J=1, JJ

V(J, KK, I NEW = 0.
ENDDO
DO K=1, KK

V(JJ, K, INEW = 0.
ENDDO

I--- End update the east-west volune flux conponent (V) ---

e Update sea surface anomaly (E) ---------------------
! 1. Al points inside of the boundaries
! J=2(1)JJ-1 and K=2(1)KK-1
DO J=2,JJ-1

DO K=2, KK- 1

DU = DTX+(U(J, K, INEW - U(J-1, K, | NEW)

DV = DTY+(V(J, K, INEW - V(J,K-1,1NEW)

E(J,K,INEW = E(J,K ICUR) - DU - DV

ENDDO
ENDDO
! 2. Put zeros in points outside of the boundaries
! J=1, J=JJ
DO K=1, KK
E( 1, K, INEW = 0.
E(JJ, K, INEW = 0.
ENDDO
DO J=2,JJ-1
E(J, 1,INEW = 0.
E(J, KK, INEW = 0.
ENDDO

I--- End update sea surface anomaly (E) -------------------
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B Prepare fields to be printed ------
! Convert transports to nean depth current
! at E-points inside of the boundaries
! J=2(1)JJ-1, K=2(1)KK-1

DO K=1, KP
EP(J, K) = E(J+1, K+1, | NEW
VP(J, K) = 0.5+(V(J+1, K+1, | NEW &
+ V(J+1, K, I NEW )/ H(J+1, K)
UP(J,K) = 0.5+«(U(J+1, K+1, | NEW &
+ U(J, K+1, | NEW )/ H( J+1, K)
ENDDO
ENDDO
! 2. Wite to tine series file
K=2
J=JM+1

WRI TE(52, 8001) HTI ME, XX(J, K, | NEW , EP(J, K), UP(J, K), VP(J, K)
8001 FORMAT(1X, F10. 4, 1X, 10E12. 4)

!

! 3. Save the results for this tine step?

| F( MOD( NTI ME, NSAVE) . EQ 0) THEN

wite(x,*) "Wote NetCDF.. Tine: ", HIIM
HTI ME2=i nt ( HTI ME)
statuso = nf90_put _var(nci do, Hvar | do, EP, &

start=(/1, 1, HTI ME2/))
if(statuso /= nf90 NoErr) call handl e_err(statuso)
statuso = nf90_put var (nci do, Uvar | do, UP, &
start=(/1, 1, HTI ME2/))
if(statuso /= nf90 _NoErr) call handl e_err(statuso)
statuso = nf90_put _var(nci do, Warl do, VP, &
start=(/1, 1, HTI ME2/))
if(statuso /= nf90 _NoErr) call handl e_err(statuso)
statuso = nf90_put var (nci do, Ti neVar | do, HTI ME2, &
start=(/HTI ME2/))
if(statuso /= nf90_NoErr) call handl e_err(statuso)
ENDI F
! 3. Wite sone results to term nal
| F( MOD( NTI ME, NPRI NT) . EQ 0) THEN
K=1
DO J=1, JP
VWRI TE( 6, *) HTI ME, XKM J+1), XX(J+1, K+1, | NEW, EP(J, K),
UP(J, K), VP(J, K)
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ENDDO
ENDI F
| o e e e e e e e f e e e e e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e m e m—mm - -
! Go to next time |evel
! remenber to swap i ndexes first
| SAVE = | CUR
| CUR = | NEW
| NEW = | SAVE
GO TO 30

160 CONTI NUE
IC
statuso = nf90_sync(nci do)
if(statuso /= nf90_NoErr) call handl e_err(statuso)
statuso = nf90_cl ose(nci do)
if(statuso /= nf90 _NoErr) call handl e_err(statuso)

! If run succesful wite this conforting note to term na
STOP ’* AFTER GOOD RUN
!

END PROGRAM SHALLW

Appendix B: FORTRAN program, open boundaries
PROGRAM SHALLW

PURPOSE

- To produce results for the benchmark cases
wi th open boundaries to the south, north and
of fshore , that is, Cases 1b, 1lc, 2b, 2c, 3b,
and 3c

Case 1b: A positive uniform al ongshore w nd
stress of strength 0.1 Pa decaying
of f shor e.

Case 1c: As 1b, but including a shelf

Case 2b: Bell-shaped wind al ong the coast,
of maxi mum strenght 0.1 Pa decayi ng
of f shore

I
I
1
1
!
!
I
! - Closed boundaries everywhere and no shelf.
1
!
!
I
1
1
!
! Case 2c: As 2b, but including a shelf
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Case 3b: Myving cyclone of maxi mum strength
3.0 Pa noving diagonally across the
basin from sout hwest to northeast.
Di stance fromcenter to max strength
is 200 km The cyclone is in the
m ddl e of the domain at 48hrs.

Case 3c: As 3b, but including a shelf

The linear, shallow water equations to solve are

dUdt = + F+V - GeHkdE/dx + (TSX - TBX)/RHO,
dV/dt = - F+U - GeHkdE/dy + (TSY - TBY)/RHO
dE/dt = - dUdx - dV/dy,

Here x is positive northward, y is positive westward
and t is tinme. Ux,y,t) and V(x,y,t) are the vol une
transport conponents along the x,y axes, while
E(x,y,t) is the sea surface deviation away fromits
equilibriumposition, Fis the Coriliolis paraneter,
Gis the gravitational acceleration, H(x,y) is the
equi l i briumdepth, TSX and TSY are the two hori zont al
conponents of the wind stress, and TBX and TBY the
simlar conmponents of the bottomstress. RHO i s

a reference water density.

The boundaries to the north and south are open.
Here we use the FRS as our boundary condition with
t he external solution conmputed using the one-

di mensi onal version of above equations (d/dx = 0).
The boundary condition at the coast is V=0, and at
t he open of fshore boundary we |l et E=0

Integration is performed using finite difference

met hods:

1. Forward-Backward schenme (Martinsen et al., 1979)
2. Wnd and bottom stress treated backwards

FI NI TE DI FFERENCE EQUATI ONS:

The grid is staggered, corresponding to lattice C of
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Mesi nger and Arakawa (two di nensions) to avoid
overspeci fying the variables at the boundaries. The
finite difference equations are:

UJ,K,INEW = BU-(U(J,K ICUR) + CU + PX + XX),
V(J, K, INEW = Bv+«(V(J,K ICUR) + CV + PY + XY),
E(J,K,INEW = E(J,K ICUR) - DU - Dv,
wher e

DU = (DT/DX)*(U(J, K, INEW - WU(J-1,K I NEW),

DV = (DT/DY)*(M(J, K, INEW - V(J,K-1,INEW),

VC = V(J,K ICUR) + V(J+1, K, | CUR)

+ V(J+1,K-1,1CUR) + V(J,K-1,1CUR),
UC = UJ,K INEW + U(J-1,K, | NEW
+ U(J-1, K+1, INEW + U(J, K+1, | NEW,

CU = F+DT*VC,

CV = - F+DTxUC,

PX = - G(DT/DX)*HU(E(J+1,K ICUR) - E(J,K ICUR)),
PY = - G<(DT/DY)*Hv+x(E(J, K+1, ICUR) - E(J, K, I CUR)),
XX = (TBX(J, K, | NEW / RHO) ,

YY = (TBY(J, K, | NEW / RHO) ,

HU = 0.5+(H(J+1,K) + H(J,K)),

HV = 0.5+(H(J,K+1) + H(J,K)),

BU = HU (HU + RDT),

BV = HV/ (HV + RDT).

The various physical constants are

DT
DX
Dy =
F
RHO
G

RR
T0
X0 =

HO
H1

Time step in seconds
. Increment along x (m
DX . Increment along y (m
. Coriolis paraneter in 1/s
Ref erence water density in kg/ m=*3
Gravitational acceleration in nfs**2
Friction coefficent in nis
: Anplitude of wind stress (N mx*2)
TO/ RHO : Maxi mrum wi nd stress divided by
wat er density (me*2/s*x2)
Equi i brium depth on shelf (m
Equi li brium depth off shelf (m

In additi on we define

J

Counter J=1(1)JJ, X(1)=0.
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K : Counter K=1(1)KK, Y(1)=0.
X(J) = (J-1)*xDX : Position U points along x (m
Y(K) = (K-1)*xDY : Position V-points along y (m
XKMJ) = 0.001*X(J) : As X(J), but in km

YKM K) = 0.001*Y(K) : As Y(K), but in km

Finite difference equation for external solution
The 1-D version in a staggered grid is:

UES(K, I NEW = BUx(UES(K, I CUR) + CU + XX),

= BV*(VES(K I CUR) + CV + PY + XY),
EES(K, | NEW = EES(K, |1 CUR) - DV,
UEN( K, I NEW = BU+x( UEN(K, | CUR) + CU + XX),
VEN(K, INEW = BV+(VEN(K, |1 CUR) + CV + PY + XY),
EEN(K, I NEW = EEN(K, |1 CUR) - DV,
wher e

|
|
|
|
|
|
|
|
|
!
! VES(K, | NEW
|
|
|
|
|
|
|
|
|

COVMUNI CATI ON:

- Synoptic values of sea surface elevation, velocity
conponents are saved on the specified netCDF file
every hour

- Astring of values are printed to term nal
whil e runni ng the program

- Tine series are saved on file unit 52.

STATUS
- CCODED BY . LARS PETTER RCED, net.no, Gslo
- DATE . 27 February 2012

REVI SI ON HI STORY :

- DATE : 14 March, 2012

- Description . Merged all open boundary cases
into one program
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use net cdf

inplicit none

PARAMETER : :
PARAMETER : :

par anet er
par anet er
par anet er
par amet er

PARAMETER : :
PARAMETER : :

par anet er
par anet er
par amet er

E(JJ, KK, NT)
U(JJ, KK, NT)
V(JJ, KK, NT)
XX(JJ, KK, NT)

YY(JJ, KK, NT)

EES( KK, NT)
UES( KK, NT)
VES( KK, NT)
EEN( KK, NT)
UEN( KK, NT)

VEN( KK, NT)

Speci fy di nensi ons

JJ =52 I # x cells

KK = 27 I #vy cells

JF =1 I # x cells in FRS zone
KF =1 I # x cells in FRS zone
JP =JJ-2xJF ! # x cells to save

KP = KK-2«KF ! # vy cells to save

NT = 2 I # of tinme |evels

NTM = 3840 I Max # of tine steps
KS =5 I Location shelf break
KM = 13 I Counter md basiny
JM = 26 I Counter md basin x

Di nensi onal i ze

everyt hi ng
1. Dependent vari abl es
Sea surface anomaly (m

Vol unme transport along x-axis (ms)
Vol unme transport along y-axis (ms)
Wnd stress al ong x-axis divided

by water density (m*2/s**2)

Wnd stress along y-axis divided

by water density (mx*2/s**2)

Ext ernal sol uti on dependent vari abl es
External sea surface el evation al ong
sout hern boundary (m

Nor t hward conponent of vol une
transport at southern boundary (nis)
West ward conponent of vol une
transport at sout hern boundary (nifs)
External sea surface el evation al ong
nort hern boundary (m

Nor t hward conponent of vol une
transport at northern boundary (n's)
West ward conmponent of vol une
transport at northern boundary (nfs)

3. Tine series variabl es
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REAL
REAL
!
REAL
!
!
!
REAL
REAL

EP(JP, KP)
UP(JP, KP)

VP(JP, KP)

H(JJ, KK)
X(JJ), XKM JJ)
REAL Y(KK), YKM KK)
REAL GAM JJ)

| NTEGER J, K

| NTEGER | T

| NTEGER | CUR

| NTEGER | NEW

| NTEGER | SAVE

| NTEGER | W ND

|

|

I

| NTEGER | SHELF

| NTEGER, paraneter

par amet er
par amet er
par anet er
par anet er

par amet er
par amet er
par anet er

par amet er

par anet er

par amet er

Saved depth anomaly (m

Saved velocity along x-axis at
E-point (ms)

Saved velocity along y-axis at
E-point (ms)

4. Ot her vari ables
Equi i briumdepth (m
Di stance along x (mand knm
Di stance along y (mand km
Rel axation paraneter in the FRS zones
Count er indexes along x and y
| ndex for tinme |level #
Counter for current tinme level (n)
Counter for newtime |level (n+l)
Auxiliary time | evel counter
Flag to specify wi nd forcing:
1: Uniformw nd
2: Bell-shaped w nd
3: Moving cyl one
Flag to specify shelf/no shel f:
1. Shelf
2: No shelf (flat bottom

and fl ags

Speci fy physical constants

. DT = 90 I Time step (S).
NOTE: 3600 has to be multiplyer of DT
. DX = 20000. I Increnment in x (m
Dy = 20000. I Increnment iny (m
F =0.00012 ! Coriolis paraneter
RHO = 1025. I Reference water
density (kg/ m3)
G =09.81 I Grav. acc. (nfsx*2)
RR = 0.0024 I Drag coeff. (ms)
HO = 50. I' Equilibriumdepth
flat bottom depth
and shelf (m
H1 = 2500. I Equilibriumdepth
of f-shelf (m
UoC = 15. I Transl ati on speed
of novi ng cycl one
center (m's)
RC = 200000. ! Distance to nmax
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REAL DU, DV, VC, UC, CU, CV,
REAL ARG2, ARG3, ARA

| NTEGER, paraneter
| NTEGER, paraneter

!
REAL
REAL
REAL
REAL
REAL
!
REAL
REAL
!
REAL
REAL
!
REAL
REAL
!
REAL
!
REAL
!
REAL
!
|

par anet er
par anet er
par anet er
par anet er
par anet er
par anet er

| NTECER
| NTEGER

wi nd stress from
cycl one center(m

Specify auxiliary variables --------
PX, PY, PXI , HU, HV, BU, BV, ARGL

Specify auxiliary constants --------

DTX
DTY
X
GY
FT
RDT =

DI/DX ! Coefficient (s/m
DI/DY ! Coefficient (s/m
G:DTX ! Coefficient (1/s)
G:DTY ! Coefficient (1/s)
F DT I Coefficient (-)
RR«DT | Coefficient (m

NSAVE=3600/ DT ! Savi ng every NSAVE
NPRI NT=NSAVE ! Printing every NPRINT

HNTM
DTI ME
HTI ME
TI ME
HA8

XM
YM

T0
X0

XDT
X0C

YOC

VO

NTI ME

NTI ME2
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Maxi mumsim time in hrs
Tinme in days
Time in hrs
Time in sec
48 hours neasured in sec

X in mddle of domain (m
y in mddle of domain (m

Maxi nrum wi nd strength (Pa)
Maxi mum wi nd stress diveded
by water density (me*2/s**2)
Coefficient = XOxDT (ns)
Initial x-position of center
of noving cyclone (m
Initial y-position of center
of noving cycl one (M
Xx-conponent of translation
speed of noving cycl one
y-conmponent of translation
speed of noving cycl one

Ti me counter
Time step counter = NTI ME+1
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| NTEGER :o NTMAX I Maxi mum nunber of tinme steps
|

| o e e o o e o e h e o e e m e f et f e e e m et e e e e e e e e e e m e m oo
R e Net COF stuff -----------------------
I nnk:

| o o o o o f o o o f o f o f m o o o o et e e o e e e e e e e e e e e e e e e e e e e e e m e m e e e = =
! Vari abl es needed for net CODF out put:
| NTEGER .. statuso

| NTEGER > ncido

| NTEGER ;. dimxo

| NTEGER ;. dimyo

| NTEGER ;oo dimtinmeo

| NTEGER ;. Hvarldo

| NTEGER :: Uvarldo

| NTEGER ;. Warldo

| NTEGER ;. TinmeVarldo

| NTEGER : o HTIMVE2

character(len=11) :: outfile I # of characters in outfile

! 1. Make NC-file

outfil e="open_swe. nc"

statuso = nf90 _create(trin(outfile), | OR(nf90_cl obber, &
nf 90 _64BI T_OFFSET), nci do)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

! 2. Define dinmensions
statuso = nf90_def _di m(nci do,’ x’, JP, di m xo0)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90 _def di m(ncido,’y’, KP, di myo)

i f(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_def _di m(ncido, tinme, &

nf 90 _unlimted, dimtinmeo)
if(statuso /= nf90_NoErr) call handl e_err(statuso)

! 3. Define variabl es

statuso = nf90_def _var(ncido,’ h’,nf90 fl oat, &
(/dimxo, dimyo, dimtineo/), Hvarl do)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90 _def var(ncido,’ tinme’,nf90 double,dimtineo, &
Ti meVar | do)

i f(statuso /= nf90_NoErr) call handl e_err(statuso)

!

statuso = nf90_def _var(ncido,’u ,nf90 fl oat, &
(/dimxo, dimyo, dimtinmeo/), Uarl do)
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if(statuso /= nf90 _NoErr) call handl e_err(statuso)

I

statuso = nf90_def var(ncido,’ v’ ,nf90 fl oat, &
(/dimxo, dimyo, dimtineo/), VWarldo)

if(statuso /= nf90_NoErr) call handl e_err(statuso)

! 4. Variable attributes

statuso = nf90 _put att(ncido, Hvarldo,’|ong_nane’, &
"sea level )

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90 _put _att(ncido, Hvarldo, units’, netres’)

if(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90 _put _att(ncido, Hvarldo, tine’ ,'tinme’)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_put _att(ncido, Hvarldo, field, &
"sea level, scalar, series’)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

|

statuso = nf90 _put att(ncido, Ti neVarldo,’|ong_nane’, &
"time since start’)

if(statuso /= nf90_NoErr) call handl e_err(statuso)

statuso = nf90_put _att(ncido, Ti neVarl do, &
"field , tinme, scalar, series’)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_put _att(nci do, nf90_gl obal &
"type’,’ Gui nea program - output’)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_enddef (nci do)

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

T Read in maxi mumtinme and benchmark case ---
VWRI TE(6, *) '’
25 WRI TE(6, *) ’ Specify maxi mum sinulation tinme in hours:

READ( 5, *) NTMAX

VWRI TE(6, *) ’ Specify wi nd case:

WRI TE(6,*) 1. Uniformw nd, 2: Bell-shaped, &
3: Movi ng cycl one’

READ( 5, *) | WND

IF((1WND. EQ 1). OR (I WND. EQ 2)) THEN

X0 =0.1/RHO ! Max wind stress set to 0.1 Pa

ELSE
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X0 = 3.0/RHO ! Max wind stress set to 3.0 Pa
ENDI F
WRI TE( 6, *) " Specify shelf/no shelf:’
WRI TE(6,*) *1: Shelf, 2: Flat bottomni

READ(5, ) | SHELF
|

WRI TE( 6, *) *Maxi mum sinulation tine is 2 &
NTMAX, '’ hrs’

WRI TE(6, *) " Results are saved each S &
NSAVE, ’'hrs’

VWRI TE(6,*) "Results are witten to term nal each:’, &
NPRI NT, ' hrs’

|
!
B Conmput e auxiliary constants --------
NTMAX=NTMAX* 3600/ DT ! Convert max hrs into max tine steps
HNTM=NTM DT/ 3600 I Convert max # of tine steps into hrs
VRl TE( 6, *) NTMAX, NSAVE, NPRI NT
| F( NTMAX. GT. NTM THEN

VRl TE( 6, 9005) NTMAX, HNTM

9005 FORMAT(/, 1X,” NTMAX=", 1X, 15, 1X, &
"Sorry, mexinmum sinmulation’,/, &
"time has to be less than',1X F6.1," hrs’,/, &
"Please try again’)

GO TO 25
ENDI F
|
WRI TE(6, *) *Maxi mum # of tine steps for this run is:’, &
NTMAX

beeme - - Set all variables to zero everywhere -------------
! 1. Independent vari ables
DO J=1, JJ
X(J)
XKM J)
ENDDO
DO K=1, KK
Y(K)
YKM K)
ENDDO
! 2. Al the dependent vari ables
DO | T=1, NT
DO J=1, JJ

©

©

non
©o

a7
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DO K=1, KK
E(J, K IT)
UJ,KIT)
V(J, K IT)
XX(J, K, IT)
YY(J, K I T)

ENDDO

ENDDO
ENDDO
! 3. Variables to be printed
DO J=1,JP
DO K=1, KP

EP(J, K)

UP( J, K)

VP(J, K)

H(J, K)

ENDDO
ENDDO
! 4. External solution variables
DO | T=1, NT
DO K=1, KK

EES(K, I T)

UES(K, I T)

VES(K, I T)

EEN( K, I T)

UEN(K, I T)

VEN( K, I T)

ENDDO
ENDDO
! 5. Equlibriumdepth
DO J=1, JJ

DO K=1, KK

H(J,K) = 0.

ENDDO
ENDDO
! 6. Rel axation paraneter
DO J=1, JJ

GAMJ) = 0.

TR TR TR TR
CO0000o

nononon
Cooo

TR T TR TR TR
COo0000

B Initialize everything --------------
! 1. Tine counters and tinme
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NTI ME2 = NTIME + 1

TIME = 0.

HTIME = 0.

DTIME = 0.

| SAVE=0

| CUR=1

| NEWE2

! 2. I ndependent vari abl es
DO J=1, JJ

X(J) = (J-1)+DX
XKM'J) = 0.001xX(J)
ENDDO
DO K=1, KK
Y(J) = (K-1)*DY
YKM J) = 0.001+Y(J)
ENDDO
! 3. Equilibriumdepth
| F(I SHELF. EQ 2) THEN ! Flat bottom no shelf
DO J=1, JJ
DO K=1, KK
HJ,K) = HO
ENDDO
ENDDO
ELSE I Shel f
DO J=1, JJ
DO K=1, KK
| F( K. LE. KS) THEN
H(J,K) = HO
ELSE
H(J,K) = HL
ENDI F
ENDDO
ENDDO
ENDI F
! 4. Dependent vari abl es
DO J=1, JJ
DO K=1, KK
E(J, K, I CUR)
U(J, K, I CUR)
V(J, K, I CUR)
XX(J, K, I CUR)
YY(J, K, I CUR)

TR T TR
CO0o00o0o

|
©

E(J, K, | NEW
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UJ,K, INEW = 0.
V(J, K, INEW = 0.
XX(J, K, INEW = 0.
YY(J, K, INEW = 0.
ENDDO
ENDDO
! 5. External solution variables
DO K=1, KK
EES(K, 1 CUR) = 0.
UES(K, I CUR) = 0.
VES(K, | CUR) = 0.
EES(K, I NEW = 0.
UES(K, | NEW = 0.
VES(K, | NEW = 0.
!
EEN(K, I CUR) = 0.
UEN(K, I CUR) = 0.
VEN(K, | CUR) = 0.
EEN(K, | NEW = O.
UEN(K, I NEW = 0.
VEN(K, | NEW = 0.
ENDDO
! 6. Rel axation paraneter
GAM 1) = 1.0
GAM 2) = 0. 69
GAM 3) = 0. 44
GAM 4) = 0.25
GAM 5) = 0.11
GAM 6) = 0.03
GAM JJ-5) = GAM 6)
GAM JJ-4) = GAM 5)
GAM JJ-3) = GAM 4)
GAM JJ-2) = GAM 3)
GAM JJ-1) = GAM 2)
GAM JJ) = GAM 1)
!
| o o e o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ee o
R Save the initial values ------------
! 1. Time series
=2
J=JM

VWRI TE( 52, 8001) HTI ME, XX(J, K, | NEW , EP(J, K), UP(J, K), VP(J, K)
! 2. Wite to netCDF file
Iwite(*,*) "Wote NetCDF.. Tinme: ", HIIME
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I HTI ME2=i nt ( HTI ME)

I'statuso = nf90_put var(nci do, HvVar | do, EP, &
! start=(/1, 1, NTI ME2/))

lif(statuso /= nf90_NoErr) call handl e _err(statuso)
I'statuso = nf90_put _var(nci do, Uvarl do, UP, &
! start=(/1, 1, NTI ME2/))

lif(statuso /= nf90_NoErr) call handl e _err(statuso)
I'statuso = nf90_put var(nci do, Warl do, VP, &
! start=(/1, 1, NTI ME2/))

l'if(statuso /= nf90_NoErr) call handl e_err(statuso)
I'statuso = nf90_put _var(ncido, Ti neVar | do, HTI ME2, &
! start=(/NTI ME2/))

lif(statuso /= nf90_NoErr) call handl e _err(statuso)

! Forward the time step
30 NTI ME=NTI MVE+1

| F( NTI ME. GT. NTMAX) GO TO 160 I Tinme to quit?

! I f not continue

NTI ME2 = NTIME + 1

TI ME=TI ME+DT

HTI ME=TI ME/ 3600.

DTI ME=HTI ME/ 24.

! Wite a conforting nessage to the term nal

VWRI TE( 6, *) *WORKING ON TI ME STEP NO. ', &

NTIME,” or ' ,HTIME ' hrs’

XDT = X0xDT
| F(1 WND. EQ 1) THEN
! Case 1: Uniformw nd
DO J=1, JJ
DO K=1, KK
ARGl = (2.+*K - 3)/20.
XX(J, K, I NEW XDT* EXP( - ARGL)
YY(J, K, | NEW 0.
ENDDO
ENDDO
ELSElI F(1| W ND. EQ. 2) THEN
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! Case 2: Bell-shaped w nd
| F(HTI ME. LT. 48.) THEN
DO J=1,JJ
ARR = ((J-IJM/10.)*=*2
ARG3 = EXP(- ARG2)
DO K=1, KK
ARGL = (2.*K - 3)/20.
XX(J, K, | NEW = XDT*EXP( - ARGL) * ARG3
YY(J, K, I NEW = XDT+0.
ENDDO
ENDDO
ELSE
DO J=1,JJ
DO K=1, KK
XX(J, K, | NEW
YY(J, K, | NEW
ENDDO
ENDDO
ENDI F
ELSE
! Case 3: Moving cycl one
VO - W0C/ sgrt(5.)
w = - 2.xV0
HA8 = 48. »3600.
XM (IJM - 1)=*DX
YM (KM + 0.5)*DY
X0C = XM - UO*H48
YOC = YM - VO+H48
DO J=1,JJ
ARGL = (J-1)*DX - XOC - UO*TI ME
DO K=1, KK
ARGK2
ARG3

XDT=*O0.
XDT=*O0.

= (K-1)*DY - YOC - VO+TI ME
= SQRT(ARGL#**2 + ARG+ +*2)
= EXP(- 0.5+(1.- (ARG3/RC))**2)
XX(J, K, INEW = - XDT+( ARG2/ RC) » ARGA
K, | NEW = XDT+( ARGL/ RC) * ARG4

ENDI F
I Distribute wind forcing onto appropriate U- and V-points
DO J=1, JJ
DO K=2, KK
XX(J, K, INEW = 0.5+(XX(J, K, INEW + XX(J, K-1, 1 NEW)
ENDDO
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ENDDO
DO J=2,JJ

DO K=1, KK

YY(J, K, INEW = 0.5+(YY(J, K INEW + YY(J-1, K, | NEW)

ENDDO
ENDDO
| o e e e e e e e e e e e f e e e e e m e e e e e e e e e e e e e e e e e e e e e e m e e e e m——m— - =
R Update the north-south volune flux conponent (U)
! 1. Al points inside of the boundaries except
! al ong the coast (K=2)
! J=2(1)JJ-2 and K=2(1)KK-1
DO J=2,JJ-2

DO K=2, KK- 1

HU = 0.5+«(H(J+1, K) + H(J, K))
BU = HU (HU + RDT)
| F(K. EQ 2) THEN

VC = V(J,K ICUR) + V(J+1, K, | CUR)
CU = 0.5«FT*VC
ELSE
VC = V(J,K ,ICUR) + V(J+1,K ,ICUR &
+ V(J,K-1,1 CUR) + V(J+1,K-1,1CUR)
CU = 0. 25xFT*VC
ENDI F
PX = - GX+HUx(E(J+1, K, ICUR) - E(J,K ICUR))
UJ,K,INEW = BU(U(J,K ICUR) + CU + PX + XX(J, K, | NEW)
ENDDO
ENDDO
! 2. Update external solution at southern boundary
! J=1, K=2(1)KK-1
J=1
DO K=2, KK- 1

HU = 0.5+%(H(J+1,K) + H(J, K))
BU = HU (HU + RDT)
| F(K. EQ 2) THEN

VC = VES(K, | CUR)
CU = FT*VC

ELSE
VC = VES(K, | CUR) + VES(K-1,|CUR
CU = 0.5*FT*VC

ENDI F

PX =

UES(K, I NEW = BU+(UES(K, I CUR) + CU + PX + XX(J, K, | NEW)
ENDDO
UES(1, | NEW = O.
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UES(KK, | NEW = 0.
! 3. Update external solution at northern boundary
! J=JJ-1, K=2(1)KK-1
J=JJ-1
DO K=2, KK- 1

HU = 0.5+(H(J-1,K) + H(J, K))

BU = HU (HU + RDT)

| F(K. EQ 2) THEN

VC = VEN(K, | CUR)
CU = FT*VC

ELSE
VC = VEN(K, | CUR) + VEN(K- 1, | CUR)
CU = 0.5%FT*VC

ENDI F

PX = 0.

UEN(K, I NEW = BUx(UEN(K, ICUR) + CU + PX + XX(J, K, | NEW)
ENDDO
UEN( 1, | NEW = O.
UEN( KK, | NEW = 0.
! 4. Put zeros in U points outside of the boundaries
! J=1(1)JJ, K=1, K=KK; and K=1(1)KK, J=JJ
DO J=1, JJ

U(J, 1, INEW = 0.

U(J, KK, | NEW = 0.

ENDDO
DO K=1, KK
UJJ, K INEW = 0.
ENDDO
! 5. Relax solution in FRS zones
DO J=1,JJ-1
DO K=2, KK- 1
| F(J.LE. JM THEN
UJ,K,INEW = (1.-GAMJ))*=U(J, K, | NEW &
+ GAM J) » UES( K, | NEW
ELSE
UJ,K, INEW = (1.-GAM J+1))+*U(J, K, | NEW &
+ GAM J+1) * UEN( K, | NEW
ENDI F
ENDDO
ENDDO

R Updat e the east-west volume flux conmponent (V)
! 1. Al points inside of the boundaries
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! J=2(1)JJ-1 and K=2(1)KK-2
DO J=2, JJ-1
DO K=2, KK- 1
HV = 0.5+(H(J, K¥1) + H(J, K))
BV = HV/ (HV + RDT)
| F(K. EQ KK-1) THEN

UC = U(J, K, INEW + U(J-1, K, | NEW
CV = - 0.5«FT>UC
ELSE
UC = UJ,K ,INEW + UJ-1, K INEW &
+ U(J, K+1, INEW + U(J-1, K+1, | NEW
CV = - 0.25*xFT+«UC
ENDI F
PY = - GY*HV+(E(J, K+1, 1 CUR) - E(J,K ICUR))
V(J, K, INEW = BV+(V(J,K ICUR) + CV + PY + YY(J, K, | NEW)
ENDDO
ENDDO
! 2. External solution at southern boundary
! J=1, K=2(1)KK-1
J=1
K=2, KK- 1

HV = 0.5+(H(J, K+1) + H(J, K))
BV = HV/ (HV + RDT)
| F(K. EQ KK- 1) THEN

UC = UES(K, | NEW
CV = - FTxUC
ELSE
UC = UES(K, | NEW + UES(K+1, | NEW
CV = - 0.5*FTxUC
ENDI F
PY = - GY+Hvx (EES(K+1, | CUR) - EES(K, | CUR))

VES(K, INEW = BV+*(VES(K, ICUR) + CV + PY + YY(J, K I NEW)
ENDDO
VES(1,INEW = 0. ! Boundary condition at coast
VES(KK, INEW = 0. ! Never used, but ensures that it is zero
! 3. External solution at northern boundary
! J=JJ, K=2(1)KK-1
J=JJ
DO K=2, KK- 1
HV = 0.5%(H(J,K+1) + H(J,K))
BV = HV/ (HV + RDT)
| F(K. EQ KK-1) THEN
UC = UEN(K, | NEW
CvV = - FTxUC
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ELSE
UC = UEN(K, | NEW + UEN(K+1, | NEW
CV = - 0.5«FT*UC
ENDI F
PY = - GYxHvx (EEN(K+1, | CUR) - EEN(K, | CUR))

VEN(K, I NEW = BVx(VEN(K, | CUR) + CV + PY + YY(J, K, | NEW)
ENDDO
VEN(1,INEW = 0. ! Boundary condition at coast
VEN( KK, INEW = 0. ! Never used, but ensures that it is zero
|
! 4. I nplenent costal b.c., set to zero outside offshore
! K=1, K=KK
DO J=1, JJ

V(J, 1, INEW = 0.

V(J, KK, INEW = 0.

ENDDO
! 5. Relax solution in FRS zones
DO J=1, JJ
DO K=2, KK- 1
| F(J.LE.JM THEN
V(J,K,ITNEW = (1.-GAMJ))*V(J, K, | NEW &
+ GAM J) * VES( K, | NEW
ELSE
V(J, K, INEW = (1.-GAMJ)) *V(J, K, | NEW &
+ GAM J) * VEN( K, | NEW
ENDI F
ENDDO
ENDDO
e End update the east-west volune flux conponent (V)
| o e e e e e f e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e m e m——m - -
R Updat e sea surface anomaly (E)
! 1. All points inside of the boundaries
! J=2(1)JJ-1 and K=2(1)KK-1
DO J=2,JJ-1
DO K=2, KK- 1

DU = DTX*(U(J, K, INEW - U(J-1, K, | NEW)
DV = DTY+(V(J, K INEW - V(J, K-1,1NEW)
E(J, K INEW = E(J,K ICUR) - DU - DV

ENDDO
ENDDO
! 2. Qutside of the coastal and offshore boundary
! J=2(1)JJ-1, K= 1 and K=KK
DO J=1, JJ

E(J, KK, INEW = - E(J,KK-1,INEW ! Offshore b.c.
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E(J,1 ,INEW = 0. ! Qutside of domain

ENDDO
|
! 3. Update external solution at southern boundary
! J=1, K=2(1)KK-1
J=1

K=2, KK- 1

DU = 0.

DV = DTY*(VES(K, | NEW - VES(K-1, 1 NEW)
EES(K, INEW = EES(K,ICUR) - DU - DV
ENDDO
EES(1, | NEW = 0.
EES(KK, | NEW = - EES(KK- 1, | NEW
|
! 4. Update external solution at northern boundary
! J=3J, K=2(1)KK-1
J=JJ
DO K=2, KK- 1
DU = 0.
DV = DTY+(VEN(K, | NEW - VEN(K-1,1NEW)
EEN(K, INEW = EEN(K, ICUR) - DU - DV

ENDDO
EEN(1, I NEW = O.
EEN(KK, INEW = - EEN(KK-1,INEW ! O fshore b.c.
|
! 5. Relax solution in FRS zones
DO J=1,JJ-1
DO K=2, KK- 1
| F(J.LE.JM THEN
E(J, K, INEW = (1.-GAMJ))=*E(J, K, | NEW &
+ GAM J) * EES( K, | NEW
ELSE
E(J,K,INEW = (1.-GAM J))*E(J, K, | NEW &
+ GAM J) *EEN( K, | NEW
ENDI F
ENDDO
ENDDO
| o o o o e o o f o f o f e f o o o o o e o e e e e e e e e e e e e e e e e e e e e e e e e e m e e e = =
e Prepare fields to be printed ------
! Convert transports to nean depth currents
! at E-points inside of FRS zones and boundari es
! J=7(1)JJ-7, K=2(1)KK-1
DO J=1, JP
DO K=1, KP
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EP(J, K) = E(J+JF, K+KF, | NEW
VP(J,K) = 0.5+(V(J+JF, K+KF , | NEW &
+ V(J+JF, K- 1+KF, | NEW ) / H( J+JF, K+KF)
UP(J,K) = 0.5+x(U(J+IJF |, K+KF, | NEW &
+ U(J- 1+JF, K+KF, | NEW ) / H( J+JF, K+KF)
ENDDO
ENDDO
| o e e e e e f e f e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e m e m——m - -
! Wite results to tinme series file
=2
J=JM+6
WRI TE(52, 8001) HTI Mg, XX(J, K, | NEW , EP(J, K), &

UP(J, K), VP(J, K)
8001 FORMAT(1X, F10. 4, 1X, 10E12. 4)

! Save the results for this tinme step?
| F( MOD( NTI ME, NSAVE) . EQ 0) THEN

wite(x,*) "Wote NetCDF.. Tine: ", HIIM
HTI ME2=i nt ( HTI ME)
statuso = nf90_put _var (nci do, Hvar | do, EP, &

start=(/1, 1, HTI ME2/))

if(statuso /= nf90 NoErr) call handl e_err(statuso)

statuso = nf90_put var (nci do, Uvarl do, UP, &
start=(/1, 1, HTI ME2/))

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_put _var(ncido, Warl do, VP, &
start=(/1, 1, HTI ME2/))

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

statuso = nf90_put var (nci do, Ti neVar | do, HTI ME2, &
start=(/HTI ME2/))

if(statuso /= nf90 _NoErr) call handl e_err(statuso)

ENDI F

! Wite sone results to term nal ?
| F( MOD( NTI ME, NPRI NT) . EQ 0) THEN

K=2
DO J=2, JJ-1
WRI TE( 6, *) HTI ME, XKM J), XX(J, K, | NEW , EP(J, K) , &
UP(J, K), VP(J, K)
ENDDO
ENDI F

I Go to next tinme level, but renenber to swap i ndexes first
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7 SUMMARY

| SAVE = | CUR
| CUR = I NEW
I NEW = | SAVE
GO TO 30

160 CONTI NUE
IC
statuso = nf90_sync(nci do)
i f(statuso /= nf90_NoErr) call handl e_err(statuso)
statuso = nf90_cl ose(nci do)
i f(statuso /= nf90_NoErr) call handl e_err(statuso)

! I f run succesful wite this conforting note to term nal

STOP ' AFTER GOCD RUN
I

END PROGRAM SHALLW
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