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Abstract

Although our names appear as co-authors in the above article (Rekf@after H2008),
we were not aware of its existence until after it was published. In reatimarticle, we
discovered that a significant portion of it (40%, or 10 pages) repeats three large frag-
ments from our own previously published work, Shchepetkin and McWillid208@) [2]
(hereafter SM2005), but now presented in such a way that the motiviatidhe specific
algorithmic choices made in ROMS and the relations among the different modebeomp
nents are no longer clear. The model equations appearing in H200&, 5éaken from an
earlier article Haidvogeét al(2000) [3]) are not entirely consistent with the actual equa-
tions solved in the ROMS code, resulting in contradictions within H2008 itsetfutrview

the description in H2008 does not constitute a mathematically accurate statémeiihe
hydrodynamic core of ROMS. The purpose of this note is to clarify angecbthis, as well

as to explain some of the algorithmic differences among ROMS versions naein u

1 Overview

As a review article, H2008 is expected to provide readerk wibalanced overview of the current
status of development, capabilities, and applications@ROMS model, which at this time has passed
its tenth anniversary as a collaborative project. Natyralith this goal in mind, we expected this
article to reuse previously published material with a reasbte degree of summary and condensation.
However, we discovered that H2008 cuts and pastes three ¢amgnks from SM2005 and reuses the
model-formulation section from Haidvoget al.(2000) [3] in a way that impairs the original relations
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between the parts. There are also omissions of materialgfaitical for understanding the ROMS
code kernel design, and even several reversals of the arfigieaning of SM2005. In retrospect, we
characterize the latter as a mathematical optimizatiodystising a somewhat engineering approach
where the attention to how different algorithmic parts iaté among each other takes precedence
over the novelty of individual components. This changesailmelen of proof from demonstrating the
functionality of the model to showing that it cannot be madaerefficient while staying within the
class of split-explicit, free-surface models. AccordingdM2005 surveys a wide range of possible
time-stepping algorithms, even thought only a few are digtused in the code. It also indicates the
possibility of multiple variants of the code where competitalgorithms are identifiecc{., Section 5
below). The purpose of this commentary is to diagnose anttbfigremedy the possible confusions
inadvertently caused by publication of H2008, and to addesarformation that may help readers
understand relations among several variant algorithmpcagehes within the ROMS family of codes.
Much of our discussion is quite technical as are the partsefer to in H2008. In the absence of
alternative community conventions for communicating cddsign specifications, it is important that
the published algorithms be accurately expressed. A regere complete discussion of the design
criteria for an oceanic model such as ROMS can be found in&jetkin and McWilliams (2008) [4].
Having said that, we have no doubt about the various illtistta of successful ROMS solutions and
forecasts that comprise the second half of H2008, startitigSection 4.

1.1 Major Critical Comments

e Section 2.1Hydrodynamic CoreH2008 presents the model equations in a shortened and-simpl
fied version (.e., omitting horizontal curvilinear coordinates) of Sectiod i [3] (hereafter cited as
DAMEE2000)! . DAMEE2000, in its turn, is drawn from [5] (hereafter SH9%he way the continuity
equation is written — Eq. (4) in H2008 (same as Eg. (6) in DANBEO)vs.Eq. (2.26) in SH94 —
indicates an unawareness that the way the vertical codedmperturbed by the free-surface elevation,
¢, in ROMS is different from that in SH94 since

o ( ¢ 0 (H,

ot <mn> 7 ot (mn> (1-1)
for ROMS vertical coordinaté. This is explained in detail in Section 2 below. The changeeofical
coordinate also leads to a change in the definition of vertiebocity in transformed coordinates,
which in turn affects constancy-preservation for tracé&rss is further discussed in Sections 3 and 4
below.

e In SM2005, Section 2 surveys a wide range of time-steppiggrahms, Section 4 discusses
several possible choices for building an actual code, beti@e5 describes a specific combination of
algorithms for a particular version of the code. Howeverduse Section 3.6 of H2008 just follows
Section 5 of SM2005 with no discussion of alternatives, @ee&asily gets the impression that the
ROMS kernel is just the algorithm formulated there&tage 1to 6. This is not accurate. In fact,
there are four well-identified variants of hydrodynamic @ustepping kernel for the ROMS-family
codes currently in use (Section 5 below). Furthermore, geeific ROMS kernel described in Sec.
3.6 in H2008 was not used in the examples reported in thewollp Section 4 in H2008, rather an
alternative variant was used instead. Section 5 belowfidathis situation.

I Data Assimilation and Model Evaluation Experiments
2 All symbols appearing here have the same meaning as in the articles cited.



e Section 3.1 in H2008 repeats the beginning of Section 1.IM2@5, while omitting a 3/4-
page discussion there that ends with "Throughout this stuelyassume that our vertical system of
coordinates is no longer separable...”. In contrast, 8e@&il in H2008 ends with Eq. (9) [same as Eq.
(1.5) in SM2005], which is/(z,y,0) = S(o) - h(z,y) and is a special-case example of a separable
transformation. After Eq. (9), H2008, there is only a singgmtence referring to the S-coordinate in
SH94. This sentence is also taken from SM2005. Howeveingudtf the discussion here inadvertently
leaves an impression that the ROMS vertical coordinatetieeEq. (9) in H2008 or is the same as
in SH94. This is not consistent with the original meaning 2805 which deliberately leaves the
design of vertical coordinate open, while facilitating ilementation of alternative coordinates, nor
does it reflect the actual current state of ROMS where newae imdvanced options became available
(Section 2 below).

e Section 3.2, the last sentence on p. 3599 in H2008 statesgfiExvhere noted otherwise..,
Section 3.7), a centered second-order finite-differengecemation is adopted in the horizontal”.
This is misleading. Section 3.7 in H2008 describes only tigohms: a QUICK-type, third-order
upstream-biased interpolation used to compute advectixedland a conservative parabolic spline
reconstruction optionally used for vertical advection arstosity and diffusion. Besides these there
are many other algorithms employed in the code that go begendnd-order differencing.g.,the
pressure-gradient force (PGF) computed using monotomabit interpolations in all directions [6];

a similar operator for advection of tracers; a positivesdtfiMPDATA advection scheme [7] for sea-
ice concentration and thickness, biological tracers, aalthsent concentration; a monotonized, high-
order vertical advection scheme for vertical migration iwldgical species and sinking of sediments,
etc.Most importantly, the whole spirit of spatial discretizatiin a hydrodynamic code like ROMS is
finite-volume rather than finite-difference.

e Section 3.2 in H2008 repeats Section 1.2 in SM2005, but natv avdifferent title, Spatial Dis-
cretization With the exception of the first two sentences, the only tapiered in this section is how
the vertical coordinate is perturbed whérleviates from its resting state, which is reflected in the
original title, Perturbed Vertical Coordinate Systein SM2005 the sole purpose of Section 1.2 is to
introduce the proportional perturbation of grid-box hegjlq. (1.10) there] as the framework for con-
structing a conservative and constancy-preserving moli&rgp procedure which also incorporates
fast-time-averaging for barotropic fields: at first, to expahe problem in the following Section 1.3,
and subsequently in Sections 3 and 4 describe in detail aniddgn having all the needed properties.
H2008 does not makes this emphasis, and in fact, as we seenases entirely the aspect of compat-
ibility between the fast-time-averaging procedure for Itlagotropic mode and the slow-time discrete
continuity equation, which is the basis for constancy-preisg time stepping algorithm for tracers.

e Section 3.3 in H2008 repeats Section 1.3 in SM2005 thatraaltyi had the titleConflict between
integral and constancy-preservation for tracef$e word "conflict” has now been removed from the
title, and the discussion at the end is shortened by remdtimgentence, “Perhaps the most delicate
matter here is replacement ¢fatn + 1 with its fast-time-averaged value: not doing so leaves room
for aliasing error, while the replacement makes the "slomet discrete 2D continuity equation ...
hold only within the order of temporal accuracy, but no longeactly even though it is exact at every
time step)” (SM2005). Both changes impair the meaning of &atien. In fact, the entire purpose of
Section 1.3 in SM2005 is to emphasize that in an oceanic maitdela changing vertical coordinate
(due to changing) and with different time-stepping algorithms for barotimand baroclinic sub-
systems, having exact finite-volume, finite-time-step iaacy of the 3D, slow-time discrete conti-
nuity equation is not automatic; a special procedure musksggned to guarantee it. This applies to
both split-explicit and implicit models. (If SM2005 were it#en today, three more references would



be cited here [8, 9, 10].) Section 1.3 in H2008 merely stdtasthere is a conflict but provides no so-

lution. The conflict is resolved in Section 3.2 in SM2005 bystucting a 2-way fast-time-averaging

procedure that computes five fieldg&" !, (TU)"*1, (V)" along With<<U>>n+l/2 and<V>>n+l/2 -

that satisfy Eq. (3.39), the slow-time, vertically integh continuity equation for fast-time-averaged
values. Then before performing the corrector step for teadbe 3D fluxes are forced to have exactly

the same vertical integrals §7>>n+1/2 and <<V nH/Q. H2008 provides no explanation and makes
little mention of the fast-time-averaging procedure in R&M.g.,there is no evidence of even the
existence of secondary-weighted fast-time-averagedtogio fluxes (denoted by.))), with the ex-

ception of the unexplained symb@ﬁ)nﬂ/2 in Stage 5on p. 3608. The ending sentences of Section
3.1in H2008 are: "Alternatively, one might distribute thésmatch of discrepancy in (25) throughout
the water column so that the top boundary condition holdsabtiie expense of discrepancy in (21)
[SH94]. In either case, a conservative update of the traeklsfi(16) loses its constancy-preservation
property.” This unavoidably gives the reader the impressimt ROMS is not different from SH94
with respect to this matter, which is false.

e p. 3607,Stage land Stage 2 The original text in SM2005 for these stages mentions "tbe u
of artificial compressibility equation.é., the pseudo-compressible algorithm)”, but these words are
removed in H2008. This leads to a loss of meaning becausete-fiolume time step requires new-
time-step grid-box heights in order to compute a controur@@. This cannot be done at this stage
because€ is not yet updated. Nevertheless, H2008 states, "this stepristancy-preserving, but not
conservative”, and then explains why it is acceptable atgtage. In Section 4 below, we provide an
overview of conservative and constancy-preserving titepgsng algorithms for tracers, focusing on
the role of the continuity equation in the presence ef 0.

e Eq. (65) on p. 3609 and Table 1 on p. 3611 in H2008: This dedimibf model skill is also
known as the index of agreement [11, 12]. Willmott argue$ thare standard measures, such as the
correlation coefficient between model and data, may beficgerit and often misleading. Egs. (1)-(4))
in Willmott [12] distinguish four kinds of errors: mean bjagiadratic variance (related to root-mean-
square error) with and without subtracting mean bias, arehnaésolute error. The proposed index of
agreement is a single composite measure sensitive to ak tkieds of errors, and it is intended for
cross-comparison among several different models. In grcgses where all errors are presumed to be
of a single type, the criterion can be applied to rank theaVperformance. However, in application to
oceanic modeling it is an oversimplification because thexr@hnnot distinguish between the different
types of errors, nor pinpoint a specific cause for error todsr@ssed in a model redesign. Therefore,
it is difficult to judge the results in H2008, Table 1, soletgrh the fact that the skill defined by Eq.
(65) is close to 1. In this respect the approach used by H20@8ther different from the common
model assessment practices within the ROMS commucity 3, 13, 14, and the remainder of Section
4 in H2008 itself]) as well as from the related effort in dassianilation [15, 16]. The latter tends to
use cost functions with subjectively specified weights; some errors are given more tolerance than
others. This differentiation is necessary to address tmiogies associated with differing quality of
observational data and with the fundamental predictghiiitit to how well model and data can match
each other in a deterministic sense when the flows are dyadynimstable and turbulent.

Although not always expressed as quantitative measuress th a common oceanic model as-
sessment procedure. At first, one evaluates the modelyatailieproduce known results in controlled
(often idealized) simulations. Secondly, for a realisbofiguration the key issue is that most measure-
ments are sparsely distributed and cannot be meaningfuthpared with model results directly. Thus,
one bests gauges model results against observations otthe stated.g., 17], variance, or other sta-



tistical measure, which requires averaging of the modeilt®# various ways (climatological mean,
high- and low-path filtering, extracting signals with seééstfrequenciestc) before comparisons can
be made. Examples of meaningful measures are the path ofulieSeam, the seasonal cycle of
the depth of particular isotherms, and eddy kinetic enévipst often these comparisons are not easily
guantified into a single number for “skill”. In dealing withrbulent flows, there is little hope to achieve
a close phase correspondence between the model and theemeasti(periodically-forced barotropic
tides are a counter-example). From the point of view of E§),(& phase differences is counted as
error, as is the ability of the model to produce fine-scaléuies €.g.,fronts and eddies) not present
in observational climatologies due to under-samplingsThay lead to a paradoxical result that Eq.
(65) may yield a higher skill for a coarse-resolution modhelrt for a fine one, because it interprets
fine-scale phenomena as noise. On the other hand, the tidhispace averaged effect of the latter may
lead to a significant difference in the mean circulation,chhis observable in sparse data but cannot
be accurately simulated with a coarse model. This leads teatey skill of a fine-resolution model, if
its output is averaged appropriately to match the smoothokthe available data.

e H2008 makes a rather skewed citation of published liteeatvith several major omissions. For
example, a significant milestone in realistic simulationdJ& West Coast and California Current
System using ROMS, Marchesiel& al(2003) [13], is not cited. Neither is Centurioet al(2008)
[18], which compares drifter data from the same area agé#iestesults from four different ocean
models including ROMS. Nor are Penvenal (2006) [19], which is a demonstration of code working
on a set of progressively refined grids; and Cagietl (2008) [20], which is the first in series of high-
resolution Az < 1 km) studies dedicated to transition toward submesoscalendigsa- all of which
were available before publication of H2008. Also not citediiline of late 199x development with
significant influences on ROMS codes [21, 22, 23, 24], whictlentake a major redesign of SPEM
code with subsequent use for realistic simulations (Sed&)o

1.2 Minor Comments and Typos

e p. 3595, Abstract, the one before the last line appearinismpage “...quasi-monotone advection
produces both more robust and accurate...”: this is misigdoecause “quasi-monotone” advection
schemes [25] use a special numerical mechanism to suppigsrgive overshoots of high-order,
centered advection. No such thing is actually used in ROMSatWbeds to be said instead is that,
unlike virtually all other ocean models, ROMS uses higlmamntsecond order advection for both tracers
and momentum.

e p. 3603: The subtitl8.5. Improved Mode-Splitting misplaced, because Eq. (29) above it already
belongs to the improved splitting algorithm.

e p. 3604, Eq. (36): The l.h.s. term shouldgf(Du) +...,i.e.,with lowercaser instead of/. This
typo is traced back to the typo in the original Eq. (3.15) inZRMd5.

e p. 3605, Eq. (37): The secondr.h.s. term shoulg—’ﬁéw ’,i.e.,with minus sign instead

of a plus sign. This typo is traced back to the original qufﬁ;%m SM2005.
e p. 3607,Stage 1 The symbolU)" at the end is undefined.
e p. 3607,Stage 3The symbolU)"*! is undefined.

* p. 3607 Stage 4 The symbol(¢)"*! at the end is undefined; al¢f";"; should not be bold-face.

e p. 3608,Stage sandStage 6 The symbols<<U>> e and(U)""! are undefined. Moreover these
two symbols appear in wrong places, and should be switgR&d:™ should appear iStage Swhich



. . . . . . ——\n+1/2
finalizes the computation of horizontal velocity compoisaatttime step + 1. Conversely<<U>> o

should appear iStage Bvhere it is used to construct a set of finite-volume fluxes &t1/2 in such a
way that the discretized slow-time continuity equatioh,Eq. (4.8 in Section 4 below) holds exactly.
This misplacement of the two symbols occurs only in H2008|enthe original version in SM2005 is
correct.

e p. 3609, just before Eq. (61), “The spline is representeddpy(4£3)..”: This should instead be Eq.
(37); EqQ. (43) has nothing to do with the spline.

e p. 3609, Eq. (61): This is notationally inconsistent with Ey) for two reasons. First, the symbol
z, which in this context has the meaning of a local verticalrdowte defined within a single vertical
grid box, should be replaced with, (—Az/2 < 2/ < +Az/2) to avoid confusion with the vertical
z-coordinate as it is used elsewheren(< z < (). Second( in the I.h.s. should be replaced with
as well, and, possibly)z, — Hj to be more consistent with Eq. (37).

¢ Fig. 8 on p. 3614, and the associated discussion on p. 364Boitld be explained that the date
of July 2003 for the SeaWiFS chlorophyll data was chosenuseraf data availability, and it is used
here just as a representative image. Otherwise compariodiédds which are 9 years apart in time
does not seem to be very meaningful.

e p. 3623, Ref. [38] in H2008: author name Willmott is misspellehould be with double “II”.

e p. 3623, Ref. [42] in H2008: one name is missing from the lishwthors, A. Kaplan should be
added at the end after T. M. Powell.

2 \Vertical Coordinate of ROMS
2.1 Design Considerations for Terrain-following Coordinates

For an extended period of time the ROMS factodefault vertical coordinate was functionally
similar to Eq. (2.16) in SH94 (except for how it is perturbgdtbe changing, which was different
from the start),

2O,y 8) =he-s+ (h—he) - C(s), -1<s5<0, (2.1)

however, the code is written in such a way that one transfibomaan be easily replaced with an-
other with all necessary changes occurring strictly witthia routines that set the vertical coordi-
nate. In practice this is implemented by storing the peddrboordinate = z(x,y, s) in an three-
dimensional array, while the algorithm creating it is hiddeom rest of the code and at no point
does the code rely on the specific properties of the transftiom €.g.,unlike POM? , where virtu-
ally all components of the code are written with the assuomptinat the transformation is separable,
2z, y,0) = C(0) - h(z,y)). ROMS-related literature often uses the symbisistead of> for inde-
pendent sigma-coordinate variable, so the symbalsdo are interchangeable in most situations. The
subtle difference between the two is tlwats normally reserved for the proportional (non-stretched)
sigma-coordinatey = (z — ¢)/(h + ¢), which uniquely defines the remapping due to both the bot-
tom topography and the perturbation in free surface, whdppears in the context of a more general
terrain-following coordinate. In ROMS the < s remapping is done first assuming the unperturbed
state of free surface, then the resultant vertical cootdiagstem is perturbed in a proportional man-

3 Princeton Ocean Model [26].



ner to accommodate non-resting free surface (this Secwhelo = h(z,y) is bottom depth for a
resting sea surfac€!(s) is a monotone nonlinear function constrained-by < C(s) < 0 along with
C(—1) = —1andC(0) = 0. C introduces a stretching of the vertical grid, typicallg'(s)/ds < 1,

s — 0 resulting in refinement near the surface, while, conver$élis) /ds > 1 in the abyss resulting
in coarsening. In practice it is common to have a minimumieakgrid spacing ofAz ~ 5m near
the surface whiledz may be as large as 500m in the deep abyssi. = const (also positive) is
normally chosen to be comparable with the expected deptheopycnocline. It introduces a set of
nearly horizontal levels in the upper oceam,. < z < 0, in deep regions wherk, < h. Besides
local refinement near the surfade, > 0 produces set of vertical levels with nearly uniform vertica
spacing by deferring vertical stretching until< —h.. This is needed for optimal resolution of the
surface boundary layer, and it yields a less-than-propaati dependency of the upper level depths
on the topography that overall mitigates sigma-errors gspure-gradient and advection terms. At
z ~ —h, the transform smoothly blends with the levels below thatyelmore and more like sigma
levels following topography.

A major limitation of (2.1) is that it becomes a non-monotofuinction ofs if h < h. because atyp-
ical choice of stretching functiofi(s) has refinement near the surfad€;(s)/ds < 1 at the expense
of the existence of a range sfwheredC(s)/ds > 1. So onceh — h.) becomes negativé)z(?) /s
may become negative as well. This imposes the limitatiol.of /,,;,, which essentially negates the
usefulness of having. in (2.1) by forcing an uncomfortable compromise betweernosimg /. too
shallow, or modifying/masking out model bottom topograpighallowest places. For several years
already, the default choice in the UCLA ROMS is

he-s+h-C(s)

Z(O)($7y75)zh' h+h )

(2.2)

instead of (2.1), thus removing the need for chooging< h,,;,. Recently this was adopted into the
Rutgers version (see Sec. 5 for explanation different bremoh ROMS) as the preferred option there
as well. The choice of stretching functi@iv(s) is application-dependent. For large-scale, open-ocean
simulations a common selection is

C(s) = [1 — cosh(0s)]/ [cosh(0) — 1] , (2.3)

with parameter valué = 5.5...6.5 andh. = 120...300m. In coastal configurations, where there is a
need to resolve bottom boundary layer, a two-stage strejchi

1 —cosh(fss)

C(s)=C[S(s)]  where  S(s)= b @) =1 and  O(S) = exp(6,S) — 1

"o ew(—fy) 2V

is more preferred. Parametétsandd, control surface and bottom refinement. Note that the funatio
limit of C'(S) whend, — 0is C(S) = S, meaning that (2.3) is just a special case of (2.4). For all
settings of parameters(s) has the propertyl(](s)/ds’ 0 0, which, in combination with (2.2),

makesﬁz(o)/és‘ 0~ h-h./(h+ h:) ~ h.inthe deep areas, < h. As a consequence, the vertical
size of the uppsé?most grid-boxes generated by (2.2)-(2.8arly independent from the bottom to-
pography (the uppermost grid thickness can be estimatéd/ag whereN is the number of vertical
levels). This makes the coordinate behave effectivelydikecoordinate near the surface, which is op-
timal for surface boundary layer simulation, and, with tléunal increase of stratification in the upper
part, this design helps mitigate sigma-coordinate presgtadient errors. In shallow placesd.,over



continental shelves and coastal areas), (2.2) changeshiésvior toward more a sigma-like coordinate,
and it asymptotes toward a uniform-resolution sigma-gritemh < h. regardless of the choice of
C(s).

2.2 Perturbation of Vertical Coordinate by Free Surface

With the exception of the use of horizontal Cartesian co@tgis instead of curvilinear ones, Egs.
(2)-(5) in Sec. 2.1 in H2008 are equivalent to those in SecikDAMEE2000, which were derived
from Eqs. (2.21)-(2.26) in SH94. Although it may seem to bgygeibtle and possibly insignificant, the
modification of how the continuity equation is written — spieally Eq. (2.26) in SH94/s.Eq. (6) in
DAMEE2000 that also appears as Eqg. (4) in H2008 — exposes ar magunderstanding about how
the vertical coordinate of ROMS is perturbed by a moving sadace. H2008 gives an impression
that the coordinate is still the same as in SH94, but it is@ohsequently, Eq. (4) in H2008 contradicts
Egs. (11)-(12) in H2008.

2.3 Perturbed Vertical Coordinate in SH94

The vertical coordinate transformation in SH94 is its Eq162,

z=((1+s)+hes+(h—h)C(s), —1<s<0, (2.5)
wheres = 0 corresponds to the free surface= (, ands = —1 the bottom,z = —h. The other
symbols,h. andC'(s) are the same as in (2.1). The vertical derivative of (2.5),

0z d

[cf., EQ. (2.18) in SH94] appears as a metric function in all termg&gs. (1)-(5) in H2008. In the
discrete coddd, sets the height of control volumes. Usuadlg/(s)/ds < 1 for s — 0, implying a
vertical grid refinement near the surface. Obviously, assequence of (2.6),

OH, 0¢

=, 2.7

ot ot 2.7)
This indicates that Eq. (6) in DAMEE2000 is equivalent to E226) in SH94 only as long a&
participates in the vertical coordinate transformatioma2.5). In the discrete code (2.7) means that
all vertical grid boxedT, ; ,, receive exactly the same perturbation wjthregardless of their size,

Hijn = HJy + C/N, 2.8)

WhereHi(S?k is unperturbed (corresponding to(a = 0 grid-box height) andV is the number of
vertical sigma-levels.

2.4 Perturbed Vertical Coordinate in ROMS

ROMS is not tied to a specific functional form for the verticabrdinate transformation; rather it
assumes that there is an unperturbesi,corresponding tq = 0) mappingz®) « s,

20 =20(z,y,s5), (2.9)



such that® =0, if s = 0 andz(® = —h, s = —1. Itis presumed to be differentiable in all directions
but otherwise general. Once the mapping (2.9) is chosermedharbation due tg # 0 is introduced
as

z=204+¢(1+29/n) (2.10)
[cf., EQ. (1.9) in SM2005], so the counterpart of (2.6) becomes
921 ¢ ¢
H. = = (1 + h) H! (1 + h) (2.11)

[cf.,EqQ. (1.10) in SM2005]. Then (2.7) becomes
OH. H® o

9t b ot
after which it is no longer possible to replace Eq. (2.26) 98 with Eq. (6) in DAMEE2000, which
essentially invalidates the latter and Eq. (4) in H2008 al WveFinally, the counterpart of (2.8) be-

comes C
Hijp = Hff}?k + H‘(,(]]‘?k o (2.13)

This means that each grid-box receives a perturbation piiopal to its unperturbed height This
property was discussed at the end of Sec. 1.2 in SM2005 dimgjuhow it differs from SH94.

(2.12)

3 ROMS Equations of Motion

The set of ROMS equations is comprised of horizontal monrmargquations written in horizontal
orthogonal curvilinear coordinatesg, ;) (hence the length of an infinitesimal ait associated with
increments in coordinatesds® = d¢/m?+dn?/n? wherem ! andn ! are Lan& metric coefficients):

Du 1 op Dv - H, 1 0p
Dt n py 0§

+G, ot Fu=—"0

i il e (3.1)

z

z

22t is the material derivative in conservation form in cunvar coordinates,

Dx 0 (HZ*)+ 0 (qu*>+ 0 (sz*>+ 0 (ws *> (3.2)
9t Ot \mn &\ n on \ m ds \mn /)~ '
4 This comment also applies to Sec. 2.1 in DAMEE2000 because the code usethpaite its results al-
ready had its vertical coordinate perturbation using (2.10) instead gf hB correct version of the continuity

mn
z-coordinate and the transformed-coordinate vertical velocity (unnwdleguation on p. 244, DAMEE2000)
should be

equation (6) in DAMEE2000 should have its first term%s , and the correct relationship between the

0= — |w-— i
o | crn o "Mae T Moy

using the DAMEE2000 notation. This remark does not put into question fieaomputational results pre-

sented there.

> The way that the ROMS vertical coordinate is perturbed ¥ 0 is rather similar to how it occurs in POM.

The separable coordinate transformation in POMis ( + D -C(s) = (+ (h+¢) - C(s). Hence, in our terms,

20 = h.C(s), andH, = 9z/8s = (h + ¢) - dC/ds = H” - (h + ¢)/h, which is the same as (2.11).

1 z2+h OC 0z 82}



The horizontal derivative8/d¢ = 9/9¢|, andd/dn = d/dn|, are alongs-surfacesF is a generalized

Coriolis parameter,
7 H, {f—i—mn~<va(1/n)—ua<1/m)>}, (3.3)
mn 0& an

that combines the Coriolis force due to Earth rotation (wihgtiencyf = 22 sin ) with the ficti-
tious inertial forces due to curvature of the horizontalrdomates. This approach follows [27] [Egs.
(257)-(263) there] and ensures that all these terms cateptically when a kinetic-energy equation
is derived from (3.1). The same also applies to their diszzdtversions.

Continuity and tracer equations are written as

Zq _

Dt
where©, S, ... are potential temperature, salinity, and other traceisciested with possible submodels
for sediment and biogeochemical concentratighsn (3.1) and (3.4) denotes dissipation and forcing
terms: viscosity and diffusion, wind stress and thermatifay, heating by light absorption, biological

conversions, vertical migration of biota, cohesive preessn suspended sedimerdk. The pressure
and horizontal PGF are computed from hydrostatic balance,

Gy s q € {const, ©, S, ..}, (3.4)

0 ¢ p ac ¢ 9p
= H,ds' = dZ h — | =- - — d7, 3.5
p gS/p gZ/p ence — Be| =97, e gZ/ 2| (3.5)
which is then transformed back into tkeoordinate,
0
op B oC 0z 0Op dp 0z ,
o¢|. ~ TPl ot gs/las o¢|. 0s 0| & (3.6)

The expressiof..] inside the rightmost integral (essentially a density Jaoly?; ;(p, z)) serves as a
prototype for the method for accurate approximation of theblinic PGF term [6] that mitigates the
infamous sigma-coordinate PGF ertor

The system (3.1), (3.4), and (3.6) is closed by the EquatidBtate (EOS) = pros(©, S, P),
which is is adopted from [28] to allow the use of potentiaheatthanin situ temperature, and fur-
thermore, following the approach of [29] it is “stiffenedy moting thatpros(©, S, P) = r(P) -
Phos(0©, S, P), wherer(P) (a function of pressure only) absorbs most of the variatibdemsity in
the ocean. Stiffening by the replacements- p* andp, — pf eliminates up to~ 90% of the errors
associated with the Boussinesq approximation. To faaligatiabatic differencing — critical to pre-
venting the appearance of spurious negative stratificatiadhe polynomial interpolation of density
[6] — the EOS is split into two componentsy, (0, S, P) = p1(0,5) + ¢}(0,S5) - P (1 + ¢P),
whereg, = const. Both p; andq} are available for the PGF algorithm and for evaluating théiced
stratification used in parameterized vertical mixing pesas. For simplicity and consistency with the
Boussinesq approximation, the EOS pressure is replacedRnithpog(¢ — 2).

Besides the use of curvilinear horizontal coordinates amaveektra details, the set of equations in
this section is similar to Egs. (1)-(5) in H2008 but with twxceptions: the definition of vertical ve-

6 Note that although the first term in the r.h.s. of (3.6) is predominantly of mpictnature, while the second
one is mainly baroclinic, Eq. (3.6) should not be viewed as the basis fotrbpic-baroclinic mode-splitting
since the second term has some dependency ®he actual split used in ROMS is discussed in SM2005.
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locity in transformed vertical coordinates (essentidily teplacemer «— w,, where? is as in SH94
and DAMEE2000) and the formulation of the continuity eqoat{due to how the vertical coordinate
is perturbed by)). (A non-hydrostatic version of this system is formulated30].) The next section
discusses the consequences of these differences, foarsthg role of the continuity equation and its
use in the code.

4 Continuity, Conservation, Constancy-Preservation, and'ime-Splitting

It is convenient to rewrite (3.2) as

(4.1)

I« 0 (Hz*> +0(U*) +6(V>x<) +8(W*)
9t ot o€ on ds

mn

where we introduce the volumetric fluxds, = H,u/n, V = H,v/m, andW = w,/(mn). The
continuity equationdf., (3.4) withg = const) then is

8<Hz)+8U o oW _ 4.2)

ot \mn 8€+87]+83_
This W directly corresponds t@l” in the discretized Eq. (1.19) in SM2005 [the same as Eq. 1) i
H2008], and it is the only one that appears in a hydrostatiecbhlote that the horizontal components
appear both as the momentum componentisand volume fluxeg/, V', while W does not have its
lower-case counterpart The lower- and upper-case velocities can be traced back-aand con-
travariant vector components that are distinguishable dubamon-orthogonality of the coordinate
system.

Eqg. (4.2) plays a dual rolei)(its vertical integral serves as a prognostic equatior{fand (i) it
allows the computation of vertical velocity’,

¢ ou v rfou ov] , 1 z+h O
= | —=—=+—=—]=0 d W= — 4+ —|ds' — —- -—=. (4.3
or T <a§+an> an _1[a§+an1 S crn o 4O
U andV are barotropic, volume-weighted fluxes. To derive (4.3) && u
(0)
82_%'2 +h O0C z+h (4.4)

ot ot h Ot C+h’

a consequence of (2.10). This illustrates the meaning @fs the volumetric flux across the elemental
area of thes-surface that moves up and down following the free surfaceraking to (2.10). The ratio
(z+ h)/(C + h) does not actually depend @nso any available time-state of the vertical coordinate
z = z(&,n, s) is suitable for its computation.

In the case of purely barotropic motien= @, v = v and a separable coordinate transformation
(29 = C(s)-h(&,n)), the vertical velocity?” vanishes. Since = 29 +¢ (1 + z(o)/h) =(+D-C(s)

7 This does appear in the non-hydrostatic model [30] and there only, #se “true” vertical velocity rather
thanw;.
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(with D = h 4 (), henceH, = D - C'(s) (with C'(s) = dC(s)/ds), the right Eq. (4.3) becomes

w= [ (e 5 g (e T - o n G

— o+ |G+ 5] - o€+ 5 =,

mn ot
because of the left-side Eq. (4.3) for This property reflects the fact that according to (2.10) the
perturbation of:(¥) is proportional to the distance from the bottom. So too isvirtical velocity (in
the z-coordinate sense) of a barotropic flow, resulting in zemdica velocity relative to the moving
sigma-levels. Ultimately, we prefer (2.10) to (2.5) or arther alternative €.9., allowing only the
uppermost grid box to change [8]).

In the case of the general, non-separable transformati®) (Be vertical velocityl’ in a barotropic
flow no longer vanishes as it does in (4.5). From this pointiefwthe statement made at the end of
Sec. 3.2in H2008 (top of p. 3601) [and a similar statementin $.2 in SM2005] that "vertical mass
fluxes generated by a purely barotropic motion vanish idaliyi at every interface;., »” is not gen-
erally correct. However, the tendency of sigma-levels to@ia sync with the vertical velocity (in the
z-sense) of the barotropic flow remains valid in general, stiking (2.10) the best possible choice.
The property of canceling the vertical motion of the barpitdlow is useful for mode-splitting the
PGF because sudden changes oo not result in a large vertical velocity relative to thedgfinence
no associated CFL violation) and do not cause spurious aérgedistribution of density. This justifies

“freezing” p andp, [Sec. 3.5 in H2008; Sec. 3.1 in SM2005] during the barotrdpie-stepping.

The actual procedure as it appears in the code consists aftages,

(4.5)

—~ 8U 8V ~ z+h
W = ds’ followed b wW=w-w| . : 4.6
This guarantees that surface and bottom no-flux boundargitons, W‘ = = 0, are

satisfied. Its appearance somewhat hides the time-depematere of (4.3) because it does not contain
the time derivative of, but we can verify that they are equivalent. This equivadaedestroyed when
continuous time is replaced with discrete time-stepping @me-splitting and when different time-
stepping algorithms are used to advance different parteeofitodel equations. This is because the
left-side (4.3) and the vertically-integrated momenturnapn (3.1) comprise a system of equations
for the barotropic mode that are advanced using a much sntiatle step than used for the baroclinic
fields and then fast-time-averaged for their slow baroclinieractions. In contrast, the r.h.s. of (4.3)
belongs to the slow baroclinic sub-system, andiggot (and, implicitly, in (4.6)) is approximated
using the slow-timé¢) and slow time-step\t.

The procedure (4.6) is used during both predictor and ctmrstages of the ROMS time step; how-
ever, it has two different meanings in these two stages.niguhe corrector stage (after the barotropic-
mode stepping is complete and all five fast-time-averageattegpic fields ()", (U)"*, (V)"

<<U>>n+l/2, <<V>>n+1/2 ) are available and constructed such that
Cn+1_cn ain/ 8711/
”At“mn.(%w M 2(T) “2>:0 @.7)
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[cf., Eq. (3.39) in Sec. 3.2 in SM2005]), the 3D flux€g+!/2 andV"'/2 are corrected to yield the

same vertical integral a(éU»nH/Q and<<V>>n+1/2. ThenW"*+1/2 is computed via (4.6). The resulting
set of fluxes {172, V+1/2 Wn+1/2) satisfies the finite-time-step version of (4.2),

Hnrtl _ fgn aUn+1/2 avn+1/2 awn+1/2
mn - At + o0& + on * 0s

=0 (4.8)

[cf., Eq. (19) in H2008, the same as Eq. (1.17) in SM2005]. Thisigessthe basis for updating the
tracer fields so they satisfy both conservation and congtpreservation properties.

During the predictor stage (before the barotropic-modeistepping), the new-time-stepfield
is not available; hence, it is impossible to construét’d@hat satisfies an equation similar to (4.8). So
W is computed via (4.6). The resulting sét’(, V", W™) is used to compute two auxiliary sets of
grid-box thicknesses,

At ou™ ovm oW
Hnil/? — H" = .
: Z¢2m”<ag+0n+as

) —H'T A; -divU™. (4.9)
This is known as thartificial continuity equationlt is formally consistent with (4.2) with second-
order temporal accuracy. However, inherent in (4.9) is #et that its vertical integral corresponds
to applying a time step-At/2 to the ( equation that is normally advanced using a much smaller
barotropic time step. Nevertheless, the resulfifig'/? is appropriate because vertical integralé/of
andV" yield (U)" and (V')", respectively — a property inherited from the previous tistep — and
therefore do not contain fast-oscillating components damgs for numerical stability.

OnceH""'/2 and H*!/? are available, the tracer fields are updatet| as

n n— q" + qnil . n.n
g2 = R o 12 - At - div (U"¢™)| (4.10)

and H7*'/2 is discarded. Equations (4.9)-(4.10) are constancy-prieggfor tracerq. However, the
integrated concentration is not conserved because thecegaarantee that”—'/2, computed during
the next time step, is the same H§+'/2 from the previous one. Hence, this is a method to regain
constancy-preservation at the expense of conservatios.i§ hcceptable because the resulting fields
¢"*t'/? are used exclusively to compute advective fluxes during theseqquent corrector stage. In
SM2005 this method is callgsseudo-compressible.

8 The appropriateness relies on the design of the filter for the fast-timagiagrof the barotropic mode.

9 For simplicity we present the Leap-Frog-Trapezoidal Rule (LF-TR3iverof the predictor-corrector algo-

rithm. The actual code utilizes the LF-AM3 (Adams-Moulton 3rd order, adtosed parabolic integration rule)

method that has a different set of coefficients for gfie "', and r.h.s. terms. Refer to Egs. (4.7)-(4.8) in
SM2005 for more detail.

10 A philosophically similar, but not equivalent, method was proposed by f81ljecover the constancy-

preservation property for a split-directional advection scheme written msar@ation form. In the case of a
non-divergent deformational flow, the directional splitting causes timepoment flows in consecutive direc-

tional updates to be divergent, resulting in a loss of constancy. An attifioiginuity equation, essentially

compression followed by subsequent expansiowig® versy, was proposed to compensate for the loss.

13



5 Multiple Hydrodynamic Kernels in the ROMS Family

H2008 emphasizes early model developments leading tow@lRRas moving along the line of
[32] — SH94— [33] — DAMEEZ2000 (p. 3596 and refs. 1,3,4,6 in H2008; also Sec. 2AMBE2000.
We partly disagree with this as an oversimplification, batkduse of omission of notable references
and also because of missing critical code components inher&@OMS. The purposes of this section
are to clarify the ROMS lineage and to reflect the presenistait ROMS-family codes.

5.1 Early Developments

The earliest publication related to ROMS development isijg&pectral Primitive-Equation Model
(SPEM) [32] (hereafter HWY91). It introduces a sigma-cooaté model using Chebyshev polyno-
mials in the vertical direction and a staggered (Arakawa @hogonal curvilinear grid in horizon-
tal directions with second-order finite-differences. Tladbropic mode is treated using a rigid-lid,
streamfunction approach (via the prognostic barotropiticity equation). For computational effi-
ciency SPEM does not perform spectral transforms — no effidiéT-like procedure is available
with Chebyshev — at every time step, but instead all disadtields are defined at equivalent verti-
cal co-location pointg,, at the locations of extrema of the highest-order polynomsad. The points
have a natural tendency of refinement toward the ends, suafaat bottom. However, for most oceanic
situations surface-intensified shears flows are expecte@dhwnakes an asymmetric refinement (more
toward the surface) more suitable, and it is rare to use tegblution in the parameterized turbu-
lent boundary layers. SPEM provides some further flexibby introducing an additional remapping
s, = s(ox), wheres(o) is a user-defined, continuously-differentiable functidhe common oper-
ations of vertical differentiation and integration are iBypented as matrix multiplies applied to the
entire vertical column. The associat&dx /N matrices are not sparse, resultingVi operations {V is
the number of vertical polynomials), which effectively lisithe model to modest vertical resolution.
However, this was expected to be offset by the spectral acgun the vertical direction. For effi-
ciency the matrices are precomputed at initialization dockd thereafter; so for this to be practical,

they must be independent of local topography, which masdae vertical sigma-transformation be
strictly separable, z = 3(0)7_1 -h(z,y), hence z; ;) = i1 h; ;. Immediately after its intro-
duction, SPEM was used in several studies for both ideabnedrealistic applications, notably U. S.
West Coast simulation [34] with a modest horizontal resolutsf ~ 7km, 128 x 80 horizontal grid
with 8 vertical polynomials, and a semi-idealized coasteifiguration -plane, periodic north-south
with large-scale flow data supplied via relaxation). The sl@howed topographically-modulated in-
stabilities of the coastal upwelling front and a polewar@mendercurrent — prominent features
studied in a more realistic configuration a decade later. [0&)er studies used spectral SPEM dealt
with topographically trapped waves and rectified flow aroarsgamount [35, 36].

Subsequently it was realized that a vertical ChebyshevApoiyal representation imposes a set of
limitations that are too restrictive in practice. Spect@ahvergence requires smoothness of the fields
on the grid scale, which is not often the case. The use of aaglpa-coordinate in combination with
different discretizations of different directions (spetin vertical and finite-difference in horizontal)
leaves no other choice but to rely on the accuracy of appratkam of each term individually in or-
der to achieve hydrostatic error cancellation of pressuagignt terms (a central problem in sigma
modeling). An effort was made to address this issue by isotngeahe order of accuracy of horizontal
finite-differencing [37], but it never went beyond idealiizest problems. The semi-spectral framework
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makes it impossible, or at least very hard, to construcgmsopotential or isopycnal lateral diffusion
operators for tracers to avoid spurious diapycnal mixing@rehsigma surfaces cross density surfaces.
Another limitation of the original SPEM is the lack of an irgil treatment of vertical viscosity and
diffusivity terms, which results in a severe restrictiontone step size [21]. This can be implemented
efficiently as a matrix multiply only if the viscosity and flikivity are knowna priori and are constant

in time, but in a more general case it requires an inversianfafl N x N matrix, albeit with a useful
significant computational savings due to the increase ia stap size [38]. (Note that near the surface
and bottomAc = 04— — op—o ~ 1/N?, resulting in a CFL limitation for explicit vertical viscdgi
AtA,JAZ? ~ AtA, - N*/h2)

A major redesign of SPEM was introduced by [21], who replagadtical Chebyshev polynomials
with finite-differences, and at the same time, introduceckis@ important algorithmsyiz., implicit
vertical viscosity and diffusion, and lateral diffusiorr toacers along geopotentials (rather than along
sigma surfaces). At this stage also developed were algasifor handling open-boundary conditions,
allowing regional simulation with non-trivial inflow and tlow through the side boundaries. The re-
sultant code was used for Southern Atlantic simulation 221, This was further refined by [23] using
a stretched vertical coordinate similar to SH94 (except 0 due to rigid lid,cf., (2.1) in Sec. 2 here)
and staggering of vertical velocity relative to tracer pgirA similar, but independent development
yielding an all-finite-difference version SPEM was undketa by [39], who also made a thorough
comparison of its performance with the spectral versioresehdevelopments were consolidated into
SPEM 5.1 code, which was used in series of studies, notab|y. Ultimately it participated in the
DYNAMO Atlantic modeling intercomparison [24, 42]. Despill these transformations, the original
acronym “SPEM” was kept unchanged, and there are publitatiell after 2000 that still refer it as
“semi-spectral”, even though Chebyshev polynomials wetebuse already for several years.

SH94 is another notable reference in the ROMS-relatechtitee, and sometimes even used as the
introductory reference to ROM& @Q.,pp. 241 and 242 in DAMEE2000). The book [33] positions
SH94 as a free-surface variant of SPEM (then existing as elypfinite-difference code, hence an
alternative meaning for acronym SPEM is proposed on p. 1&3acing “semi-spectral” with S-
coordinate”), so the two, SPEM and SCRUM are described tege®iH94 is credited for essentially
two reasons: (i) its Eq. (2.16) introduces thiecoordinate to overcome the shortcomings of the stan-
dard separable-coordinate of POM and SPEM (Sec. 2.1) — which has been thécoasmon reason
for its citations — and (ii) its development of a free-sudanodel called SCRUM. However, in con-
trast with the SPEM developments mentioned above, the SCRuM described in SH94 was never
used for any simulations besides those presented in SHS#latsd the pressure-gradient error tests
in [43]. Unlike the rigid-lid algorithm of SPEM which is wedlocumented, [33] provides no detail
about the free-surface, split-explicit algorithm of SCRURer than briefly mentioning it on p. 136
(referring to Sec. 2.12 which is a general introduction txfional-step methods) and in a footnote
on p. 91 (citing [44] and explaining the necessity of tempbitaring of the barotropic mode in order
to avoid numerical instability). In our own examination ofade presented to us in 2005 by the first
author of SH94 (called SCRUM 2.1 and recorded as part of a US gy registration dated April,
1996), there is no mechanism for baroclinic-barotropic edodupling that is mathematically consis-
tent with the set of equations it is declared to solve. Spedifi, the code does not contain a procedure
for vertical integration of r.h.s. terms for the momentunuatipn to supply coupling terms for the
barotropic mode in the way it occurs in a later SCRUM3.0 codel@fan Arango (Fig. 1) nor as is
stated in the last paragraph of Sec. 3.1 of SH94 starting ‘mtEqgs. (3.5)-(3.6)zu, wo, anduo are
evaluated from the internal mode...”. Nor does the codeaiord fast-time-averaging procedure for
the barotropic fields, instead using instantaneous baniatreelocities to correct the vertical integrals
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Fig. 1. Schematic diagram of SCRUM 3.0 code of

]:jg;mplc Hernan Arango: r.h.s. terms for the barotropic mo-
mentum equations (small descending arrows on the
left) are subtracted from the vertically-integrated

Baroclinic r.h.s. for 3D momentum (ascending arrows) to yield

mode forcing terms (diagonal arrows originating froex)
for the barotropic mode. The barotropic mode is av-

AB3-step for all ) T
fields at once n n+1 eraged over & At interval, so the outcome is time—

centered ab + 1.

of horizontal velocities for the 3D mode at the end of eachmtiane step. No such procedure is ever
mentioned in SH94. There is a striking difference betweenttipographically-constrained flow in
Fig. 9 of SH94 and the earlier results using SPEM [34] for alainproblem. While SPEM develops
strong current instabilities and filaments, no such featare present in SH94. From our own early
experience with U. S. West Coast simulations we know thatngosipurely barotropic problem results
in topographic contour-following flow, while producing cect instabilities of an upwelling front re-
quires correct coupling between barotropic and baroctimades. Another indication of lacking proper
coupling between the barotropic and baroclinic modes isranst purely baroclinic flow generated by
pressure-gradient error in the Seamount test problem (séerfy-shaped pattern in the upper-right
panel of Fig. 1 in [45]). This strongly contrasts to the eneeice of a significant barotropic component
of the flow in the same problem reported by [46] (note the aygre=e of Sigma Error of the Second
Kind [47, 6, 48, 49)).

5.2 Present-Day Codes

SM2005 loosely discusses different possibilities for dinig) a code, but provides a detailed sum-
mary for only the most recent one at the time the article wakem: Nevertheless, the other possibili-
ties have since materialized but as yet received littlanéitia in the published literature, besides merely
citing SM2005 in a summary manner. Currently there are fostirgit variants of the hydrodynamic
time-stepping kernel for ROMS-family codes that are widedgd.

1. Rutgers University ROMS (a.k.a. “official ROMS”) (Fig. @pper lef): This uses an AB3 time step

for the momentum equation, inherited from an earlier cod&RSM 3.0 by Hernan Arango in 1997,

that is the direct ancestor of all ROMS-family codes (Fig.lh)}comparison with its predecessor, the

code is characterized by

(i) a fast-time-averaging procedure for the barotropic maglegutwo sets of weights correspond-

ing to (.)- and ((.))-averaging — a mechanism responsible for simultaneouseceaison and
constancy preservation for tracers regardless of the mafgmof the change ig from one time
step to the next. Algorithmically the procedure allows d@eatgeneral choice of the shape of
primary weights(.) as long as it properly normalized and centered at the baiodime step
n + 1. The secondary weights.)) are always uniquely defined by the primary. There is no ad-
ditional computational cost associated with the use of maiferm weighting for(.) other than
the necessity to extend computation of barotropic mode meyio+ 1. It should also be noted
there are publications, [44, 50, 51], which viéw-averaging as unnecessary and undesirable
because it introduces numerical damping of time-resohadtbopic motions, and a effort was
made to design a time-split algorithm without averagingaim terms it is equivalent to setting
(.) to delta-function centered at+ 1, while {(.)) becomes uniformly weighted averaging over
the interval fromn to n + 1). However later [52] introduces rectangular-shaped aegaover
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half of the baroclic time step)t/2, interval into his algorithm. This was done after realizihgt

in the presence of variable bottom topography mode sgitsmever exact even for a linearized
system, some measures are needed to ensure robustnesalgbtitam. The rationale for select-
ing shape of.) is provided in [2, 4], and is primarily motivated by the desio achieve a more
frequency selective fast-time filtering than that produlog@ rectangular window;

(il) apseudo-compressible (using an artificial continuityagiqun), hence non-conservative, predictor
step for tracers (4.9)-(4.10);

(i) a forward extrapolation of baroclinic-to-barotropic neofibrcing terms (using AB3 coefficients
in this case) — a feature that avoids loss of second-orderracyg relative to just accepting their
values computed at time stepand also improves code stabilitp.p., no viscosity or the use
of upstream-biased advection schemes is required for ncahstability even in situation where
there is a significant barotropic component in the advedgoms of the momentum equations,
e.g.,in shallow coastal regiongf., [53], where it is found that the previous mode-splitting al-
gorithms may experience difficulties. It its turn this allwuch less dissipative, hence more
accurate, fast-time-averaging);

(iv) a use of forward-backward feedback between momentum andrtequations (the final update
for tracers is delayed until the new-time-step velocities”*! become available, and they are
used in an appropriate combination with their old-step tewarts to advect tracers; the particu-
lar algorithm used here maps onto AB3-TR generalized fordaackward scheme in Sec. 2.3 of
SM2005); and

(v) taking into accountthe non-uniformity of density field vii@mputing the PGF for the barotropic
mode. This reduces the mode-splitting error relative toraraonly used simple shallow-water-
like —gpoV..C term.

Chronologically this is the first code in the ROMS family (filstroduced in early 1998), and all

its featuresi(-(iv) are present in all ROMS codes. This is the code used in DAMBE2vith the

exception that the mode-splitting algorithm usjmg* for the barotropic PGF was not available at that

time: a simple—g DV {-term was used instead; the featuw (he use ofp, p*, was added in 2002.

This updated version of ROMS is used for all the computatpesented in Sec. 4 of H2008, and it is

the basis for the adjoint code of ROMS [15].

2. LF-AM3 predictor-corrector main step with mode-couplingridg the predictor stage (commonly

known today as “AGRIF ROMS”) (Fig. 2jpper righ): This shares the mode-coupling mechanism

with the Rutgers code, however it uses a predictor-corretég for momentum equation as well. This

improves the stability limit for internal waves (by apprdx6 times relative to AB3) at the expense of a

mild increase in computational cost. Since tracer timefstey was already using a predictor-corrector

step and since the sole purpose of the predictor step is toderealues for the advective, Coriolis,

and PGF terms during the corrector step, a simplified set efagons is used during the predictor
step. For example, the viscous terms and mixing paramateniis are computed only once per time
step, reducing their cost. Another new feature in this cedkat r.h.s. terms are no longer stored from
one time step to the next (as with AB3 stepping above), butratbmbine LF stepping with AM3
interpolation during the predictor phase, so that the falhg corrector phase looks “logically-LF”
as well (Fig. 3). The2y bias in setting the initial condition introduces a pre-giisbn that cancels
second-order truncation errors and yields an overall tbicter accuracydf., Egs. (2.38)-(2.41) in
SM2005 and the associated discussion). This code is usé}] an(d it is the basis for AGRIF , [19],

11 Adaptive Grid Refinement In Fortran
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Fig. 2. Four variants of the ROMS kernel that are currently in Whgper left Rutgers University ROMS.
Upper right predictor-corrector main step with mode coupling during predictor stddges €ode is the basis for
AGRIF.) Lower leftpredictor-corrector with coupling during corrector stage, same as irb¢6SM2005. (Note
that the four arcs and barotropic mode on top correspond to SM3@ge 1to 6). Lower right generalized
forward-backward main step. (This code is used as a basis for thayuostatic code of [30].L.egend The
arcs (curved arrows) correspond to “step&¥., update of either momenta or tracers that involve computation
of r.h.s. Thesupporting pillar near the middle of an arc connecting it to the circle indicates the timing of
computating of r.h.s. terms needed to performed the step (also see Fig. @ fanation).Straight arrows
indicate exchange of data between the modes. Each arrow originatesimigtivehen the corresponding variable
becomes logically available, regardless of its actual temporal placemeatvg\are drawn in the sequence that
matches the sequence of operations in the actual code: wheneves auerap, the operation occurring later
corresponds to the arrow on top. The differeh&ipe functionsfor fast-time averaging are interchangeable and
not tied to a specific code, but are separately presented here to illustiati®tms.
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Fig. 3. Sub-diagram explaining the LF-AM3 step.
First, usingnth and(n — 1)th values, the data is in-
terpolated linearly taw — 1/2 + 2+, which is used as
the initial condition = 1/12 for LF-AM3; v = 0
for LF-TR). Then it is advanced te + 1/2 using
r.h.s. terms computed ath step (predictor). Subse-
quently thenth field is advanced ta + 1 using the
r.h.s.atn 4+ 1/2 (corrector).

r.h.s.

maintained and developed at IRD.

3. LF-AM3 main step with coupling during corrector stage (coamty known as “UCLA ROMS”)
(Fig. 2,lower lef): This is the same as in Sec. 5 of SM2005 and is used in ongesearch at UCLA.
Its main time-stepping is similar to the previous one, betrtiode-coupling mechanism is redesigned
to eliminate the need for AB3 extrapolation of the barochtuebarotropic forcing terms; since this
occurs during the corrector stage, all relevant terms aeady at the: + 1/2 baroclinic step. This
code involves a complete redesign of the barotropic moe#;ithe LF-TR/AM3 stepping is replaced
with a generalized forward-backward scheme, yielding acgdn in the computational cost by more
than a factor of two. Because the computation of r.h.s. teonghie 3D momentum equations dur-
ing corrector step uses “mixed-state™ fields (their baroclinic components are already advanced to
n+ 1/2, but vertical averaged still correspond to main time stgfgo maintain numerical stability for
barotropically-dominated advective terms without reisgrto explicit viscosity or upstream-biased
advection schemes, this variant of the code requires regtingpof advective and Coriolis terms dur-
ing barotropic time stepping (in the two previous variamRaigers and AGRIF, this is optional, since
AB3-extrapolation of coupling terms ensures stability wagbkpect to advection and Coriolis; however
in all practical applications the recomputing is always eam these codes as well). For computa-
tional efficiency a simple second-order centered schemsed for barotropic momentum advection
terms, while a 3D advection is computed using a higher-asdeeme (3rd-order upstream-biased, or
4th-order centered). Despite this, the overall spatialiezy for barotropically-dominated advection
terms is higher than second because the barotropic modieesdbe higher-order correction terms
(the difference between 3rd- or 4th-order vertically imgggd 3D and second-order 2D advection)
through the mode-coupling algorithm (diagonal ascendmgyes on Fig. 2Jower lef). The elimina-
tion of AB3-extrapolation offers the flexibility in applyindifferent time stepping for different terms
which influence barotropic mode, for example for the firstdithis variant of ROMS kernel allows
fully implicit treatment of bottom drag terms, while avaidj loss of accuracy associated with mode
splitting (this is reminiscent with the long-standing dima of accurate treatment of no-slip bound-
aries in incompressible flows using projection method,)}54lko note the appearance of negative lobe
in the shape of primary averaging weiglits This choice formally retains the second-order accuracy
for fast-time-filtered barotropic mode — hence achieve aenpdrysically accurate representation of
barotropic motions which are resolved by baroclinic timepst

4. Generalized forward-backward algorithm for the main tinepgFig. 2 Jower right): This shares the
mode-coupling mechanism with UCLA code, from which it wasaleped, but replaces the predictor
step with AB3-type extrapolation of prognostic variablewded n + 1/2. This variant is used as
a basis for the non-hydrostatic code of [30]. The motivatorliminate the predictor stage comes
from the fact that it is required to be a non-hydrostatic stepvell, in order to yield extra accuracy,
resulting in solving the pressure-Poisson equation for-mgirostatic pressure one more time per

12 Institute for Research and Development, France
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Table 1: Intercomparison of ROMS-family codes.

SCRUM 3.0| Rutgers ROMS AGRIF UCLA Non-hydrostatic
origin Rutgers | UCLA-Rutgers UCLA-IRD UCLA UCLA
maintained obsolete by Rutgers by IRD by UCLA
introd. year 1997 1998 1999'4 2002 2006

time-stepping algorithms and theoretical stability limits

coupl. stage’ predictor corrector”
:’naggg"pic LF-TR | LF-AM3 with forw.-backw. feed!® Generalized FB (AB3-AM4)
amax, barotr. | 2, (2)1° 1.85, (2) 1.78, (1)
3D momenta AB3 AB3 LF-AM3 AB3 (mod)
tracers AB3 LF-TR LF-AM3 AB3 (mod)
intern. waves AB3 ae;é-l':l'BR) 2 LF-AM3, forw.-backw. feedback (C;'Ae;é_FEM 4)
Omax, advect. 0.72 0.72 1.587 0.78
Qmax, Coriolis 0.72 0.72 1.587 0.78
Cmases INE. W. 072, (1) | 1.14; (1,2) 1.85, (2) 1.78, (1)
storage! 4.4 4,3 3,3 4.4

miscellaneous code features and related developments
parallelization none MPI or OpenMP (user selectable) “ﬂg?}oﬁclg MPl only?2
nesting N/A off-line on-line off-line
data assim. N/A Adjoint [15] | 3DVar [16, 55, 56] no no
irr;tfg:ﬁgy none?* | DAMEE2000 2, 19]% SM2005 [30]

time step. The entire mode-coupling mechanism is rededipeeause the barotropic mode is also
influenced by the non-hydrostatic pressure, aitg versa The non-hydrostatic version of this code
has an additional prognostic equation for vertical veloeitthat is advanced in time simultaneously
with (u, v), and solution of a pressure-Poisson equation to enfoncedih@rgence at + 1 inserted just
after the completion of barotropic mode-stepping but befoe update of tracers. Also, compared to
the hydrostatic version, the barotropic mode in the nordsteitic code receives an additional forcing
term, the vertically integrated non-hydrostatic PGF (s for the complete diagram). The target
applications for this code are on very small scales (withzoortal grid resolution in the sub-kilometer
range), so the expected time step is very small and limitadapily by internal gravity waves (rather
than Coriolis/inertial oscillations). This regime favongtuse of a generalized forward-backward step
over a predictor-corrector.
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The algorithmic properties of the four ROMS-family codes further summarized in Table 1.
Acknowledgments:We appreciate sustained support for ROMS development b@tfiee of Naval
Research (currently grant NO0O014-08-1-0597).
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