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Abstract. The transformation of data from one grid system to another is common in climate studies. Among the many schemes

used for such transformations is second-order conservative remapping. In particular, a second-order conservative remapping

scheme to work on the general grids of a sphere, either directly or indirectly, has served as an important base in a variety of

studies.

In this study, the author describes a fundamental problem in the derivation of the method proposed by a pioneer study relating5

to the treatment of the centroid used as a reference point for the second-order terms in the longitudinal direction. In principle,

use of the original formulation has a potential to cause damage to the entire remapping result. However, a preprocessing

procedure on the longitude coordinate suggested in the algorithm for other objectives tends to minimize or even erase the error

as a side effect in many, if not most, typical applications. In this study, an alternative formulation is proposed and tested and is

shown to work in a simple application.10

1 Introduction

Numerical climate models commonly couple individual component models such as models for atmosphere, ocean, and land.

These component models are typically developed as stand-alone models and often adopt their own grid system for efficiency.

Coupling between such components involves field transformations of data from one grid system to another, while preserving

key attributes of interest, e.g., global and/or local integrals. This procedure for conservative quantities is often referred to15

as conservative remapping(e.g. Dukowicz and Kodis, 1987). As summarized in Mahadevan et al. (2022), there have been

considerable efforts to create conservative remapping algorithms for various problems.

Remapping algorithms used in global climate studies are typically based on first- and second-order conservative mesh-

based schemes (Mahadevan et al., 2022). In the first-order conservative scheme, a conservative quantity assuming a constant

distribution over the source grid cell is transformed into the overlapped destination grid cells with area-weighted remapping20

(Bryan et al., 1996). On the other hand, in the second-order conservative scheme, a linear distribution within a source grid cell

is assumed, which results in a more accurate and smoother transformation than is the case for first-order schemes. In particular,

a second-order algorithm works efficiently when remapping from spatially coarse resolution to fine resolution. Because of

this, it is considered the preferred choice in many remapping applications. Dukowicz and Kodis (1987) (hereafter referred

to as DK87) first provided a second-order conservative remapping algorithm that works for any general grid system using25
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Gauss’s divergence theorem for simplification of area integrals converted into line integrals. According to Taylor (2024), most

conservative remapping algorithms are variants of this approach (there is also a good summary of the remapping method in the

appendix of Taylor, 2024).

Jones (1999), hereafter referred to as J99, extends the DK87 theory to spherical coordinates (more specifically, geographical

coordinates of latitude-longitude), offering an approach that can be applied to any type of grid on a sphere. Many efforts to max-30

imize efficiency are included in the proposed algorithm, and a number of problems essentially originating from the spherical

coordinate system are solved. J99 also provides the Spherical Coordinate Remapping and Interpolation Package (SCRIP), a na-

tive software to implement the algorithm (see https://github.com/SCRIP-Project) in addition to four other remapping methods.

SCRIP faithfully follows the algorithm of J99, but for the line integral, it adopts only one of several implementation methods:

calculating along straight lines on a latitude-longitude coordinate map, rather than along geodesics on the sphere. Thus, SCRIP35

is applicable to any grid in the sense of the original algorithm, but it does not necessarily handle the geometric properties of

arbitrary spherical grids appropriately. Despite this, due to its ease of use and simplicity, SCRIP is one of the most widely used

remapping software packages in the climate community (Ullrich et al., 2009). For example, Climate Data Operators (CDO)

(Schulzweida, 2023) have once included a conservative remapping option that incorporates SCRIP with rewriting the source

code from Fortran to ANSI/C. Recently, CDO implementations no longer rely on the SCRIP-based schemes not only for the40

second-order but also for the first-order conservative remapping. Nevertheless, it appears to be used, albeit sparingly, even in

recent studies(e.g., de Vries et al., 2024 explicitly mention that they use CDO REMAPCON2 command). In addition, SCRIP has

been adopted by the general coupler library OASIS3-MCT_3.0 (Craig et al., 2017), which is used by many modeling groups.

The algorithms and the software proposed in J99 have, either directly or indirectly, been an important base in a variety of

studies, including both observational and model data analyses(e.g. Barnes et al., 2024), as well as numerical model development45

(e.g. Ding et al., 2024). Recently, some softwares use implementations for the second-order conservative remapping which

significantly differ from the J99 algorithm (e.g. Kritsikis et al., 2017) and the communities have been switching to the other

software. However, as far as the author surveyed, some recent studies still use the J99 scheme for the second-order conservative

method, as explicitly mentioned in, e.g., Ding et al. (2024), Chtirkova et al. (2024), Ren and Zhou (2024) and Damseaux et al.

(2025).50

Despite this widespread acceptance, however, there appears to be one distinct and fundamental problem in the derivation of

core equations in J99 (Eq. 10) that, to the author’s knowledge, has not previously been recognized nor reported.

The problem is in the treatment of a reference point to evaluate the second-order term in the longitudinal direction. In J99,

one of the core equations is, at the very end, transformed into an invalid formulation. If one implements the J99 algorithm

following the equations, in particular Eq. (10), as presented, there is a risk that serious damage will be caused to the remapping55

result.

Although few, if any, studies using the second-order conservative remapping scheme in SCRIP have reported strange or

erroneous behavior, this is not because the derivation is valid. Rather, there is a small preprocessing block in the algorithm

suggested in J99, that adjusts some of the key variables for possibly other objectives which can mask the fundamental problem
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as a side effect. With this adjustment, any errors originating from the invalid derivation tend to be minimized. In fact, the errors60

can be fully canceled when the source grid cell is a simple one, such as a regular latitude-longitude (RLL) rectangle grid.

In the next section
::
In

:::::
Sects.

::::
2.1

:::
and

:::
2.2, the basics of second-order conservative remapping methods are described, with

a proposal for a consistent formulation of the scheme. The .
:::
In

::::
Sect.

::::
2.3,

::::::
which

::
is

:::
the

::::
core

::::
part

::
of

::::
the

::::::
present

::::::
study,

:::
the

fundamental problem in the J99 derivation is identified, and the reasons why the invalid derivation has not heretofore been

revealed as a problem are discussed. In the third section of the paper
::::::::::
Furthermore,

::
a
:::::::
proposal

:::
for

::
a
::::::::
consistent

::::::::::
formulation

:::
of65

::
the

:::::::
scheme

::
is

::::::::
presented

::
in

::::
this

::::::
section.

:::
In

::::
Sect.

::
3, the influence of the inconsistent formulation is demonstrated in simple but

practical cases. An experiment showing a sample implementation of the proposed scheme is presented.

The present study has one clear limitation. More recent works(e.g. Ullrich et al., 2009) provide a geometrically exact remap-

ping framework between regular latitude-longitude and the other grids. The proposed scheme is a correction within the J99 and

SCRIP framework, rather than an alternative to fully geometric methods. It should be emphasised that the primary motivation70

of the present study is to demonstrate that the results of most past research can be used without significant issues, rather than

proposing a new numerical scheme.

2 Description of the second-order remapping methods

This section describes the basic idea of the second-order conservative remapping scheme of DK87 and its extension to the

spherical coordinate system as formulated by J99, with supplementary explanation by Jones (2024). The original equations75

and terms are transformed into the formulation shown in J99. For example, the volume integral notation in DK87 is replaced

by the surface integral in accordance with J99. Additionally, some new symbols unique to the present paper are introduced for

description.

It is worth mentioning that the derivation of extension of J99 and thus this study is performed entirely within the latitude-

longitude coordinate chart. Modern conservative remapping frameworks(e.g. Hanke et al., 2016; Ullrich and Taylor, 2015;80

Ullrich et al., 2016) avoid relying on latitude-longitude formulas and instead express all geometry in 3-D Cartesian coordinates.

2.1 Derivation on a general case

Below is the set of equations derived in a slightly different way, partially following the DK87 method. The derivation is

somewhat roundabout but is necessary for the flow of the present paper. Some trivial descriptions are included so as to avoid

ambiguities, which the author believes is necessary in the context of the present paper.85

The object is to compute in a conservative manner, a flux term on a destination grid from the flux term on a source grid over

a surface of three-dimensional Euclidean space. For any flux terms that must satisfy a constraint to preserve conservation, the

flux integral over each source grid cell must be consistent with the average value in the grid cell as follows:

fnAn =

∫
An

fndA, (1)
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where n is the source cell index, fn and fn are a flux term and its average over the area of source cell n, respectively.90

Equation (1) corresponds to Eq. (19) in DK87. Also, Eq. (1) is identical to Eq. (4) in J99. Hereafter, Eq. (e) in J99 are referred

to as Eq. (J99.e) in order to avoid confusion.

DK87 proposes to approximate the source flux by a combination of the average and its gradient, with assuming the flux

gradient is constant across a source grid cell locally, as follows:

fn = fn +∇nf · (r− cn) , (2)95

where r is the position vector, cn is the position vector of a reference point (corresponding to r̄k in DK87, Eq. 20) and ∇nf

is a gradient of f in source grid cell n. As mentioned in DK87, Eq. (2) is equivalent to the first two terms in the Taylor series

expansion of f about the point cn, if it is assumed that the average fn is located at the reference point and if the term ∇nf

is at least a first order approximation to the gradient. However, the formulation is actually chosen independently of the Taylor

expansion among a number of possible solutions which satisfies the conservation characteristics (Jones, 2024). The reference100

cn can be chosen arbitrarily in the source cell; here, it is defined such that the flux approximation Eq. (2) satisfies the condition

Eq. (1). By substituting fn, the following condition is obtained:

fnAn = fnAn +

∫
An

∇nf · (r− cn) dA. (3)

In order to satisfy Eq. (3) for any flux and its gradient, the following constraint is obtained:∫
An

∇nf · (r− cn) dA= 0. (4)105

Given a constant gradient across source grid cell n, the gradient terms in Eq. (4) can be taken out of the integral, and the

condition is simplified as follows:∫
An

rdA−
∫
An

cndA= 0. (5)

Equation (5) is the principle condition of the reference cn term. Under Eq. (5) constraints, the flux approximation (Eq. 2)

automatically satisfies the conservation characteristics of Eq. (1). Conservation is preserved with second-order accuracy if110

the gradient is at least a first-order approximation; if the second term is neglected, the method corresponds to the first-order

method.

At least over the three-dimensional Cartesian coordinate system, cn term can be taken out of the integral also. In this case,

the reference cn can be inverted as

cn =

∫
An

rdA

/∫
An

dA=
1

An

∫
An

rdA, (6)115

which is identical to the formulation of r̄k in DK87, and to rn in Eq. (J99.6). The position computed in Eq. (5) or Eq. (6)

corresponds to the geometric center, often referred to as the centroid, of the source grid cell n under the geometry of the target
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Euclidean space. In the derivation of DK87, the term centroid is used to label the reference point before the condition in Eq. (5)

is presented. While this is viable, the author believes it to be slightly more natural to first describe the condition of the reference

point and to subsequently describe its coincidence to the centroid, at least in the context of the present study. Such a derivation120

is also given in the next section.

The position provided by Eq. (6) is by definition the geometric mass centroid, that lies inside the sphere when the cell areaAn

is on the surface.
:::::::::::::::
Chen et al. (2026)

:::::::::
summarize

:
a
::::::::

variation
::
of

:::::
‘face

:::::::::::
centerpoints’

:::
and

:::::::
provide

::::::::
formulas

:::
for

:::
the

::::
mass

::::::::
centroid,

:::::
which

::::
help

::
to

:::::
clarify

:::
the

:::::::::
distinction

:::::::
between

:::
the

:::::::::::::::::
coordinate-invariant

::::
mass

:::::::
centroid

::
of

::
a

:::::::
spherical

::::
face

:::
and

:::
the

::::::::::::::
metric-weighted

:::::::
reference

:::::::::
coordinate

:::::::::
introduced

::
in
::::
this

:::::
study.

:
This point will be revisited later.125

2.2 Extension to spherical coordinates

Extension to the spherical coordinates requires to replace the gradient and displacement terms in Eq. (2) in the coordinate

system. J99 assumes that the gradient term is fixed with the formulation as follows:

∇nf =

(
∂f

∂θ

)
n

θ̂+

(
1

cosθ

∂f

∂ϕ

)
n

ϕ̂, (7)

where symbols θ and ϕ are adopted for the latitude and longitude coordinates, respectively (Jones, 2024). The position vector130

r= [x,y,z]T of the Cartesian coordinate on the unit sphere is expressed using the spherical coordinate components (θ̂, ϕ̂) which

depend on θ and ϕ. The inner product on the spherical coordinate is not simply a component-wise product as in Cartesian

coordinates because the direction of the unit vectors depends on the position. Modern implementations(e.g. Ullrich et al.,

2009) formulate Eq. (7) in terms of three-dimensional Euclidean space that makes all inner products coordinate-invariant.

::::
More

::::::::
recently,

:::::::::::::::
Chen et al. (2026)

::::::
provide

::::::::
formulas

:::
for

:::
the

:::::
mass

:::::::
centroid

::::
with

:::::::::::::::
boundary-integral

::::::::::
expressions

:::
for

::::::::::
great-circle135

:::::::
polygons

::::
and

::::::::
correction

:::::
terms

:::
for

::::::::::::::
constant-latitude

::::::
edges.

::
In

:::::::
contrast,

:
J99 instead maintains the formulation on the spherical

coordinate. J99 approximates that the unit vectors are aligned over the source cell such that local orthogonality holds true for

a simple approach. The local displacement at the coordinate (θ̂, ϕ̂) on the unit sphere can be formulated as

dr= θ̂dθ+ ϕ̂cosθdϕ. (8)

As described above, the geometric mass centroid cn does not lie on the surface of the sphere, therefore displacement of a140

coordinate from the centroid strictly requires a radial component (ρ̂dρ). The above assumption, adopted in J99, corresponds

to the idea that the effect of this component is small enough to be ignored. Formally, this assumption can be interpreted as the

interior centroid being projected onto the surface of the sphere, with the subsequent remapping being derived along the surface.

Introducing Eq. (8) at the position cn and the gradient term Eq. (7) into Eq. (2), the flux term can be approximated as:

fn = fn +

(
∂f

∂θ

)
n

(θ− θc)+

(
1

cosθ

∂f

∂ϕ

)
n

cosθ (ϕ−ϕc) , (9)145

where the coordinates cn = [ρc,θc,ϕc]
T, or formally, cn = [θc,ϕc]

T.
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The formulation of J99 is mainly derived for the area-averaged flux over the destination grid cell (after remapping), and is

essentially the same as that over the source grid cell. The flux over the destination grid is formulated as follows:

F k =
1

Ak

N∑
n=1

∫
Ank

fndA, (10)

where F k is the average flux over the destination grid cell k, and Ank is the area of the source grid cell n covered by the150

destination grid cell k. The summation is performed for all overlapped cells of N . The average flux term at the destination grid

cell can be approximated with using the flux approximation of Eq. (9), as follows:

F k =

N∑
n=1

[
fnw1nk +

(
∂f

∂θ

)
n

w2nk +

(
1

cosθ

∂f

∂ϕ

)
n

w3nk

]
, (11)

which corresponds to Eq. (J99.7). The three coefficients, w1nk, w2nk, w3nk, are called the remapping weights and are derived

according to J99 as follows:155

w1nk =
1

Ak

∫
Ank

dA, (12)

w2nk =
1

Ak

∫
Ank

(θ− θc)dA, (13)

w3nk =
1

Ak

∫
Ank

cosθ(ϕ−ϕc)dA. (14)

The reference point (θc,ϕc), with implicitly including ρc component, is actually called the centroid in J99 (expressed as θn,ϕn).

Note that Eqs. (13) and (14) are presented as intermediate formulations (Eqs. J99.9 and J99.10) during the derivation.160

Before the final formulations of the remapping weights terms, an important characteristic is described here. It is reasonable

to conclude that Eq. (14) holds for any longitudinal origin; otherwise, the remapping weight w3nk would change its value

according to the coordinate. Thus, in the computation of the weights for each source cell n, it would be safe to rotate around

the pole by ϕofs, which would simply correspond to replacing the longitudinal variable with a relative one. Put formally, Eq. (14)

is reformulated into165

w3nk =
1

Ak

∫
Ank

cosθ[(ϕ−ϕofs)− (ϕc −ϕofs)]dA

=
1

Ak

∫
Ank

cosθ[ϕ̃− ϕ̃c]dÃ, (15)

where ϕ̃= ϕ−ϕofs. This is an identity for any ϕofs. Equation (15) is exactly the same formulation as Eq. (14), thus it can

be safely expressed using ϕ in terms of ϕ̃ without ambiguities. The same replacement from ϕ to ϕ̃ is performed on the other

remapping weights.170

J99 suggests to adopt the source grid cell center as ϕofs for each source cell instead of the globally-fixed longitude origin.

The numerical library SCRIP does include this method. This suggestion is raised from the spherical coordinate system nature,
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where the longitude is multiple valued on one line on the sphere. Such problems can be easily avoided using this simple

method.

Actually, the definition of central longitude is ambiguous for general shapes of the grid cell, which must be supplied by the175

user according to the source grid cell configuration. Since only the difference between the two relative longitudes adjusted by

the offset longitude is used in the computation, the central value is of no particular significance. It is even possible to have the

offset longitude fall outside the cell boundaries as far as it is enough to avoid the multiple-value longitude issues. This topic

will be discussed later.

The final formulations of w2nk and w3nk conducted in the algorithm are obtained by expanding the reference point (θc,ϕc).180

Here, the reference point that corresponds to those defined in J99 is represented as (θn,ϕn). According to Jones (2024), the

position vectors in Eq. (6) are transformed into the corresponding spherical coordinates with including the metric scale factor,

as follows:

θn =
1

An

∫
An

θdA, (16)

ϕn cosθ =
1

An

∫
An

ϕcosθdA. (17)185

Introducing these formulations of the reference coordinate into Eqs. (13) and (14), the final formulations of w2nk and w3nk

are as follows:

w2nk
ORG

=
1

Ak

∫
Ank

θdA− 1

Ak

∫
Ank

dA
1

An

∫
An

θdA=
1

Ak

∫
Ank

θdA− w1nk

An

∫
An

θdA, (18)

w3nk
ORG

=
1

Ak

∫
Ank

ϕcosθdA− 1

Ak

∫
Ank

dA
1

An

∫
An

ϕcosθdA=
1

Ak

∫
Ank

ϕcosθdA− w1nk

An

∫
An

ϕcosθdA, (19)

which correspond to Eqs. (J99.9) and (J99.10), respectively. As explained above, Eq. (19) is computed using ϕ̃= ϕ−ϕofs term,190

the longitude relative to a reference longitude ϕofs:

w̃3nk
ORG

=
1

Ak

∫
Ank

ϕ̃cosθdÃ− w1nk

An

∫
An

ϕ̃cosθdÃ. (20)

The integral parts of the remapping coefficients w1nk, w2nk
ORG

and w̃3nk
ORG

(Eqs. 12,18 and 20) are computed by transforming it

into a line integral using Gauss’s divergent theorem (DK87, J99).

∫
Ank

dÃ=

∮
Cnk

−sinθdϕ̃, (21)195

∫
Ank

θdÃ=

∮
Cnk

− [cosθ+ θ sinθ] dϕ̃, (22)
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∫
Ank

ϕ̃cosθdÃ=

∮
Cnk

− ϕ̃
2
[sinθ cosθ+ θ] dϕ̃, (23)

respectively, where Cnk is the counterclockwise path around the region Ank.200

Based on the author’s exploration of the SCRIP source code and the CDO source code, the formulations correspond to

Eqs. (18) and (20) being implemented.

2.3 Inconsistency in the original formulation

However, the remapping weight for the longitudinal direction determined in Eq. (20) is invalid, which lacks important char-

acteristics of Eqs. (14) and (15). As explained, equations of the remapping weights should hold for any longitudinal origin,205

which means that the remapping weights w3nk
ORG

(Eq. 19) and w̃3nk
ORG

(Eq. 20) must be identical. It is demonstrated below that this

characteristic is not guaranteed on these formulations.

Substituting ϕ̃= ϕ−ϕofs into Eq. (20), w̃3nk can be expanded as follows:

w̃3nk
ORG

=
1

Ak

∫
Ank

(ϕ−ϕofs)cosθdA− w1nk

An

∫
An

(ϕ−ϕofs)cosθdA

= w3nk
ORG

− ϕofs

Ak

 ∫
Ank

cosθdA− Ank

An

∫
An

cosθdA

 . (24)210

Therefore, the bracket terms in Eq. (24) must be zero in order to satisfy the condition w̃3nk ≡ w3nk for arbitrarily chosen ϕofs.

As long as the area element dA is a function of θ such as on the spherical coordinate system, the term cosθ cannot be taken out

of the integral, and thus the terms in the bracket are not cancelled. Equation (24) is satisfied only when ϕofs = 0, which means

that it is definitely inconsistent with its former derivation as Eqs. (14) and (15).

This inconsistency originates from invalid derivation from Eq.(14) to Eq.(19), to substitute the reference longitude following215

Eq. (17). While transformation of the position vector into the spherical coordinates is conducted on Eq. (6) in J99, the same

procedure should be conducted on Eq. (5) instead, because the position vector cannot be extracted from the integral on the

spherical coordinate.

A new symbol is introduced to designate such a reference point as pn = [θp,ϕp]
T, hereafter symbolically referred to as pivot,

in order to distinguish it from the centroid described above. Then the condition of the reference coordinate (θp,ϕp), including220

the metric scale factor, are formulated instead of Eqs. (16) and (17) as follows:∫
An

θpdA=

∫
An

θdA, (25)

∫
An

ϕp cosθdA=

∫
An

ϕcosθdA. (26)
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The elements θp and ϕp can be extracted from the integral, and the reference coordinates are formulated as:

θp =
1

An

∫
An

θdA, (27)225

ϕp =

∫
An

ϕcosθdA

/∫
An

cosθdA

 . (28)

While the formulation in the latitudinal direction is identical (Eq. 16 and 27), that in the longitudinal direction is different

regarding the treatment of cosθ term in the denominator (Eq. 17 and 28).

The remapping weight for the longitudinal direction are reformulated as:

w3nkP =
1

Ak

∫
Ank

(ϕ−ϕp)cosθdA=
1

Ak

∫
Ank

ϕcosθdA− 1

Ak

Ω3nk

Ω3n

∫
An

ϕcosθdA, (29)230

Ω3nk =

∫
Ank

cosθdA. (30)

Equation (29) is confirmed to hold even with substituting ϕ̃= ϕ−ϕofs, as follows:

w̃3nkP =
1

Ak

∫
Ank

(ϕ−ϕofs)cosθdA− 1

Ak

Ω3nk

Ω3n

∫
An

(ϕ−ϕofs)cosθdA,

= w3nkP −
ϕofs

Ak

 ∫
Ank

cosθdA− Ω3nk

Ω3n

∫
An

cosθdA

 , (31)

where the bracket terms are cancelled with definition of Eq. (30).235

2.4 Influence of the longitude adjustments

How the remapping weights are influenced by the invalid formulation can be demonstrated by using a simple configura-

tion in which both source and destination grids are set as RLL grids on a unit sphere, and the cells are equally spaced

along the longitude and latitude. The latitudes and longitudes of the grid lines (cell corner coordinates) are expressed as

θ = 180◦ (j−Nθ/2)/Nθ, j = 0, · · · ,Nθ; and ϕ= 360◦ (i− 0.5−Nϕ/2)/Nϕ, i= 0, · · · ,Nϕ, respectively. The source and des-240

tination grids adopt Nθ,Nϕ = 64,128 and Nθ,Nϕ = 128,256, respectively, where a source cell contains 2× 2 = 4 destination

cells, and a destination cell does not extend over multiple source cells. Figure 1 shows the distribution of the remapping weight

w3nk over the example source/destination configuration. One source cell has four remapping weights for each overlapped

destination cell; those for the north-west designation cells are plotted in the figure. (It is for this reason that the figure is not

symmetric about the equator.) Since the relative orientation of a source cell and its overlapped destination cells is equivalent245

along the longitudinal direction, the remapping weight must be axisymmetric. Figure 1(a) displays the results for weights com-

puted with the original formulation Eq. (19), clearly showing the breaking of symmetry. In contrast, in Fig 1(b), the remapping

weights were computed using the formulation satisfying the pivot condition (Eq. 29) which produces the axisymmetric results

shown in the figure.
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In Fig. 1, computation of remapping weights is conducted not with the formulations using longitude adjustment for each250

source cell (Eq. 20 and 31), but with those using the globally-fixed longitude origin. As described above, J99 suggests to adopt

the source grid cell center as reference longitude for each source cell, therefore the breaking of symmetry away from ϕ= 0

shown in Fig. 1(a) is practically not applicable. In fact, this suggestion of adjustment in longitude in the original algorithm

minimizes or even erases all the problem as a side effect.

Formally, it is possible to substitute ϕofs = ϕp in Eq. (24):255

w̃3nk
ORG

=
1

Ak

∫
Ank

(ϕ−ϕp)cosθdA− w1nk

An

∫
An

(ϕ−ϕp)cosθdA. (32)

Introducing the condition of ϕp in Eq. (28), the integral part in the second term of Eq. (32) unconditionally becomes zero.

Although the second term is inconsistent overall, it is shown that only the coefficient makes the term inconsistent by comparison

between Eq. (20) and (29). Thus the cancellation of the second term in Eq. (32) provides identical solutions with Eq. (29), even

though the coefficients are invalid, since these coefficients are essentially erased by the zero-valued integration term. The260

problem is, of course, that it does not make sense to expect a valid ϕp based on an inconsistent computation of the remapping

weights.

However, there is, indeed, an explanation.

Although not forced, it is quite natural to set the offset longitude ϕofs as the center of the longitude range of the source grid

cells. One reason for this is that a sample program included in SCRIP makes the computation this way; another is that the center265

longitude is often used for other situations, e.g., visualization, and thus they can be easily prepared. For some special cases,

such as benchmark tests, the central longitude is used to evaluate the flux gradient, which is not generally possible for practical

applications. For the RLL rectangle grid cells in spherical coordinates, the center longitude is identical to the pivot longitude,

and therefore the rotation helps to cancel the contribution of the pivot term. Moreover, if a cell is symmetric along a meridian,

then, naturally, the pivot coordinate coincides with the center longitude. In most cases using various shapes of grid cells, the270

center longitude defined by the user for particular target grid cells may not be far from the pivot longitude, and the problem

of the incorrect contribution of the pivot term can be rendered insignificant, as shown in the previous section. In principle, the

offset longitude is left to the user’s discretion, and these side effects are generally unexpected.

:::
The

:::::
recent

:::::::
version

::
of CDO

:::
does

:::
not

:::::::
include

:::
the

::::::::::
second-order

:::::::::::
conservative

:::::::::
remapping

::
of

:::
the SCRIP

:::::::::
equivalent. According

::
In

:::::::
addition,

::::::::
according

:
to an old version of CDO reference manual, the second-order conservative remapping command (REMAPCON2)275

is not available for unstructured source grids. This is good news for
:::::::::::
Consequently,

:
CDO users . Thanks

:::::
cannot

::::::::
encounter

::::
this

:::::::::::
inconsistency

::::
issue

:::::
when

:::::::
working

::::
with

:::::::::::
unstructured

:::::::
meshes.

:::
For

:::::::::
structured RLL

:::::
grids,

::::::
thanks to the mid-longitude offsetting

, there may be no risk that the user will suffer
:::::::::
procedure,

::::
there

::
is
::::::::

virtually
:::
few

::::
risk

::
of

:::::
users

::::::::
suffering

:
from the inconsistent

formulation of the remapping weights. However, the author is not fully convinced, and such a conclusion should be confirmed

by an expert in the area.280
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(a) Original formulation

(b) Pivot formulation

Figure 1. Demonstration of the remapping weight computation. (a) w3nk using the J99 original algorithm (Eq. 19) (b) w3nk by Eq. (29).

3 Experiment and discussion

In order to demonstrate the argument of the present paper described in the previous section, a series of sensitivity experiments

are performed. The main focus of the present paper is to show how J99 and SCRIP are influenced by inconsistent reference

longitudes. The evaluation of them among the other remapping packages is far beyond the scope.

All the remapping experiments are performed using SCRIP version 1.5, with minimum necessary modification relating to285

the remapping weight computation. The version with proposed modification is hereafter referred to as SCRIP-p to distinguish

it from the official SCRIP.

The offset longitude is specified in the external input file in original SCRIP application, which is also followed by SCRIP-p.

The longitude adjustment with the externally prescribed offset longitude is left as is, since it is, in any event, necessary in order

to deal with the periodic boundary condition in a simple way.290

It is worth mentioning that the sensitivity to the offset longitude can be examined only by replacing the values in the input

data (variable src_grid_centroid_lon in the input file) Either the source code of the program to compute remapping

weights or that to perform remapping can be used without any modification, even for the original SCRIP implementation.

Although the test program included in the official SCRIP uses the offset longitude for computing the input source field to

remapping, the input field is also prescribed by external files in the present study thus the offset longitude is not used anywhere295

except for the remapping weight computation.
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There may be other problems in J99 and original SCRIP: it is reported that the treatment of parametric form for cell sides in

the algorithm results in inaccuracies at intersection computation
:::
for

::::::
general

::::
grid

:::::::
systems.

::
In

::::
their

::::::::::::::
implementation,

::::::::::
intersection

::
of

:::
two

::::
cell

::::
sides

::
is
:::::::::
computed

:::::
using

:::::
linear

::::::::::::::
parameterization

::
of

:::::::::
longitudes

:::
and

::::::::
latitudes,

::::::
which

:
is
::

a
::::::
source

::
of

::::::::
numerical

::::::
errors

::
for

::::::::
different

::::
edge

:::::
types

:::::::::::::::
(Chen et al., 2026)

:
.
:::
All

::::::::::
experiments

::
in

:::
the

:::::::
present

:::::
paper

::::
adopt

::::::
highly

:::::::::
simplified RLL

:::
grid

:::::::
systems

::
to300

::::
avoid

:::::
such

:::::
issues.

:
(J99, Jones, 2024). As noted, the main focus of the present study is not to improve the algorithm, but rather

to report how the inconsistencies influence the performance in the past application. Therefore all the program source codes,

except for those related to the inconsistent reference longitude, are left as they were.

3.1 Summary of original and corrected formulations

A remedy is introduced in the previous section, in order to preserve consistency during the derivation. The original formulation305

as well as the alternate formulation are summarised here for reference. The first-order remapping weight,w1nk, and the second-

order remapping weight in the latitudinal direction, w2nk, are identical to those originally presented in J99 but are listed here

for completeness.

The proposed method presented below is called ‘Scheme’, however, it is no more than a correction to the original method.

It is not a new algorithm for the second-order conservative remapping, but rather a minor variation of the original algorithm to310

share most of the equations for remapping weights except for the final formulation.

3.1.1 Scheme N — original (native) method

Scheme N is the implementation of the original J99 formulation, which adopts (θn,ϕn) formulation (Eqs. 16, 17) as the

reference point, with introducing the relative longitude to an offset longitude ϕofs. The flux approximation is formulated as

F k =

N∑
n=1

[
fnw1nkN +

(
∂f

∂θ

)
n

w2nkN +

(
1

cosθ

∂f

∂ϕ

)
n

w3nkN

]
, (33)315

and the corresponding remapping weights are formulated as

w1nkN =
1

Ak

∫
Ank

dA,

w2nkN =
1

Ak

∫
Ank

(θ− θn)dA=
1

Ak

∫
Ank

θdA− w1nk

An

∫
An

θdA,

w3nkN =
1

Ak

∫
Ank

(ϕ̃− ϕ̃n)cosθdÃ=
1

Ak

∫
Ank

ϕ̃cosθdÃ− w1nk

Ak

∫
An

ϕ̃cosθdÃ,

ϕ̃= ϕ−ϕofs.

(34)

As described in the previous section, the formulation of Scheme N is valid only when the offset longitude ϕofs equals to the

pivot longitude ϕp of the source cell n, defined in Eq. (28). In this particular case, the pivot term contributes virtually nothing

to the remapping weights.320
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3.1.2 Scheme P — pivot method

Scheme P is a mostly straightforward implementation of the original J99 formulation, where only the invalid computation

of the remapping weight w3nk is replaced according to the pivot condition. It adopts (θp,ϕp) formulation (Eqs. 27, 28) as

the reference point. Formally, the centroid definition must be excluded from the beginning of the implementation as it is

incompatible with this formulation. The flux approximation is formulated as325

F k =

N∑
n=1

[
fnw1nkP +

(
∂f

∂θ

)
n

w2nkP +

(
1

cosθ

∂f

∂ϕ

)
n

w3nkP

]
, (35)

and the corresponding remapping weights are formulated as

w1nkP =
1

Ak

∫
Ank

dA,

w2nkP =
1

Ak

∫
Ank

(θ− θp)dA=
1

Ak

∫
Ank

θdA− w1nk

An

∫
An

θdA,

w3nkP =
1

Ak

∫
Ank

(ϕ−ϕp)cosθdA=
1

Ak

∫
Ank

ϕcosθdA− 1

Ak

Ω3nk

Ω3n

∫
An

ϕcosθdA,

Ω3nk =

∫
Ank

cosθdA.

(36)

The new term Ω3nk to be applied in the evaluation of w3nk is introduced. This term is not a remapping weight but is computed

with the same procedure as the other three remapping weights. The integral part of Ω3nk is computed by transforming it into a330

line integral using Gauss’s divergent theorem following the J99 method for the other integrals, and is formulated as∫
Ank

cosθdA=

∮
Cnk

− sinθ cosθ+ θ

2
dϕ. (37)

Although the replacement involves only the computation of a single variable, the source code modification would be the most

substantial since the treatment of additional variable Ω3nk must be introduced concurrently with the three standard weights.

The formulation of scheme P is consistent for any longitude origin, thus it is not necessary to introduce the offset longitude,335

while it is still valid with any offset longitudes. Also, Schemes N and P produces the identical solution when the offset longitude

ϕofs equals to ϕp in Eq. (34).

3.2 Configuration of experiments

In the present study, only the domain of the RLL grid on a unit sphere of Nθ latitudes and Nϕ longitudes, both for the source

and destination grids, is examined. The latitudes and longitudes of the grid lines (cell corner coordinates) are expressed as θ =340

180◦ (j−Nθ/2)/Nθ, j = 0, · · · ,Nθ; and ϕ= 360◦ (i/Nϕ)/Nϕ, i= 0, · · · ,Nϕ, respectively (this is slightly different from the

domain definition used for the demonstration in Fig. 1, which does not influence the discussion). Two series of experiments are

performed in this study. The first one is one-time remapping test in order to demonstrate the influences on the standard accuracy

13



measures (described later). The size of the source grid cell is set as (Nθ,Nϕ) = (64,128). Several destination grid sizes are

examined, including (Nθ,Nϕ) = (90,180), (180,360), (360,720), (720,1440). The second one is 1000-time iterate remapping345

test to demonstrate the convergence rates. The size of the source grid cell is set to (Nθ,Nϕ) = (1024,2048), and the destination

grid sizes are set as above, roughly following the combination in Mahadevan et al. (2022). Three idealized experiments A1,

A2 and A3 were conducted following J99 and Mahadevan et al. (2022). A1 and A2 correspond to ANALYTICALFUN1 and

ANALYTICALFUN2 presented in Mahadevan et al. (2022), respectively. A2 also corresponds to that of the experiments in

presented in J99 whose source field is named as Y 2
2 . A3 corresponds to another experiment presented in J99, named as Y 16

32 .350

A2 and A3 also appear in Lauritzen and Nair (2008); Ullrich et al. (2009).

The source field in experiment A1 is a combination of spherical harmonics functions with frequency wave similar to order

3, given by

ψ = Y 2
3 +Y 3

3 , (38)

where Y l
m represents the real spherical harmonic functions evaluated for degree m and polynomial order l.355

In experiments A2 and A3, a relatively smooth function resembling a spherical harmonic of order 2 and azimuthal wavenum-

ber 2 (named as Y 2
2 ),

ψ = 2+cos2 θ cos(2ϕ), (39)

and a relatively high-frequency wave similar to a spherical harmonic of order 32 and azimuthal wavenumber 16 (named as

Y 16
32 ),360

ψ = 2+ sin16(2θ) cos(16ϕ), (40)

are used as input for the source grid in each experiment. The mid-longitude and mid-latitude coordinates for each cell are used

as a reference point to compute ψ and its gradient to input.

All the experiments are conducted using the test program included in the official SCRIP package with minimum modifica-

tion. It is worth mentioning that a special treatment for elements around the poles is implemented in the official package, which365

is switched off in the present study.

The performance of the conservative remapping algorithms was evaluated using Metrics for Intercomparison of Remapping

Algorithms (MIRA) package (Guerra et al., 2021; Mahadevan et al., 2022), with help of TempestRemap (Ullrich and Taylor,

2015; Ullrich et al., 2016) that is conducted to prepare the input fields. Several measures are available by MIRA. Global

conservation properties are evaluated using Lg , which corresponds to relative change in the global integral of the scalar field370

value on the source and the destination grids. The standard accuracy measures, ∥E∥L2
and ∥E∥L∞ are presented, which

correspond to those used the second-order norm l2 and the infinity norm l∞, respectively. A gradient preservation measure

∥E∥H1
computed by MIRA package is also presented. The explicit definition of these norms are presented in Mahadevan et al.

(2022).

As shown in Sect. 2.2, it is speculated that for RLL rectangular cell cases, the offset longitude virtually works as the pivot375

longitude (ϕp in Eq. 28) in the official SCRIP, which would erase the fundamental problem. For general shapes of grid cells, the
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offset longitude may not be the same as the pivot longitude. To investigate the sensitivity of this deviation, a simple experiment

is presented using the official SCRIP implementation.

In the official implementation, the mid-longitude for each cell is introduced for the offset:

ϕofs =
ϕ0 +ϕ1

2
, (41)380

where ϕ0, ϕ1 are the longitude boundaries of the source cell. Using this offset to keep the difference in longitudes within 360◦,

it is easy to avoid the multiple-value longitude issues. Conversely, the offset can be anywhere as far as it is sufficient to avoid

the multiple-value issues.

In order to demonstrate the present paper’s argument, three sensitivity experiments are performed: the first one is control

case, to adopt mid-longitude (Eq. 41) for each cell. The second one is cell-edge case, in which the offset matches the boundary385

for each cell (i.e., ϕofs = ϕ1). The third one is global case, in which the offset longitude is set as ϕofs ≡ 180◦ for all the source

grid cells.

Additional remarks apply to the global offset case. This case is an impractical, idealised configuration, intended merely to

demonstrate the insensitivity of remapping to the choice of longitude offsets. Introducing a global offset does not work for

general coordinates with a multiple-value longitude issue. For such a remapping configuration, longitude offsetting for each390

cell is naturally applied, which is incompatible with this global adjustment. In this demonstration, the offset longitude is set to

the constant value ϕofs ≡ 180◦ that is the only way to ensure that the experiment of the present study works correctly. It should

never be regarded as a realistic solution for implementing the algorithm described in J99.

Since the pivot longitude matches the mid-longitude of the RLL rectangle cell, the same results should be obtained by

Scheme N and P in the control case. The second experiment practically corresponds to an extreme case. It can be naturally395

expected that the pivot longitude is within the cell for general shapes of the source grid cell, therefore this can be a maximum

difference of the pivot and offset longitudes for usual application. The third experiment is more than an extreme case where

the equations really hold true while it may be rare for typical SCRIP application.

3.3 Results

Figure 2 shows the results of one-time remapping of experiment A2 using Scheme N, with the destination grid cells as400

(Nθ,Nϕ) = (720,1440). Figure 2(a) is the remapping result (expressed with Ψ) for the mid-offset case that is expected to

provide the reasonable solution. Figure 2(b) corresponds to the result of the edge-offset case. The difference in the remapped

fields between the edge-offset and mid-offset cases (d) is comparable in magnitude to the remapping error (b). However, it is

smaller than the range of the source field, so the remapped fields of both cases are mostly equivalent (a and c). On the other

hand, Fig. 2(e) shows jagged patterns as the distance from the global longitude offset (180◦) increases, which is the result of405

the global-offset case.

Figure 3 shows the results of one-time remapping of experiment A2 using Scheme P. The results clearly show that the

remapped fields remain unchanged regardless of the offset chosen. Qualitatively similar results are obtained for the other

destination resolution and for experiments A1 and A3 (not shown). Thus, the formulation of Scheme P is expected as the

15



−90

0

90
L

a
ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

1.0

1.5

2.0

2.5

3.0

Ψ

−90

0

90

L
a

ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

−1.0

−0.5

0.0

0.5

1.0

∆
Ψ
(1
0
−
4
)

−90

0

90

L
a

ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

1.0

1.5

2.0

2.5

3.0

Ψ

−90

0

90

L
a

ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

−1.0

−0.5

0.0

0.5

1.0

∆
Ψ
(1
0
−
4
)

−90

0

90

L
a

ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

1.0

1.5

2.0

2.5

3.0

Ψ

−90

0

90
L

a
ti
tu

d
e

 (
d

e
g

re
e

s
)

0 120 240 360
Longitude (degrees)

−1.0

−0.5

0.0

0.5

1.0

∆
Ψ
(1
0
−
2
)

(a) Ψmid
(b) Ψmid − ψ

(c) Ψedge
(d) Ψedge −Ψmid

(e) Ψglobal
(f) Ψglobal −Ψmid

Figure 2. Results of sensitivity experiments A2 using Schemes N for the offset longitudes where mid, edge, global correspond to the

ϕofs = (ϕ0 +ϕ1)/2, ϕofs = ϕ1, and ϕofs = 180◦ cases, respectively. (a) One-time remapped field for mid-offset case (Ψmid). (b) Error in the

remapped field of the mid-offset case (Ψmid −ψ). (c) One-time remapped field for edge-offset case (Ψedge). (d) Difference between edge-

and mid-offset cases (Ψedge−Ψmid). (e) Remapped field field for global-offset case (Ψglobal). (f) Difference between global- and mid-offset

cases (Ψglobal −Ψmid). Resolution of the destination grid cells is (Nθ,Nϕ) = (720,1440).

valid correction of the second-order conservative remapping scheme of J99. It is worth mentioning again that the global offset410

configuration is impractical, purely to demonstrate the insensitivity. The remapped fields using Scheme N are expected to be

sufficiently reasonable given the choice of practical offsets in the longitude.
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Figure 3. The same as Fig. 2 but with the Scheme P is shown. Note that figures (d) and (f) do not represent plotting errors, because the

remapped fields are almost identical.
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Since the algorithm discussed in the present paper is conservative remapping, it is important to check the errors in the

global conservation for all the experiments. Table 1 is the summary of the metric Lg , obtained by sensitivity experiments A2.

The results of other two experiments A1 and A3 are in the supplement. All norms are computed using the result of one-time415

forward remapping from the source grid to four variations of the destination grids. The metrics in the first row in the tables

(Scheme N and mid-offset) correspond to those obtained by the official SCRIP. These are reference values of the present study,

and evaluation of metrics are examined relative to these values. With floating-point arithmetic of binary64 (specified in IEEE

754-2008 standard, usually referred to as double-precision), we have around 15 significant digits.

Except for the Scheme N, global-offset cases, the global conservation properties after one-time remapping mostly agreed420

to one part in the first 15 digits, thus the remapping are conservative to machine accuracy, which is the same conclusion as

presented in J99. For the Scheme N, global-offset cases, errors in the global conservation are prominent among the experiments.

As far as the multiple-value problem is avoided, the remapping results should be insensitive to the choice of offset longitude.

Thus it is confirmed that the formulation of the reference (centroid) term in the original algorithm is invalid and has a potential to

damage the important properties. However, the global-offset configuration is practically more than extreme which may never425

happen in the typical application. Instead, Scheme N, cell-edge cases are regarded as an extreme case. Global conservation

obtained by Scheme N, cell edge cases are comparable to mid-edge cases, thus no significant damages on the conservation are

expected with the original algorithm.

Mathematically, Scheme P should give identical results by replacing the offset longitude, but it is not presented in the

experiments. This is due to the finite-precision arithmetic. For example, difference in longitude is not computed in degree430

units, but in radian units after degree-to-radian conversion in the original implementation of SCRIP, which may result in

slightly non-uniform values. However, Scheme P shows comparable errors in the global conservation even for global-edge

cases, which confirms the expected insensitivity on the offset longitude.

Tables 2, 3, 4 are the summary the metric ∥E∥L2 , ∥E∥L∞ , ∥E∥H1 , respectively, obtained by sensitivity experiments A2,

one-time forward remapping. The results of other two experiments A1 and A3 are summarised in the Supplement. In the tables,435

the first seven digits are shown for comparison. In general, all three experiments show qualitatively similar results.

As shown in the tables, the metrics of cell-edge cases are slightly deviated from those corresponding mid-cell cases. Differ-

ences relative to the mid-cell case increase according to the increase in resolution of the destination grid, however, the metric

mostly maintains its order of magnitude. Since the cell-edge case is regarded as an extreme for practical application, the field

after remapping may remain similar without a significant impact as far as the offset longitude is within a source cell.440

It is clearly shown that the metrics of global-offset cases change their order of magnitudes. Differences relative to the mid-

cell case increase according to the increase in resolution of the destination grid, and they reach around 1000-times larger value

for the highest resolution in the present study. Although the magnitudes of these metrics may be still reasonably small, the

significant sensitivity on the metrics to the offset longitudes confirms the statement of the present study, which the formulation

of the reference (centroid) term is invalid.445

The metrics obtained by Scheme P, mid-cell case show identical results with those obtained by Scheme N as expected,

because the pivot longitudes match the mid-cell longitudes. Due to influence from cancellation and rounding-off during the
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Table 1. Summary of results of the sensitivity experiments A2 for the offset longitude using Schemes N and P. The second column indicates

the offset longitude, where mid, edge, global correspond to the ϕofs = (ϕ0+ϕ1)/2, ϕofs = ϕ1, and ϕofs = 180◦ cases, respectively. Destination

grid sizes are (Nθ,Nϕ) = (90,180), (180,360), (360,720), (720,1440). The absolute value of relative error in global conservation (|Lg|,

see Mahadevan et al., 2022 for its definition) is shown in table.

Scheme Offset (90,180) (180,360) (360,720) (720,1440)

[×10−15] [×10−15] [×10−15] [×10−15]

N mid 0.141 0.141 0.000 0.565

N edge 0.141 0.000 0.282 0.000

N global 8189. 2034. 5086. 1271.

P mid 0.282 0.141 0.000 0.565

P edge 0.141 0.141 0.000 0.565

P global 0.141 0.000 0.000 0.565

Table 2. The same as Tab. 1 but ∥E∥L2 of Experiment A2 is shown.

Scheme Offset (90,180) (180,360) (360,720) (720,1440)

[×10−5] [×10−5] [×10−4] [×10−4]

N mid 3.570240 8.250488 1.016097 1.090981

N edge 4.331781 9.979499 1.243238 1.350379

N global 177.8254 406.9487 51.92524 57.68116

P mid 3.570240 8.250488 1.016097 1.090981

P edge (13d) (13d) 1.016097 (14d)

P global (12d) (12d) (13d) (13d)

floating point computation, the cell-edge and global-offset cases show different metrics from the mid-cell case. Nevertheless, all

of them are preserved significantly better than those of Scheme N. Even in the global-offset cases, magnitude of all the metrics

are unaffected. Therefore, the formulation of Scheme P is expected as the valid correction of the second-order conservative450

remapping scheme of J99.

In order to quantify the stability of remapping, iterative two-way remapping (i.e., sequence of forward and backward remap-

ping) is conducted. In the case of Scheme N with global-offset, the iterate remapping is extremely unstable, where the metrics

explode within the first twenty steps. On the other hand, the Scheme P shows stable behaviour where the difference in metric

among three variations of offsets are hardly visible on the plots. This result also supports the argument of the present study that455

the algorithm should hold for any longitudinal origin. The results of three experiments after 1000-time iterate remapping are

summarised in the Supplement.

Figure 4 show the evolution of the metric ∥E∥L2
, ∥E∥L∞ , ∥E∥H1

, respectively, along iterative remapping obtained by

sensitivity experiments A2. The results of other two experiments A1 and A3 are summarised in the Supplement. In general, all
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Table 3. The same as Tab. 1 but ∥E∥L∞ of Experiment A2 is shown.

Scheme Offset (90,180) (180,360) (360,720) (720,1440)

[×10−5] [×10−4] [×10−4] [×10−4]

N mid 9.530795 1.963583 2.913715 3.342430

N edge 9.575834 2.172476 3.084127 3.642582

N global 477.2723 128.6125 164.5735 182.6903

P mid 9.530795 1.963583 2.913715 3.342430

P edge (15d) (11d) (15d) (12d)

P global (11d) (11d) (11d) (12d)

Table 4. The same as Tab. 1 but ∥E∥H1 of Experiment A2 is shown.

Scheme Offset (90,180) (180,360) (360,720) (720,1440)

[×10−3] [×10−3] [×10−2] [×10−2]

N mid 1.056206 4.232089 1.226052 1.829100

N edge 1.245376 4.949951 1.417992 2.179947

N global 47.83382 186.1344 51.64459 85.97318

P mid 1.056206 4.232089 1.226052 1.829100

P edge (12d) (12d) (13d) (13d)

P global (12d) (12d) (13d) (11d)

three experiments show qualitatively similar results also for the iterative remapping. The evolution of metrics of cell-edge case460

mostly overlaps those of mid-cell case for Scheme N, except for the high resolution destination grid. In experiment A2, the

results of destination grid size as (720,1440) clearly deviates along the iteration steps, due to accumulation of small differences

in the metrics. Practically, even for general shapes of source grid cells, the mid-cell longitude would be well close to the pivot

longitude, thus no critical impact on the remapping may be expected. The difference in metrics evolution between Scheme

N, mid-cell case and Scheme P is minor, whose relative difference is below around 10−7. It can be concluded that for simple465

application as RLL where the mid-cell longitude matches the pivot longitude for each source cell, a sufficiently reasonable

remapping can be obtained.

Finally, the convergence rates for two Schemes of all the experiments are shown. These convergence rates are calculated

using the script provided by MIRA Dataset (Mahadevan et al., 2021), with some minor adjustment for the present study.

It is a slope obtained by the linear regression of metrics logarithms as a function of the characteristic spatial length of the470

destination mesh. Following Mahadevan et al. (2022), the spatial length is defined as the inverse of the square root of the

number of destination grids in the present study. In Mahadevan et al. (2022) the convergence rates are computed using uniform

refinements in both source and destination grids, while in the present study, only the destination grids are changed with keeping

the source grid. Also, in the present study both source and destination grids are RLL, which are not discussed in Mahadevan
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Figure 4. Results of the sensitivity experiments A2 for the offset longitude using Schemes N and P. The metrics (a) ∥E∥L2 (b) ∥E∥L∞

(c) ∥E∥H1 as functions of iteration number of two-way remapping are shown. Destination grid sizes are (Nθ,Nϕ) = (90,180), (180,360),

(360,720), (720,1440). Solid and dashed lines indicate that ϕofs = (ϕ0 +ϕ1)/2 and ϕofs = ϕ1 cases, respectively, and mostly they are

overlapped except for some particular cases. Global offset cases (ϕofs = 180◦) are excluded from the plot, because the metrics explode at

early stage for Scheme N, and because the metrics overlaps with other cases for Scheme P.
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Scheme Offset ∥E∥L2 ∥E∥L∞ ∥E∥H1

N mid 1.416 1.219 0.157

N edge 1.367 1.221 0.099

P mid 1.416 1.219 0.157

P edge 1.416 1.219 0.157

(a) Experiment A1

Scheme Offset ∥E∥L2 ∥E∥L∞ ∥E∥H1

N mid 1.585 1.340 0.105

N cell 1.509 1.317 0.012

P mid 1.585 1.340 0.105

P cell 1.585 1.340 0.105

(b) Experiment A2

Scheme Offset ∥E∥L2 ∥E∥L∞ ∥E∥H1

N mid 1.782 1.628 0.827

N cell 1.776 1.623 0.823

P mid 1.782 1.628 0.827

P cell 1.782 1.628 0.827

(c) Experiment A3
Table 5. Convergence rates of three metrics using Schemes N and P for experiment (a) A1 (b) A2 (c) A3.

et al. (2022). Thus the convergence rates in the present study may not be directly comparable to those in Mahadevan et al.475

(2022). Since the focus of the present study is to evaluate the influence of inconsistent reference longitudes on J99 and SCRIP

remapping; it is considered to be sufficient just by presenting relative performance of the corrected schemes.

Table 5 summarizes the convergence rates for two Schemes of all the experiments. As noted, only relative comparison is

presented here. As presented in the tables and figures above, Scheme N mid-cell and Scheme P both cases show the same

convergence rates for all the experiments (Scheme P global offset cases are confirmed to be also the same, which are not480

shown in the table). Scheme N cell-edge cases mostly show smaller convergence rates than corresponding mid-cell cases,

except for that of the metric ∥E∥L∞ for experiment A1, which show a slightly larger value. Since the results of remapping

should be independent, in principle, on even a small deviation of offset longitudes, it is not important whether the convergence

rate is larger or not than the mid-cell case. Although the influence on the convergence rates may be reasonably small even in

the practically extreme condition of offset longitudes, a visible sensitivity on the metrics again confirms the statement of the485

present study, which the formulation of the reference (centroid) term is invalid.
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3.4 Additional remarks — applications in past studies

Two reports relating to the second-order conservative remapping scheme based on J99 are worth noting.

Ullrich et al. (2009) present a remapping scheme called Geometrically Exact Conservative Remapping (GECoRe) and show

its performance in idealized cases, comparing it with other schemes, including SCRIP. They find that the error measures in490

GECoRe and SCRIP deviate significantly for the second-order methods, where the former produces results one or two orders

of magnitude better than the latter.

Valcke et al. (2022) present yet another intercomparison study using four remapping algorithms, including SCRIP. A few

results obtained by SCRIP are analyzed in the paper, which shows no significant deviation from the other three algorithms, at

least for the second-order conservative remapping. The result plots show that the misfit by SCRIP is the largest among the four495

algorithms for one benchmark, while it is far less for the other benchmark.

As discussed and demonstrated above, the inconsistent formulation of the reference longitude (ϕn in Eq. 17) has little impact

on the remapping as far as the offset longitude is not far from the midpoint of source cells. It is actually introduced for the

other objective, i.e., to avoid multiple-valued longitude at computing differences in longitudes, however it really works as a

side effect to minimize the inconsistency.500

It is possible that the inconsistencies relating to offset longitude formulation has some impact on the past studies, however,

the author doubts that they explain the behaviors in the above two studies, because the impact on the results is insignificant

even when the extreme offset longitude is specified. Rather, different behaviors compared to the other remapping algorithms, if

any, should originate from the other part in the J99 algorithm (e.g., computation of intersection). Since, in principle, the effect

of discrepancies in the offset and pivot longitudes is unexpected because the former is not under control of SCRIP, a more505

detailed exploration of the source code and data is required in order to determine precisely what is happening.

:::::::::::::::
Chen et al. (2026)

::::::::
presented

::
the

::::::
issues

::
in

::::::::
remapping

:::::::
libraries

::::
such

::
as
:::
the

:::::::::
geometric

::::::::
treatment

::
of

::::
edge

::::
types

::::
and

:::::::::::
floating-point

::::::::
robustness

::
in
:::::::::
edge-edge

:::::::::::
intersections.

:::
All

:::::::::::
experiments

::
in

:::
the

::::::
present

:::::
paper

:::::
adopt

:::::
highly

:::::::::
simplified RLL

:::
grid

:::::::
systems

::
to

:::::
avoid

::::
such

:::::
issues,

:::::::
thereby

::::::::::
successfully

::::::::
isolating

:::
the

::::::::
sensitivity

::
to
:::
the

::::::::::
inconsistent

::::::::
reference

::::::::::
longitudes.

::::::::
However,

::
it

:::::
should

:::
be

:::::
noted

:::
that

:::::
when

::::
such

:::::::::::::::::
overlap-construction

::::::
errors

:::
are

::::::
present

::
in

:::::::
general

::::::::::
applications,

:::::
their

:::::::
impacts

::
on

:::::::::
remapping

::::
can

::::::::
influence

:::
the510

:::::
results

:::::
more

::::::::::
significantly

::::
than

:::
the

:::::
issue

::::::::
discussed

::
in

:::
this

:::::
study.

:

It may be desirable to present the closed-form expression of a set of typical line segment types for the schemes in the present

study, following Ullrich et al. (2009) that present a geometrically exact regridding solution between RLL and cubed-sphere

grids. It may be also beneficial to include a brief comparison between the present manuscript and the modern approaches. As

mentioned, however, the main motivation is to positively support the past studies that adopted J99 algorithm, in which their515

remappings were largely the same as expected, and Ullrich et al. (2009) already present a detailed comparison with SCRIP.

The development of the proposed schemes in the present study including such detailed discussion is left to future studies.
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4 Summary and conclusion

In this paper, the second-order conservative remapping method on spherical coordinates proposed by J99 is reformulated in an

effort to remove the inconsistencies discovered in the original formulation. A proposal is presented for the valid formulation520

of the source flux approximation and centroid (or pivot) constraints used to compute the remapping weights. The resulting

weights were confirmed to be insensitive to the choice of longitude origin. Until now, the native implementation package of

the original algorithm SCRIP has served to mask the inconsistency in the original formulation, as an adjustment to the relative

longitude in the SCRIP code has tended to minimize or even erase the problem.

The proposed corrections apply only within the coordinate framework of J99 and do not influence the formulation of the525

conservative remapping algorithm over other coordinate frameworks. Also, the correction merely made the formulation valid;

therefore, the proposed scheme in this study remains applicable only to the same class of structured grids as the original

algorithm. Area-weighted averages of the geographical coordinate terms do not correspond to geometric centers for general

spherical polygons. Their interpretation becomes ambiguous when cells are skewed, large, or irregular.

Given the adjustment in SCRIP, the author believes that in most practical cases, those using the second-order remapping530

algorithm in J99 will experience no significant negative impact from the inconsistency problem, especially for cases involving

RLL rectangular grid cells. However, it may be prudent for those conducting studies that involve irregularly shaped grid cells

or non-modest variable fields and require a high degree of accuracy to review relevant prior studies.

The present study is by no means meant to denigrate past research. To the contrary, the author truly appreciates the con-

tributions of past studies and the accompanying programming packages, which have played an invaluable role in the efforts535

of the entire climate modeling community. This paper is not intended to discourage but rather to support the validity of past

applications. If this were not the case, the author would have sought only to develop a new programming package without sug-

gesting revisions to the native SCRIP package. SCRIP-p, a fork of SCRIP, can serve as a drop-in replacement for the original

version, acting as a bridge until an official package revision. It should be recognized, however, that SCRIP-p was examined

on a somewhat limited basis and for only a few cases. Although it may not fully resolve the fundamental problem for general540

cases, it is hoped that it will work well as a first trial.

Code and data availability. The official package of SCRIP version 1.5 is available from github: https://github.com/SCRIP-Project/SCRIP

(last access: 1 April 2024), under an open-source license, with copyright owned by the Regents of the University of California. Details of

the license are described in a document of the package. SCRIP-p, a fork of SCRIP, is available from github: https://github.com/saitofuyuki/

scrip-p (last access: 1 April 2024), with the same license as the official package, except for where modified, whose copyright is owned by545

Japan Agency for Marine-Earth Science and Technology (JAMSTEC) under Apache license version 2.0. The exact version of the official

and the fork packages, as well as input data and scripts used to produce the results used in this paper, are archived on Zenodo under

https://doi.org/10.5281/zenodo.10892796 (Saito, 2024).
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