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Abstract. This paper and associated software implement the
Thermodynamic Equation Of Seawater — 2010 (TEOS-10) in
Excel for an efficient estimation of Absolute Salinity (Sa),
Conservative Temperature (®), and derived thermodynamic
properties of seawater — potential density (o@), in situ den-
sity (ps,,0, p), and sound speed (c). Vertical profile template
plots for these parameters are included as is an SA—© di-
agram template, which includes plotting of the density field
(computation of user-selected og lines is included). Absolute
Salinity can be directly measured with the aid of a densime-
ter (IOC, SCOR and IAPSO, 2010: p. 82), but in TEOS-10
its estimation relies on the interpolation of data from casts
of seawater from the world ocean (IOC, SCOR and IAPSO,
2010), and the Excel workbook introduced here (TEOS-10
Excel, available at https://doi.org/10.5281/zenodo.4748829)
includes a subset of the TEOS-10 look-up tables necessary
for this estimation, namely the Absolute Salinity Anomaly
[deltaSA_ref] and the Absolute Salinity Anomaly Ratio
[SAAR_ref] look-up tables. As the user simply needs to
paste new data into the spreadsheet to automatically com-
pute the oceanographic parameters referred above, this tool
may prove to be useful for all who are not comfortable us-
ing the full-featured TEOS-10 programming language en-
vironments (e.g. MATLAB, FORTRAN, C) but rather need
a simpler way of computing fundamental properties of sea-
water (e.g. density, sound speed) while adhering to current
standards. Returned values are the same (up to 15 decimal
places; i.e. difference = 0.000000000000000) as the ones ob-
tained with the MATLAB version of the GSW (Gibbs Sea
Water) toolbox (McDougall and Barker, 2011) available at
the TEOS-10 website (https://www.teos-10.org, last access:
13 April 2022). This paper describes the Excel workbook,
its use, and the included VBA (Visual Basic for Applica-

tions) functions. Quality control against the GSW toolbox
is also addressed, namely issues detected with the interpo-
lated values returned by the toolbox when there are missing
values in the reference look-up table. In these situations, the
GSW toolbox replaces missing values with a level pressure
horizontal interpolation of neighbour points, while it is clear
from the testing results that vertical interpolation, which was
then implemented in TEOS-10 Excel, returns a more robust
solution.

1 Introduction

The development of software to facilitate the efficient calcu-
lation of the properties of seawater has allowed users to better
understand the marine environment, assisting members of the
student, research, and industrial communities alike. One such
initiative, the Gibbs Sea Water (GSW) toolbox (McDougall
and Barker, 2011), implements the Thermodynamic Equa-
tion of Seawater — 2010 (TEOS-10) into software that calcu-
lates required seawater properties through the utilisation of
programming languages (e.g. MATLAB, FORTRAN, C) that
require a working understanding and knowledge of computer
programming. As such, the toolbox may not be as readily ac-
cessible to all practitioners within the field of marine data
analysis (e.g. Buzzetto-More et al., 2010; Bosse and Gerosa,
2017). The aim of this paper is to present an implementation
of TEOS-10, within Microsoft Excel, a popular and readily
available application. This new implementation requires no
specialist knowledge to operate; it is therefore hoped that all
groups interested in analysing sea water properties may ben-
efit from free and open access to this new tool.
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Seawater can be defined as a thermodynamic system with
one liquid phase and two components: (i) pure water and
(ii) dissolved salts. At the end of the 19th century, J. Willard
Gibbs, established the Gibbs phase rule (Gibbs, 1874-1878),
which states that, for a multiphase system in thermodynamic
equilibrium, such as seawater, the degrees of freedom of the
system, i.e. the number of independent variables needed to
define it, equal the number of components subtracted by the
number of phases plus two. For seawater this adds up to three
(2 —1+42), and the “chosen” variables are salinity, tempera-
ture and pressure.

As measurement technologies advance and our under-
standing of the oceanic environment evolves, standards re-
lating to physical parameters frequently change in response.
The definition of salinity has undergone several variations
during the last century (Millero, 2010) and the temperature
standard changed in 1989 from IPTS-68 to ITS-90 (Preston-
Thomas, 1990). The current TEOS-10 has introduced a new
salinity quantity, Absolute Salinity (S4 ), defined as “the mass
fraction of dissolved material in seawater” (IOC, SCOR and
TIAPSO, 2010: p. 3); however, Absolute Salinity is arguably
more accurately defined as the mass fraction of dissolved ma-
terial in Reference Composition Seawater of the same den-
sity as that of the sample (Wright et al., 2011). Accompany-
ing Sa, a new temperature quantity, Conservative Tempera-
ture (®), was also introduced. Conservative Temperature is
estimated from potential temperature (6) and Sa and is 2 or-
ders of magnitude more conservative than 6 (I0C, SCOR and
TIAPSO, 2010: p. 5). These two new quantities, Sa and ©, to-
gether with pressure (p), are now the arguments of the equa-
tion of state, and to compute any thermodynamic property of
seawater (e.g. density, sound speed) they must be estimated
first. Practical Salinity (Sp), which was used before in the
Equation of State — 80 (EOS-80), is, however, still required
for the determination of Sp and remains the recommended
way by which salinity should be archived in oceanographic
databases (I0OC, SCOR and IAPSO, 2010: p. 8).

The polynomial nature of EOS-80 allowed the easy im-
plementation of algorithms for the computation of seawa-
ter properties, which led to the proliferation of stand-alone
applications, interactive websites, and Visual Basic for Ap-
plications (VBA) modules. Direct measurement of Absolute
Salinity can be made with the aid of a densimeter (I0C,
SCOR and IAPSO, 2010: p. 82), but in GSW it is estimated
from interpolation of measured Absolute Salinity Anoma-
lies stored in a world atlas look-up table. This difficulty
might be a possible explanation for the absence of any pre-
vious application of TEOS-10 in Excel, except for a tool
(GSW_Sys_vl .0.xIsm)! cited in J iang et al. (2022). We have
tested this Excel tool, using the two data sets included in
TEOS-10 Excel (TEOS-10 Test Data and TS-55), and, for
both data sets (NW Pacific and NE Atlantic, respectively),

]https://github.Com/dpierrot/GSW_Sys (last access: 2 Febru-
ary 2022)
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there were differences in the estimation of Absolute Salinity,
starting at the fourth decimal place (positive and negative).
As discussed in Sect. 3., the results from TEOS-10 Excel are
the same (up to 15 decimal places), for every parameter, as
the ones obtained with the GSW toolbox.

Section 2 of this paper introduces the new TEOS-10 Ex-
cel workbook, explains its operation, and describes the world
ocean look-up tables. Section 3 describes the translation of
the original MATLAB code into VBA and discusses the in-
terpolation method used for missing data in the reference
look-up table, followed by the conclusion and summary in
Sect. 4.

2 The TEOS-10 Excel workbook

An Excel workbook file that implements a subset of the GSW
toolbox accompanies this paper. The file includes sample
data that can be easily replaced by new user data to obtain
ocean vertical profiles and SpA—® diagrams. The computa-
tion algorithms are implemented as VBA functions and are
used as any other standard Excel function. The TEOS-10
world ocean look-up tables of measured Absolute Salinity
Anomaly [deltaSA_ref] and Absolute Salinity Anomaly Ra-
tio [SAAR_ref], essential to estimate Absolute Salinity, are
included in the workbook and are described later in the paper.
The desktop app version of Microsoft Office is needed to use
the workbook, as VBA macros do not run in Microsoft Web
Office. On opening the Excel file, authorisation for running
macros must be granted.

The workbook (Fig. 1) contains four data spreadsheets
(three light green tabs and one yellow), two plotting spread-
sheets (blue tabs), six TEOS-10 look-up tables (purple tabs),
and an info tab (green). Pressing Alt+ F11 (Windows) or
Fn+ Alt+F11 (Mac) opens the VBA environment allowing
access to the 15 function modules (Table 1), although access
to these is not required to make use of the Workbook nor is a
working knowledge of VBA.

2.1 The light green data tabs

The structure of the three light green data tabs is identical,
the only difference being the data sets incorporated in each.
The “TEOS-10 Test Data” spreadsheet includes a testing data
set from the GSW toolbox, located in the NW Pacific at
33°N, 162.5°E. “TS-55” data are a 1° longitude x 1° lati-
tude historical average vertical profile in the NE Atlantic, off
the Iberian Peninsula, centred at 40.5° N, 10.5° W, with pres-
sure levels interpolated to standard “Levitus” levels (Levitus,
1982), and “CTD-020" is a CTD cast in the same grid bin,
at 40°05’ N, 10°01° W (Martins, 1998). Seawater properties
in coloured columns are computed on the fly from user data
input in white cells. The data included (in white cells) can
be replaced by user data. Spreadsheet lines can be added (or
deleted) and, if additional lines are required, the user need
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only copy down the coloured cells for the formulae to prop-
agate over the extra rows, without any further adjustments
being necessary. The only caution users should have, is to
not move the data (white cells) to other locations, as the
spreadsheet formulae will “follow” this operation, disrupting
the original cell referencing. Users may also add new data
spreadsheets to the Excel workbook, where they can then
simply paste the whole content of one of the original data
tabs for the new spreadsheet to become fully functional.

2.1.1 Data input

— Location. The data template for the light green tabs was
developed to process vertical casts located at a given
location. Longitude and latitude must be input in cells
“B1:B2” in decimal format (degrees). Longitude can
either be within the domain —180 to 180° or O to 360°;
i.e. 10°30' W can be input as —10.5 or 349.5°. The lati-
tude domain is —90 to 90°; i.e. 30° S would be —30°.
The input of the cast coordinates is essential, as Ab-
solute Salinity is dependent on location (Sect. 3.6). If
either the longitude or the latitude cells are left empty,
the salinity anomaly is set to zero and Absolute Salinity
becomes equal to Reference Salinity.

— Pressure. Pressure (p) units are decibar. For seawater
properties, pressure is always the pressure of the wa-
ter column, i.e. absolute pressure subtracted by atmo-
spheric pressure. Therefore, at the surface, p = 0. For
the upper ocean, 10 dbar ~ 10 m.

— Salinity. The user can toggle the input between Practi-
cal Salinity (the salinity quantity which continues to be
the recommended quantity to be archived (IOC, SCOR
and IAPSO, 2010)), conductivity (mS cm™Y) (i.e. mea-
sured by an in situ transducer), or the salinometer ratio
(Rt) (i.e. ratio between the conductivities of the sam-
ple and of Standard Seawater, measured by a labora-
tory salinometer). Column D of the spreadsheet (‘“Prac-
tical Salinity (Sp)”) either copies the Sp value if this
was the salinity input or calculates Sp from conduc-
tivity using the function {SP_from_C(C,t,p)} or from
the salinometer conductivity ratio using the function
{SP_salinometer(Rt,t)}, depending on the radio button
selected. In the latter option, ¢ is the temperature of the
thermostable bath of the laboratory salinometer.

— Temperature. Temperature (°C) may be selected to be
either ITS-90 or IPTS-68 (data sets before 1990 are in
the IPTS-68 standard, but recent data may still be apply-
ing this standard instead of the newer ITS-90 — check-
ing the instrument specifications and/or the metadata as-
sociated with the data is advisable). Column J of the
spreadsheet (“Temperature ITS-90) either copies the
temperature input if ITS-90 is selected or converts the
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IPTS-68 values to ITS-90 (ITS-90 = IPTS-68/1.00024).
All functions use temperature ITS-90 as input.

2.2 The yellow Surface Data tab

The yellow Surface Data tab content differs from the other
data spreadsheets on what refers to the input of the location
coordinates. In this spreadsheet, longitude and latitude are
input in the first two columns, allowing for the assignment of
distinct coordinates for each line. This is useful if the data set
is not a vertical cast at a given location but a set of measure-
ments at different locations, typically at the same pressure
level (e.g. surface measurements). Fictional data are included
here to demonstrate the use of the template. The location of
the first four data lines is in the Baltic Sea. Conditions in the
Baltic are different from the open ocean (McDougall, 2010)
and TEOS-10 treats this adjacent sea as being a specific case.
Whilst for the world ocean the estimation of S4 depends on
the measured salinity anomaly values at that location (look-
up tables), for the Baltic Sea it is estimated by Eq. (1).

35.16504 — 0.087

Sa (Baltic) = ( 35

> x Sp +0.087 (1)
Whenever the location is in the Baltic (which is checked by
the {is_Baltic(lon,lat)} function), the salinity anomaly cells
display “Baltic”. This spreadsheet also includes a line with
data from line 1 of the TEOS-10 Test Data tab (surface data
from the NW Pacific) as well as a line of data without loca-
tion coordinates (e.g. a sample from an estuary). In this case,
salinity anomaly is set to zero and Absolute Salinity becomes
equal to Reference Salinity.

2.3 Vertical Profiles tab

The Vertical Profiles tab includes five plots that use the TS-55
and CTD-020 data sets and one plot with the TEOS-10 Test
Data data set. Two of these plots are reproduced in Figs. 3 and
4. Changing the data will update the plots accordingly, and
the user can add extra profiles by right-clicking the plot area,
clicking “Select Data”, and then editing the data sources.

2.4 Sa-0O Diagram tab

This is a template for plotting Absolute Salinity—
Conservative Temperature diagrams. Since the introduction
of TEOS-10, So—® diagrams have replaced 7T—S diagrams
(EOS-80) for the characterisation of water masses in the
ocean. The two diagrams represented (Fig. 5) are from the
NW Pacific (TEOS-10 Test Data) and NE Atlantic (TS-55).
Users can right-click the plot area, click “Select Data” and
edit the data sources. The plot also shows the pressure values
at selected points along the two Sp—® diagram lines (the
label of the points is retrieved from the pressure data column
in the respective data tab). These points can be individually
selected and edited. The density field is shown through a set
of og dashed lines obtained from Sp—® pairs that resolve
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H | J K L M N 0 a
1 il 1625 fprares ‘ Longitude and Latitude are needed for estimating the Absolute Salinity Anomaly. If either is left blank, Absolute Salinity Anomaly is set to zero.
7 Lamude| 33 |degrees ‘ User data should be input in white cells only. All coloured colums will update automatically. DATA CAN BE ETED BUT NOT MOVED prior to deletion OR THE FORMULAS WILL LOOSE THEIR REFERENCE.
Pressure (dbar) | Saunity Temperature (°C) Practical Reference  delta Sy Atlas SAARAtlss  Absolute Salinity | Absolute Salinity Potential Conservat Potential Density  In situ Density ~ Sound Speed
3 O BT Iy @ s Salinity (S=)  Salinity (S) Anomaly (5S4) [EA) TS-90 (t Temperature (6) (©e) (Ps4.0.0) (©)
S ETE L i) o (9kg™) (gka™) (gkg) (kg (gka™) e ) ) (kg m™ - 1000) (kg m™) (ms™)

a (* salinometer Ratio (RE) e
5 0 3457586 19.507610 345759 347389 0000327101505 0000009410247  0.000326901616 347392 19.5076 19.5076 19.5130 245709 10245709 1519.5537
6 10 W.T4TTA 20.008300 3.7477 349116  0.000339231758 0.000009773386  0.000341204433 349119 20.0083 20.0065 20.0072 245716 1024.6148 15212985
7 20 3467881 19.133780 346788 348423 0000333521900 0000009747636 0000339630409 34,8427 19.1338 19.1302 19.1319 24,7466 1024.8333  1518.9494
8 30 3468279 18.634320 34.6528 34.8463 0000375042667 0000010581871 0000368733417 34.8467 18.8343 18.8290 18.8302 24.8264 1024.9566  1518.2704
9 40 3468397 18288160 346840 348475 0000389800378 0000011376763  0.000396451974 348479 18.2882 13.2813 18.2817 24.9648 10251387 15168712
10 50 3468361 17.893830 346886 348522 0.000430311850 0.000012931657  0.000450696471 34,8526 17.8938 17.8853 17.8852 25.0661 10252838 1515.8962
11 76 3469963 17.066150 34.6996 348633 0.000569195077 0.000016219010 0.000566447460 343638 17.0561 17.0436 17.0423 25,2778 1025.6097  1513.8627
12 101 3469791 16.492310 34,6979 348515 0000696512528 0000019779266 0000689535385 34.8622 16.4923 16.4761 16.4742 26.4100 1025.8520 15125741
13 126 34.71489 16.128460 347149 348785 0000643341842 0000023960695  0.000835715273 348794 16.1285 16.1085 16.1059 25 5080 1026.0800 15118947
14 151 3468967 15.684310 34.6897 348532 0001001694449 0000026396145  0.000989697859 348542 15.6843 15.6608 15.6585 25,5905 10262530 15109066
15 176 3465537 15.247770 34,6554 348188 0.001146533554 0000032958859 0.001147567425 348199 15.2478 15.2209 15.2191 25 6623 10264358 1509.9149
16 202 3463723 15.028760 346372 348006 0001306176088 0000038329965 0001333904319 343019 15.0288 14.9982 14.9967 25 6975 1026.5858  1509.6304
17 262 3468649 14.440070 34.6865 347495 0001555687022 0000045323491  0.001596030542 347512 14.4401 14.4029 14.4022 26,7872 1026.8977  1508.5164
18 303 3453391 13.762160 345339 346963 0001918317195 0000056693585 0001967083277 34,6987 13.7622 137189 137489 25,8905 1027.2291  1507.0947
19 353 3444696 12587460 34.4470 346094 0002406799849 0000074277399 0002570695638 346120 12.5875 12,5399 12.5411 26.0606 1027.6275 15039112
20 404 3437410 11610510 343741 345362 0.003092026444 0.000101116678  0.003492184663 345397 11.6105 11.5588 11.5609 261915 1027.9920 15013222
21 505 3417681 8.998112 34.1768 343380 0004943227263 0000162364201  0.005231533736 343432 8.9981 89428 8.9471 26.4886 1028.7658  1493.3821
22 606 34.04839 6.567234 34.0484 342089 0007328918773 0000217880674  0.007453467487 34.2164 6.6672 65115 6.5167 267417 1029.5063  1485.6902
23 707 34.05378 5180429 34.0538 342144 0010134516840 0000293431730 0010039578297 342244 5.1804 51224 5.1270 26.9196 1030.1657 148156929
24 808 3413633 4.453866 34.1353 342963  0.012801564089 0.000365710401  0.012542510966 34.3088 44539 43914 43949 27.0677 1030.7880 14804628
25 909 34.21526 4.010992 34.2153 343766  0.014899810655 0.000425738110 0.014635428541 343912 40110 3.9430 3.9457 271798 1031.3704 14803736
26 1010 34.28701 3630198 34.2870 344487 0016512321565 0000473242399 0016302579738 34.4650 3.6302 3.5568 3.5588 27.2768 1031.9375 14805196
27 111 3433858 3351287 34.3386 345005 0017685037469 0000508934903 0.017558509209 34.5181 3.3513 3.2720 3.2736 27.3463 10324752 1481.0620
28 1213 3438449 3102174 34.3845 345466 0016687486637 0000536076023 0018588711984 34,5652 3.1022 3.0169 3.0181 27.4074 1033.0085 14817362
29 1314 3442426 2876307 34.4243 345866  0.019494191089 0.000561454629 0.019418798328 34,6060 28763 27851 27861 27.4607 10335292 14824828
30 1416 3445672 2604073 34.4567 346192 0020176311159 0000562091614 0020151541483 346393 26041 25066 25974 27,5037 1034.0426 14834231
31 1617 3448842 2506860 34.4584 346510 0020753899596 0000599223976  0.020763738622 34,6718 25069 24034 2.4040 27,5459 10346610 1484.3241
2 1771 3454501 2196994 34.5450 347079 0021602210963 0000617441615 0.021430104714 347293 21970 20767 20772 276186 10357882 1487.2625
3 2025 3458381 1953304 345888 347519 0021906208611 0000625378399 0.021733094502 347736 1.9533 18154 18157 27,6744 1037.0030 14304856
34 2219 3461341 1825799 346134 347766 0021834964336  0.000625665801  0.021758546231 347984 1.8258 1.6682 1.6684 27.7053 1036.1828  1494.2096
35 2534 3463526 1709283 346353 347986 0021631273849 0000621030221 0.021610963688 34,8202 1.7003 15312 15314 277329 1039.3583  1498.0128
36 2789 3464812 1626311 34.6481 348115 0021385378343 0000614436629 0.021383468131 348329 1.6263 1.4264 14267 27.7507 1040.6169 15019703
37 3045 3465890 1566066 346589 348223 0021139155635 0000607589802  0.021157693528 348435 1.5661 13432 13434 27.7651 1041.6695  1506.0602
38 3300 3466710 1527974 34.6671 348306 0020018230176 0.000601218243  0.020940774256 34.8515 1.5280 1.2809 1.2811 27.7759 10428067 15102450
39 3556 67315 1503932 34,6732 348366  0.020701479725  0.000595069372  0.020730222690 34,8574 1.5039 1.2314 12317 27.7841 1043.9387  1514.5230) v

TEOS-10 Test Data | T5-55 | CTD-020 | SurfaceData | Vertical Profiles | SA - © Diagram e @  —— >

Figure 1. TEOS-10 Excel workbook (v.2.1) light green data tab. Seawater properties in coloured columns are computed on the fly from user

data pasted into white cells.

E

F G H I J K L M N o P Q A
1 Longitude and Latitude are needed for estimating the Absolute Salinity Anomaly. If either is left blank, Absolute Salinity Anomaly is set to zero.
2 User data should be input in white cells only. All colour colums will update automatically. DATA CAN BE DELETED BUT NOT MOVED prior to deletion OR THE FORMULAS WILL LOOSE THEIR REFERENCE.
Long Lat  Pressure | Saniy - Temperaure (°C) | Practical Saliniy (Ss) Reference Salinity delta S, Allas SAARAlas  Absolute Salinity | Absolufe  Temperature  Potential Conservaiive | Potential Density In situDensity  Sound Speed (c)
3 | (degrees) (degrees (dbar) | (¥ Practicalsalinty @® ms90 (Sa) Anomaly (68,)  Salinity (S0 ITS-90  temperature (8) ~ Temperature (9} (Omon)
) Conduszivity (mS/sm) € 1pTS-68 (@kg") (@kg") (akg) (@kg") (gkg") cc) cc) ) (kg m™*-1000) (kgm (ms™)
 sainamser Rato ()

4
5 2005 5002 0 539 123 53900 5.4154 Baltic Baltic Baltic 54890 12:3000 123000 128682 37047 1003.7047 14627763
5 201 5002 0 530 122 53000 5.4154 Baltic Baltic Baltic 54890 122000 122000 127641 37177 10037177 1462.4072
7 2015 5002 0 538 121 53800 5.4054 Baltic Baltic Baltic 54790 12.1000 121000 126601 37208 10027228 1462.0253
8 202 5902 0 541 2.1 54100 5.4355 Baltic Balic Baltic 55091 12.1000 12.1000 126596 37460 1002.7460 1462.0613
9
10 1625 E 0 3457586 1950761 345759 347389 0000327401505 0000009410247 0.000326901616 347302 195076 195076 195130 245709 10245708 15195537
"
12 0 067 160 06700 06732 0 0 0 06732 16.0000 16,0000 168340 05362 999.4638 1470.1660
13
14
15 v

TEOS-10 Test Data | T5-55 | CTD-020  Surface Data | Vertical Profiles | SA - @ Diagram ndepth_ref deltasA ref [ nfa | ® 1 oEEEEEESS————

Figure 2. TEOS-10 Excel workbook (v.2.1) Surface Data tab. Surface data from different locations (location coordinates for each line). Four

samples are from the Baltic Sea and one from the NW Pacific; the 1

to constant values of og (i.e. 24, 25, ..., 29). As in all
data spreadsheets, white cells can be edited. In this case,
Sa extends from the x axis minimum (33.0) to the x axis
maximum (38.0) with a 0.05 increment. The Conservative
Temperature (®) values (green columns) are obtained by the
function {sigma_CT _line(SA,sigma,min_temp, max_temp}.
If more 0@ lines are desired, additional column pairs can
be inserted into the spreadsheet and new series added to the
plot.

2.5 The TEOS-10 look-up tabs (purple) a.k.a. the
“Atlas”

Figure 6 shows the [ndepth_ref] look-up table which con-
tains the number of pressure levels in each of the seawa-
ter samples that constitute the Atlas. On close inspection, it
becomes apparent that the empty cells represent land, and
the “white” shapes approximate to a map of the world land
masses. The top of the spreadsheet is the South Pole, the
bottom is the North Pole, and the Greenwich Meridian (0°
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ast sample (without long/lat coordinates) is from an estuary.

longitude) is to the left. Longitude is positive to the right,
so actually the “map” is a skewed mirror image of the earth
surface. Nonetheless, mirrored continental shapes are iden-
tifiable. The longitude bins (or cells) are referenced in the
[longs_ref] look-up table, so the longitude of the cell high-
lighted in green in the upper left of Fig. 6, for which the x
coordinate is 4 (fourth column), is 12° E (value at the fourth
line of the [longs_ref] table). This cell is at line 9 (y coordi-
nate = 9) of the [ndepth_ref] table (Fig. 6), which, looking up
in the [lats_ref] table, corresponds to —54° of latitude. The
green cell in Fig. 6 corresponds though to a reference cast lo-
cated at 54° S, 12° E, with 41 pressure levels. These 41 pres-
sure levels correspond to the pressure values indicated in the
[p_ref] table. The [p_ref] table has level 22 (1010 dbar) high-
lighted in green, as this 3D location is used and referenced as
a debug point in the {LookUp_atlas(table_name,p,lon,lat)}
function, which retrieves data from the Absolute Salinity
Anomaly [deltaSA_ref] and the Absolute Salinity Anomaly
Ratio [SAAR_ref] look-up tables. The [ndepth_ref] table

https://doi.org/10.5194/0s-18-627-2022
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Figure 3. Sound speed vertical profile of two data sets included
in TEOS-10 Excel. This plot is one of six included in the Vertical
Profiles tab.

(Fig. 6) has 45 lines by 91 columns and so [deltaSA_ref]
and [SAAR_ref], which both have the same size, have 4095
columns (45 x91) by 45 lines (pressure levels). An additional
numbering line (which does not affect how data are located)
was added to facilitate debugging. Position (column number)
in these tables is given by Eq. (2).

Column = (x — 1) x nlat+y 2)

In Eq. (2), x is the longitude bin, y the latitude bin, and nlat
the number of latitude bins (45). For the green cell, x =4
and y =9 as previously mentioned, so the anomaly data for
this cell are located at column 144, line 22 (which corre-
sponds to 1010 dbar) of the [deltaSA_ref] table. The Ref-
erence Salinity anomaly at 54°S, 12°E, and 1010 dbar is
0.008323162 gkg~! (also highlighted in green).

2.6 Info tab (green)

This tab lists all released versions of TEOS-10 Excel, pro-
viding detailed information on the updates included in each
version.

3 VBA (Visual Basic for Applications) modules

Table 1 lists all functions (VBA modules) and formulas in-
cluded in TEOS-10 Excel (v.2.1). Most modules are a di-
rect translation into VBA of the GSW MATLAB counterpart
(McDougall and Barker, 2011), and the original credit and
references were kept in the code comments; however, due

https://doi.org/10.5194/0s-18-627-2022
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In Situ vs Conservative Temperature
(TEOS-10 Test Data)
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Figure 4. Comparison between in situ and Conservative Tempera-
ture of the TEOS-10 Test Data included in TEOS-10 Excel. This
plot is one of six included in the Vertical Profiles tab.

to the different way matrices are handled in MATLAB ver-
sus VBA, some functions needed to be redesigned, namely
how accessing the Atlas look-up tables is managed. Returned
values from TEOS-10 Excel are the same, for every param-
eter, as the ones obtained with the GSW toolbox up to 15
decimal places, i.e. difference =0.000000000000000 (error
checking was performed against MATLAB GSW toolbox
version 3.06.12 from 25 May 2020). As referred to before,
access to the VBA project environment can be obtained by
pressing Alt+F11 (Windows) or Fn + Alt+ F11 (Mac). All
functions (alphabetically listed in Table 1) are described next,
following the spreadsheet’s column sequence.

3.1 Practical Salinity (Sp)

Sp is computed from conductivity using the function
{SP_from_C(C,t,p)} or from the conductivity ratio (Rt)
reading of a laboratory salinometer using the function
{SP_salinometer(Rt,t)}, depending on the radio button se-
lected. Practical Salinity is a dimensionless quantity, al-
though PSU (Practical Salinity Unit) is commonly used. For
reference, the calculation algorithm is designed so that the
conductivity of Reference Composition Seawater at Sp =
35, teg =15, and p=0 is 42.9140mS cm~!, which can
be used to validate the function. For the salinometer ra-
tio function, a ratio=1 will result in Sp =35, indepen-
dently of the temperature. If Sp < 2, both functions call the
{Hill_ratio_at_SP2(t)} module which corrects the Sp value
based on the Hill et al. (1986) algorithm. This algorithm is

Ocean Sci., 18, 627-638, 2022
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Table 1. List of all VBA modules and formulas included in TEOS-10 Excel (v.2.1). Direct translations from GSW are marked with “YES”,

C. G. Martins and J. Cross: TEOS-10 Excel

and original or modified functions are marked with “NO”.

VBA module GSW  Description

CT_from_pt(SA, pt) YES  Calculates Conservative Temperature of seawater from potential temperature
(whose reference sea pressure is O dbar).

Entropy_part(SA, t, p) YES  This function calculates entropy, except that it does not evaluate any terms that
are functions of Absolute Salinity alone. This function is called by {pr0_from_t}.

Entropy_part_zerop(SA, pt0) YES  This function calculates entropy at a sea pressure of zero, except that it does not
evaluate any terms that are functions of Absolute Salinity alone. This function is
called by {pt0_from_t}.

Gibbs_pt0_ptO(SA, pt0) YES  This function calculates the second derivative of the specific Gibbs function
with respect to temperature at zero sea pressure. This function is called by
{pt0_from_t}.

Hill_ratio_at_SP2(t) YES  Calculates the Hill ratio, which is the adjustment needed to apply for Practical
Salinities smaller than 2. This function is called by {SP_from_C (C,t,p)} and
{SP_from_R (R,t,p)}.

is_Baltic(lon, lat) NO Checks if a location is in the Baltic Sea. This function is original and differ-
ent from the GSW counterpart. Baltic limits are taken from Fig. 2 of Feistel et
al. (2019: p. 6).

LookUp_atlas(table_name, p, lon, lat) NO This function builds and interrogates the Atlas database and was developed
specifically for the Excel implementation of TEOS-10; “table_name” can be one
of the two look-up tables [deltaSA_ref] or [SAAR_ref]. Results are a 3D inter-
polation of the eight vertices of the cube around the (lon, lat, p) location in the
ocean.

ptO_from_t(SA, t, p) YES  Calculates potential temperature with reference pressure, p_ref = 0 dbar.

rho(SA, CT, p) YES  Calculates in situ density from Absolute Salinity, Conservative Temperature, and
pressure.

SA_Baltic(SP) YES  Calculates Absolute Salinity in the Baltic from Practical Salinity.

sigma_CT_line(SA, sigma, min_temp, NO Calculates Conservative Temperature (CT) from SA at a constant sigma value

max_temp) (e.g. 25) between min_temp and max_temp. Function used to build potential
density (sigma) lines to be plotted in the Absolute Salinity—Conservative Tem-
perature diagram. It calls the {sigmaO(SA, CT)} function.

sigmaO(SA, CT) YES  Calculates potential density anomaly with reference pressure of 0 dbar.

Sound_Speed(SA, CT, p) YES  Calculates the speed of sound in seawater from Absolute Salinity, Conservative
Temperature, and pressure.

SP_from_C(C, t, p) YES Calculates Practical Salinity from conductivity (mS cm_l), temperature, and
pressure.

SP_from_R(R, t, p) YES Calculates Practical Salinity from the conductivity ratio (R) of a sample at tem-
perature (¢) and pressure (p) relative to SSW atz = 15°C and p = 0.

SP_salinometer(Rt, t) YES  Calculates Practical Salinity from the conductivity ratio reading of a laboratory
salinometer (Rt), where the sample and the SSW reference are at the same tem-
perature ().

Formulas used outside VBA modules

t =168/1.00024 YES  Calculates temperature ITS-90 from temperature IPTS-68.

SR = Sp x 35.16504/35 YES  Calculates Reference Salinity(Sg) from Practical Salinity (Sp).

8SA = SR X [SAAR_Atlas] YES  Absolute Salinity Anomaly equals the product of Reference Salinity by the inter-
polated Absolute Salinity Anomaly Ratio.

SA =SR+65a YES  Absolute Salinity equals Reference Salinity plus Absolute Salinity Anomaly.

Ocean Sci., 18, 627-638, 2022
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Figure 5. Absolute Salinity (Sp)—Conservative Temperature (®) diagrams. Data are from the TEOS-10 Test Data (NW Pacific) and TS-55
tab (NE Atlantic off the Iberian Peninsula). Pressure values are obtained dynamically from the data, and the density field (og) is computed
from data included in the spreadsheet template.
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Figure 6. The [ndepth_ref] look-up table. The table has 45 rows (latitude) by 91 columns (longitude). South is at the top (first row is 86° S)
and first column is 0° of longitude. The latitude x longitude grid is a 4° x 4° grid and each cell location is obtained from the [longs_ref] and
[lats_ref] tables. Cell values are the number of pressure levels at the given location. The cell highlighted in green is used as a case study in
the text.

adjusted so that it is exactly equal to the Practical Salinity
Scale—78 algorithm (Fofonoff and Millard, 1983) at Sp = 2.

A VBA module to calculate Practical Salinity from the
conductivity ratio (R), of a sample at temperature () and

https://doi.org/10.5194/0s-18-627-2022

pressure (p) relative to SSW (Standard Seawater) at ¢ =
15°C and p =0 is also included as {SP_from_R(R,t,p)}, but

it is not currently used in the template spreadsheets.
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Figure 7. 3D interpolation cube. Points are defined by their grid
position (lon*, lat*, p*).

3.2 Reference Salinity (Sr)

Reference Salinity (Sr) is assumed to be proportional to
Practical Salinity (IOC, SCOR and IAPSO, 2010) and ob-
tained by Eq. (3). Units for Sgr are grams per kilogram.

35.16504
R=—F— X
35

3.3 The delta Sp Atlas

Sp 3

The function { LookUP_atlas(table_name,p,lon,lat)} interro-
gates the Atlas database and was developed specifically for
TEOS-10 Excel. The argument table_name can be one of the
two look-up tables (“deltaSA_ref” or “SAAR_ref”) and the
returned values are a 3D interpolation of the eight vertices of
the cube around the location (Fig. 7). For the [deltaSA_ref]
table, the result of the function is the Atlas Absolute Salinity
Anomaly (§S gﬂas). As the interpolation process is not clearly
described in the GSW toolbox documentation, it is discussed
next.

3.3.1 Interpolation

The function {LookUP_atlas(table_name,p,lon,lat)} begins
by finding the grid point P1 of the 3D cube around the loca-
tion (Fig. 7). P1 would be the grid point immediately before
the latitude and longitude of a given location. The same ap-
plies to pressure. For example, if the spreadsheet data cell
corresponds to a cast located at 1100 dbar, +13° longitude,
—51° latitude, the grid position of P1(lon*, lat*, p*) would
be P1(4, 9, 22), obtained from the [longs_ref], [lats_ref], and
[p_ref] tables. The other eight points are referenced to P1, by
adding one unit to the grid position of P1 as shown in Fig. 1.

The standard basic 3D interpolation model assumes that
the cube dimensions are 1 x 1 x 1 (Bourke, 1999), and the

Ocean Sci., 18, 627-638, 2022

C. G. Martins and J. Cross: TEOS-10 Excel

distances dx, dy and dz are obtained by subtracting, respec-
tively, x, y, and z from the unit; however, in this case, the
longitude and latitude grid space are 4° and the pressure dif-
ference between the upper and bottom points varies from grid
level to grid level (e.g. 10 dbar between levels 1 and 2 but
101 dbar between levels 22 and 23). Distances x, y, and z
are obtained from Eqgs. (4, 5, and 6), and then dx, dy, and dz
from Eq. (7).

x = (long — long(P1)) /4 “)
y = (lat — lat(P1)) /4 5
z=(p—pP1))/(p(P5)— p(P1)) (6)
dxr=1-x,dy=1—-y,dz=1—¢ (7N

The interpolated value (v) is obtained by weighing the con-
tribution of the eight points according to Egs. (8 to 16), where
v(Pn) is the 532‘1“ value at Pn (from [deltaSA_table]).

vl =v(Pl) xdx xdy xdz (8)
v2=v(P2) xx xdy xdz ©))
v3=v(P3) xx xyxdz (10)
vd=v(P4) xdx x y xdz (11
vS=v(P5) xdx xdy x z (12)
v6=v(P6) x x xdy x z (13)
vVi=vP7) xxxyxz (14)
v8=v(P8) xdx xyxz (15)
v=vl4+v24+v3+vd+v5+v6+0v7+ 08 (16)

3.3.2 Missing data

There are pressure levels in the Atlas reference casts where
data are missing. Figure 8 illustrates this situation.

The GSW toolbox fills these gaps by averaging the neigh-
bouring four points in the grid at the same pressure level.
As the ocean is horizontally stratified, this is logical, but
neighbour points themselves might also lack data at the same
level, which may compromise the result. A §53 plot from
[deltaSA_ref] column 8 (0° long, —54° lat) is shown in
Fig. 9. The SSf;flas output of the GSW toolbox and TEOS-10
Excel is the same for the part where there are data (blue line),
but the output of the GSW toolbox for the two pressure levels
where data are missing is clearly off the profile (orange). In
this situation, TEOS-10 Excel implements a vertical interpo-
lation within the vertical profile, which resolves the missing
data situations better (green in Fig. 9). The second case where
the GSW toolbox seems to be less consistent is when not all
points of the 3D interpolation cube exist at the last pressure
level. The GSW toolbox test data (included in the TEOS-10
Test Data tab) are such an example (Fig. 10). The GSW tool-
box approach for resolving missing data on the last pressure
level is as before. In these situations, if one of the four bottom
points of the interpolation cube (P5, P6, P7, or P8 in Fig. 7)
is missing, TEOS-10 Excel assigns to it the same value as

https://doi.org/10.5194/0s-18-627-2022
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F G H | J K L M N 0 P a R s T u -
13 0.007587265 0.008216337 0.007424647 0.005630454 0.0032384 0.001121633 0.000437591 0.000283598 0.000258488 0.000306414 0.000405858 0.000582636 0.001029811 0.001527827 0.001596846 0.001616741
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Figure 8. The [deltaSA_ref] table: reference data missing for pressure levels 33 and 34 of columns 8§, 9, 10, and 11.

the next upper point at that location (e.g. v(P7) = v(P3)). The
subsequent resulting profile is potentially more consistent in
TEOS-10 Excel than would be available in the GSW toolbox
(Fig. 10).

3.4 delta SAAR Atlas

The Atlas Absolute Salinity Anomaly Ratio (R?) is obtained
by the function {LookUP_atlas(table_name,p,lon,lat)}, ex-
actly as for the Absolute Salinity Anomaly (Sect. 3.3) but
calling it with SAAR_ref as the table_name argument. R? is
the quantity used to estimate the Absolute Salinity Anomaly
(Sect. 3.5), which is then used for obtaining Absolute Salin-
ity (Sect. 3.6).

3.5 Absolute Salinity Anomaly

The Absolute Salinity Anomaly (§S4) is the product of the
Atlas Absolute Salinity Anomaly Ratio and Reference Salin-
ity (Eq. 17).

8Sa = R? x Sg (17)

3.6 Absolute Salinity

Absolute Salinity (Sa) is the sum of Reference Salinity and
salinity anomaly (Eq. 18).

Sa = Sr +8Sa(gkg™) (18)

If the location is in the Baltic Sea, the world atlas salin-
ity anomalies do not apply (McDougall, 2010) and Absolute
Salinity is computed algebraically from Practical Salinity
with the function {SA_Baltic(SP)}, which applies Eq. (19).

(35.16504 — 0.087)
35

gBaltic _ x Sp+0.087(gkg™")  (19)
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Limits for the Baltic were taken from Fig. 2 of Feistel et
al. (2010). The function {is_Baltic(lon,lat)} checks if the lo-
cation is in the Baltic Sea by finding out if the coordinates
lie within either of two rectangular areas defined by [52° N:
60°N, 9°E: 15°E] and [52° N: 67° N, 15° E: 30° E].

3.7 Temperature ITS-90

The temperature standard used in TEOS-10 as argument to
all functions is ITS-90 (Preston-Thomas, 1990). If the ITS-
90 radio button is selected (column C of the spreadsheet), the
temperature input values are copied; if IPTS-68 is selected
instead, the IPTS-68 temperature will be converted to ITS-
90 using Eq. (20).

fTs—90 = tiprTs—68/1.00024(°C) (20)

3.8 Potential temperature (6)

Potential temperature (¢, °C) is obtained by the function
{pt0_from_t(SA,t,p)}. Three other functions - {En-
tropy_part(SA,t,p)}, {Entropy_part _zerop(SA,pt0)}, and
{Gibbs_pt0_ptO(SA,pt0)} — are called within the computa-
tion process. These four functions are a VBA translation of
the original GSW toolbox counterparts (IOC, SCOR and
IAPSO, 2010; McDougall and Wotherspoon, 2013).

3.9 Conservative Temperature (®)

Conservative Temperature (®, °C) is the temperature quan-
tity used as argument in the Thermodynamic Equation Of
Seawater — 2010 (IOC, SCOR and TAPSO, 2010). It is ob-
tained with the function { CT_from_pt(SA,pt)}, which is a di-
rect translation from the GSW toolbox counterpart and esti-
mates ® from Sp and 6.

Ocean Sci., 18, 627-638, 2022
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Interpolation of missing data in a look-up table reference cast
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Figure 9. The § S;ﬂas plot from [deltaSA_ref], column 8. Missing data at levels 33 and 34 (3045 and 3300 dbar) are not well resolved by
horizontal interpolation (GSW toolbox). Vertical interpolation implemented in TEOS-10 Excel resolves these situations better.

3.10 Potential density (cp)

Potential density (0@, kgm™ —1000) with reference to
a sea pressure of Odbar is estimated by the function
{sigmaO(SA,CT)}, the arguments of which are Absolute
Salinity (Sa) and Conservative Temperature (®). This func-
tion uses the TEOS-10 75-term equation and is a VBA trans-
lation of the original GSW toolbox counterpart (IOC, SCOR
and TAPSO, 2010; McDougall et al., 2003; Roquet et al.,
2015).

3.11 Inssitu density (os, .0, p)

In situ density (ps,,0,p, kg m~3) is estimated by the func-
tion {rho(SA,CTp)}, whose arguments are Absolute Salinity
(Sa), Conservative Temperature (®), and pressure (p). This
function uses the TEOS-10 75-term equation and is a VBA
translation of the original GSW toolbox counterpart (I0OC,
SCOR and IAPSO, 2010; McDougall et al., 2003; Roquet et
al., 2015).

3.12 Sound speed (c)

Sound speed (c, m s7) is estimated by the function
{Sound_Speed(SA,CTp)}, whose arguments are Absolute
Salinity (Sa), Conservative Temperature (®), and pressure
(p). This function uses the TEOS-10 75-term equation and
is a VBA translation of the original GSW toolbox counter-
part (IOC, SCOR and IAPSO, 2010; McDougall et al., 2003;
Roquet et al., 2015).

Ocean Sci., 18, 627-638, 2022

3.13 The [deltaSA_ref] table not required

The Atlas Absolute Salinity Anomaly (column F of the data
spreadsheets) is not used for any calculation, as Absolute
Salinity Anomaly (§S4) is obtained from the product of the
Absolute Salinity Anomaly Ratio (R®) and Reference Salin-
ity (Eq. 17), and R? is retrieved from the [SAAR_ref] look-
up table. However, the [deltaSA_ref] look-up table is not
necessary for any computation and can eventually be deleted
from the Excel workbook for brevity; however, this table was
used as a debugging tool in the development of the VBA
functions, and the error checking and interpolation improve-
ments described in Sect. 3.3 refer to this look-up table, which
is why it was included in TEOS-10 Excel as a supporting ele-
ment for this paper. Additionally, users might be interested in
ascertaining the Absolute Salinity Anomaly for a given loca-
tion or perform further error checking, comparing TEOS-10
Excel output against the GSW toolbox for other data sets.

4 Conclusions

To our knowledge, TEOS-10 Excel is the first implementa-
tion of the Thermodynamic Equation Of Seawater — 2010
outside the official GSW toolboxes. It does not aim to repro-
duce the full-featured GSW environment as it implements
only a small subset of the TEOS-10 functions. Opening the
possibility of estimating a relevant set of seawater parameters
within a well-known and friendly environment (Excel), how-
ever, will hopefully democratise the compliance with current
oceanographic standards among a large community of re-
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Interpolation of last pressure level
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Figure 10. The BSZﬂas plot from the TEOS-10 Test Data tab. Not
all neighbour points have data at the last pressure level. For these
points, TEOS-10 Excel uses the same value as of their last pressure
level to resolve the 3D interpolation cube, while the GSW toolbox
averages the same level data from neighbouring points.

searchers and students who are not at ease with the use of
high-level programming languages. As discussed in the pa-
per, some issues were detected with the GSW interpolation
when there are missing data in the Atlas reference tables. In
these cases, TEOS-10 Excel adopts an alternative approach
to the interpolation method, which has produced better re-
sults (Sect. 3.3.2). Nonetheless, this is perhaps a situation that
deserves further research.

Code and data availability. TEOS-10 Excel is available for down-
load at https://doi.org/10.5281/zenodo.4748829 (Martins, 2022).
This DOI represents all versions and will always resolve to the latest
one. This paper reflects the status of version 2.1.
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