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DISCLAIMER

This document has been produced in the context of the project Readiness of ICOS for Necessities of integrated Global Observations
(RINGO)

The Research leading to these results has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730944. All Information in this document is provided "as is" and no guarantee or
warranty is given that the information is fit for any particular purpose. The user thereof uses the information at its sole risk and
liability. For the avoidance of all doubts, the European Commission has no liability in respect of this document, which is merely
representing the authors view.

Amendments, comments and suggestions should be sent to the authors.

ABSTRACT and Executive Summary

The flow (flux) of climate critical gases, such as carbon dioxide (CO,), between the ocean and the
atmosphere is a fundamental component of our climate and the biogeochemical development of the
oceans. Therefore, the accurate calculation of these air-sea gas fluxes is critical if we are to monitor the
health of our oceans and understand changes to our climate. The FluxEngine is an open source software
toolbox that allows users to easily perform calculations of atmosphere-ocean gas fluxes from model, in-situ
and Earth observation data. The original development and verification of the toolbox was described in
Shutler et al., (2016) and the toolbox is now being used by scientists across multiple disciplines. The toolbox
has now been extended to increase its flexibility and its application to in situ data and these extensions are
described within Holding et al., (2019, in-review).

This technical report describes how the FluxEngine toolbox can now be used to provide routine in situ,
regional, and global calculations of atmosphere-ocean gases fluxes and calculations of the integrated net
CO; sink.
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1 INTRODUCTION

This report is written under the assumption that quality controlled collated oceanic gaseous CO: data (partial
pressure of COz, pCO: or fugacity of CO2, fCO3) are being used as provided by the Surface Ocean CO:
Atlas (SOCAT, Bakker et al., 2016). However the methods described are equally applicable to other collated
pCO: datasets. This report is written under the assumption that a monthly 1° x 1° global analysis is being
performed. However the methods are equally application to basin or regional calculations and all of the tools
used are region and resolution independent.

The workflow for calculating atmosphere-ocean CO: fluxes is:

1. Download the latest SOCAT dataset in ASCII format (termed, Downloading gaseous CO, data)
2. Use the reanalysis script (which is part of the FluxEngine toolbox) to calculate pCO: and fCO:2 values
at a consistent temperature and depth (termed, The re-analysis of gaseous CO; data).
3. Interpolation of these pCO: (or fCOz) data (termed, Interpolation of gaseous CO; data).
4. Automated tools to download and process additional input data required for the flux calculation
(termed, Downloading and pre-processing other input datasets).
5. Using the FluxEngine (termed, CO; flux calculation) to calculate:
o atmosphere-ocean gas fluxes.
o calculate integrated monthly and annual global net flux.

2. METHODS

The FluxEngine software can be downloaded from https://github.com/oceanflux-ghg/FluxEngine. Full
instructions detailing how to install and verify the installation (on Windows, Mac and Linux operating
systems) are included within the software download. Holding et al., (2019, in-review) gives a description of
the verification process and detailed examples of how to use the toolbox.

2.1 Summary of directory structure and output files
The main ‘drive script’ for all the near-real time (NRT) approach for using the FluxEngine is:

e run_analysis.sh — The driver script used to download and process the required data sets, run
FluxEngine, calculate global net integrated fluxes and create all output files.


https://github.com/oceanflux-ghg/FluxEngine

The directory structure that is created when the FluxEngine is installed and as a result of using the methods
described here is:

¢ Root directory
> configs — Contains FluxEngine configuration files
o SOCAT _re-analysis — Groups tools and data for the reanalysis step

> Processing <data name> - contains the download and processed data for each input field. Also
contains the scripts used by the driver script for downloading and processing each field.

> interpolated_fCO2_data — default location for the interpolated fCO2 fields.
- fe_output — contains the output from FluxEngine and the calculated global net fluxes.

2.2 Downloading gaseous CO; data (SOCAT)
SOCAT data can be downloaded in ASCII format from https://www.socat.info/

2.3 The re-analysis of gaseous CO; data

The reanalysis step uses the aqueous partial pressure of carbon CO:2 (pCO2) and fugacity of CO2 (fCO2)
data supplied in the SOCAT dataset and re-analyses them to be consistent and valid at a fixed depth sea
surface temperature field. The full description of the methods and justification for their use can be found in
(Goddijn-Murphy, et al., 2015). Mean monthly values are calculated from the National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST) dataset
(Reynolds et al., 2007) to provide the consistent temperature climatology.

The reanalysis step is performed by the reanalyse_socat_driver.py python script (part of the open source
FluxEngine toolkit, Shutler et al., 2015), which is run as a command line tool requiring just the SOCAT data
and a consistent sea surface temperature dataset. The SOCAT dataset must be downloaded manually but a
tool is provided to download and resample the OISST temperature data into monthly means with a user-
defined spatial resolution (here we use 1° x 1°). The bash script stored at
SOCAT_reanalysis/run_reanalyse_socat.sh runs the reanalysis tool for SOCAT v5 and SOCAT V6,
producing text formatted and netCDF output files containing the re-analysed data.

The re-analysed data are then concatenated with the original SOCAT data using a custom Python script
(combine_ascii.py). Custom scripts are currently available for SOCAT v5 and SOCAT v6, and are located in
the sub-directory for the reanalysis corresponding to each SOCAT version. The output from running this
script is a single dataset containing the full SOCAT data augmented with additional columns containing the
consistent sea surface temperature, re-analysed pCO2 and re-analysed fCO2. These additional columns are
described in Table 1. Another custom Python script is supplied to calculate gridded (1° x 1°) versions of the
re-analysed data in netCDF format (combine_netcdf.py), with full metadata provided in the output netCDF
files.

Column name Description (units)

Tcl_C Consistent sea surface temperature data (°C)

SST C Original SOCAT reported ocean temperature (°C)
fCO2_Tym Re-analysed fugacity of CO2 (uatm)
fCO2_SST Original SOCAT reported fugacity of CO2 (patm)
pCO2_Tym Re-analysed partial pressure of CO2 (patm)
pCO2_SST Original SOCAT reported partial pressure of CO2 (uatm)

Table 1: Column names and descriptions in the re-analysed SOCAT dataset. Column names that are
identical to those of the original SOCAT dataset are not shown.



2.4 Interpolation of gaseous CO; data

Spatially and temporally complete (or near-complete) monthly 1° x 1° pCO: (of fCO2) data are required to
calculate atmosphere-ocean gas fluxes. The intelligent interpolation of these data is not part of this
deliverable but multiple published methods existing including those within Schuster et al., (2013) and
Landschutzer et al., (2015).

2.5 Downloading and pre-processing other input datasets

A bash script is provided which carries out the downloading and pre-processing of input datasets, and then
runs FluxEngine to calculate atmosphere-ocean CO: fluxes and the net integrated global CO: fluxes. This
script, referred to as the driver script henceforth, is suitable for running on local machines or a remote server.

Six types of input data are required to perform the flux calculation (Shutler et al., 2015). These are listed,
with a description of the datasets used, in Table 2. In addition, to calculate the net integrated global CO:
fluxes, sea ice coverage is also required (Table 2). Configurable variables at the beginning of the driver
script file allow the temporal range over which data will be downloaded and processed to be easily set. The
spatial resolution of the gridded data can also be defined.

Each input data source is then downloaded into separate directories, e.g.
processing_ccmp_windul0/downloaded_files for wind speed, and processed into monthly mean gridded 1° x
1° netCDF files. The exception to this is the atmospheric CO:2 input data that must be downloaded manually.
For this the NOAA Earth System Research Laboratory (ESRL) provide a web-form (link provided in Table 2)
to download the Greenhouse Gas Marine Boundary Layer vCO: data product. The path to this downloaded
data can be set in the configuration script, but must be downloaded prior to running the script so that it can
process these data into the correct temporal and spatial resolution.

Input data Source and citation / url
Aqueous CO: Interpolated, re-analysed SOCAT pCO: or fCO: data
Atmospheric CO2 NOAA ESRL Greenhouse Gas Marine Boundary Layer

Reference: https://www.esrl.noaa.gov/gmd/ccgg/mbl/mbl.html

Sea surface temperature NOAA Optimum Interpolation Sea Surface Temperature (OISST)
dataset (Reynolds et al., 2007)

Salinity World Ocean Atlas (WOA) sea surface salinity
(M. M. Zweng et al., 2018)
Air pressure European Centre for Medium-Range Weather Forecasts

(ECMWF), ERA-Interim air pressure:
https://www.ecmwf.int/node/8174

Wind speed Remote Sensing Systems (REMSS) Cross-Calibrated Multi-
Platform (CCMP) wind speed data product, (Atlas et al., 2011):
http://www.remss.com/measurements/ccmp/

Sea ice coverage NOAA Optimum Interpolation Sea Surface Temperature (OISST)
dataset, percentage sea ice coverage field (Reynolds et al., 2007)

Table 2: Datasets and data sources used in the calculation of atmosphere-ocean CO: fluxes. For this report
all data are processed to 1° x 1° gridded monthly mean netCDF files. Sea ice coverage is used to calculate
the global integrated net CO:2 flux.

2.6 CO> flux calculation

The flux calculation is carried out by FluxEngine and is driven by the same driver script that downloads and
pre-processes the input datasets. The paths to the FluxEngine configuration files are defined at the
beginning of the driver script, and the temporal range to run FIuxEngine are also separately configurable for
multiple linear regression interpolation and the neural network interpolation. Different configuration files are
used to perform separate flux calculations dependent upon the method used to interpolate the gaseous CO2


https://www.esrl.noaa.gov/gmd/ccgg/mbl/mbl.html
https://www.ecmwf.int/node/8174
http://www.remss.com/measurements/ccmp/

data. E.g. for a multiple linear regression interpolated pCO: fields (mlr_run.conf in the configs subdirectory is
used). The configuration files configure FluxEngine to use this equation for the flux calculation:

F =k(awfCOyy — asfC0O,,)

where F is the sea-to-air flux of COz, k is the gas transfer velocity, aw is the solubility of COz in the sub-skin
layer of the ocean, fCOaw is the fugacity of COz2 in the sub-skin layer, aw is the solubility of CO: at the ocean-
atmosphere interface (skin layer), and fCO:2a is the fugacity of CO:2 in the atmosphere. This version of the flux
equation takes into account the solubility difference between the sub-skin and (typically cooler) skin layer
(Woolf, Land, et al., 2016). To calculate ocean skin temperature, the OISST sea surface temperature dataset
is taken to be the sub-skin temperature, and the skin temperature is calculated by subtracting a constant
0.17K (see Donlon et al., 2002). To calculate gas transfer velocity, the wind speed based parameterisation
provided by Nightingale et al. (2000) is used.

FluxEngine output from these runs contain atmosphere-to-ocean CO: flux fields, copies of the input data
used in the calculation and intermediate calculation products (including gas transfer velocity and CO2
concentration at the interface and sub-skin). Full details of each output variable is provided in the metadata
of each netCDF file. These are located in fe_output/mir_fco2_runs and fe_output/nna_fco2_runs for the
multiple linear regression and neural network approaches, respectively.

Integrated net flux budgets are calculated monthly and annually using FIuxEngine’s
ofluxghg_flux_budgets.py tool. This tool takes the gridded netCDF output from FluxEngine and calculated
the global flux budgets accounting for the area and ice coverage of each grid cell. The tool is run separately
for each interpolation method and writes output to the respective output directory (e.g.
fe_output/mir_fco2_runs_global.txt for the multiple learn regression approach). The driver script also
processes these output to produce a comma separated value (.csv).

A summary of the output files produced by this analysis is given in Table 3.

Output

Location and format

FluxEngine output using fCO: field produced by the
multiple linear regression interpolation method

fe_output/mlir_fco2_runs/

Output is organised into subdirectories by year and
month. Each netCDF file contains monthly mean
data on a 1° x 1° resolution grid for a single month.

FluxEngine output using fCOz: field produced by the
neural network interpolation method

fe_output/nna_fco2_runs/

Output is organised into subdirectories by year and
month. Each netCDF file contains monthly mean
data on a 1° x 1° resolution grid for a single month.

Global monthly and annual net fluxes from the fCO2
field produced by the multiple linear regression
interpolation method.

fe_output/mlir_fco2_runs_global.txt
Comma separated value file.

Global monthly and annual net fluxes from the fCO:2
field produced by the neural network interpolation
method.

fe_output/nna_fco2_runs_global.txt
Comma separated value file.

Global annual net flux comparison table between
interpolation methods

fe_output/annual_net_flux.csv
Comma separated value file.

Table 3: A summary of the output data, file location(s) and format.

3. CONCLUSIONS

Shutler et al., (2016) and Holding et al., (2019, in-review) explain the development, verification, operation
and use of the FluxEngine toolbox. This report explains how the toolbox can now be used to routinely
calculate regional and global atmosphere-ocean gases fluxes and the resultant integrated net sink of CO;
through exploiting satellite observations, model re-analysis data and collated in situ datasets.
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5. ACRONYMS

ASCIl, American Standard Code for Information Interchange (i.e. alpha numeric text format).
CO,, Carbon dioxide
FluxEngine, The open-source software toolbox for calculating atmosphere-ocean gas fluxes

SOCAT, Surface Ocean CO; Atlas
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