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Abstract: OpenToolFlux is an open-source software to estimate soil gas fluxes from gas
concentration time-series data generated by automatic chamber systems. This paper describes the
physical equipment used as well as software design and workflow. The software is a command-line
application that imports tabular time-series data from the analyzer following the instructions
specified in a configuration file by the user, performs configurable data-cleaning operations, and
outputs a data file with volumetric flux estimates as well as diagnostic plots. The software can be
configured according to the specifics of physical equipment and experimental setup and is therefore
applicable in a wide range of studies.
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Computer Code Availability

Name: OpenToolFlux

Developer and contact info: Rasmus Einarsson, Carmen Galea, Alba Monistrol
Year first available: 2023

Hardware required: personal computer

Software required: Python 3.8+ (tested on Windows and Linux)

Availability: Open source, MIT license

Program language: Python 3.8+

Program size: 108 kB Python code (commented, uncompressed)

URL: https://github.com/rasmuse/opentoolflux

1. Introduction

Emissions of greenhouse gases (GHG) from soils are an important contributor to climate change
[1-3] with the food system being responsible of a third of the total anthropogenic GHG emissions [4]
in the form of N20, CHs and COz. Despite much empirical research on soil GHG emissions, there are
still major uncertainties about the dynamics and processes that occur in the soil between its different
components. These emissions are the result of microbiological processes strongly dependent on soil
biogeochemical conditions [5,6] such as N and C availability [7,8] and soil water content [9,10], as
well as other environmental and anthropogenic factors like weather conditions, topography, land use
and vegetation [11,12]. The combination of these factors results in in a high temporal and spatial
variability, usually with hot-spots and hot-moments regarding fluxes, with minimum and maximum
values strongly fluctuating during the day and depending on the area [13,14]. This spatial and
temporal variability complicates accurate field-scale estimations and adds uncertainties depending
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on the measurement techniques used or the design of the experiment. This leads to imprecise
empirical estimations when upscaled to global scale (e.g., global inventories) and could lead to
ineffective policy strategies [15].

Automatic chambers are a useful technology to measure GHG fluxes that help to reduce some
of the uncertainties compared to low-frequency methods such as static manual chambers. Automatic
chamber systems measure continuously during a given period of time, thus allowing to capture
temporal variability and fluctuations, resolving one important source of uncertainty and improving
data collection [13,16]. Although static manual chambers are the most common methodology with
economic and logistic advantages (e.g., cost-effective and easy to use) compared to automatic
systems, they also present limitations that can lead to under- or overestimations when measuring
GHG. Unlike automatic chambers, manual chambers typically are used to sample once per day at
maximum [15-17]. By contrast, automated systems with a higher frequency sampling allow to
address the response of GHG emissions to weather conditions, rainfall events, irrigation or N
fertilization [13,18], and to capture diurnal fluctuations [19], not practically possible with manual
chambers. The use of automatic systems could therefore optimize the estimation of GHG emissions
also contributing to improve mitigation strategies, and to offer a deeper and more precise insight of
the dynamics that rule GHG emissions [20,21]. Currently, a wide range of technologies that allow to
measure automatically and in a continuous basis have been developed and implemented, being
widely used for exhaustive studies. Some of the most commonly used and tested in the literature are
infrared gas analyzers and trace gas analyzers [17], useful measuring CO: emissions and usually also
combined with cavity ring-down spectrometer [22,23]. Another type of approach not covered here is
micrometeorological technologies such as eddy covariance stations, which are also convenient for
estimating, e.g., COzin open fields and at higher spatial resolution [24].

One of the challenges to estimate gas fluxes using automatic chambers is the conversion of large
time series of concentration values into estimated fluxes [17,22,25]. The raw data output from the gas
analyzers in automatic systems are concentration time series that need to be transformed in several
steps. Before flux estimation can be done, these time series may need to be cleaned, filtered, and cut
into segments corresponding to single measurements and excluding failed measurements. The
conversion to gas flux depends on the equipment characteristics which can be very different between
users and will determine the complexity of the transformation. Chambers size, shape, and number,
gas flow rate to the analyzer or proximity of the chambers to the analyzer influence directly the
conversion. To address this challenge, we built a flexible software comprising key steps required to
transform such raw data into numerical and graphical gas flux estimations.

In this paper we present OpenToolFlux, an open-source software created to process data
generated by automatic chamber systems and transform them into gas fluxes
(https://github.com/rasmuse/opentoolflux). In the following sections we introduce OpenToolFlux,
present the type of physical equipment for which we designed the software, and describe its main
components and workflow. To provide a better picture of the functioning of the software, a
conducted experiment example is shown to illustrate its potential uses for high frequency GHG
measurements and to underline the potential adaptations to similar systems as well as the limitations
it may present. In addition, a complete example of configuration file, input data, and output data is
published along with the software.

2. Software characteristics and capabilities

OpenToolFlux is an open-source software to estimate gas fluxes from soil using time-series data
from automatic chambers. It is built in the Python programming language and works in Python 3.8
and later. It was initially constructed to analyze data from the Picarro brand of equipment (details
below) but is designed with flexibility to accept data from other equipment producing similar raw
data.
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2.1. Overview of physical equipment and measurement data

OpenToolFlux is developed to process data from an automatic system formed by three main
components: (1) the chambers that open and close; (2) a two-part multiplexer sequentially opening
and closing chambers while redirecting a gas stream from the currently closed chamber to the gas
analyzer; and (3) the gas analyzer, connected to a computer, continuously measuring gas
concentrations, and saving the output.

OpenToolFlux assumes a setup without recirculation of the sampled gas. Sampled gas is drawn
from the chamber to the analyzer while the air from the outside enters passively through a small inlet
tube that maintains pressure equilibrium between the chamber and ambient air.

In our specific setup, the gas analyzer is a Picarro G2308 Gas Concentration Analyzer, cavity
ring-down spectroscopy (CDRS) instrument, with a sampling frequency around 1 Hz. This analyzer
measures concentrations of N20O, CHs, and CO: in volumetric parts per million (ppmv). The analyzer
has a built-in water correction software so that concentrations are automatically reported in dry gas
basis. In our case, the chambers are opened and closed using pneumatic actuators connected to an air
pump through the multiplexer. Figure 1 shows all the equipment and how all the parts are assembled.

Automatic Two-part
chambers multiplexer

a)
—_—
(0]
Chamber 1 (0]
0 :
|Samgle|
Chamber 2 > “’ . s E
N
L —— (o}
/ \ 2
o) Air pump for
Chamber 3 pneumatic Vacuum pump
actuators

Figure 1. a) Schematic view of the setup. Chambers are connected to a two-part multiplexer that
carries the sample to the analyzer and opens and closes the chambers. A vacuum pump provides the
analyzer with the pressure and temperature required for it to start measuring. b) Photograph of the
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chambers closed and open, and the analyzer with the two-part multiplexer with all the chambers
connected. Source: own elaboration. (2 columns).

The sampling rate and gas species are in principle irrelevant, as long as the gas analyzer has a
sufficiently high sampling frequency to allow fitting of a concentration curve over time during the
closure. OpenToolFlux also assumes concentrations reported in volumetric fractions (e.g., ppmv) and
that water content corrections or similar have been made if necessary. The software further assumes
a multiple-chamber system with the chambers opening and closing one at a time, in any order and
that one column of the tabular input data to OpenToolFlux indicates the currently active chamber,
i.e., the chamber currently closed and from which gas is sampled. Moreover, OpenToolFlux relies on
the assumption of the no-recirculation configuration as described above. The following sections
define a mathematical model of the system and specify in greater detail the input data needed by the
software.

2.2. Flux calculation (from concentrations to fluxes)

2.2.1. Assumptions and known parameters

The automatic system used, and the conditions of the experiment will determine the method
used to estimate gas fluxes from soil. This section will describe a method based on the assumptions
determined by our context.

Since N20 is rather non-reactive in presence of other air constituents and with the chamber
materials, and the time scale of the measurement is short (in our case ca. 20 minutes), the gases are
supposed to be chemically unreactive. Consequently, the concentration of the gas that goes into the
analyzer equals the concentration in the chamber, adjusted only for the time delay introduced by the
tube between chamber and analyzer.

Depending on the dimensions of the chambers, and the dimension and depth of the frames
inserted in the ground, we calculate a known total volume (V) and a known area that the chamber
occupies on the soil (A). The unknown soil gas flux being estimated (N20 in our example) is assumed
to be a constant volumetric net flux from the soil into the chamber (F). A negative flux is possible and
would mean that the soil is a net sink for the given gas.

During chamber closure, a constant and known volumetric gas flow (Q) is pumped from the
chamber to the analyzer. While the chamber is closed, we assume a constant volumetric flow (Q’) of
ambient air into the chamber through the inlet vent, replacing the sampled outflow The soil may also
have a net volumetric exchange with the chamber, but the net size of these exchanges is very small
compared to Q, so that Q" = Q. In other words, almost all the air drawn into the chamber to replace
the sample comes from the ambient atmosphere.

When the chamber is open, ambient air mixes into the chamber until the concentration of the gas
being analyzed (e.g., N20) inside the chamber equals the constant ambient air concentration (co).
When the chamber closes next time, the initial concentration is therefore co. During chamber closure,
the concentration starts to change as a function of time, c(t), due to the mixing of ambient air inflow
and the net flux from the soil. We assume here that the air in the chamber is well-mixed during
closure, so that the concentration c(t) is uniform in the chamber (Figure 2). The parameters that need
to be known in the estimation (see below) are A, Q, and V. To later convert volumetric fluxes to molar
fluxes, the pressure P and temperature T are needed but the software does not make this
transformation.
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Figure 2. Schematic representation of the dynamics in the chambers showing the main parameters
that are used for the calculation of the fluxes.(1 column).

2.2.2. Estimating the flux from concentration time series_

The flux estimation method used in OpenToolFlux is the accumulation method, widely used for
non-steady state methodology [26,27]. The principle of the calculation is to derive and solve a
differential equation based on the above description and the mass conservation criterion input =
output + accumulation, and then fit the parameters of the solution to the concentration time series.

The solution to the differential equation (see S1 Appendix) gives the time evolution of the
concentration c(f) inside the chamber as

A Qe
Cty =Co t+ Fa(l — e v{tTh)y,

where to is the time of closure. Note that at closure, the gas concentration inside the chamber is the
same as in ambient air: c(to) = co.
Note that this can also be written as

c(t) = by + by g(t)
where by =¢, ,by =F ,
e
and g(t) = % 1- e_V(t_tO))
Since c(t) is the measurement data and g(t) is calculated from known parameters, co and F can
now be estimated using a linear regression with c(t) as the dependent variable and g(t) the

independent variable. The fit is linear with respect to g(t), but when results are back-transformed, the
solution shows a slight curvature as we obtain an exponential model (Figure 3).
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Figure 3. The flux F to be estimated can be found as using a linear regression of concentration data
c(t) against a transformed time variable g(t). Panel (a) shows the linear regression with transformed
time and panel (b) shows the same result back-transformed to the time domain. (2 columns).

2.2.3. Adjusting concentration data for tube delay

So far, we assumed that the time to is a known parameter. However, knowing when the chamber
closed is not sufficient information since the tube between the chamber and the gas analyzer
introduces a delay between chamber closure and gas arrival to the analyzer. The analyzer takes the
sample from the chamber from the moment it closes but due to the length of the tube that carries the
sample, the beginning of a data segment labelled as belonging to a given chamber is still analyzing
gas concentrations from gas that been stagnant in the tube system and thus should be discarded in
the data analysis. This delay can be substantial depending on tube length. After this tube delay time,
the concentration values rapidly change, corresponding to the first gas sampled from the present
chamber just after closure. This time is what should be taken as toin the data analysis. When analyzing
a time series collected during the closure of one chamber, OpenToolFlux therefore discards data
corresponding to the tube delay as estimated by the user (6 minutes in the example), plus a margin
(e.g., 2 minutes) in case the delay is underestimated (Figure 4). The software allows setting the tube
delay equal for all chambers or different for each one, corresponding to different tube lengths. The

remaining part of the data must be long enough to fit the regression model corresponding to the
chamber studied.
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Figure 4. Due to the delay caused by the length of the tubes, the data collected during one chamber’s
closure corresponds to data from to the previous measure. The software discards this few initial
minutes and makes the estimation of the flux with the remaining data. (1 column).
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2.3. Overview of the OpenToolFlux software

This section describes how the OpenToolFlux software is used to carry out the calculation steps
mentioned above. The software is a command-line application with several commands for different
steps. The workflow can be divided in four main steps: 1) configuration of the software’s input data
and parameters in a configuration file, 2) data import from raw data files using the import
command; 3) partitioning of time-series data into data segments corresponding to chamber closures
and flux estimation from concentration time series using the fluxes command; 4) visualization of
the results using the plot command. There is also a complementary command info that gives
information about the input data. The software also has built-in documentation for each
subcommand that can be accessed using the flag ~help.

Instructions for installation and use, and a full example including input data, configuration, and
output data, are distributed along with the software (https://github.com/rasmuse/flux-estimation-
example). In this section, we give an overview of the functioning of the three main commands needed,
summarized in Figure 5.

o)
. DATA . EPOCH_TIME ALARM_STATUS solenoid_valves N20_dry
t 1620345675.170 0 5.0000000000E+00  3.3926340875E-01
. /— 1620345675.991 0 5.0000000000E+00  3.3928078030E-01 ..
: Configure - 1620345676.605 2 5.0000000000E+00 3.5087647532E-01
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Figure 5. Schematic figure of the steps to follow when using the software. First, the configuration file
is adapted to the input data and physical equipment. Second, the import command incorporates the
input data into an internal database. Third, fluxes are estimated using the fluxes command. Fourth,
visualizations of each curve fit can be generated using the plot command. There is an additional
command, info, giving summary information about the internal database for diagnostics. (2 columns).

2.3.1. Configuration

The configuration of the software is made in a configuration file in TOML language. This file
allows the user to specify the particular features of input data and physical equipment used,
including path to raw data, data format details, chamber volume and area, gas sample flow rate, tube
delay time, and several settings for how to filter data to deal with occasional failures or incomplete
measurements (details below). The software looks for this TOML file in the working directory and
then the use of the other commands will be available.
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2.3.2. Data import

Once the configuration file is in place, the input data can be imported by using the import
command in the command line. The software reads tabular input data from delimited text files, such
as .csv files, into a Feather file. In the tabular input files, each row corresponds to one sample. One or
more columns specify the concentration of each gas measured, one column contains time stamps for
each sample, and another column specifies the chamber that is currently taking the sample. The
columns the user wants to import are set in the configuration file. When using the import command,
a new database is created, or new data is added to a previous one, and stored in the same directory
as the configuration file. The software will not modify or remove the source data, but the data
imported can be replaced or changed by overwriting the Feather file. The data import step can
optionally be replaced by providing a finished database in Feather format (e.g., prepared using a
custom script or copying a pre-existing database).

2.3.3. Flux estimation

Once the database is imported, the software uses the imported database and the configuration
to perform the following steps: filtering the database (discards data following filter settings
configured in the step 1 above), cutting data into segment for each chamber closure, discarding
segments that are too long or short (configured in the step 1 above) and estimating the flux for each
of them, and finally writing all the volumetric flux estimates to a .csv file that can be opened using
other softwares (e.g., Excel or R) for further processing.

The filtering of data, cutting into segments, and optional discarding of segments that are too
long or too short are key data cleaning operations that are in our experience almost always necessary
to deal with occasional equipment failures and partial measurement segments generated during start
and shutdown of the equipment. While more complicated error modes are conceivable and may
require specialized pre-processing, our experience is that the data cleaning operations built into
OpenToolFlux are very useful for typical use cases.

2.3.4. Results plotting

An optional output of the software is a visualization of the curve fit used for each flux estimate.
This visualization shows the estimated curve fit calculated for each gas and chamber during the
closing period, with additional marks to show the tube delay setting. These figures are useful
diagnostic tools to identify potential errors at a glance and to possibly discard the measurements in
further calculations.

3. Example

A field experiment to estimate gas fluxes from agricultural soil carried out during 2020-2021
where OpenToolFlux was applied serves as a full-scale example to illustrate the functioning of the
software and the results it provides.

In addition, a smaller example including input data, configuration file, and output data is
provided at https://github.com/rasmuse/flux-estimation-example.

The experiment started in December 2020 at the “Centro Nacional de Tecnologia de Regadios”
in Madrid (Spanish Ministry of Agriculture, MAPA). It consisted of a split plot experiment with three
different cover crops (vetch, barley, and fallow) and two different soil treatments (tillage and no
tillage). Fifteen automatic chambers were displayed on the field, each of them closed for 24 minutes
having 3 measurements per day for each chamber, in a serial sequence, with the further chamber 55
meters away from the analyzer. The experiment had a duration of one year of which GHG
measurements were taken daily and per second, ending with about 34 GB of output files from the
analyzer in files corresponding to one-hour blocks.

To illustrate the process when calculating fluxes with OpenToolFlux, a month of this resulting
data (about 3 GB), is used in this section and the detailed configuration and command outputs are
included in the Supporting Information files.
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3.1. Configuration

Once the data from the analyzer is in the computer (Figure 6), it is possible to launch the
software. The first step is to specify the settings in the configuration file: 1) the file paths for the input
data, 2) selected columns and names (Table 1), 3) timestamp filters (range of dates from the input
data, from January 1%t 2021 to January 31t2021 in this case), 4) alarm filters (filter excluding all the
alarms except from the water alarm which is already corrected by the Picarro analyzer software), 5)
separation into measurements with a given duration (chamber_col identifies the number of the current
valve and the maximum and minimum duration of what is selected for a measurement is 24 and 30
minutes), and 6) chamber labels (from RAS 1 to RAS 15).

paTe TIME FRAC_DAYS_SINCE_JAN1
2021-01-01 16:22:54.628 0.68257672
2021-01-01 16:22:54.967 0.68258065
2021-01-01 16:22:56.046 0.68259314
2021-01-01 16:22:56.862 0.68260258
2021-01-01 16:22:57.469 0.68260959
2021-01-01 16:22:58.187 0.68261792
2021-01-01 16:22:59.269 0.68263043
2021-01-01 16:23:00.063 0.68263963
2021-01-01 16:23:00.415 0.68264370
2021-01-01 16:23:01.503 0.68265630
2021-01-01 16:23:02.328 0.68266584
2021-01-01 16:23:02.931 0.68267282
2021-01-01 16:23:03.664 0.68268130
2021-01-01 16:23:04.769 0.68269410
2021-01-01 16:23:05.592 0.68270362
2021-01-01 16:23:05.943 0.68270767

Figure 6. Fragment from one file of raw data from the analyzer containing about 37 columns in total.
Each of these files contain 1 hour of data, 24 files per day.(1 column).

3.2.. Data import

Once the configuration file is ready, we can import the data selected to create our database. The
software filters the data and stores it in the Feather file (101.5 MiB) which can be exported and
transferred to any other computer. Table 1 shows the columns imported into the software with the
default name from the raw data.

Table 1. Imported data format and selected columns with the original column names in our raw data.
We discard most of this data that is not useful for the calculations, and we keep 6 columns from the
previous 37. These settings are configured in the .toml file. (1 column).

Selected Data Data Format
A timestamp of the sample: EPOCH_TIME float64
Current measuring chamber: SOLENOID_VALVE float16
Type of alarm if raised: ALARM_STATUS int8
CO2 Concentration: CO2 float32
N20 Concentration: N20O_dry float32
CHa: Concentration: CH4_dry float32

3.3. Flux estimation

The software now performs the calculations in our data to obtain the fluxes using the defined
parameters from the configuration file. In this case, our values for the flux calculation parameters
were those specified in Table 2. These values depend on the physical equipment the user has. The
units of the concentration input data will determine the units of the resulting volumetric flux values.
In our case the volumetric flux becomes um/s because the concentration input data is in parts per
million in volume (ppmv). We recommend setting the values of A, V, and Q in SI units, although
technically the only requirement is that V/Q has unit second (see the software README for further
details).
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Table 2. Parameters, units, and values used in the calculations of the fluxes for this example. Chamber
size, volume, and air flow of the gas from the chamber to the analyzer are required and may vary
between equipment.(1 column).

Parameter Value And Units Meaning
A 0.25 m? Area Occup1ed by t.he chamber on
the soil.
Q 4.17e6m/s Air flow thr;l;gshaile;;ube carrying
(0.25 liter/minute) ple.
v 50e3ms3 Volume of the chamber.
(50 liters)

The output is a .csv file with the volumetric flux values per chamber, gas, and measurement
time. Table 3 shows the columns contained in the output file, with a timestamp, number and label of
the chambers, the specific starting time of the estimation fit, the name of the gas and the value for
each measurement.

Table 3. Selected columns for our tabulated data. (1 column).

column name Description
data_start The timestamp of the measurement’s first sample
chamber_value Current measuring chamber
chamber_label Name of the sampling point measuring
t0 Initial time for the estimation fit
gas Name of the gas measured
volumetric_flux Value of the gas flux measured at the time

3.4. Results plotting

Finally, the plof command creates image files with visualizations of flux estimations as described
above. Figure 7 shows N20 emissions from January 1¢. The first three measurements were taken the
same day and show a normal pattern with accumulation of the gases. The last one is from September,
and shows an atypical distribution, probably due to a technical error during the sampling. These
types of results, clearly visible, should be reviewed and discarded manually as the software does not
do it automatically.


https://doi.org/10.20944/preprints202309.1771.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2023 doi:10.20944/preprints202309.1771.v1

11
RAS 2
N20_dry
045 v
040~ bia en o i.e J TR C I i
040+ B o343 3idice Q,.'- Liose ‘2 35,4
035~ ~aksll "\:..l 4 2 {_. -
038 - ?,hf?&?g‘)sv, %’a ':&:‘ AT,
030 - £l S S AV Y
030+ i Estimator fit -2 O
028 - s : ’ y
CH4_dry
e i — 2025
£ b Baethet bid o~
202 - : 201 "
201+ ‘1 : 200 - :
200 % e Estimator fit 1,99 - — Estmator fit
I 0 n
199 20 Py
co2 CO2
500 ~ '
500 + 5 450 ~ - i e, >
,.. zg T %g-ea w ﬁ!ﬁ X ;;%*uévgv;
400 ~
400 + B -fg- ].\éf"Q; "\
[umm.._ 350 - = Estemoforfil i 5%.
© ]
0 5 10 15 2 > 0 5 10 15 2 »
Time clapsed (minutes) since Time olapsod (minutes) since
2021.01-01 21:1513 2021-01-01 20:51:15
RAS 3 13 (valve #13)
s N20_dry N20_dry
. s
040 ° o
0354 ~2000 -
~4000 -
0301 e Estimator fit
025+ ~6000 - 0
CH4_dry CH4_dry
203 4 ——ne 3
1 1 1000
2024 ;
20143 ' 9
i . 0 —
200 4 e Estimator it e Estimator fit
1.99 4 0 =300 0
COo2 CcOo2
. . 800 =
I
oo bor coadlal o8 WWMW
= . o A =
R 5 et LR R~ 400 -
200+ " Estimator fit
0
0 5 10 15 2 % 0 s 10 15 20 25
Wmm dmwg: Mogs Time elapsed (minutes) since

2021-09-01 21:04:45

Figure 7. Three consecutive measurements in chamber number 1, 2 and 3 with the estimation of the
curve for each gas. At first look, those three measurements seem to present a normal dynamic, but
the last image shows a different pattern indicating a potential error during the measurement. (2
columns).

3.5. Representation of the resulting molar fluxes

The transformation from volumetric to molar flux, for which temperature and pressure data is
required, is out of the scope of the software and this paper. The intention of this section is to show a
possible use of the results we get from the software, in the case of this experiment, being useful to
evaluate the different crops and treatments described above. Figure 8 shows the mean N20O emissions
per day for each chamber during the month processed. These results allow us to study the influence
of different variables in GHG emissions. In this experiment, factors such as the soil treatments
applied, cover crops selected, fertilization events or meteorology may have effects on the emissions
obtained.
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Figure 8. Daily mean N20 emissions per chamber during January 2021. To easily distinguish the
trends, only one repetition of each treatment is represented with the name “RAS” and its
corresponding number. The emission along the month shows a significant growth at the end
coinciding with a rewetting event. (1 column).

It is easy to see, for example, how the low temperatures and snow during a storm occurred at
the beginning of the month may have lowered the microbial activity in the soil, and how the later
melting of this snow probably caused a great increase in the N2O emissions caused by a rewetting
event. There is also a visible differentiation between the treatments represented, some of them
showing a considerable increase in the emissions compared to others in which the soil treatment or
cover crop applied seem to lower them.

The data analysis and further transformations of the results obtained from the software can be
done in any other software preferred by the user.

4. Discussion: potential uses and limitations

4.1. Potential uses

The software was created to perform recurring data analysis tasks encountered while working
with data from our automatic chamber system. This loading, filtering, and transformation of data
follows a common pattern but needs to be adapted to specific settings (e.g., timing and chamber
configurations) changing between experimental setups. Streamlining and documenting this process
is important to facilitate reproducible, high-quality, and time-efficient analysis of experimental data.

The software is adaptable to other automatic systems (e.g., a different analyzer, number of
chambers, closing time, etc.) only assuming that: 1) there is no recirculation in the system and 2) the
raw data from the analyzer is tabular data files with a timestamp per each row.

Since OpenToolFlux is open-source software, users capable of some Python programming are
free to make any further development to their liking.

4.2. Limitations and sources of uncertainty

Although OpenToolFlux can handle several input data formats and different experimental
setups, there are some limitations to the flexibility. As mentioned above, the software assumes a no-
recirculation system and the raw data files are tabular data files where each row gives a timestamp,
the current chamber, and the concentration of one or more gases.

OpenToolFlux has a flexible mechanism to discard input data with measurement values or error
indicators outside specified bounds, as well as entire measurements too long or short compared to
specification, but these mechanisms cannot reliably detect all kinds of problems or interruptions
during the measurements, for example if the chamber was not closed while the analyzer was
measuring. Additional data quality checks should be made by the user on raw data and/or program
output.

Finally, it is necessary to point out that the accuracy of the model assumptions used in derivation
of the flux estimation is outside the scope of this paper.
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5. Conclusion and further development

Our aim with this work was to develop a tool to streamline and document the process of loading,
cleaning, and transforming time-series data into fluxes. The software is broadly applicable in GHG
emissions research using automatic chambers, an essential technology to obtain more precise
estimations of global dynamics.

This paper documents the software and its underlying assumptions and is moreover intended
as a first guide when using the software, in addition to the more technical user guide distributed
along with the software. In addition to the example discussed in this paper, the software is provided
along with a complete example of input data, configuration file, and output data as a demonstration
and a concrete guide to get started (https://github.com/rasmuse/flux-estimation-example).

As an open-source software, it is open for extension and refinement by us and/or by other users
who may have different needs. We hope that the software will be useful as is and can also function
as a base for further development in diverse scientific contexts.

Supplementary Materials: S1 Figure. Fragment of the output data after calculating the volumetric flux with
fluxes command. S1 Code section. Configuration file settings used in the example with one month of data
(January 2021). S2 Code section. The commands in the command prompt for importing and transforming data
into fluxes in OpenToolFlux. S1 Appendix. Solution to the differential equation.
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