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Abstract. Participatory water resource management requires
modeling techniques that are accurate and flexible yet
stakeholder-friendly. While different modeling frameworks
offer advantages and disadvantages, system dynamics (SDs)
models have seen sustained use as a stakeholder-friendly
approach for participatory water resource modeling. Phys-
ically based models (e.g., SWAT+) have seen sustained use
to model the hydrological components of water systems. Pro-
posed as a way to combine the relative strengths of both mod-
eling paradigms, model coupling allows researchers to, for
example, build participatory SD models with stakeholders,
while delegating the hydrological components of the overall
model to an external hydrological model. Recently developed
to facilitate model coupling, the Tinamit Python package
presents an extensible, outward-facing application program-
ming interface (API). It allows for the development of ex-
tensions (wrappers) that expand compatibility with different
physically based models. However, no watershed hydrologi-
cal model has yet been connected to this API. In the present
study, a socket and JavaScript Object Notation (JSON)-based
communication protocol was developed with the goal of fa-
cilitating the coupling of models written in languages such
as Fortran. This novel protocol served to develop a Tinamit-
compatible wrapper for the hydrological model SWAT+, al-
lowing it to be coupled to human—water SD models. The
novel coupling protocol was then applied to a case study
of Tanzania’s Usa river catchment. This approach provides
the modeler with the benefits of both physically based and

SD models, thereby allowing the detection of potentially far-
reaching effects of policy-makers’ decisions.

1 Introduction

Given the worldwide threat to hydroecological systems
from both natural and anthropogenic causes (Pahl-Wostl et
al., 2013; Smith, 2003), accurate and holistic modeling of
the long-term consequences of water resource management
(WRM) decisions is a pressing need. To capture the complex-
ity of WRM stakeholder issues in models, approaches that
integrate physical and socioeconomic components are nec-
essary (Jakeman and Letcher, 2003). Integrated WRM mod-
els are termed human—water models (Jeong and Adamowski,
2016). Considered an important and beneficial practice in
current human—water modeling, participatory model build-
ing (PMB) is often employed in creating such models (But-
ler and Adamowski, 2015; Halbe et al., 2014; Silgram et al.,
2009; Zellner, 2008).

A stakeholder-friendly approach for water resource mod-
eling, system dynamics (SDs) modeling, is a commonly ap-
plied PMB tool. By visually representing aspects of system
complexity that would otherwise be difficult to convey, this
approach can improve both stakeholders’ and policy-makers’
access to valuable information (Butler and Adamowski,
2015; Prodanovic and Simonovic, 2010). Having seen ex-
tensive use in integrated WRM (e.g., Ferndndez and Selma,
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2004; Guo et al., 2001; Hassanzadeh et al., 2014; Jeong and
Adamowski, 2016; Kelly (Letcher) et al., 2013; Qin et al.,
2011; Saysel et al., 2002; Schliiter et al., 2019; Yeh et al.,
2006), SD models were initially developed for the simula-
tion of social systems in the context of industrial manage-
ment. These models are often used to model complex non-
linear systems (Forrester, 1997; Susnik et al., 2012). Exist-
ing SD models for WRM involve the integration of hydro-
logical and socioeconomic processes (Langsdale et al., 2009;
Susnik et al., 2012); however, the simulation of physical sys-
tem processes is not easily achieved (Malard et al., 2017),
and such models’ representation of hydrological processes
remains a lengthy and site-specific process (Vamvakeridou-
Lyroudia et al., 2008). Moreover, SD models lack the abil-
ity to easily incorporate spatial data and handle a system’s
spatial variability (Nikolic and Simonovic, 2015; Su$nik et
al., 2012). Accordingly, hydrological components are often
simplified (Prodanovic and Simonovic, 2007). Nikolic and
Simonovic (2015) therefore argued that a specialized hydro-
logical model is a necessity in integrated WRM modeling
frameworks.

Specialized hydrological models generally provide hydro-
logical variable values of interest to the WRM modeler with
greater ease than a SD hydrological model. This discrepancy
in efficiency occurs because, given the necessary geological
and hydrological variables, functions describing key hydro-
logical processes pre-imbedded in hydrological models can
automatically calculate the magnitude of such processes for
any watershed. The Soil and Water Assessment Tool (SWAT;
Bieger et al., 2017; Nkwasa et al., 2020; R. Douglas-Mankin
et al., 2010; Tuppad et al., 2011), a well-known, specialized,
and widely applied hydrological model, was developed to
help water resource managers determine water quantity and
quality in watersheds and river basins (Arnold et al., 1998).
SWAT has been recently succeeded by SWAT+, which offers
greater flexibility and overall capacities (Bieger et al., 2017).
The capacities offered by hydrological models like SWAT
or SWAT+, and the suitability of SD models for socioeco-
nomic modeling, suggest that an improved WRM modeling
framework could be achieved by coupling of these two model
types.

Attempts to expand SWAT’s capacities, through coupling
with other models or applications, have been limited to ex-
panding its scope, fidelity, or robustness in modeling vari-
ous physical processes but has yet to include the socioeco-
nomic or participatory aspects of WRM (see D. Betrie et
al., 2011; Yang et al., 2011). Perhaps due to the briefness
of its existence, there is as yet no report of SWAT+ hav-
ing been coupled with other models. However, other hydro-
logical models have been coupled to SD models, e.g., the
Upper Thames Systems Model (Gregersen et al., 2007). In
these cases, coupling was achieved through translation of the
constituent models into a single program. However, its speci-
ficity limited its application to a single watershed.
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Coupling may also be achieved through the potentially
more flexible file-based (Inam et al., 2017), scripting (Peck
et al., 2014), or wrapper-based approaches (Gregersen et al.,
2007). Malard et al. (2017) provide a review of current model
coupling approaches, and examples of standards for wrap-
ping are provided by Salas et al. (2020). In the present study,
a wrapper approach was employed, since it is minimally in-
vasive to the model itself (Gregersen et al., 2007) and was
expected to offer maximum flexibility. However, wrapper ap-
proaches require a way of passing information between the
two different models at runtime, an accomplishment that be-
comes particularly complicated when the two models are
written in different programming languages and must there-
fore run as separate processes on the computer. Inter-process
communication in wrapping can be achieved through a pipe-
based approach (e.g., Open Modeling Interface or OpenMI;
Gregersen et al., 2007); however, socket-based approaches
are another option (Bulatewicz et al., 2013). The latter ap-
proach is quite novel for this application and could provide
potential benefits, e.g., shorter execution time (see Sect. 2).

Most existing wrapping approaches have not been or can-
not be used to couple SD models. However, automatic SD
model wrapping with external physically based models may
be achieved through the Tinamit API (Malard et al., 2017). In
this process, a physically based model wrapper is developed
only once for every physically based model platform; there-
after, a few lines of code allow any model built upon the same
platform to be coupled with any other SD model. Tinamit has
been previously applied to the evaluation of policy-makers’
decisions for salinity management in Pakistan, using a cou-
pled SahysMod and SD model (Malard et al., 2017), and for
agricultural management in predominantly indigenous rural
communities in Guatemala, by coupling SD models and the
Python Crop Simulation Environment (PCSE; de Wit, 2022;
Malard et al., 2020, 2023). However, Tinamit has not yet
been applied to coupling an SD model with a hydrological
model (e.g., SWAT+) and, thereby, facilitating the integrated
modeling of coupled human—water systems. The concept of
using Tinamit to couple SD and hydrological models has
been presented; however, details of these earlier conceptual-
izations were mostly changed in the process of development
(Harms et al., 2020, 2021). The present paper will present (i)
the development of a sockets and JavaScript Object Notation
(JSON)-based data exchange Python package and its C/For-
tran counterpart in SWAT+, (ii) the creation of a SWAT+
wrapper, using the functionality of the Tinamit API and the
data exchange Python package, to allow SWAT+ models to
be automatically coupled to SD models, and (iii) the coupling
and application of a SWAT+ and a human—water SD model
to holistically evaluate policy-makers’ decisions and their
potentially far-reaching effects in the Usa river catchment,
Tanzania, based on a SWAT+ model provided by Nkwasa et
al. (2020).

https://doi.org/10.5194/hess-27-1683-2023
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2 Methodology

A Tinamit (2.0.3)-compatible SWAT+ wrapper was created
using the following steps:

1. A Python package (labeled “tinamit-idm”) employing
socket functionality and including a generic JSON pro-
tocol was developed to serve as the basis for data ex-
change between Tinamit wrappers and the SWAT+
model engine (Malard and Harms, 2022; Python 3).

2. The SWAT+ engine was modified by adding C lan-
guage sockets, thereby allowing communication via
the JSON protocol used by tinamit-idm (Harms and
Malard, 2022a; Fortran, C).

3. A SWAT+ wrapper was created using Tinamit 2.0.3 and
tinamit-idm (Harms and Malard, 2022b; Python 3).

4. The case study model was coupled (Harms and Malard,
2022b; Python 3).

A socket-based approach was chosen for the inter-process
communication between the models instead of a pipe-and-
filter-based approach (e.g., the OpenMI standard; Gregersen
et al., 2007; Bulatewicz et al., 2013). The socket-based ap-
proach was expected to save execution time, since no files are
written to disk. A further advantage of our approach was that
the JSON protocol used here virtually eliminated the need
for language inter-operability. Almost any programming lan-
guage (see JSON, n.d.) can simply create and parse JSON
messages (ECMA, 2017). A conceptual overview of a com-
plete coupled model and its parts is presented in Fig. 1.

2.1 tinamit-idm

A generic socket-based Python package was developed to
provide basic functions that any models interchanging in-
formation during runtime might require (Malard and Harm:s,
2022). The functions “cambiar”, “recibir”, “incrementar”,
“finalizar”, and “cerrar” define how to provide data, receive
data, increment the model by a certain number of time steps,
finalize the model, and close the model, respectively. The
JSON protocol was of critical importance for these functions.
Five distinct types of JSON message types were defined, cor-
responding mostly to the key functions provided by tinamit-
idm. The definition of this JSON protocol was kept as general
as possible to give it the necessary flexibility to be imple-
mented as a standard for all socket-based inter-model com-
munication using tinamit-idm and Tinamit. The JSON mes-
sages are detailed in Table 1. Keywords and variable names
for the tinamit-idm code are written in Spanish. This is done
to keep inter-operability with the existing Tinamit code, as
tinamit-idm will be added to the next version of Tinamit.
Code for the SWAT+H modifications are kept mostly in En-
glish, except for the parts needing to interface with tinamit-
idm, to keep easy usability for SWAT+ users that are used to
English-based code.

https://doi.org/10.5194/hess-27-1683-2023

2.2 Modification of SWAT+

To give SWAT+H the ability to exchange data via sock-
ets, SWAT+ was modified as follows (Harms and Malard,
2022a).

Argument handling was initially added so that one might
specify whether SWAT+ was to be executed alone or con-
nected to Tinamit. Arguments can be added to the command
line call of the swatplus.exe file; the execution file can be
called with the command “swatplus [port] [host]” (where
“port” specifies the port to which SWAT+ should connect
and “host” specifies the host IP, usually 127.0.0.1). One may
still call “swatplus” to run only the SWAT+ model by itself.

Second, a Fortran module implementing the methods re-
quired for communication with the tinamit-idm package was
added. This module was named the “tinamit_module” and is
called mainly from the “time_control” module that manages
SWAT+’s main simulation loop. The tinamit_module gives
SWAT+ the ability to pause, receive messages from, and
send messages to other models coupled via Tinamit. Further-
more, a mechanism is implemented here that allows SWAT+
to run as many time steps as the coupling code specifies be-
fore re-communicating with the Tinamit wrappers. This al-
leviates the need to unnecessarily pause the simulation of
SWAT+- after every time step to communicate with Tinamit
and allows for a more efficient execution of the simulation,
depending on the data exchange interval chosen by the mod-
eler. It also allows Tinamit to balance the varying time step
lengths of the different models. The tinamit_module makes
use of a C file (“socket.c”), which provides it with socket cre-
ation and reading and sending functions (hereafter referred to
as the C client). The sub-processes and functions defined in
the tinamit_module and the C client, in addition to the work-
flow between them, are illustrated in Fig. 2.

The SWAT+ model execution and socket client are initi-
ated by the main routine. Later, “update_tinamit” is called
from within the time_control subroutine at the first time step
and thereafter at every specified interval. One “get-message”
or Mensaje Cambiar is sent per connected variable (by the
wrapper), so the get_and_send loop will be repeated until
all requested current variable values have been sent to the
wrapper. Then, after the connected model (in this case the SD
model) is run for a time step, the set loop will be performed
until updated variable values have been received (for those
variables that are specified as inputs to the SWAT+ wrapper).
Thereafter, the Mensaje Incrementar or “advance-message”
is sent to continue the model execution for a specified num-
ber of time steps, and the process repeats until SWAT+’s
time_control function is completed. Finally, update_tinamit
is called by the main routine as part of the closing sequence,
at which time the Mensaje Cerrar or “closing-message” will
be sent to close the socket and end the run. Only standard, an-
ticipated, or recommended behavior is shown, as it is defined
within the wrapper (see Sect. 2.3). However, the sequence of
messages could be altered, such as closing the client during

Hydrol. Earth Syst. Sci., 27, 1683-1693, 2023
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Modified SWAT+

SWAT+/Tinamit System Dynamics

Coupling Code Model

Functions provided by
the Tinamit API

SWAT+

tinamitmod

Tinamit
SD Model

Functions provided by
tinamit-idm package

Figure 1. A schematic summary of the coupling process using the pre-existing Tinamit API and the newly developed tinamit-idm Python
package. This schematic is adapted and modified from Harms et al. (2020, 2021).

SWAT+ base | tinamit_module | socket.c [ Wrapper
@END @END
ot et 0 e 0
recvint_{)
-
recvfloat_()
N T

Figure 2. Graphic representation of the expected SWAT+ model behavior and communication with the wrapper during coupled model
execution. The set loop is shown in gray, the “get_and_send” loop is shown in purple, the incrementation pathway, which informs the model
engine to run for a specified number of time steps, is shown in green, and the closing sequence is in black. All other pathways of information
and function calls, including those used for multiple abovementioned pathways, are shown in cyan.

the run. This may be specified by users, according to their
needs, should they decide to create their own wrapper.

2.3 Creation of the SWAT+ wrapper

A SWAT+ wrapper was created using the Tinamit and
the tinamit-idm packages (Harms and Malard, 2022b). This
wrapper is openly available on GitHub, as are the other
source codes for the work mentioned in this paper. Since
SWAT+ is a physically based model, a subclass of the
Tinamit wrapper class “ModeloBF” class was created, called
“ModeloSWATPIlus”. The following methods were defined
for the ModeloSWATPlus subclass:

Hydrol. Earth Syst. Sci., 27, 1683-1693, 2023

1. __init_ () creates an instance of the ModeloSWATPIlus
and initializes the socket connection in addition to the
model variables.

2. unidad_tiempo() returns the unit of time of the model

for SWAT+-. This was set to occur daily.

3. iniciar_modelo() defines how the wrapped SWAT+

model will be called to start running, sets up a work-
ing directory for the model, and ensures that the other
requirements for data exchange are met.

https://doi.org/10.5194/hess-27-1683-2023
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Table 1. Presentation of the generic JSON protocol. The context and order of these messages is more clearly illustrated in Fig. 1.

Message type JSON key Values Description

Mensaje cambiar This message, sent by the cambiar function, tells the model to receive some
variable’s current values and is followed by the variable value.

“tipo” “cambiar” Specifies the type of command

“tamafo” [integer] Holds the length of the array buffer of the variable value

“var” [name string] Holds the name string of the variable to be received

“tipo_cont” [data type Holds the string of the data type of the variable values
string]

“forma” [array shape Holds the shape string of the array of the variable values
string]

“precision” [integer] Defines the number of decimal places that non-integer numerals

may be rounded to

Mensaje Recibir This message is sent by the recibir function; it asks the model to send
the current value of a variable, and the model responds with a Mensaje Resultado.

“tipo” “leer” Specifies the type of command
“var” [name string] Holds the name of the variable that the model should send
“precision” [integer] Defines the number of decimal places that non-integer numerals

may be rounded to

Mensaje Resultado This is the only message sent by the model itself; it is only sent in response to
a Mensaje Recibir and is followed by the value of the expected variable.

“tamafio” [integer] Holds the length of the array buffer of the variable values
“tipo_cont” [data type Holds the string of the data type of the variable values
string]
“forma” [array shape Holds the shape string of the array of the variable values
string]
Mensaje Incrementar This message is sent by both the finalizar and incrementar functions; incrementar

asks the model to run for a specific amount of time or number of steps in its main
loop, whereas finalizar asks the model to run to completion and not receive any further messages.

“tipo” “incr” Specifies the type of command

“n_pasos” [integer] This is the number of time steps the model should take before
reporting back; in the case of finalizar, this number is 0 and
indicates that the model should run to completion

Mensaje Cerrar This message is sent by the cerrar function and signals
to the model that the simulation is done and closes the connection.

“tipo” cerrar Specifies the type of command

. incrementar() defines how the model will be advanced
during its run and how data exchange with the model
may occur after a simulation step.

. paralelizable() defines whether SWAT+ can be paral-
lelized in different Python threads, which it can be, if
run using the wrapper.

https://doi.org/10.5194/hess-27-1683-2023

6. cerrar() ends the model run and stops the model engine.
In this case, it is also responsible for ending the connec-
tion between the model and the Tinamit wrapper.

7. instalado() checks whether a SWAT+-.exe or engine is
installed and specified.

Steps 1-7 must be implemented by any physically based
model wrapper created in Tinamit (Malard et al., 2017). The

Hydrol. Earth Syst. Sci., 27, 1683-1693, 2023



1688 J. Z. Harms et al.: Dynamically coupling system dynamics and SWAT+ models using Tinamit

following three are convenience functions that the authors
deemed useful for any SWAT+ model in general and more
specifically for the case study model execution:

1. imprimir_usos_de_tierra() prints the land use types de-
fined for the current project so that the user does not
necessarily need to read the SWAT+ input files to
know which land uses are identified by which numer-
ical value.

2. deter_darea_de_hrus() reads the SWAT+ input file
“hru.con” to determine and store the size of all the
specified hydrological response units (HRUs), which
should not change during simulation and can therefore
be cached.

3. agrupar_usos_del_suelo() allows the user to group land
uses into specific land use types for simpler simulation
of land use changes.

This wrapper is currently an independent project but will
be integrated alongside tinamit-idm into the next major
Tinamit version and will then be even easier to use. At the
time of the writing, Tinamit 3.0.0 is still in development.

2.4 Case study

A case study was built using a SWAT+ model validated
for Tanzania’s Usa river catchment (Nkwasa et al., 2020)
and a SD model developed by the authors. Details on the
SWAT+ model setup and validation can be found in Nkwasa
et al. (2020). To summarize, the SWAT+ model set up for
the Usa river catchment (240 km?) mainly utilized local data,
with a specific focus on agricultural practices in the basin.
The model validation included leaf area index (LAI) and wa-
ter balance components (evapotranspiration, surface runoff,
and groundwater). The case study SD model was built to
show potential far-reaching effects of a hypothetical nitro-
gen fertilizer subsidy on total agricultural land use and water
quality in the basin. It is important to note that the case study
and model parameterization were chosen as a generic exam-
ple of the sociological and hydrological insights made possi-
ble by coupling SWAT+ with an SD model through our ap-
proach, which is the main scope of the paper. Extensive and
participatory model development and calibration with stake-
holders from the Usa river catchment would be needed to
use the coupled model in actual policy design. As such, the
results of the case study, as presented in this paper, should be
understood as an example of potential unexpected policy im-
pacts that may be detected by using SWAT+ and SD model
coupling and not as prescriptive policy recommendations for
the Usa river catchment.

Vensim (Eberlein and Peterson, 1992) was used to develop
the SD portion of the model and the causal loop diagram of
the overall coupled model. A diagram of the overall model
(Fig. 3) shows that it consists of four main loops. Given the
coupling, it is difficult to call these reinforcing or balancing

Hydrol. Earth Syst. Sci., 27, 1683-1693, 2023

loops, since they could shift behaviors during model execu-
tion. Therefore, “r” and “b” were used to note which loops
seemed likely to display reinforcing or balancing behaviors,
respectively. The banana production (rBP) and corn produc-
tion (rCP) loops were assumed to generally be reinforcing,
since an increase in agricultural land would likely also lead
to an increase in production of banana and corn crops. The
cultivation area loops (corn cultivation area loop is bCCA;
banana cultivation area loop is bBCA) acted as balancing
loops, since an increase in agricultural land would lead to
a greater need for inputs and therefore increase production
cost. The strength of the balancing loops was modified by
the hypothetical fertilizer subsidy, since the production cost
per area would decrease, thereby lowering the effect of culti-
vation area on net income.

The SD model described here represents a very simplified
view of how a policy, such as a hypothetical fertilizer sub-
sidy, might affect water quality in the basin. The fictional
fertilizer subsidy might be implemented to maintain agri-
cultural activity in the Usa river catchment or to increase
farmer income. The implementation of such a subsidy would
lower the production cost by covering a portion of the in-
put costs, which would, in turn, increase the net farmer in-
come. The greater net farmer income would lead to an in-
crease in the desired agricultural land, which, in turn, would
increase the cultivation rate and turn more land into agricul-
tural land. The value of agricultural land was then passed on
to the SWAT+ model. The amount of agricultural land given
by the SD model was compared to the total area of HRUs in
the SWAT+ model used for agricultural land use types. At
every time step, the wrapper made a calculation to determine
whether it was necessary to switch the land use of any HRU
of the SWAT+ model to better approximate the current ex-
tents of agricultural and non-agricultural lands. Although the
corn and banana crops were the main contributors to the total
agricultural land considered in the SD model, the Usa river
catchment SWAT+ model in fact contained many different
types of agricultural and non-agricultural land uses. To sim-
plify the SD model, the land use types were assigned to two
groups, namely agricultural or non-agricultural, using the
“agrupar_usos_del_suelo” function mentioned in Sect. 2.3.
When the land use of an HRU was to be changed, a land
use was selected from the appropriate group and assigned
to this HRU. The selection happened programmatically, fa-
voring land uses with a high popularity in each group (see
Nkwasa et al., 2020, for a complete list of land uses in the
Usa SWAT+ model).

SWAT+ completed the main reinforcing loops (rBP and
rCP) by returning the total basin-wide banana production and
corn production, which were expected to increase with in-
creasing area dedicated to agricultural land. Values for the
banana cultivation area and corn cultivation area were also
returned by the SWAT+ wrapper portion of the model. These
were also expected to increase with an increasing expanse of
agricultural lands. The inclusion of SWAT+ was of further

https://doi.org/10.5194/hess-27-1683-2023
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Figure 3. Representation of the case study model as a causal loop diagram. The main loops are represented in blue for the loops of banana
production (rBP) and corn production (rCP), yellow for the loops of corn cultivation area (bCCA) and banana cultivation area (bBCA), and
green for the overlapping parts of all loops. This figure is adapted and substantially modified from Harms et al. (2021).

importance since SWAT+ provided the NO3—N concentra-
tion in channels, an indicator of water quality in this case
study. This allowed an analysis of the risk to water quality
degradation posed by the policies tested, i.e., 0 % fertilizer
subsidy (baseline scenario), 45 % subsidy (subsidy scenario),
and 90 % subsidy (high-subsidy scenario). A total of 10 sim-
ulations were performed for each scenario.

We restate here that the values of the non-SWAT+ vari-
ables were chosen arbitrarily to illustrate processes that
might occur in real-life situations. Many simplifying assump-
tions were applied, most importantly in only considering the
production of corn and bananas, in addition to assuming a
constant fertilizer cost per hectare of cultivated land.

The source code, in addition to the SD model used, are
provided (see the code availability section at the end of the

paper).

3 Results and discussion

The results of the coupled simulations are given in Fig. 4 and
include the mean of 10 runs, along with the standard devia-
tion. Variation arose between runs due to the land use change
algorithm used in the wrapper. The land use type assigned to
an HRU, where land use was changed, was chosen at random
from a group of appropriate land uses (either non-agricultural
or agricultural in this case), with a weighted probability that
favors land uses already dominant in the watershed.
Increasing the subsidized fraction of nitrogen fertilizer
achieved the goal of maintaining agricultural production in
the area (Fig. 4). It not only stabilized but also reversed the
decreasing trend encountered in the baseline (0 % subsidy)
scenario and increased the amount of agricultural land un-
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der the 45 % and 90 % subsidy scenarios. By decreasing pro-
duction costs, the subsidies encourage increased investment
in agriculture, the conversion of more land, and eventually
increased leaching through a socioeconomic pathway. This
happens because the policy tilts the economic equilibrium
point of optimal agricultural land towards more agricultural
activity; the SWAT model then links this dynamic to envi-
ronmental pollution through the increasing nitrate—nitrogen
concentration in the channels of the basin. This relationship
was easily explored through the coupling of the SWAT+ and
SD variables. Generally, the water resource manager may ob-
tain any hydrological value that SWAT+ calculates (such as
river flow and nitrate nitrogen content, as used in this study),
without developing any new algorithms for these processes.
In this case study, hydrological variables are incorporated di-
rectly, through the nitrogen concentration variable, and indi-
rectly, as SWAT+ uses hydrological variables internally to
model the crop yield. This allows the researcher to focus on
the development of the model to represent the socioeconomic
relations in a participatory manner.

The model coupling approach shown here empowers re-
searchers and policy-makers by giving them access to both
an inclusive understanding of the system through participa-
tory model building and the physical consequences of possi-
ble paths of action. More than that, it empowers stakehold-
ers by allowing more focus on their involvement in decision-
making. Furthermore, this approach works for any watershed
in which a SWAT+ model can be created and, similarly, any
SD model. Although the initial modification of SWAT+-, the
development of the server and client parts for inter-process
communication, and the construction of a SWAT+ wrapper
were tedious and lengthy endeavors, the ability to couple
any SD model to any other SWAT+ model far outweighed
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Figure 4. The results from the coupled models with 0 %, 45 %, and 90 % subsidized fertilizer. In total, 10 runs were performed. The mean

and standard deviation (shaded area) are plotted.

the time and work required. This was demonstrated in ear-
lier work with Tinamit (Malard et al., 2017, 2020, 2023).
Through this method, the researchers were able to focus on
representing the socioeconomic processes in the watershed,
or in potentially involving further stakeholders, without re-
quiring a re-implementation of location-specific hydrological
processes.

Additionally, since a generalized JSON protocol was used
in concert with socket technology, inter-process communica-
tion was achieved between diverse languages (Python, For-
tran, and C, in this case), without the need for writing and
reading files to disk. Other coupling methods which have
employed file- and pipe-based approaches (Gregersen et al.,
2007; Inam et al., 2017) or translated the entire model into
a single programming language (Prodanovic and Simonovic,
2010) have shown potential shortcomings, e.g., longer exe-
cution time, extensive implementation work, and a resultant
lack of flexibility. Since no files were written or read during
execution when the socket-based data exchange was in use,
the model execution time was likely to benefit. This tech-
nology could furthermore be adapted to a multitude of other
Fortran (or C)-based models without major modifications to
the client part of the socket code (i.e., the socket.c file), as
the C socket client is as generic as the JSON protocol used
by tinamit-idm. The server code in tinamit-idm, especially
in conjunction with Tinamit, lays the groundwork for devel-
oping wrappers for models written in any language that can
interpret JSON and will simplify the development of other
physically based model wrappers.
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4 Limitations

Compared to OpenMI, Tinamit has neither the same sta-
tus nor the history of use and trust and does not yet sup-
port a similar range of models. Therefore, the OpenMI stan-
dard may currently have an advantage when different phys-
ically based models are to be coupled for a project. How-
ever, Tinamit is unique in its ability to create wrappers for
SD models, which are some of the most popular tools for in-
tegrated WRM models or, more broadly, participatory model
building. Additionally, the work presented here is likely to
improve the usefulness of Tinamit, not only through the
possibility of easily integrating SWAT+ into a participatory
WRM model but also because it provides standards, method-
ologies, and examples that simplify the addition of further
models to Tinamit.

Currently, the SWAT-+-coupling-capable version is only
available for Linux systems, although Windows and MacOS
versions are in development. During development, the Win-
dows version of the socket code in the modified SWAT+ ver-
sion created difficulties during compilation. These difficul-
ties were exacerbated by differences between Windows sock-
ets and C sockets. The MacOS version is nearing the end of
its development, but at the time of writing, the Linux ver-
sion of the modified SWAT+ was the only functional ver-
sion available. However, all Python packages presented (i.e.,
Tinamit and tinamit-idm) are functional on all current major
operating systems.

A selection of about 190 numerical-type SWAT+ variables
have been made available for coupling, including some util-
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ity functions and variables specific to the case study; how-
ever, there are likely functions and variables that other mod-
elers might find useful to couple that have not been included.
Therefore, we expect and encourage modelers to not only
use but also collaboratively modify and improve the current
codes and expand the number of supported variables and
functionalities to their needs as we continue to do the same.
This is possible since all code mentioned in this project is
published in open-source repositories (see the code availabil-
ity section at the end of the paper).

5 Conclusions

To make holistic decisions for human—water systems, both
the socioeconomic and the physical systems need to be un-
derstood. Since different models and modeling platforms
have different strengths, combining multiple models through
coupling may provide a more complete modeling platform.
Coupling processes can be difficult and coding intensive,
so this study developed a simple approach specialized for
participatory models based on Tinamit. The work presented
in the present paper provides algorithms and functionalities,
the tinamit-idm package, and a modified SWAT+ executable
with socket functionality. These can function as templates
for the development of future coupled Fortran models. The
Fortran-compatible C client from the modified SWAT+ exe-
cutable can potentially be applied to make any Fortran model
much more easily coupled with Tinamit than it would be in
this initial project. The use of sockets and the JSON proto-
col is a promising step, as it largely bypasses the need for
language interoperability and potentially improves execution
time compared to other model coupling platforms. Expan-
sion of the abilities of Tinamit makes it more useful for par-
ticipatory WRM and other participatory modeling work. In
the case study presented here, the coupled model was able to
portray the overall results of both the human, socioeconomic,
and the physical resource systems at play with considerable
ease. The modeler was able to obtain results for hydrological
variables without having to define all the relationships manu-
ally in the SD model, thereby allowing a focus on represent-
ing socioeconomic processes. In closing, we hope that the
code and technology presented in this paper will contribute
to improving participatory WRM modeling work and make
it easier to apply to real-world decision-making scenarios,
while also providing developers with ideas and templates for
the further development of Tinamit and other model coupling
platforms.

Code and data availability. The source codes of the software
presented in this paper, including the case study, are avail-
able. The currently archived versions are cited in the text
(https://doi.org/10.5281/ZENODO.6902755, Harms and Malard,
2022a; https://doi.org/10.5281/ZENODO.7630281, Harms and
Malard, 2022b; https://doi.org/10.5281/zenodo.6884988, Malard
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and Harms, 2022), and any updated versions are available pub-
licly on GitHub. The links to the GitHub repositories are as fol-
lows: tinamit-idm at https://github.com/joelz575/tinamit_idm (last
access: 22 February 2023), SWAT+ (modified for Tinamit com-
patibility) at https://github.com/joelz575/swatplus (last access: 22
February 2023), and the SWAT+ wrapper and coupling example at
https://github.com/joelz575/swatplus-tinamit-coupling (last access:
22 February 2023).

We do not have additional data to report, and the model files that
are provided with the case study code contain all of the data that we
used.
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