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Abstract. Hector, an open-source reduced complexity climate-carbon cycle model. Hector is a computationally efficient
source of climate information, capable of completing a run in a fraction of a second. Hector models critical Earth system
processes on a global and annual basis. Here we present an updated version of the model, Hector V3.1.1 (hereafter Hector V3).
In this manuscript, we document Hector’s new features, and implementation of new science (e.g., radiative forcing
calculations, carbon cycle, etc.). Hector V3 results are in good agreement with historical observations of CO2 concentrations
and global mean surface temperature, and its future temperature projections are consistent with more complex Earth System
Model output data from the Sixth Coupled Model Intercomparison Project. We document that Hector V3 is a flexible,
performant, and robust simulator of contemporary and 21%-century global climate, and in closing, discuss future areas of

improvement and research with respect to the model’s scientific, stakeholder, and educational priorities.

1 Introduction

Reduced complexity climate models (RCMs) fill a critical role within the diverse climate modeling landscape (Sarofim et al.,
2021). By operating at lower resolutions with strategically simpler representations of large-scale climate processes and
dynamics in contrast to coupled Earth System Models (ESMs), RCMs are computationally-efficient sources of future climate
projections, able to produce large ensembles of results, often exploring key uncertainties, at a fraction of the computational
cost of a single ESM run (Kawamiya et al., 2020). For this reason, RCMs such as Hector, MAGICC, FalR, and the other
Reduced Complexity Intercomparison Project (RCMIP) participating models (Nicholls et al., 2020, 2021; Meinshausen et al.,
2011; Smith et al., 2018) have been coupled with socioeconomic models (Calvin et al., 2019a; Hartin et al., 2023); used to

study climate-carbon interactions and feedbacks (Woodard et al., 2021); supported the assessment of key quantities like global
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temperature and the carbon budget in various Intergovernmental Panel on Climate Change (IPCC) reports (Clarke, 2014; Smith

et al., 2021; Forster et al., 2021); and other applications. Here we focus on one such RCM, Hector.

First described by (Hartin et al., 2015), Hector is a globally resolved carbon-climate model with explicit terrestrial and ocean
carbon cycles as well as active surface ocean chemistry. As a stand-alone climate model, Hector has been used in a variety of
other research projects (Woodard et al., 2021; Dorheim et al., 2020; Schwarber et al., 2019; Vega-Westhoff et al., 2019;
Pressburger et al., 2023) and participated in the first two phases of RCMIP (Nicholls et al., 2020, 2021). In addition, since
2015, Hector has been the climate component of the Global Change Analysis Model (GCAM) (Calvin et al., 2019b) and used
to explore the feedback from hydrofluorocarbon emissions from future changes in heating and cooling degree days (Hartin et
al., 2021) and to explore how carbon dioxide (CO2) removal technologies may impact the energy-water-land system (Fuhrman
et al., 2023). Since its initial release, model development of Hector has continued in order to reflect the advances made within

the climate science and open-source software research communities.

The objective of this paper is to document the latest version of Hector. To begin, we provide a brief overview of the model
before focusing on the major changes and upgrades that have been made since Hector V1. Next, we compare Hector V3 results
with observations and ESM output to examine model performance. Finally, we discuss future areas of improvement for the

model in the context of its goals of accuracy, performance, and broad accessibility.

2 Methods
2.1 Model Description

The first version of Hector (V1) was described in detail by Hartin et al. (2015). Here we first summarize the model’s unchanged
functionality, without reproducing all of the detailed equations given by Hartin et al. (2015). Hector is a self-contained object-
oriented model implemented in C++ with a modular, flexible design. While Hector produces annual output, its adaptive-time

solver is capable of operating at a higher frequency to help address issues with numerical instability.

In its default configuration, all Hector runs begin after “spinup” (Thornton and Rosenbloom, 2005), in which the model runs
until all carbon pools are in equilibrium; this typically requires ~300 years using the default model parametrization. After the
spinup phase is complete, the main Hector run begins (Hartin et al., 2015). A Hector run can either be “free-running” or
“constrained.” By default, the model is free-running, meaning that its behavior is determined by the time series of emissions
and other inputs. Whereas during a constrained run, the model is forced to match one or more user-prescribed time series, e.g.,

CO: concentrations or temperature (see § 2.2.5 below).
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Free-running Hector, the default, uses time series from 37 different emission species and 3 exogenous radiative forcers. The
emissions are passed into Hector’s well-mixed global atmosphere. These input emissions fall into two categories (§ 2.2.3). The
first category is emissions that accumulate as (GHG) concentrations. The GHG concentrations for non-COz, (nitrous oxide
(N20), methane (CHa4), and 26 halocarbons) are calculated using equations that portray a simplified relationship between
emissions and concentrations (see equations 15, 16, 18, 24, and 31 of Hartin et al. (2015)). The atmospheric CO2 concentrations
are determined in part by the anthropogenic CO2 emissions (read in as an input) and also by the behavior of Hector’s terrestrial
and ocean carbon cycle components (Figure 1). The second category is emissions that impact Hector’s radiative forcing
budget, such as carbon monoxide (CO), black carbon (BC), organic carbon (OC), sulfur dioxide (SO2), and ammonia (NH3).
These emissions are used in equations (see supplement) that determine aerosol and other forcings. Reactive gas emissions

impact global tropospheric ozone (O;3) forcing and the lifetime of methane.

After the radiative forcing effects from all the GHGs have been determined, the total radiative forcing is calculated. The total
radiative forcing is the sum of the forcing effects of all of Hector’s atmospheric gases, aerosols, and other externally defined

forcing inputs (e.g., volcanic forcing and albedo).

Total radiative forcing is then used to simulate temperature change. Hector’s temperature component (Vega-Westhoff et al.,
2019) is an implementation of the Diffusion Ocean Energy balance CLIMate model (DOECLIM, (Tanaka et al., 2007; Kriegler,
2005). DOECLIM is a 1-D pure diffusion ocean model used to calculate changes in tropospheric temperature over ocean/land,
sea surface temperature, and within the ocean mixed layer. The sea surface and land surface temperatures from DOECLIM are
then used by Hector’s ocean and land carbon cycles to calculate the carbon fluxes at the next time step (§ 2.2.2). Hector’s

GMST is the area-weighted average of land surface and ocean surface temperatures.

2.2 Changes Since V1

A number of significant architectural, software, and scientific developments have been implemented since the V1 release and
documentation manuscript (Hartin et al., 2015). We start by documenting these software changes before discussing other
changes and new features affecting Hector’s carbon cycle, radiative forcing, temperature calculations, and constrained mode

capabilities.

2.2.1 Software

Hector is an open-source community model available on GitHub (https://github.com/jgcri/hector). The repository includes
updated project solutions and make files to support building and running Hector from the command line or IDEs such as Visual
Studio and Xcode. Alternatively, users now have the option to run Hector as an R (R Core Team 2021) package (Dorheim et
al. 2023). The scientific implementation of Hector in C++ was integrated with an R package wrapper using the Rcpp package

(Eddelbuettel and Francois 2011). Thus, now users have the ability to build, run, and analyze Hector results in an R
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environment, allowing for a broader range of users given R’s popularity as a data analysis and simulation tool across many
scientific disciplines. Furthermore, the R package wrapper enabled the development of a Shiny (https://shiny.rstudio.com/)
application, the Hector User Interface (Hector UI) (Pennington and Vernon 2022), which allows users to run and interact with
Hector results in a web browser. Other changes include updated and reduced software dependencies (it now depends only on
Boost, https://www.boost.org/); expanded unit testing: and auto-generated online documentation. Ultimately these Hector V3
software changes have led to a more robust, transparent, and accessible community model. Additionally, a Python wrapper
Pyhector (Willner et al. 2017) has been developed and maintained by community collaborators, broadening the potential users

and use cases of the model.

2.2.2 Carbon Cycle

Hector’s carbon cycle is split into the terrestrial land and ocean carbon cycle. As described in Hartin et al. (Hartin et al. 2015;
Hartin et al. 2016), Hector’s ocean carbon cycle is a four-box module, consisting of two surface-level, an intermediate, and a
deep ocean boxes (Figure 1). Carbon and water mass exchange occur between the four boxes respecting simplified
representations of advection and thermohaline circulation. Hector solves for the marine carbonate variables (i.g., DIC, pH,
alkalinity,) with respect to solubility in the two surface layer boxes. Hector’s V3 ocean carbon cycle now uses sea surface
temperature (SST) calculated by DOECLIM and pre-industrial ocean carbon value from IPCC sixth assessment report (AR6)
ARG6 Figure 5.12 (Canadell et al. 2021b) to initialize Hector’s ocean carbon pools.

Much of the basic functionality of the model’s terrestrial carbon cycle is unchanged from the original V1 release described in
Hartin et al. (2015). Net primary production (NPP) is partitioned into vegetation, detritus, and soil (Figure 1); litterfall moves
carbon from vegetation to the soil, and temperature-dependent, first-order decay equations control the heterotrophic release of
CO2 back to the atmosphere from the latter two pools (Hartin et al. 2015). By default, the terrestrial carbon cycle operates on
a single, global biome, but this configuration can be changed: Hector can run with an arbitrary number of independent biomes,
each with its own set of carbon pools and behavioral parameters, documented in detail in Woodard et al. (see e.g. Woodard et

al. 2021).

There are, however, some new or changed behaviors in the Hector V3 terrestrial carbon submodel. Previously land use change
(LUC) emissions were specified as a single time series that could be positive or negative, reflecting net emission or uptake;
these are now provided in separate input time series that must be strictly positive and correspond to the gross emissions and
uptake fluxes, respectively. A similar change has been made to the fossil fuel/industrial) emissions, which is now specified by
two gross fluxes of emissions and uptake (e.g., through carbon capture and storage). This provides users with more flexibility
to specify how the gross fluxes (uptake and emission) result in the net flux. Note that the model still accepts net fluxes if that

is all that is available, as is the case for the RCMIP Shared Socioeconomic Pathway (SSP) scenarios (Nicholls et al. 2020).



127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

https://doi.org/10.5194/egusphere-2023-1477
Preprint. Discussion started: 7 September 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

Second, LUC fluxes now affect the land carbon pools in proportion to those pools’ size, not via fixed allocation fractions as
previously. This is a more conservative assumption and provides smoother, more intuitive model behavior under steady-state
conditions. Third, NPP is now affected by LUC: the model tracks how much cumulative carbon has been lost (or gained) due
to LUC, relative to preindustrial conditions, and then adjusts NPP by this fraction in addition to the pre-existing temperature

and CO» adjustments to NPP described by Hartin et al. (2015). The new behavior is thus:

NPP(t) = NPPof(Catm, B)S(LUC,) e

where t is the current timestep; NPPO is pre-industrial NPP; and the two f terms represent COz fertilization (Wang et al. 2020)
and the aforementioned LUC effect on NPP. This provides a better match with known LUC effects on terrestrial biomass and

production (Winkler et al. 2021).

Hector V3 also includes a novel implementation of permafrost thaw, a potentially significant feedback affecting the earth
system (Hugelius et al. 2020), that releases both CO2 and CH4 into the atmosphere. Hector’s permafrost implementation was
fully described by Woodard et al. (see e.g. 2021). Briefly, permafrost is treated as a separate land carbon pool that becomes
available for decomposition into both CH4 and CO2 once thawed (Schidel et al. 2014). The thaw rate is controlled by biome-
specific land surface temperature and calibrated to be consistent with both historical data and CMIP6 projections (Burke,
Zhang, and Krinner 2020). Woodard et al. (2021) found that the fraction of thawed permafrost carbon available for
decomposition was the most influential parameter in this scheme and that adding permafrost thaw to Hector resulted in 0.2—
0.25 °C of additional warming over the 21st century. The permafrost functionality is not enabled by default in Hector V3, but

is available for users if needed.

An additional new science feature in Hector V3 is the ability to track the flow of carbon (as CO») as it moves between the land
and ocean carbon pools and the atmosphere. At a user-defined start-tracking date, the model tags all carbon in each of its pools
as self-originating—e.g., the soil pool is deemed to be composed of 100% soil-origin carbon. As the model then runs forward,
the origin tag is retained as carbon is exchanged between the models’ various pools; if 1 Pg C with origin X are incorporated
into a 19 Pg C pool with origin Y, for example, at the next timestep, the 20-Pg C pool is tracked as 5% origin X, 95% origin
Y. At the end of a run, detailed information about the composition of each pool at each time point can be analyzed. This
capability does not affect model behavior or any outputs, although it does impose a substantial performance penalty. This

capability was described in detail by Pressburger et al. (2023) and is off by default because of its increased run time.
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2.2.3 Radiative Forcing

At each time step after Hector’s carbon cycle solves and all GHG concentrations are computed, then Hector calculates total
radiative forcing. Hector’s total radiative forcing is the sum of 39 forcing effects (listed in SI Table 1), each relative to the
1750 base year. The forcing effects for volcanoes, albedo, and “miscellaneous forcers” (by default, this is set to zero but can
be used to read in additional forcing times series for a particular experiment protocol such as geoengineering, variation in solar
radiation, black carbon on snow, and so on) are read in as inputs. The remaining 36 forcing effects for various aerosols, aerosol-
cloud interactions, pollutants, and greenhouse gases are calculated internally within Hector. The forcing effects of tropospheric
03 and stratospheric H20 use the same calculations as Hartin et al. (2015). For the other forcing agents, COz, CH4, N20, 26
halocarbons, aerosol-cloud interactions, and effects of BC, OC, SOz, and NH3, Hector V3 has adopted the forcing equations
from ARG (see supplement). Of these, the forcing effect from NH3 was not previously included in Hector. In addition, the
aerosol-cloud interaction forcing replaces the indirect effects of SO2 forcing that was used to approximate the SO2 and cloud

interactions in previous versions of Hector.

2.2.4 Temperature

As of V2, Hector replaced a 0-D energy balance model with DOECLIM (Vega-Westhoff et al. 2019). DOECLIM uses Hector’s
total radiative forcing to determine global temperature change. DOECLIM is a four-box energy balance model, meaning that
it models heat transfer within the climate system represented by four idealized boxes: land (surface), air (troposphere) over
land, air (troposphere) over the ocean, and sea surface (ocean mixed layer). DOECLIM uses a system of differential equations
to model the temperature change in the four boxes in response to radiative forcing while accounting for the proportional
differences in ocean and land masses and effective heat capacity (Kriegler 2005; Tanaka et al. 2007). The (Vega-Westhoff et
al. 2019) implementation of Hector with DOECLIM was found to exhibit improved ocean heat uptake and temperature

responses to radiative forcing.

In Hector V3, DOECLIM is a fully integrated component of the model, and its outputs now affect Hector’s land carbon cycle
(with DOECLIM’s land temperature used to drive effects on heterotrophic respiration); similarly, sea surface temperature
affects ocean carbon cycle dynamics. The difference in land and ocean temperature change, or land-ocean warming ratio, is
an emergent property of DOECLIM and is used by default. However, a new Hector V3 feature allows users to prescribe a
specified land-ocean warming ratio. This user-defined land-ocean warming ratio allows Hector users to better tune Hector
model parameters to emulate a specific ESM behavior (see supplement). Two additional parameters, and , are scalar terms
that can be used to adjust the contributions of aerosol (BC, OC, SO2, NH3, and aerosol-cloud interactions) and volcanic forcing
to global temperature. By default and are set to a value of one, with the assumption being that the forcing-temperature

relationship is consistent for all forces. These scalar terms allow users to adjust the temperature sensitivity to aerosol and
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volcanic forcing in uncertainty analyses and or when using Hector to emulate ESMs that exhibit different sensitivities to

aerosol and volcanic forcings (Dorheim et al. 2020).

2.2.5 Constraints

As mentioned previously, Hector can run in a constrained mode, which allows users to overwrite a specified Hector variable
with a prescribed time series. Constraints such as COz concentrations, global temperature anomaly, and total radiative forcing
have been available since Hector’s initial release. New constraints available in V3 include concentration constraints for all
non-CO2 GHGs and net biome production (NBP, effectively turning off the model’s terrestrial carbon cycle). When running
in the constrained mode, user-provided values seamlessly overwrite internally-calculated ones, and thus will be used by the
downstream Hector components. For example, a Hector run that uses the total RF constraint will use the user-prescribed total
RF time series to calculate energy fluxes and temperature change instead of Hector’s internally calculated total RF (see Table

1 for more examples and details).

The ability to run in the constrained mode is a useful feature that has a number of applications, including the following three
examples. For example, Hector’s concentration constraints enable concentration-forced experiments (e.g., 1% CO2 and abrupt
4 x CO2 (Eyring et al. 2016)) to comply with the RCMIP protocol (Nicholls et al. 2020). In addition, constraints facilitate
coupling Hector with other models. The NBP constraint can be used to pass global NBP value from a regional terrestrial carbon
cycle model to Hector, and from there, Hector’s ocean carbon cycle and climate dynamics will be calculated. Finally, running
Hector in constrained mode can help diagnose model behavior. Consider a situation where a new model development leads to
an unexpected increase in global temperature. Running Hector with constrained CO2 concentrations or with total RF will help

the developer attribute this novel behavior to changes to Hector’s carbon cycle or climate dynamics.

2.2.6 Model Parameterization

Hector’s V3 default parameterization is mostly inherited from previous versions of Hector (Vega-Westhoff et al. 2019; Hartin
etal. 2015), with the exception of when robust updated estimates are available. Hector V3 uses more recent estimates published
for pre-industrial NPP, CO2, CH4, and N20 concentrations, as well as estimates of the pre-industrial carbon cycle to initialize
its ocean carbon pools (Table 2). Initial pre-industrial sea surface temperatures used by Hector’s ocean component were
updated from a CMIPS multi-model mean to a CMIP6 multi-model mean. Historical ocean surface temperature output files
from 24 CMIP6 participating models (see supplement Table 6) were processed to compute the area-weighted mean temperature

globally, at high (> 55°), and at low latitudes (< 55°) from 1850 to 1860 (Table 2).

Five additional Hector parameters were fit to the comparison data using a Nelder-Mead optimization routine (Nelder and Mead
1965) in a two-part calibration protocol. First, the natural N2O and CH4 emissions, which are assumed to be constant throughout

the run, were calibrated to median AR6 N2O and CHs radiative forcing (Smith et al. 2021). Second, three Hector parameters—
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CO2 fertilization factor B (unitless), heterotrophic respiration temperature sensitivity factor Q10 (unitless), and ocean heat
diffusivity k (cm2 s-1)—were fitted to historic CO2 concentrations (Dlugokencky, Tans, and Keeling 2018a) and global mean
surface temperature (GMST) (Lenssen et al. 2019) observations. The optimization routine minimized the average of the two
variables’ mean squared errors between Hector CO2 concentrations and observations (Dlugokencky, Tans, and Keeling
2018a) from 1959 to 2021 and Hector GMST anomaly (relative to 1950 to 1980) and observations (Lenssen et al. 2019) from
1880 to 2021. The best fits found for B, Q10, and k (Table 2) were then used as Hector’s default parameters. The materials and
scripts used to calibrate Hector are available in the manuscript repository
(https://github.com/kdorheim/Dorheim_etal 2023 HectorV3) to ensure the reproducibility and transparency of the calibration

process.

2.3 Model runs and analysis

All of the Hector V3 results included in the main body of this manuscript were generated using the model’s default setup, with
both the permafrost module and carbon tracking turned off. Unless otherwise specified, these results are from emission-driven
inputs according to the RCMIP protocol for historical and future SSP scenarios (Nicholls et al., 2020, 2021) with the default

parameterization described in the previous section.

To judge model performance we compared Hector results with both observations and ESM projections. No calibration data
were subsequently used for validation. We used root mean squared error (RMSE) to quantify the differences between model
results and the observations. An ordinary least squares linear regression was fit to Hector results and the observational data
products to provide additional insights into the goodness of fit. An R2 value close to one suggests a high degree of correlation
between the Hector results and the observations. Hector's GMST results from 1850 to 2021 were compared with HadCRUTS5
(Morice et al. 2021) GMST observations, while Hector’s COz concentration results from 1750 to 1958 were compared with
the CMIP6 (Malte Meinshausen et al. 2017) 2017 CO2 concentrations. Because the (Meinshausen et al. 2017) COz record is a
synthesis of multiple observational datasets, including the (Dlugokencky, Tans, and Keeling 2018b) dataset (which was used
to calibrate the historical portion of Hector’s output), the comparison of Hector CO2 concentrations with observations was
limited to results from 1750 to 1958, thus excluding the portion of the (Meinshausen et al. 2017) record that was used in

Hector’s calibration to provide an out-of-sample RMSE value.

For the future period, we compared Hector's temperature with temperature results with ESM output made available via CMIP6.
For this comparison, Hector was run in a constrained mode, in which concentrations for CO2, CH4, N20, and 26 halocarbons
from RCMIP (Nicholls et al., 2020) were used to drive Hector. This is consistent with the CMIP6 protocol (Eyring et al.,
2016), allowing for a direct comparison of Hector’s climate dynamics with that of the ESMs. For this comparison, output files

from 15 ESMs were processed to compute area-weighted global air, land air, and sea surface temperature anomaly. The CMIP6
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models were selected based on data availability for the variables and scenarios; a complete list of models is given in the
Supplementary Information (SI Table 8). Since higher-than-expected temperatures and climate sensitivity have been observed
in many CMIP6 models (Zelinka et al., 2020), the ESM temperature results were categorized with respect to their equilibrium
climate sensitivity (ECS) according to the IPCC ARG assessed “very likely” range of 2-5 °C (Arias et al., 2021). ESMs with
ECSs outside of that range were categorized as being “not very likely”. Hector’s projected near-term (2021-2024), mid-term
(2041-2060), and long-term (2081-2100) warming was compared with the AR6 assessed values. Hector’s warming was
computed as the 20-year average global mean surface temperature, following the RCMIP emission-driven SSP protocols,

whereas the AR6 assessed the best estimate, with “very likely” ranges determined using multiple lines of evidence (IPCC
2021).

For the future period, we compared Hector's temperature with temperature results with ESM output made available via CMIP6.
For this comparison, Hector was run in a constrained mode, in which concentrations for CO2, CH4, N2O, and 26 halocarbons
from RCMIP (Nicholls et al. 2020) were used to drive Hector. This is consistent with the CMIP6 protocol (Eyring et al. 2016),
allowing for a direct comparison of Hector’s climate dynamics with that of the ESMs. For this comparison, output files from
15 ESMs were processed to compute area-weighted global air, land air, and sea surface temperature anomaly. The CMIP6
models were selected based on data availability for the variables and scenarios; a complete list of models is given in the
Supplementary Information (SI Table 8). Since higher-than-expected temperatures and climate sensitivity have been observed
in many CMIP6 models (Zelinka et al. 2020), the ESM temperature results were categorized with respect to their equilibrium
climate sensitivity (ECS) according to the IPCC ARG6 assessed “very likely” range of 2-5 °C (Arias et al. 2021). ESMs with
ECSs outside of that range were categorized as being “not very likely”. Hector’s projected near-term (2021-2024), mid-term
(2041-2060), and long-term (2081-2100) warming was compared with the AR6 assessed values. Hector’s warming was
computed as the 20-year average global mean surface temperature, following the RCMIP emission-driven SSP protocols,
whereas the AR6 assessed the best estimate, with “very likely” ranges determined using multiple lines of evidence (IPCC

2021).
3 Results & Discussion

A crucial indicator for climate models is their ability to produce output consistent with historical and present-day observations.
Figures 2 and 3 show such a comparison for Hector’s COz concentrations and GMST. Hector’s historical CO2 concentrations
from an emission-driven run are compared with the Meinshausen et al. 2017 dataset in Figure 2. The Hector results closely
follow the observed values with a RMSE of 2.63 ppm COz between 1750 and 1958 (the portion of the available observations

that was not used to calibrate Hector), with a correlation coefficient of 0.99 between Hector and observations. This small
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RMSE and high correlation coefficient indicate a good agreement between Hector's output and historical carbon cycle

observations.

Figure 3 compares emission-driven Hector GMST output with observations. The difference between Hector's results and
observations is an RMSE of 0.16 °C, which is less than the standard deviation of the comparison dataset. The linear fit between
Hector results and observations has an adjusted R2 value of 0.87 (Figure 3). The recent (2012-2021) decadal average global
mean surface temperature for Hector was 0.99 + 0.1 °C consistent with the 1 °C of historical warming observed in RCMIP
Phase 1 (Z. R. Nicholls et al. 2020). The observed modern decadal average sea surface temperature, ocean pH, and NPP are
0.84 £ 0.08 °C, 8.1 £ 0.007, and 59.4 + 0.27 Pg C/yr, respectively. Hector’s land sink for 2012-2021 was 1.94 + 0.093 Pg
C/yr, which is lower than the land sink of 3.1 + 0.6 PgC yr—1 reported by the Global Carbon Project (GCP) during the same
decade. Despite that, Hector’s ocean sink, 3.06 + 0.14 Pg C/yr is consistent with the GCP ocean sink of 2.9 + 0.4 PgC/yr.
Ultimately emission-driven Hector historical results are in good agreement with observational records, which is an indicator

of good climate model performance.

The comparison of Hector’s historical results with observations is complemented by comparing Hector’s future temperature
results with CMIP6 results (Figure 4) and AR6 assessed warming (IPCC 2021). For the future SSP1-2.6, SSP2-4.5, and SSP5-
8.5 projections, Hector's temperature results fall squarely within the CMIP6 ESM model spread (Figure 4). Hector's global
mean air temperature and mean land surface temperature results for SSP1-2.6, SSP2-4.5, and SSP5-8.5, all fall within the
spread of models belonging to the “very likely” category. Hector’s sea surface temperature for SSP1-2.6, SSP2-4.5, and SSP5-
8.5 projections fall along the cusp of the “very likely” ESM temperature range (Figure 4 right-most column). Furthermore, all
of Hector’s projected changes in global surface temperature were consistent with the assessed “very likely” range and less than

0.2 °C from the ARG best estimate (SI Table 9).

Cumulative greenhouse gas emissions strongly influence global mean temperature, and the relationship between these two
factors is an important metric for assessing both models and scenarios (Schwalm, Glendon, and Duffy 2020). Hector’s
relationship between global surface temperature and cumulative CO2 emissions reveals a near-linear relationship (Figure 5)
consistent with AR6 findings (Ipcc 2021), although the modeled historical temperature is slightly lower at ~1500 Pg C
cumulative emissions, corresponding to the late 20th century. Per 1000 Pg of C, Hector's temperature increases by 2.0°C.
While Hector’s COz-temperature relation is warmer than the IPCC AR6 assessed best estimate of 1.65 °C per 1000 PgC,
Hector’s value does fall within the likely range of 1.0 to 2.3 °C per 1000 PgC (Arias et al. 2021).
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4 Conclusions

In this manuscript, we documented the changes and new features of Hector V3. We showed that free-running Hector’s
historical results are generally consistent with observed COz concentrations and global mean surface temperature, as well as
historic warming produced by RCMIP-participating RCMs. Hector’s future projections of global temperature are also
consistent with a CMIP6 ensemble of models whose ECS is within the AR6 “very likely” range. Furthermore, Hector’s
projections fall within the AR6 assessed warming range for the various scenarios, a range that is based on multiple lines of
evidence. Thus, we conclude that despite its relative simplicity, Hector is able to reproduce historical trends and 2 1st-century

projections that are consistent with more complex climate models.

This fidelity to the current climate and future CMIP6 projections means that there are many potential use cases for Hector.
Hector, including the online Hector UI, could be used in a classroom setting so that students can get hands-on experience with
running a climate model and interpreting results; such educational use is supported by the fact that Hector is a well-documented
open-source climate model with multiple means of running the model (Hector Ul, R Hector, and C++ executable). The C++
executable can be coupled with other modeling tools, such as integrated assessment models, spatially resolved climate
emulators, and so on. Using the Hector R package (Dorheim et al. 2023), it is easy to generate and analyze large ensembles of
Hector results which can be used to explore uncertainty spaces (L. Pressburger et al. 2023; Z. Nicholls et al. 2021). Finally,
Hector’s performance and open, flexible calibration procedure mean that it has strong potential to emulate more-complex

ESMs in support of novel, computationally-intensive experiments (Lu and Ricciuto 2019; Chen et al. 2023).

Despite the wide range of potential applications, it is important to note some of Hector’s limitations. Hector currently
underestimates the terrestrial carbon sink, which was also noted by (Pressburger et al. 2023) and may contribute to Hector's
warmer end-of-century temperatures. Additionally, Hector does not account for the ocean biological pump or changes in ocean
stratification; whether these errors are compensating or compounding is unclear and merits future research (Wan et al. 2013).
Future work should aim at understanding/rectifying the differences between Hector’s terrestrial carbon sink and other sources
while remaining consistent with Hector moderate complexity and goals; it will always be important to consider trade-offs
between costs (i.e., increased complexity threatening interpretability; increased predictive uncertainty from additional model

parameters; computational efficiency) and benefits (increased fidelity and representativeness) (Sarofim et al. 2021).

In addition to continued science improvements, future versions of Hector will benefit from added infrastructure capabilities.
First, the current parameter-calibration routine (described in §2.2.6 above) is relatively simple—for example, it does not
consider uncertainty in the observational record—and it may be worth exploring more sophisticated model-calibration

procedures (Chen et al. 2023) in future versions of Hector. Finally, a turnkey ability to do probabilistic model forecasts
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(Fawcett et al. 2015; Ou et al. 2021), i.e. propagating parameter distributions and uncertainty (Pressburger et al. 2023) to

produce probabilities of future climate change, is an important capability that will be addressed in the near future.

Code Availability: Specifically, Hector V3.1.1 was used to generate the Hector results analyzed and used to generate the
figures included in the main text and in the supplementary information. This version of Hector is available at

https://github.com/JGCRI/hector at the V3.1.1 release and is archived at https://zenodo.org/record/8306489 this includes all

the initialization, emission, and concentration files. All of the code and data used to calibrate Hector as well as complete model

runs and visualize results is available at https://github.com/kdorheim/Dorheim_etal 2023 GMD specifically the GMD?2

release archived at https://zenodo.org/record/8306742.

Data Availability: All of the calibration, comparison data, and Hector results, along with scripts used to prepare Hector runs
analyzed and used to generate the figures included in the main text and in the supplementary information, are available at
https://github.com/kdorheim/Dorheim_etal 2023 GMD  specficallly release @GMD2 and archived at zendo
https://zenodo.org/record/8306742.
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Figure 1: Conceptual diagram of the CO, fluxes (numbered thick gray arrows) between Hector’s four major carbon cycle boxes: a
well-mixed atmosphere (Atmosphere), terrestrial carbon cycle (Land), ocean carbon cycle (Ocean), and fossil fuels (Earth). The
thinner arrows within the land and ocean boxes allude to Hector's more complex submodule carbon cycle dynamics, which are not
discussed in detail here. The solid lines indicate that CO; fluxes are calculated within Hector, whereas the dashed lines indicate that
the fluxes are externally defined inputs read into the model. The fluxes are labelled: (1) CO; emissions from fossil fuels and industry
and uptake carbon capture technologies; (2) CO; emissions and uptake from land use change (e.g., afforestation, deforestation, etc.);
(3) vegetation uptake from the atmosphere (4) the aggregate CO; from respiration from the terrestrial biosphere; and ocean carbon
(5) uptake and (6) outgassing. The model’s permafrost implementation (Woodard et al., 2021) emits both CO, and CHy into the
atmosphere, it is shown in gray because it is not enabled by default in the V3 model.

Name

Description

Implementation

CO2_constrain

Time series of CO»
concentration values
(ppmv CO2)

CO: RF is calculated from the user-provided CO: concentrations
and then used to calculate total RF and temperature. If needed, CO:
is debited/credited to/from the deep ocean to meet the CO:
concentration constraint and satisfy Hector’s global carbon cycle
mass balance check.

CH4 _constrain

Time series of CHa
concentration values
(ppbv CH4)

CH4REF is calculated from the user-provided CH4 concentrations,
feeding into total RF and temperature.

N20O_constrain

Time series of N2O
concentration values
(ppbv N20)

N20 REF is calculated from the user-provided N2O concentrations.
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EGUsphere\

X _constrain Time series for a RF for halocarbon X is calculated from the user-provided
single halocarbon concentrations.

(X is the identifier for one | concentration (pptv)

of 26 halocarbons

modeled by Hector)

RF tot constrain Time series of total User-provided total RF values are used to calculate temperature and
radiative forcing heat flux. In this case, the emission inputs do not drive model
value (W/m2) behavior.

NBP_constrain Time series of Net User-provided NBP values are used to up/downscale NPP and RH
Biome Production so that their total matches the constraint. This effectively bypasses
values (Pg C/yr) the model’s terrestrial carbon cycle.

tas_constrain Time series of global | User-provided temperature values overwrite Hector’s, with a
mean air temperature | smooth transition between the constrained and free-running
values (°C) behavior.

Table 1: Descriptions and summaries of the implementation of the Hector constraints. The constraint name column reflects the name

Parameter Description Value Units Source
Natural CH4 Emissions assumed to be constant Tg Calibrated to historical data see
CH4N of the historical and future period 338 CH4/yr manuscript github repository

Natural N20O emissions, assumed to be constant

N2ON of the historical and future period

9.7 Tg N/yr

CO: fertilization factor (increase in NPP

productivity with increasing CO2
beta concentrations)

0.55 unitless

Heterotrophic respiration temperature sensitivity

ql0_rh factor

2.2 unitless

Vertical ocean heat diffusivity («), the rate of

diff heat diffuses into the ocean

1.16 cm2/s

Initial size of the preindustrial surface ocean

preind_surface ¢  carbon pool

900 PgC Figure 5.12 (Canadell et al., 2021)

Initial size of the preindustrial intermediate and

preind_interdeep_c deep ocean carbon pool

CO0 Preindustrial CO: concentration
NO Preindustrial N2O concentration
MO Preindustrial CHs4 concentration

37100 PgC Figure 5.12 (Canadell et al., 2021)

ppmv

277.15 CO2 Table 7.SM.1 (Smith et al., 2021)
ppbv

273.87 N20 Table 7.SM.1 (Smith et al., 2021)
ppbv

731.41 CH4 Table 7.SM.1 (Smith et al., 2021)
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npp_flux0 Preindustrial net primary production 56.2 PgC/yr (Ito,2011)
Mean preindustrial absolute ocean air From processed CMIP6 data
TOSO temperature 18 C (Pressburger and Dorheim, 2022)

Difference between high latitude preindustrial

deltaHLO ocean temp and TOSO -164 C
Difference between low latitude preindustrial
deltalLLO ocean temp and TOSO 2.9 C
480
481 Table 2: Default Hector parameter values and their sources. The parameter name column is the name as it appears in the model’s
482 ini (initialization) files. This is not an exhaustive table of Hector parameters but rather contains the parameters that have been
483 updated since (Corrine Hartin et al. 2015). For a complete collection of parameter values and their sources, refer to the default ini

484 files available at https://github.com/JGCRI/hector/tree/master/inst/input. Preindustrial values here are circa 1745, the start of a
485 Hector run.
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488 Figure 2: Hector CO2 concentrations (orange) compared with the CMIP6 (Malte Meinshausen et al. 2017) CO2 concentrations
489 observational product (black). The dashed black line (1959-2014) represents the portion of the (Malte Meinshausen et al. 2017)
490 record that was excluded from the Hector historical evaluation because it was used in the model calibration phase.
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Figure 3: Global mean surface temperature anomaly relative to 1951-1980 for Hector (orange) and HadCRUT S5 global mean surface
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Hector v3

Figure 4: Temperature anomaly for GHG concentration from constrained Hector (orange) and the spread of 15 CMIP6 models.
CMIP6 results are categorized according to their equilibrium climate sensitivity (ECS) according to the IPCC ARG6 “very likely”
range for ECS 2 to 5 °C (Arias et al. 2021) categorized as “not very likely”.
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Figure 5: Recreated figure SPM10 from IPCC AR6: cumulative CO2 emissions versus temperature change relative to the 1850-1900
reference period. Hector's results are indicated by the thick solid lines, colored according to the scenario. Colored envelopes show
IPCC ARG uncertainty bounds. Observations are indicated by the dashed line. Note that Hector’s historical land use emissions were
updated so that cumulative Hector and AR6 total CO2 emissions were identical.
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