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Abstract A tuned version of HadCM3 (HadCM3t) is used to simulate the climate of the mid-Pliocene warm
period (mPWP) and is compared with the original untuned version of HadCM3 (HadCM3u). After the tuning,
HadCM3t performs as well as HadCM3u in simulating the preindustrial climate, but aligns better with the
reconstructed mPWP sea surface temperature anomalies, primarily due to a better representation of high latitude
warming. Regarding the mPWP climate anomaly relative to the preindustrial, compared to HadCM3u,
HadCM3t produces stronger mid-to-high latitude warming with polar warming 2.2 times the global mean,
which is higher than the 2.0 of HadCM3u. The warming of the mPWP is primarily explained by an increase in
emissivity and surface albedo. The warming of the polar regions induced by emissivity and surface albedo from
HadCM3t is higher by 0.6°C and 0.7°C respectively, than that from HadCM3u, leading to warmer mPWP high
latitudes. The increase in shortwave radiation over the Polar Regions is driven mainly by changes in surface
albedo, which lead to a temperature rise of +0.7°C, and by changes in cloud cover, which contribute an
additional +0.1°C to the temperature increase. Here, the increased cloud-induced shortwave radiation change is
due to decreased cloud fraction and decreased cloud scattering effect; the increased surface albedo-induced
radiative effects result from the increased ice loss due to warm high latitudes. This tuning allows models like
HadCM3 to better align with proxy data, offering a more reliable baseline for projecting future scenarios under
similar conditions.

Plain Language Summary A tuned version of the HadCM3 model (HadCM3t) is utilized to study
the climate of the mid-Pliocene warm period. Compared to the original HadCM3, the simulations produced by
HadCM3t align better with the reconstructed sea surface temperature anomalies, primarily due to an improved
representation of high-latitude warming. This improvement is attributed to the additional warming induced by
changes in emissivity and surface albedo over high latitudes. Further analysis reveals that variations in cloud
cover also make contributions to the additional polar warming due to changes in both shortwave and longwave
radiation. This study underscores the value of using past climate data to refine model parameters, which
provides insights for improving model performance in simulating future climate with similar conditions and
feedback mechanisms.

1. Introduction
1.1. The Mid-Pliocene and PlioMIP

The mid-Pliocene warm period (mPWP; or the mid Piacenzian) was an interval around 3.3 to 3 million years
before present (Ma) that was characterized by atmospheric CO, concentrations of around 400 ppm, with warmer
temperatures and modified geography compared to present (e.g., Haywood et al., 2020). The mPWP has been
broadly studied in terms of proxy reconstruction (e.g., Dowsett et al., 2016; McClymont et al., 2020, 2023) and
climate simulations in the Pliocene Model Intercomparison Project (PlioMIP; e.g., Haywood et al., 2013, 2020,
2024).

Comparison between the proxy reconstructions and model results helps validate models. Although PlioMIP2
made improvement on reducing model-data discrepancy seen in PlioMIP1, disagreement still exists (Tindall
et al., 2022). Comparing with proxy reconstructions, most PlioMIP2 models produced a relatively lower global
mean sea surface temperatures (SST) warmings (McClymont et al., 2020). Specifically, models underestimate the
warming in the south-west off the coast area of Africa, the Mediterranean Sea, one site off the east coast of North
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America, and one site at the west of Svalbard, relative to proxy reconstructions (details are shown in Figure 8 of
Haywood et al. (2020) and Figure 1 of Tindall et al. (2022)). There are three possible contributors to model-data
disagreement: boundary condition uncertainty, data uncertainty and modeling uncertainty (Haywood et al., 2016).
From a modeling perspective, there are 3 ways to improve model-data agreement: (a). Reducing the uncertainties
in the boundary conditions, such as conducting sensitivity studies that vary insolation, CO, concentration,
topography, etc (e.g., Feng et al., 2017; Hill, 2015; Howell et al., 2016); (b). Reducing structural uncertainties in
models, such as studies that investigated and sampled models' structural uncertainties (e.g., Dolan et al., 2018;
Haywood et al., 2016; Tindall et al., 2022); (c). Reducing parameter uncertainties in models, such as in Feng
et al. (2019), which examined the importance of parameterization of aerosol-cloud interactions for the mPWP
simulation. However, structural uncertainty exists in all models to some extent. Therefore, this study focuses on
reducing parameter uncertainties through model tuning.

1.2. Model Tuning

Model tuning is an important process in climate model development. By taking the parametric uncertainty of
specific variables into consideration, the model can be tuned to better represent observations. A survey conducted
by Hourdin et al. (2017) showed that the most commonly adjusted properties are cloud and surface albedo related
uncertainties to achieve an equilibrium global net top-of-atmosphere flux and global-mean surface temperature
closer to observations. In one widely used approach (Perturbed Parameter Ensembles, PPE) poorly constrained
parameters, that represent specific subgrid-scale processes in a single model, are perturbed to produce an
ensemble of model members (J. M. Murphy et al., 2004). This approach allows precise investigation of possible
parameter combinations based on the plausible range of uncertain parameters in one model (Irvine et al., 2013).
The PPE approach has been used in climate projections such as the 2009 UK Climate Projections (UKCP09) (J.
Murphy et al., 2009), and to tune models such as the Hadley Center Climate Model (HadCM3) (Irvine et al., 2013;
Mulholland et al., 2017; Roach et al., 2018), HadGEM3 (Sexton et al., 2021; Yamazaki et al., 2021), and other
models (e.g., Gregoire et al., 2011; Peatier et al., 2022; Shiogama et al., 2012). This approach has been used to
address the problem of models becoming unstable at high CO2 concentrations (e.g., J. M. Murphy et al., 2004;
Sanderson, 2011; Shiogama et al., 2014), and to address the long-standing equable climate problem that involves
model-data disagreement in high latitude temperatures during warm periods, such as the Eocene (Ross, 2023;
Sagoo et al., 2013). Therefore, it is practical to apply model tuning to HadCM3 in simulating the mPWP.

1.3. HadCM3 in PlioMIP

The Hadley Center Climate Model (HadCM3) is a fully coupled atmosphere-ocean general circulation model
which has been widely used in studies of climate prediction, past climate simulation, and climate detection and
attribution. For example, HadCM3 is one of the major models used in scientific projects such as the IPCC Third
and Fourth Assessments (Houghton et al., 2001; Solomon et al., 2007), UK Climate Projections, and the Met
Office decadal prediction system (Smith et al., 2007). It is particularly useful in paleoclimate investigations that
require long runs, such as the Paleoclimate Modeling Intercomparison Project. Descendants of HadCM3
(HadGEM2 and HadGEM3) have also participated in PlioMIP (Tindall & Haywood, 2020; Williams et al., 2021).
Both HadGEM3 and HadGEM?2 show a greater extent of polar amplification than HadCM3, due to the high
latitude warming, both show higher agreement with proxy reconstructed SST anomalies (SSTA) than HadCM3
(Tindall & Haywood, 2020; Williams et al., 2021). Nevertheless, HadCM3 is still widely used in paleoclimate
simulations due to its high computational efficiency and good performance in long simulations (Valdes
et al., 2017). For example, HadCM3 is more than 1,000 times faster than some complex versions of the UK Met
Office Unified Model (Valdes et al., 2017), 20 times faster than HadGEM2 (Tindall & Haywood, 2020), and the
computational needs in terms of core hours for HadGEM3 are about 1,000 times (20 times slower with 50 times
more CPUs) larger than for HadCM3. Therefore, it is a useful exercise to attempt to improve the match between
SSTA produced by HadCM3 and proxy reconstructions, in particular the underestimation of warming over high
latitudes.

Two versions of HadCM3 that use different land surface schemes—the Met Office Surface Exchange scheme
version 1 (MOSES1) and MOSES2, participated in PlioMIP Phase 1 (Bragg et al., 2012) and Phase 2 (Hunter
etal., 2019). In response to CO, concentrations of 400 ppm, and prescribed mPWP boundary conditions including
topography, orbital configuration, solar insolation, HaddCM3 in PlioMIP2 produced a 2.9°C warmer mPWP than
the preindustrial and a polar amplification factor (the ratio of warming poleward of 60°N and 60°S to the global
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Figure 1. Comparison of simulated PI climate from HadCM3t and HadCM3u with reanalysis data. (a, b) SST; (c, d): surface air temperature (tas); (e, f): precipitation
(pr); (g, h): cloud coverage (CLT); (i, j): surface specific humidity (HUSS); (k, 1): ice concentration; (m, n): the top-of-atmosphere (TOA) upwelling shortwave (RSUT);
(0, p): TOA upwelling longwave (RLUT). The number on the right top of each figure is the root mean squared error between simulated PI and reanalysis data for each
variable. A Taylor diagram of this comparison is as shown in Figure S6 in Supporting Information S1.

mean warming (Smith et al., 2019)) of 1.7-2.2 (Hunter et al., 2019). HadCM3 with MOSES1 in PlioMIP1
produced a slightly higher global mean warming of 3.3°C in the mPWP than the preindustrial and a polar
amplification factor of 1.9, as calculated from the simulations of Bragg et al. (2012). Note that PlioMIP1 and
PlioMIP2 have different boundary conditions as well as different versions of HadCM3 involved. In PlioMIP2,
The discrepancies between HadCM3 and proxy reconstructions are similar to that from other models (Haywood
et al., 2020). Quantitatively speaking, HadCM3 performed well in terms of reproducing preindustrial SST and
SST anomalies (SSTA) in the mPWP compared with the preindustrial (Ren et al., 2023).

1.4. Research Questions
In this paper, we explore a newly tuned version of HadCM3 and aim to solve the following scientific questions:

(1) What changes are produced by parameter tuning (i.e., what is the difference between the tuned HadCM3
(HadCM3t) and untuned HadCM3 (HadCM3u) in simulating the mPWP climatology anomalies)?

(2) Does the tuned version of HadCM3 perform better in simulating mPWP climatology, when compared with
reconstructions?

(3) What physical processes contribute to the mPWP temperature anomaly differences between the HadCM3t
and HadCM3u?
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Sections 2.1 and 2.2 of this paper describe the design of experiments and tuned parameters implemented into the
tuned version of HadCM3 (HadCM3t), Section 2.3 shows the approaches used in this study to decompose the
Earth's energy imbalance into different components (i.e., an one-dimensional energy balance model (EBM) and
the approximate partial radiative perturbation (APRP) method (APRP)), followed by the experiments' spin-up. In
Section 3.1, we first compare HadCM3t and the original version of HadCM3 (HadCM3t) simulated preindustrial
(PI) climate with observations. Then in Sections 3.2 the SSTAs of the mPWP relative to PI produced by HadCM3t
and HadCM3u are described and compared with reconstructed SSTAs. Section 3.3 describes other climatology
anomalies in addition to SSTA, and Section 3.4 and 3.5 show the energy balance analyses of the mPWP relative to
PI from HadCM3t and HadCM3u using the two approaches. In the discussion Section 4.1, we compare the tuned
HadCM3 with other PlioMIP2 models and quantify the similarity and discrepancy between them. In Section 4.2,
we discuss the effect of model tuning on simulated mPWP and PI climate. In Section 4.3, we put the results of two
energy budget analyses (EBM and APRP) together and then discuss the effects of individual tuned parameters on
the mPWP and the PI simulations. Conclusions are presented in Section 5.

2. Methodology

This section describes the methodology used in this paper. First, the HadCM3 model and the experimental design
are described briefly. Second, the parameters tuned in the HadCM3 are presented. Third, the energy balance
analysis approaches adopted in this paper are described. Finally, the spin-up of simulations are shown.

2.1. HadCM3 and Experimental Design

The model adopted in this paper is HadCM3, which is a fully coupled atmosphere-ocean general circulation
model developed in 1999 by the UK Hadley Center (Gordon et al., 2000). In this study, the untuned version of
HadCM3 is more formally known as HadCM3B-M2.1aN (Valdes et al., 2017), which is a version derived and
developed from the original UK Met Office HadCM3 (Gordon et al., 2000; Pope et al., 2000). Some adaptions
were made to the original Met Office version to make it suitable for long-term paleoclimate simulation, for
example, changing the land surface scheme from MOSES (Met Office Surface Exchange Scheme) version 1 to
version 2.1a; for a detailed description of the adaptions made, see Valdes et al. (2017) and Lunt et al. (2021). Here,
B denotes Bristol; M2.1a denotes the MOSES2.1a land surface exchange scheme (Cox et al., 1999); N denotes no
change in vegetation (i.e., static prescribed vegetation distribution). The model uses a Cartesian grid, with hor-
izontal resolution of 2.5°% 3.75° (73 X 96 grid boxes; latitude X longitude) in the atmosphere, which has 19
layers vertical levels; this is about 420 km X 280 km at the Equator, reducing to 300 X 280 km at 45° of latitude.
For the oceanic component, the resolution is 1.25°X 1.25° with 20 vertical levels (Gordon et al., 2000; Johns
et al., 1997; Pope et al., 2000). In this paper, we refer to the untuned version of HadCM3B-M2.1a(N) as
HadCM3u and the tuned version as HadCM3t.

In this study, we adopt the pre-industrial (PI) and the mPWP experiment designs following the PlioMIP2 project
(Haywood et al., 2016). The PI is the control experiment for the preindustrial with modern boundary conditions,
including topography, ice sheets, soil, vegetation, lakes, land-sea mask and a concentration of 280 ppm of CO, in
the atmosphere. The mPWP is the experiment simulating the mid-Piacenzian warm period during the Pliocene,
forced with all Pliocene boundary conditions. More details of the experimental design are described in Haywood
et al. (2016). The vegetation scheme used in MOSES2.1a is represented with nine surface types including five
plant functional types (broadleaf tree, needleleaf tree, C3 grass, C4 grass, and shrub), soil (desert), urban, water
(lake) and ice for the mPWP and PI, which are shown in Figure S1 in Supporting Information S1. Both the mPWP
experiments of HadCM3t and HadCM3u are initialized from the last model year of the PlioMIP2 Pliocene core
experiment of the untuned HadCM3 Hunter et al., 2019; the PI experiments of HadCM3t and HadCM3u are
initialized from the last model year of the PlioMIP2 PI experiment of the untuned HadCM3 conducted by Hunter
et al. (2019).

2.2. Perturbed Parameters

Table 1 shows details of the parameter tuning implemented in HadCM3t as used in this paper. Model tuning used
in this paper follows similar process for HadCM3BL-M2.1N in Ross (2023) which divide these processes into

three parts based on the targets and approaches: “objective,” “subjective” and “process-improvement.”
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Table 1

List of Model Parameters Tuned According to Table 3.1 and Table 3.2 From Ross (2023), Giving the Values Before and After Tuning, and Brief Descriptions of the

Impacts

Range of Value pre- Value post-

Parameter description values tuning tuning Expected impact of tuning

Threshold of relative humidity for cloud formation 0.600-0.900 0.700 0.605 More cloud forms under the same humidity (Irvine et al., 2013)

Lateral entrainment coefficient 0.600-9.000 3.000 2.789 This parameter controls the mixing of deep convective plumes

with their surroundings. Therefore, more air convecting clouds
can be drawn in from surrounding grid boxes (Irvine et al., 2013;
Ross, 2023)
Cloud drop number (land) (drop/cm?) - 125 50 Precipitation rate increases, cloud lifetime becomes shorter and
cloud cover reduces (Kiehl & Shields, 2013)

Cloud drop number (sea) (drop/cm?) - 70 50 -

Cloud drop radii (land) (upm) - 13.500 17.000 -

Cloud drop radii (sea) (pm) - 17.000 17.000 -

Threshold of liquid water for the formation of 2.000e™3 - 5.000e~3 3.532¢ Conversion of cloud water droplets to rain increases and cloud

precipitation (over sea) (kg m™3) 5.000e 4 lifespan decreases (Irvine et al., 2013; Ross, 2023; Rougier
et al., 2009)
Threshold of liquid water for the formation of 1.000e™* - 2.000e™* 1.606e~* =
precipitation (over land) (kg m=>) 2.000e3
Cloud droplet to rain conversion rate (s~') 5.000e~° - 1.000e~* 2.690e* -
4.000e™*

Ice-fall speed (m/s) 0.500-2.000 1.000 1.339 Ice particle size increases, which is associated with decreases in
cirrus cloud coverage, longwave cloud forcing and upper
troposphere water vapor (Mitchell et al., 2011; Sanderson

et al., 2008)
Minimum albedo of sea ice 0.470-0.650 0.500 0.610 Albedo driven feedbacks increase but are less important in
warmer climates (Ross, 2023)
Background coefficient of vertical mixing of tracers at - 1.000e—3 1.419¢=>  Stronger oceanic overturning and deep water formation increases
the surface (Ross, 2023)
Vertical diffusion rate of increase with depth (m s~) - 2.800e8 5.638¢8 -
Solar constant (W/m?) - 1,365 1,361 Change made to be consistent with CMIP6 protocols

The objective approach involves generating a PPE - an ensemble of models with perturbed parameters within a
plausible range, and then comparing the model outputs to identify the best fit to the observations (Irvine
etal., 2013; J. M. Murphy et al., 2004). Parameters in Table 1 except for cloud drop numbers and cloud drop radii
are objective tuning. Here, five atmospheric, one sea ice parameters and two oceanic parameters were perturbed
by Irvine et al. (2013) which followed the elicitation in J. M. Murphy et al. (2004) except for the oceanic pa-
rameters which followed Collins et al. (2007) and Brierley et al. (2010): the threshold of relative humidity for
cloud formation, the lateral entrainment coefficient, the threshold of liquid water for the formation of precipi-
tation, the cloud droplet to rain conversion rate, the ice-fall speed, the minimum albedo of sea ice, the vertical
diffusion rate of increase with depth and background coefficient of vertical mixing of tracers at the surface. Irvine
et al. (2013) generated 200 versions of the HadCM3 with varied parameter combinations that sampled the
parametric uncertainty using a maximum Latin hypercube sampling technique following Gregoire et al. (2011).
Versions of HadCM3 which produced preindustrial temperatures outside the observed global mean (13.6 = 2°C)
were excluded. These models were also used in a quadrupled CO, simulation, and were compared to the Eocene
proxy data qualitatively, considering polar temperature response to the increased CO, concentration (Ross, 2023).
The parameter set except for the oceanic diffusion used in this study is the same as in Ross (2023), which
quantitatively best fit modern observational data and qualitatively produce a higher polar amplification in
response to a higher CO,. In the study of Ross (2023) who used HadCM3BL-M2.1N - a lower resolution of
HadCM3, three more parameters of oceanic vertical diffusion were tuned to make the ocean circulation closer to
that of the original HadCM3.
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The subjective approach targets a particular part of the system and aims to improve subgrid-scale physical
processes. In this paper, cloud parameters—cloud drop number and cloud drop radii are modified following Kiehl
and Shields (2013), with the aim of improving simulated cloud properties in past warm climate simulations as
cloud can lead to significant changes in radiation. Since there are no observed cloud microphysical properties for
warm periods in the geological past, Kiehl and Shields (2013) used observations of modern remote pristine re-
gions from Ramanathan et al. (2001) to modify the cloud-relevant parameters. The values and impact of tuning on
cloud drop number and cloud drop radii are as shown in Table 1.

The process-improvement tuning aims to improve representation of physical processes. There are four process-
improvement tunings that are implemented in the HadCM3t of this study: (a) and (b). Remove grid-point noise by
applying a smoothing in the atmospheric pressure field and the oceanic barotropic stream function field; (c).
Adding bottom friction to the sediment water interface to avoid extreme values of the ocean velocities; (d).
Applying a correction to the parameterization of gravity wave propagation (Ross, 2023).

Moreover, we also modified the solar constant to 1,361 W/m? to better fits the CMIP6 protocol. By implementing
all these changes, we aim to tune the model to better represent mPWP reconstructed SSTs, especially at high
latitudes, without changing its performance in simulating modern climate.

2.3. Energy Budget Analysis

In this study, two approaches of energy balance analysis are adopted: The one-dimensional energy balance model
(EBM) and the APRP.

The EBM is a simple model that provides insights into the Earth's energy budget along the meridional dimension.
Details and full descriptions can be found in Heinemann et al. (2009), Lunt et al. (2012) and Hill et al. (2014);
these studies carried out the analysis for the Paleocene, Eocene and Pliocene, respectively. This method is used to
quantify different contributors to the temperature anomaly between two simulations, and is commonly used to
diagnose paleoclimate simulations (e.g., Chandan & Peltier, 2018; Hill et al., 2014; Lunt et al., 2021; Lohmann
et al., 2022). Hill et al. (2014) carried out energy balance analysis for the PlioMIP1 simulations. EBM analysis
includes both shortwave and longwave radiation, and shows the effects with temperature change. In this study, the
components that contribute to the surface temperature change are decomposed into planetary albedo, emissivity,
and heat transport by EBM. Emissivity is further decomposed into contributions induced by cloud changes and
those associated with greenhouse effect and the lapse-rate effect. In EBM, in terms of the changes in shortwave
radiation, the role of clouds is considered simply as a mask to reflect solar radiation, while the cloud does not just
reflect the shortwave radiation but also affects the radiation through the TOA by absorbing and scattering
shortwave radiation. Besides clouds, noncloud components in the atmosphere (such as CO,) which absorb and
scatter radiation are also important. This is particularly necessary in this study because one of the main differences
between HadCM3t and HadCM3u are different cloud physical parameters, which can be seen in the comparison
of cloud contributions between the mPWP and PI experiments.

Therefore, to further investigate contributions from the cloud and noncloud to the shortwave radiation, the APRP
method is adopted in this study to analyze the radiative effect (RE) changes as described in Taylor et al. (2007). In
a simulated Earth system, the model can provide monthly radiative flux data of outgoing and incoming flux of
TOA and surface, as well as cloud cover and temperature. The APRP method is a simplified radiative transfer
model that describes radiative flux changes in terms of atmospheric absorption, atmospheric scattering, and al-
bedo. This method estimates the feedback parameter associated with shortwave feedbacks in climate models.
Compared with the full PRP procedure introduced by Wetherald and Manabe (1988), the APRP method requires
only a modest amount of monthly mean data and much less computational power, with satisfactory accuracy and
much higher efficiency (Zelinka et al., 2023), and has been broadly used in paleoclimate simulation studies (e.g.,
Brady et al., 2013; Feng et al., 2017; Zhu et al., 2019). Although EBM and APRP provide results in terms of
temperature and radiative effect (RE) changes separately, the RE components from APRP are converted into
corresponding temperature changes by applying the results to the EBM.

2.4. Spin-Up of Simulations

Four simulations were carried out: preindustrial and mPWP using HadCM3u (abbreviated as PI, and mPWP,,
respectively), and preindustrial and mPWP using HadCM3t (abbreviated as PI, and mPWP,, respectively). All
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four simulations were run for 2,000 years. By checking the top-of-atmosphere (TOA) radiation imbalance and
global mean oceanic temperature trends at various depths (Figure S2 and S3 in Supporting Information S1), we
consider all runs to have reached a sufficient level of equilibration.

Moreover, the full equilibrium global surface temperature can be deduced from Figure S4 in Supporting Infor-
mation S1, which regresses net TOA radiation imbalance against surface air temperature change (the graphical
illustration of this regression is referred to as a Gregory plot; Gregory et al., 2001). Compared to the first few
hundred years, the average of the last one hundred years show a TOA radiation imbalance of less than 0.1 W/m?
and a higher land surface temperature. At full equilibrium, the global surface temperatures for mPWP, and
mPWP, are expected to become higher than those for PI, and PI, by 3.3°C and 3.1°C respectively, as shown in
Figure S4 in Supporting Information S1. The mPWP and PI using HadCM3t show lower global mean surface
temperatures than using HadCM3u, by 0.2°C and 0.4°C respectively. For the following sections, the average of
the final 100 years for each experiment was analyzed.

4xCO, simulations are also carried out to calculate the effective climate sensitivity (ECS) for both models,
following the methods from Gregory et al. (2004). The ECS in the HadCM3t is 2.99°C which is lower than the
3.48°C ECS value in HadCM3u (Figure S5 in Supporting Information S1).

3. Results

In this section, we first compare the modeled PI climate from HadCM3t and HadCM3u with observed prein-
dustrial climate (Section 3.1). Then, in Section 3.2 we investigate the surface temperature anomaly differences
between the mPWP relative to PI as simulated by HadCM3t and HadCM3u, and compare the model results with
proxy reconstructions. Section 3.3 describes the differences observed for large-scale climatic features other than
surface temperature in the modeled mPWP from HadCM3t relative to the associated PI controls, and in com-
parison with the results from HadCM3u. Sections 3.4 and 3.5 explain the different responses from HadCM3t and
HadCM3u by using the EBM and APRP approaches.

3.1. Preindustrial Model-Observation Comparison

Model performance in terms of simulating preindustrial climate is assessed by comparison with reanalysis data
(available at https://psl.noaa.gov/data/gridded/index.html) for eight different variables (SST, surface air tem-
perature, precipitation, cloud coverage, surface specific humidity, ice concentration, TOA upwelling shortwave
and TOA upwelling longwave) from the NOAA Extended Reconstructed SST V5 (ERSST v5) (Huang
et al., 2017), the NOAA-CIRES-DOE Twentieth Century Reanalysis (20CRv3) (Slivinski et al., 2019) and the
Measurements from the Clouds and the Earth's Radiant Energy System (CERES) observed data (available at
https://ceres.larc.nasa.gov/data/). The reanalysis climate data from 1850 to 1900 (1854—1900 for SST and 2005—
2015 for RSUT and RLUT due to data availability) is adopted to compare with the simulated PI climate. Both
HadCM3t and HadCM3u simulate slightly warmer global mean SST and cooler global mean surface air tem-
perature than the reanalysis data (Figures 1a and 1c¢ and 1d). Both models also simulate a relative cooler Northern
Pacific Ocean and North Atlantic Ocean, warmer Southern Ocean and cooler Polar Regions. In terms of pre-
cipitation, cloud cover, surface specific humidity (HUSS), ice concentration and RLUT (Figure 1), HadCM3t and
HadCM3u show similar discrepancy with the reanalysis data in terms of the spatial pattern. Both models simulate
more precipitation over the Maritime Continent, South Africa and northeastern South America, but drier climate
over the tropical Pacific and North Atlantic Oceans. Regarding cloud cover, the models both simulate less cloud
than the reanalysis by a global average of —11.14% (HadCM3t) and —11.69% (HadCM3u), with the most marked
difference over tropical oceans. In terms of HUSS, HadCM3u simulates a more humid climate over the tropical
oceans, whereas HadCM3t is closer to the reanalysis HUSS over the Maritime Continent and the eastern Pacific
Ocean than HadCM3u. Both HadCM3t and HadCM3u underestimate ice concentration over high latitudes,
especially around Antarctic. Regarding RSUT, the models simulate less RSUT over New Guinea and coast near
Peru, and more RSUT over low to mid-latitude Ocean regions relative to modern observation. Both models
overestimate RLUT over tropical western tropical Pacific Ocean, India and tropical America. Overall, compared
to the reanalysis data, both models simulate higher SST, cooler surface air temperature, less precipitation, less
cloud cover and less ice concentration.
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Figure 2. The annual mean surface temperature (TS) of simulations and their differences. (a) mPWP;; (b) mPWP,; (d) PI,;
(e) PI,; (¢) mPWP,—mPWP,; (f) P,—PL,; (g) mPWP,—PI,; (h) mPWP,—PI, and (i) (mPWP,—PI,)—(mPWP,—PL,).
The plots on the right side of the subfigures denote the zonal means. In panels (a, b), the circles represent the reconstructed SST's
of mPWP by colors (McClymont et al., 2020), and the number of each site is indicated on the top of each circle. In panels (g, h),
the circles represent the reconstructed SSTAs. The differences between the reconstructed SSTs and simulated SSTs of the
mPWP are as shown in Figures 3a and 3b; the differences between the reconstructed SSTAs and simulated SSTAs are as shown
in Figures 3c and 3d. A Taylor diagram of the comparison between simulated and reconstructed sea surface temperatures of the
mPWP in panels (a, b) is as shown in Figure S7 in Supporting Information S1.

3.2. Surface Temperature Anomaly—Comparison Between Models and mPWP Proxy Reconstruction

The simulated surface temperature (TS), their differences, and proxy SST reconstruction from McClymont
et al. (2020) are as shown in Figure 2. Both mPWP, and mPWP,, produce a warmer TS than PI, and PI, by 3.2°C
and 2.9°C, respectively, especially over the high latitudes (Figures 2g and 2h). HadCM3t produces a zonal
averaged warming peak over the North Pole by around 10°C and around Antarctica by over 12°C. The tem-
perature anomaly from HadCM3t shows a larger polar amplification in the mPWP compared with HadCM3u. The
polar amplification factors (warming polewards of 60°N and 60°S divided by the global mean warming) of
HadCM3t is 2.2 (Table 2), which is higher than 2.0 from HadCM3u. The spatial pattern of this warming dif-
ference between HadCM3t and HadCM3u is concentrated in the Arctic, the North Atlantic, and the Southern
Oceans (Figure 21i).

The model performance in simulating the mPWP SSTA and SST are evaluated by comparisons between the
simulation and the multi-proxy reconstructed SSTA and SST (McClymont et al., 2020), as shown in Figure 3. The
global averaged discrepancies between the reconstructed mPWP SSTA and the simulated SSTA from HadCM3t
and HadCM3u, quantified using Monte Carlo simulations following the method described in Kageyama
et al. (2021), are 1.98°C and 2.38°C, respectively, suggesting an improved model performance in reproducing
SSTA after tuning (Figure 3e). The improvement is limited in the low latitudes. In the Polar Regions with
available proxy data, HadCM3t still underestimates the warming but shows reduced discrepancies (Figures 3¢ and
3d). As shown in Figure 3e, HadCM3t produces a smaller discrepancy than HadCM3u over the mid-latitudes and
Polar Regions, suggesting that a better representation of the mPWP SSTA in these regions accounts for the
smaller global discrepancy in HadCM3t than HadCM3u. The simulated mPWP SST in HadCM3t aligns better
with the reconstructed SST than in HadCM3u, as shown by the Taylor Diagram in Figure S7 in Supporting
Information S1. The root mean squared error (RMSE) between the simulated SST in HadCM3t and the recon-
structed SST is 2.17, which is lower than the RMSE of 2.84 in HadCM3u. Furthermore, applying HadCM3t for
the mPWP while retaining HadCM3u for the PI reduces the global mean discrepancy with the reconstructed
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Table 2
The Regional Mean of Temperature Changes From Different Components Estimated by the EBM and the Approximate Partial Radiative Perturbation Methods From
Figure 9
Temp Temp Emissivity Cloud (shortwave)
change change Cloud Heat Surface albedo Noncloud
(GCM) (EBM) Sum (longwave) GHG&LR transport (shortwave) (shortwave) Sum  Fraction Scattering Absorption
HadCM3t 32 3.1 1.8 —0.1 1.8 0.0 0.9 (2.9) 0.3 (0.9) 0.1 0.5 -0.3 —0.1
global 0.5) (1.5) (—0.8) (=0.2)
Polar 7.0 [2.2] 72 44 0.8 3.6 -1.0 4.0 (12.1) 0.5 (1.6) —0.3 0.2 —0.4 —0.1
regions (—1.0) 0.5) (-1.3) (-0.2)
>60N 6.0 [1.9] 6.2 3.8 0.5 33 -1.3 3.3(10.4) 0.5 (1.6) 0.3 0.5 —0.1 —0.2
(0.8) (1.4) (=0.2) (—0.5)
<60S 8.0 [2.5] 8.3 5.0 1.0 39 —0.7 4.7 (13.9) 0.5 (1.5) -0.9 —0.1 —0.8 0.0 (0.1)
(=2.7) (=0.3) (-24)
Tropical 2.1 1.8 1.3 —0.2 1.5 0.1 0.4 (1.4) 0.2 (0.7) —0.1 0.2 —0.3 0.0 (0.0)
(-0.4) (0.8) (-1.1)
HadCM3u 2.9 2.8 1.7 0.0 1.7 0.0 0.8 (2.6) 0.3 (0.9) 0.0 0.3 -0.3 —0.1
global (0.0) (1.1) (—=0.9) (—0.2)
Polar 5.7 [2.0] 6.0 3.8 0.7 3.0 -0.9 339.8) 0.5 (1.5) —0.5 0.2 —0.6 —0.1
regions (-1.3) (0.6) (—1.6) (-=0.2)
>60N 4.8 [1.7] 5.0 3.1 0.4 2.6 -1.2 2.5(1.7) 0.6 (1.7) 0.3 0.7 —0.2 —0.2
(0.9) (2.1) (=0.6) (—0.6)
<60S 6.6 [2.3] 6.9 44 1.0 3.4 —0.5 4.1 (11.9) 0.5 (1.3) -12 —0.3 -0.9 0.1 (0.2)
(=3.5) (-10) (=2.7)
Tropical 2.1 1.9 1.6 0.0 1.6 —0.1 04 (1.4) 0.2 (0.8) —0.2 0.1 —0.3 —0.0
(-0.8) (0.3) (=09 (—=0.1)
Difference 0.3 0.3 0.1 —0.1 0.1 0.0 0.1 (0.3) 0.0 (0.0) 0.1 0.1 0.0 (0.0) 0.0 (0.0)
global (0.5) 0.4)
Polar 1.3 1.3 0.6 0.1 0.6 —0.1 0.7 (2.3) 0.0 (0.1) 0.1 0.0 0.1 (0.3) 0.0 (0.0)
regions 0.3) (0.0)
>60N 1.2 1.2 0.8 0.2 0.7 0.0 0.8 (2.6) —0.0 (=0.1) —0.1 -0.2  0.1(0.4) 0.0(0.1
(=0.2) (=0.7)
<60S 1.3 14 0.6 0.1 0.5 -0.2 0.6 (2.0) 0.1 (0.3) 0.3 0.2 0.1 (0.3) —0.0
(0.8) 0.6) (=0.1)
Tropical —0.1 —0.1 -0.3 —0.2 —0.1 0.2 —0.0 (-0.1) 0.0 (0.0) 0.1 0.1 —0.1 0.0 (0.1)

03) (05 (=02

Note. Polar Regions here are regions 60°N and 60°S polewards. The polar amplification factor (the ratio of warming poleward of 60°N and 60°S to the global mean
warming) are shown in square brackets. The unit is °C. The changes in shortwave radiative effect (RE) from APRP components are shown in round brackets, which have
the unit of W m~2. Here GHG&LR denote greenhouse effect and lapse-rate effect. The dominant contributor in each category is indicated in bold.

SSTA (Figure S8 in Supporting Information S1), implying that the improved alignment of the mPWP SSTA from
HadCM3t with the reconstruction is primarily due to the better simulation of the mPWP.

3.3. Documentation of Non-Temperature Climatic Features

In this subsection, other climatic features of the mPWP and PI produced by HadCM3t and HadCM3u are
described in terms of atmospheric variables and oceanic states. First, the mPWP climatology anomaly relative to
the PI produced by HadCM3t will be described in terms of fresh water flux (precipitation minus evaporation; P-E)
(Figure 4), total cloud amount (Figure 5), atmospheric vapor (Figure 6) and ice fraction (Figure 7) in Sec-
tion 3.3.1, and oceanic meridional overturning circulation (Figure 8) in Section 3.3.2. After the description of each
climatic feature, the differences in climatology anomalies of the mPWP relative to the PI from the two models are
discussed. The spatial pattern of climatology fields of the mPWP and the PI from both models and their dif-
ferences are all shown. The differences between HadCM3t and HadCM3u in the same experiments are also
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Figure 3. (a, b) The difference between the reconstructed mPWP sea surface temperatures (SST) from McClymont

et al. (2020) (Figures 2a and 2b) and the mPWP SST from models. (c, d) The difference between the reconstructed mPWP
SSTA relative to PI from McClymont et al. (2020) (Figures 2g and 2h) and the mPWP SSTA from models. (e) Box plots
showing discrepancies between model simulations and proxy-based SSTA for global and regional scales. Vertical lines
inside the boxes are the median values of the possibility distribution function of the discrepancies derived via Monte Carlo
simulations considering the uncertainties of the reconstructed SSTAs. Lower and upper box boundaries indicate the interval
where the model and proxy discrepancies are likely to be (probability range from 66% to 100%). Lower and upper error lines
indicate the interval where the model and proxy discrepancies are most likely to be (probability range from 90% to 100%).
The unit is °C. Details of this metric can be found in Ren et al. (2023). Polar Regions indicate regions polewards of 60°N and
60°S. The mid-latitudes here refer to the regions between 23.5° and 60° in both the Northern and Southern Hemispheres.

included here to discuss the effect of tuned parameters on both the PI and the mPWP, but will be explored further
in Section 4.2.

3.3.1. Atmospheric Features

A higher global surface temperature will in general result in an increase in global precipitation (Andrews
et al., 2010; Frieler et al., 2011). Figure 4 shows the simulated P-E of the mPWP and the PI from both models (the
changes in precipitation are shown in Figure S9 in Supporting Information S1). HadCM3t and HadCM3u produce
similar P-E anomalies of the mPWP relative to the PI, with the most significant changes over the low latitudes
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Figure 4. The same as Figure 2 but for fresh water flux precipitation minus evaporation (P-E).
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Figure 5. The same as Figure 2 but for total cloud amount.

(Figures 4g and 4h). The zonal average shows that the P-E increases significantly over the northern tropics and
decreases over the southern tropics (Figure 4g). Although HadCM3u produces a similar pattern over the tropics,
the P-E anomalies are more extreme than those from HadCM3t (Figure 4h). The spatial pattern is also slightly
different with HadCM3t simulating less extreme P-E anomaly values over the tropical Pacific Ocean than
HadCM3u. Generally, the areas with increased or decreased P-E anomaly are similar between HadCM3t and
HadCM3u.

Precipitation is linked to cloud cover. Clouds are also very important in regulating the Earth's energy system via
their high albedo and their greenhouse warming effect. Figure 5 illustrates the spatial pattern of cloud cover and
cloud cover anomaly from HadCM3t and HadCM3u. Compared to the PI, cloud cover increases over the northern
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Figure 6. The same as Figure 2 but for surface specific humidity (HUSS).
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Figure 7. The same as Figure 2 but for total ice fraction (sea ice, land ice and snow cover).
tropics, northern Greenland, and around Antarctica, but decreases over the rest of the globe in the mPWP
(Figure 5g). Over the low latitudes, the P-E anomaly has a similar distribution to the cloud cover anomaly, as well
as to atmospheric ascent at 850 hPa (Figure S10 in Supporting Information S1), which implies the P-E anomaly
changes with the cloud cover anomaly, or that they are both influenced by the atmospheric ascent over the low
Mean Atlantic Meridional Overturning Streamfunction
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Figure 8. The Atlantic Meridional Overturning Circulation stream function in sverdrups (Sv). Positive and negative values
indicate clockwise and anticlockwise overturning, respectively. The white colors indicate the land.
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latitudes. The cloud cover is also highly influenced by atmospheric humidity and temperature. Over the land
surface, the cloud cover anomaly changes are consistent with the atmospheric relative humidity (Figure S11 in
Supporting Information S1). HadCM3t generates a similar cloud cover anomaly to HadCM3u. Compared with
HadCM3u, the cloud cover anomaly from HadCM3t increases less over the northern tropics and the northern high
latitudes, and decreases more over the southern mid-latitudes, but decreases slightly less over the southern pole,
southern tropics, and areas around 20°N (Figure 51i).

In addition to the cloud and CO,, atmospheric water vapor will contribute to temperature change via the
greenhouse effect, and through absorption of solar radiation. The surface specific humidity (HUSS) of the mPWP
and the PI from HadCM3t and HadCM3u and their differences are as shown in Figure 6. HUSS is dominated by
TS (Figure 2) and evaporation (Figure S12 in Supporting Information S1) due to the Clausius-Clapeyron rela-
tionship. As the mPWP is warmer than the PI, the HUSS increases over almost the entire globe, with a peak over
the northern tropics and then relatively less but still substantial high HUSS over the high latitudes. Relative to the
HUSS changes from HadCM3u, HadCM3t has a relatively smaller increase in HUSS over the tropics; whereas
over the high latitudes, HadCM3t has a higher increased HUSS, which is consistent with the changes in TS and
evaporation (Figures 2i and 6i and Figure S12i in Supporting Information S1).

Regarding the Earth's energy balance, the change in sea ice and snow cover is very important for shortwave
radiation due to its high albedo and the significant difference from the mPWP to PI. Changes in sea ice are very
sensitive to temperature change. As the high latitudes warm significantly in the mPWP compared to the PI, there
is substantial sea ice loss over the high latitudes as well as the prescribed reduction in land ice and snow coverage
(Figures 7g and 7h). Due to higher TS warming, there is more sea ice loss over the high latitudes in HadCM3t
simulated mPWP compared to HadCM3u simulated mPWP (Figure 7i). Compared to the changes in the cloud
cover, the regions of Greenland and Southern Polar region with sea ice fraction loss are also regions with sub-
stantial increase in cloud. Although HadCM3t and HadCM3u are initialized with a fixed terrestrial ice sheet
which already includes topographic differences, the substantial sea ice loss can still emphasize the topographic
changes and therefore causes the cloud cover to change. Additional future sensitivity studies could explore the
relative impact of the sea ice albedo tuning versus other parameters (Howell et al., 2014).

3.3.2. Oceanic Features

The tuned parameters of the model influence the atmosphere, the sea ice, and the ocean. In terms of the modi-
fication to the model, the simulated ocean situation is directly influenced by two tuned parameters—the vertical
mixing of momentum coefficient (J. Murphy et al., 2009) and vertical diffusion rate of increase with depth (Irvine
et al., 2013), which are expected to instigate stronger oceanic overturning after tuning (Table 1). The Atlantic
Meridional Overturning Circulation (AMOC) of the mPWP and PI from HadCM3t and HadCM3u are as shown in
Figure 8. The meridional overturning of the global, Pacific Ocean and Indian Ocean are shown in Figures S13—
S15 in Supporting Information S1. The AMOC becomes stronger in the north in the mPWP, compared to PI,
which significantly intensified the global meridional overturning in the Northern Hemisphere (Figure S13 in
Supporting Information S1). The AMOC differences between mPWP, and PI, is much less significant. Moreover,
model tuning changes AMOC in the mPWP but has much less influence on the PI (Figures 8c and 8f). The
intensified AMOC from HadCM3t can also be inferred from the warmer ocean surface temperature over the high
latitudes, especially the northern Atlantic, where it warms the most in the mPWP following tuning (Figure 2c), as
the transport of warm water from the low latitudes strengthens. Regarding the Southern Hemisphere, meridional
oceanic overturning changes the most at 60°S where directions of overturning at around 3,000 m depth change
between the mPWP and the PI. Overall, a key feature of the mPWP oceanic anomaly after model tuning is the
intensification of AMOC.

3.4. Earth System Energy Budget Analysis

To identify the reason for the higher mPWP polar TS anomaly in HadCM3t compared to HadCM3u, the Earth's
energy imbalance between the mPWP and the PI is quantified by adopting the EBM and APRP approaches in
terms of longwave radiation and shortwave radiation components. In this section, the zonal averaged and global
averaged contributions from different components to the temperature changes between the mPWP, and PI, from
HadCM3t are first described. In terms of the shortwave components, there are the detailed APRP decomposition
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of the shortwave radiative effect (RE) changes from surface albedo, cloud and noncloud components. Following
this, the main focus is to compare the mPWP temperature anomalies simulated by HadCM3t and HadCM3u.

3.4.1. The mPWP Anomaly From HadCM3t

From the energy balance analysis for both HadCM3 models, it can be seen that the changes in the EBM com-
ponents in the mPWP relative to the PI are very similar between HadCM3t and HadCM3u: the surface albedo and
emissivity contribute the most to the mPWP global warming and polar region warming (Figure 9 and Table 2);
other components have secondary influence in the mPWP warming anomaly. In HadCM3t, surface albedo and
emissivity contribute 0.9°C and 1.8°C, respectively, to the global mean warming. The emissivity term is further
decomposed into a small negative contribution from clouds variations (—0.1°C) and a dominant contribution from
greenhouse gases and lapse-rate effects (GHG&LR) (1.8°C). In HadCM3u, surface albedo and emissivity
contribute 0.8°C and 1.7°C, respectively, with the emissivity contribution primarily attributed to GHG&LR
effects (1.7°C). The heat transport component has only regional impacts on the temperature change. The solar
radiation component does not change mPWP temperature anoamly simulated by both models since the solar
constant remains the same in the same model, therefore, it is not shown here.

Regionally, the emissivity-induced warming changes correspond with TS, which shows maxima warming
anomaly near 80°S and in the Arctic. Emissivity and another major contributor, surface albedo, show similar
changes over most regions but differentiate significantly around the tropics. Over the area around 10°N, changes
in emissivity lead to significant temperature increase, while surface albedo leads to small changes. The
emissivity-induced warming peak at around 10°N can be explained by the increase in cloud cover and the peak of
surface specific humidity at around 10°N (Figures 5g and 6g), which leads to strengthened cloud-induced
emissivity and GHG&LR-induced emissivity (dashed green lines in Figure 9). The cloud-related emissivity
change shows a small contribution in the global mean, but contributes positively to polar warming (Figure 9 and
Table 2). In the polar region, HadCM3t attributes 4.0°C of warming to surface albedo and 4.4°C to emissivity,
including a 0.8°C contribution from longwave cloud effects. In comparison, HadCM3u attributes 3.3°C to surface
albedo and 3.8°C to emissivity, with 0.7°C from longwave cloud effects. Although the cloud-induced emissivity
change shows a small contribution to the global mean, but contributes positively to polar warming (Figure 9 and
Table 2).

The contributions from shortwave associated components (surface albedo, noncloud and cloud) can be shown as
RE changes with more details in Figure 10 (Figure S16 in Supporting Information S1 for HadCM3u). Regarding
the surface albedo, the increased surface albedo-induced warming over the high latitudes can be explained by the
mass loss of ice fraction. The surface albedo induced RE anomaly in both clear sky and overcast situations is most
significant over regions (Figure 10Aa) where the majority of the surface is covered by ice in both the mPWP, and
the PI, (Figure 7). The surface albedo is largely influenced by the snow cover over the land and sea ice con-
centration over the ocean, regions that lose ice mass have much lower albedo and therefore reflect less radiation,
so that albedo-induced RE under clearsky and overcast situations both increase significantly. The ice fraction does
not decrease over all the high latitudes, for example, the ocean around Scandinavia where sea ice concentration
increases, albedo-induced RE decreases. For regions fully covered by ice, like eastern Greenland and Antarctic in
the mPWP, and the PI,, the RE induced by the surface albedo doesn't change. Although the surface albedo-
induced mPWP warming is relatively small compared to the high latitudes, changes in the surface albedo also
cause RE to change over land in mid to low latitudes due to land surface type changes (Figure 10Aa). Here,
changes in the surface albedo calculated from surface type without considering snow (Figure S17 in Supporting
Information S1 using snow-free albedo calculations as described in Essery et al. (2001)) are consistent with the
surface albedo induced RE change over the mid to low latitudes. The surface type change leads to a reduction in
surface albedo over regions such as the northern tropical Sahara, Western Asia and the northern Australia, and
therefore a significant increase in the RE due to surface albedo change, and vice versa over regions such as the
south of northern Asia and North America. For example, the surface type adopted by each experiment (Figure S1
in Supporting Information S1) shows that the northern tropical Sahara and Western Asia changes from broadleaf
tree, C4 grass and shrub to soil which has a lower albedo in the mPWP relative to the PI, and therefore a positive
RE change.

The noncloud-induced shortwave RE increased by 0.9 W/m? from HadCM3t in the mPWP, compared to the PI,,
leading to 0.3°C warming (Figure 10Ad). Regions that are ice free in the mPWP, but covered by ice in the PI, (e.
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Figure 9. The results of the one-dimensional energy balance model (EBM) and the approximate partial radiative perturbation
(APRP) analysis, as described in Section 2.4. (a) The EBM and APRP result of the energy imbalance between the mPWP,
and PI,, (b) the EBM result of the energy imbalance between the mPWP,, and PI,,, and (c) the difference between HadCM3t and
HadCM3u. These lines show the zonal mean of surface temperature changes (gray lines), temperature changes derived from the
energy budget (black lines), and individual contributions from emissivity (green lines), decomposition of the emissivity
component (greenhouse effect and lapse-rate effect (GHG&LR); green dash lines), meridional heat flux (orange lines), surface
albedo (red lines), shortwave noncloud factor (magenta lines), shortwave cloud factor (navy blue lines) and decomposition of
shortwave cloud factors (dash lines and cyan lines). Numbers after each component are the global mean value with the unit
of °C.

g., the low-lying Wilkes and Aurora subglacial basins, West Antarctica, and western Greenland; Figure S18a in
Supporting Information S1) are also regions where noncloud induced RE increase significantly. Here ice sheet
changes between the mPWP and the PI lead to significant decreases in topography (by more than 1,500 m over
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Figure 10. The contribution to the shortwave radiative responses from individual components as estimated by the
approximate partial radiative perturbation method. (a) The mPWP anomaly from HadCM3t, and (b) the differences in mPWP
anomaly between HadCM3t and HadCM3u. Here, (a) the contribution from surface albedo is the sum of contributions from
(b) surface albedo under clearsky situation and (c) overcast situation. (d) The contribution from the noncloud factor is the
sum of contributions from (e) clearsky scattering effect and (f) clearsky absorption. (g) The contribution from cloud factor is
the sum of contributions from (h) cloud fraction changes, (i) cloud scattering effect and (j) cloud absorption. (k) Shows the
global mean surface temperature (GMST) change directly from the model outputs with the unit of °C. (I) Shows the sum of
RE change from the surface albedo, the noncloud and the cloud. All images except (k) have units of W/m?2. The numbers in
brackets are the global mean for each individual component.

some regions), hence substantial increases in the thickness of the atmosphere and a positive RE change. For lands
of mid to low latitudes, the noncloud-induced RE change is opposite to the surface albedo-induced RE, which can
be explained by any increase in shortwave reflection increasing noncloud-induced RE, and vice versa. Moreover,
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in the APRP approach (Taylor et al., 2007), the increased CO, is also counted as a term that can lead to a
positive RE.

The shortwave cloud contributes 0.1°C global average warming in the mPWP; relative to PI; due to shortwave RE
increases by 0.5 W/m?. Further decomposition shows that the contribution from the cloud fraction effect (0.5°C
warming; 1.5 W/m? RE) is counterbalanced by cloud scattering effect (—0.3°C temperature change; —0.8 W/m?
RE) and cloud absorption effect (—0.1°C temperature change; —0.2 W/m? RE). Zonal average results (Figure 9a)
show that the mid-latitudes warming, especially over the Southern Hemisphere mid-latitudes, is largely attributed
to the cloud-induced RE anomaly. The distribution of cloud fraction-induced shortwave RE change corresponds
inversely with the changes in the cloud amount (Figure 5g), but the impact is not proportional. For example,
increased cloud fraction induces a reduction in RE over regions with increased cloud amount such as the Indian
subcontinent and Sahara, and vice versa. For regions like Antarctica and Greenland where cloud amount changes
substantially, the cloud fraction-induced RE does not change as much. This is because the total incoming
shortwave radiation is much lower over the high latitudes than the low latitudes, therefore the cloud coverage
change has a more significant impact on the low latitudes than the high latitudes. Moreover, the high albedo of ice
sheets in Antarctica and Greenland reflect shortwave radiation even in the absence of clouds, resulting in minimal
cloud impact on net radiation in these regions. The cloud scattering-induced shortwave RE also varies inversely
with cloud coverage across most regions, but it exhibits different changes in regions, such as the subtropical
Atlantic Ocean and northeastern Indian Ocean, where there is less cloud but stronger scattering effect which leads
to a reduction in RE in both HadCM3t and HadCM3u. This can be explained by the changes in cloud charac-
teristics involved in this study, which in this tuning exercise are cloud drop number and cloud drop radii. In terms
of the zonal average, the cloud scattering-induced RE decreases significantly at around 65°S and 10°N due to the
increased cloud amount, which results in a negative global mean of the cloud scattering-induced RE change. In
comparison with the cloud fraction and scattering effect, the cloud absorption effect is small, and it makes
insignificant differences in the APRP analysis.

3.4.2. Comparison Between HadCM3t and HadCM3u

The temperature anomalies and RE anomalies from different components of HadCM3t and HadCM3u are similar
(Figures 9 and 10a, and Figure S19 in Supporting Information S1). On a global average perspective, the emis-
sivity, surface albedo and shortwave cloud all contribute to the differences in temperature anomaly between
HadCM3t and HadCM3u by +0.1°C, respectively (Figures 9c and Table 2); while shortwave noncloud factors
and heat transport make neglectable contributions to the temperature anomaly change between models. Over the
high latitudes, changes in emissivity, heat transport, surface albedo and cloud all make contributions to the
warmer high latitudes mPWP anomaly from HadCM3t in relative to HadCM3u.

Emissivity-induced temperature anomaly increases in the northern and southern high latitudes, but decreases
around the equator. These differences in emissivity-induced warming between HadCM3t and HadCM3u can be
further attributed to the cloud-induced and GHG&LR-induced components (Figure 9), which are relevant to the
differences in cloud anomalies and HUSS anomalies from HadCM3t and HadCM3u (Figure S20 in Supporting
Information S1, Figures 5i and 61). Over high latitudes where HUSS anomaly increases, the GHG&LR-induced
warming increases coherently; in regions around the equator where HUSS anomaly decreases, the GHG&LR-
induced warming decreases. In high latitudes, a higher temperature anomaly brings an increased HUSS anomaly,
and therefore positive GHG&LR-induced warming; this forms a temperature—vapor—emissivity positive feed-
back. The heat transport changes contrarily with emissivity over the low latitudes and changes contrarily with
albedo over the high latitudes.

In addition to the emissivity, there are differences in the contribution of surface albedo and cloud by influencing
the shortwave RE between HadCM3t and HadCM3u. The changes in surface albedo contribute to a global mean
temperature anomaly of 0.1°C and a 0.7°C increase in high latitudes, driven by surface albedo-induced RE in-
creases of 0.3 and 2.3 W/mz, respectively. As discussed above, it is the ice fraction loss that leads to the increased
albedo-induced RE over high latitudes in HadCM3t. This linkage can also explain the difference in the albedo-
induced RE anomaly between HadCM3t and HadCM3u, as there is less ice in HadCM3t simulated mPWP
compared with HadCM3u simulated mPWP (Figure 7c), but there is more ice in HadCM3t simulated PI than
HadCM3u simulated PI (Figure 7f). The same tuning processes lead to different ice fraction responses between
the mPWP and the PI, which is the reason for the surface albedo-induced RE change, and can be seen in the APRP
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results in the same experiment from different models (Figure S21 and S22 in Supporting Information S1). In terms
of temperature, HadCM3t produces warmer polar regions in the mPWP compared to HadCM3u (Figure 2c¢),
leading to ice loss in the Arctic and around Antarctica (Figure 7¢). Whereas in the PI, HadCM3t produces cooler
Arctic temperatures and reduced warming around Antarctica (Figure 2f), with a corresponding ice response
(Figure 7f). Hence, the temperature—ice—surface albedo positive feedback plays a crucial role in the amplified
polar warming from HadCM3t than HadCM3u (Figure 2i).

The cloud component makes the largest shortwave RE contribution among the various components contributing
to the difference between mPWP, and mPWP, anomalies, leading to a global average RE change of 0.5 W/m?,
which is equivalent to 0.1°C warming. In contrast, cloud-induced changes in emissivity contribute a cooling effect
of —0.1°C to the difference in global mean temperature anomalies. Further decomposition of the shortwave cloud
component shows that the cloud fraction makes the most significant difference, followed by cloud scattering,
which contributes little to a global average, but largely influences the northern high latitude warming, along with
the cloud fraction (Figures 9c and 10b). In contrast, the absorption factor has little influence on either the global
average or spatial patterns. In terms of the global average, the larger cloud fraction-induced RE anomaly from
HadCM3t is than HadCM3u can be explained by the corresponding decreased cloud amount anomaly around
50°S, 10°N (Figures 5i and 9c).

The energy budget analysis results from the same experiment but tuned and untuned HadCM3 reveal that the
tuning process makes a strong difference in the cloud scattering effect, especially over regions with high cloud
amount with the exception of the polar regions (Figures S21 and S22 in Supporting Information S1 and Figure 5).
This is because the tuning process increasing cloud drop radius and decreasing cloud drop number, which causes a
positive cloud scattering-induced RE anomaly. However, the drop radius and number of cloud are also influenced
by other factors such as changes in humidity, atmospheric movement, temperature, etc. Overall, after model
tuning, changes in the cloud lead to a substantial warming effect due to changes in shortwave RE. The combined
effect of the tuning process and the changes in cloud cover itself leads to slightly different responses in cloud
scattering-induced RE over some regions between the mPWP and the PI (Figure S21i and S22i in Supporting
Information S1).

To summarize, the effect of emissivity on longwave radiation, along with the contributions of surface albedo and
shortwave cloud component, each contributes to a +0.1°C difference in the mPWP TS anomaly between
HadCM3t and HadCM3u. The warming resulted from the surface albedo component is because of 0.3 W/m? RE
increase due to ice loss; the warming attributed to shortwave cloud component is due to 0.5 W/m? RE increase
mainly from changes in cloud fraction.

4. Discussion
4.1. Comparison With PlioMIP2 Models

Using the same experimental design as other PlioMIP2 models allows us to compare tuned HadCM3 directly with
PlioMIP2 models in simulating the preindustrial and the mPWP. HadCM3t has a similar performance in PI
simulation to HadCM3u, yet outperforms HadCM3u and most PlioMIP2 models in simulating SSTAs of the
mPWP (Figure 11a). The quantification of performance in simulating SSTAs of the mPWP is as described in
Section 3.2 and caption of Figure 3, which is the median values of the possibility distribution function of the
discrepancies derived via Monte Carlo simulations. In terms of the PI, tuned HadCM3 and untuned HadCM3
produce similar root-mean-square error (RMSE) compared with the ERSST v5 (Huang et al., 2017) SST
climatology of 1854-1900, which are 1.40°C and 1.47°C, respectively (Figure 1la; Details are shown in
Figures la and 1b).

The similarity between models can be deduced from the spatial correlation and the hierarchical clustering metrics
based on the spatial features of SSTAs and precipitation from individual models, which also been used in Ren
et al. (2023), the less the distance between models is, the more similar these models are. The performance of tuned
HadCM3 and untuned HadCM3 are very similar in terms of reproducing global average PI SST and patterns of
spatial anomalies. Figures 11b and 11c shows that among PlioMIP2 models and HadCM3t, the two closest model
are HadCM3t and HadCM3u, that is, the most similar model for HadCM3u is HadCM3t regarding their simulated
mPWP SSTAs and precipitation anomalies.
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Figure 11. (a) The model-data discrepancies of the E280 and E0i400 simulations from PlioMIP2 models and HadCM3t. The
unit is °C. The quantification of the mPWP discrepancy is as described in Section 3.2. The PI discrepancy denotes the root-
mean-square error (RMSE) between simulated PI and observation. (b, ¢) Dendrogram of the SSTA clustering analysis based on
the global mean SSTAs and precipitation from 17 PlioMIP2 models (including HadCM3u) and HadCM3t. Below the
dendrogram, the clustering step is shown as a function of distance between groups.

4.2. Synthesis of the Effect of Parameters on the Atmosphere

The atmospheric hydrological cycle is sensitive to model tuning and SST feedbacks. These factors, including
humidity, cloud, and precipitation, also influence the Earth's energy balance. In the following text, we discuss the
changes of atmospheric characteristics due to model tuning.

After tuning, specific humidity in the troposphere decreases significantly in almost all layers over all latitudes.
The exceptions are a slight increase in near surface humidity over part of the mid-latitudes in the PI and over mid-
latitudes and high latitudes in the mPWP (Figures S23 in Supporting Information S1). Zonal averaged results for
evaporation, SST, and the near surface specific humidity change synchronously, implying that the changes in near
surface humidity are dominated by SST and evaporation. Except for the near surface, the specific humidity
generally decreases over all latitudes, with the largest decrease over the tropics. The large decrease over the
tropics can be explained by the decreased water vapor supply due to decreased evaporation and weakened air
ascending over the tropics (Figures S12 and S10 in Supporting Information S1). For regions of 35°N to 65°N and
40°S to 65°S, near surface humidity increases, which can be explained by the increased surface evaporation and
the surface air ascending anomaly (Figures S10c, S10f and S12 in Supporting Information S1). However, the
humidity in the upper troposphere over mid-latitudes still decreases, which may be a result of the weakened
Hadley circulation and less tropical humidity that weaken the vapor transport into the upper troposphere (Figures
S10 in Supporting Information S1 and Figure 6).

In terms of the stratosphere, specific humidity changes are insignificant following model tuning. Irvine
et al. (2013) conducted experiments with different tuned parameters in HadCM3 and found that lower lateral
entrainment coefficient values of less than 2.5 combined with higher CO, concentrations can cause a significant
increase in high latitude stratospheric humidity. This change is also associated with higher climate sensitivity and
higher temperature. Sanderson and Shell (2012) attributed higher climatic sensitivity with a large, positive
longwave feedback to the upper atmospheric humidity increase. In our study, the lateral entrainment coefficient
value was reduced from 3.000 to 2.789 but since this is still higher than 2.500 (Table 1) the influence of tuning this
parameter on high latitude upper atmospheric humidity will be limited. The positive longwave feedback of
emissivity in this study, as shown in Figure 9c and Figure S20 in Supporting Information S1, is instead related to
the lower atmospheric humidity increase rather than changes in the upper atmosphere.

Cloud properties are also highly influenced by the parameters tuned in this study. From the zonal mean result, the
cloud cover amount changes correspondingly with the relative humidity, which is mainly influenced by the
surface temperature (Figure 12). Cloud coverage changes with the relative humidity in most latitudes, but is
decoupled in the Southern Hemisphere high latitudes and the North Pole, where the relative humidity decreases
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Figure 12. The zonal mean changes in cloud cover (CLT), relative humidity (HURS), TS and precipitation of the mPWP and
the PI from HadCM3t compared to HadCM3u. (a): mPWP,—mPWP,; (b): PI,—PI,,.

but cloud cover amount increases (Figure 12a and Figure S11 in Supporting Information S1). Over these regions
the change in cloud coverage can be explained by other factors such as the tuned lower threshold of relative
humidity for cloud formation. In other words, in regions that experience significant relative humidity change, any
change of cloud coverage is dominated by the change of relative humidity which generates cloud, and these
changes are the combined result of the tuned parameters; in regions with insignificant relative humidity change
that are relatively dry, such as the high latitudes of both hemispheres, the changes in cloud can result from the
reduced threshold of relative humidity for cloud formation which allows cloud to form in a relatively drier
environment (Figure 12). There are other tuned parameters that change the cloud properties significantly. In this
study, the cloud droplet number is decreased to 50 cm™ and the cloud droplet radius is increased to 17 um. Only
consider the effects of model tuning, the combined influence of these two tuned parameter weakens cloud
shortwave scattering significantly and therefore has a positive RE, and can be seen from changes in the cloud
scattering induced RE (Figure S21 and S22 in Supporting Information S1). This is consistent with other paleo-
climate simulations that have incorporated similar tuning to these two parameters, as well as with studies
investigating aerosol-cloud interactions in paleoclimate background (e.g., Feng et al.,, 2019; Kiehl &
Shields, 2013).

Changes in both cloud and atmospheric circulation will significantly affect precipitation. Spatially, precipitation
generally increases where cloud coverage increases and vice versa. But this relationship is less obvious in the
zonal average. By taking the atmospheric vertical movement into account, it can be seen that the precipitation
anomaly is largely led by the changes in vertical air movement (Figure 4 and Figure S10 in Supporting Infor-
mation S1). Moreover, the tuning of the model influenced the precipitation directly by increasing cloud droplet to
rain conversion rate and decreasing the threshold of liquid water for the precipitation formation, as shown in
Table 1. The effect after tuning these two parameters is to promote the conversion of cloud water droplets to rain
(Rougier et al., 2009). Globally, the precipitation increases slightly by 0.03 mm/day, although global mean
temperature and atmospheric humidity both decrease in the mPWP; in the PI, global mean temperature decreases
more than the mPWP, and the global mean precipitation change is nearly 0.00 mm/day (Figure 12).
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5. Conclusion

In this study, HadCM3t has been adopted to study the climate of mPWP. Compared with the previous version of
HadCM3u, HadCM3t still performs well at simulating the preindustrial, but aligns with the reconstructed SSTAs
much better due to a better represent of high latitudes warming.

Comparing to HadCM3u, HadCM3t simulated mPWP and PI show differences primarily in temperature, pre-
cipitation, atmospheric humidity, cloud, ice, and ocean circulation. After model tuning, from the perspective of
the mPWP climatology anomalies relative to the PI: (a). The polar region becomes warmer, which leads the factor
of polar warming to global warming from 2.0 of HadCM3u to 2.2 of HadCM3t; (b). The P-E change over the
tropics becomes weaker; (c). The surface specific humidity increase becomes smaller over the tropics but larger
over high latitudes; (d), the zonal averaged cloud coverage anomaly does not change significantly, but leads to a
significant increase in the RE anomaly due to tuning on cloud drop number and cloud drop radii; (e). The ice
concentration loss is larger; (f). The intensification of AMOC becomes stronger.

Compare the results of the same experiment run from HadCM3t and HadCM3u, after model tuning: (a). In the
mPWP experiment, surface temperature increases significantly over the mid to high latitudes; in the PI experi-
ment, surface temperature increases only over the mid-latitudes but decreases over the high latitudes; (b). For both
the mPWP and PI, cloud increases over the low latitudes and high latitudes, but decreases over the mid-latitudes;
(c). For both the mPWP and PI, precipitation decreases significantly near the equator but decreases over the rest
regions of tropics and subtropics, in a global mean perspective, precipitation increases slightly by 0.03 mm/day,
although global mean temperature decreases in the mPWP; (d). For both mPWP and PI, the global meridional
overturning becomes more vigorous. For the same model parameters tuning, the PI and the mPWP has different
response due to their different climate backgrounds and differences in their Earth's system.

To explore the difference in the responses between HadCM3t and HadCM3u simulated mPWP climates, the Earth
system energy balance analysis and the further decomposition of shortwave flux are adopted by using EBM
approach and APRP approach. The results show that, in terms of the mPWP temperature anomaly: (a). Compared
to HadCM3u, the increased polar warming from HadCM3t are resulted from increased emissivity (0.6°C),
decreased surface albedo (2.3 W/m? shortwave RE equals to 0.7°C warming) and changes in shortwave cloud
(0.3 W/m? shortwave RE equals to 0.1°C warming); (b). In a global average perspective, changes in emissivity,
surface albedo and shortwave cloud equally contribute 0.1°C warming to the difference in the temperature
anomalies simulated by HadCM3t and HadCM3u. To summarize, after parameter tuning of HadCM3, the tuned
HadCM3 performs as well as the original HadCM3 at simulating the preindustrial but aligns better with the
reconstructed SSTAs of the mPWP mainly due to increased warmings from shortwave radiation change over high
latitudes which are primarily from the surface albedo change. The change in emissivity contributes secondarily to
the increased warming of the high latitudes. The change in cloud also makes positive contribution to the polar
warming from both longwave and shortwave effects. By refining model parameters using past climate data, this
study provides insights into improving the reliability of models to simulate future climates with similar conditions
and feedback mechanisms.

Data Availability Statement

Climate Model data used in the study can be accessed at the repository of Bristol Research Initiative for the
Dynamic Global Environment (BRIDGE) simulations data set https://www.paleo.bristol.ac.uk/ummodel/scripts/
papers/Xin_et_al_2025.html. The data is analyzed with Python Version 3.11.5 and NCAR Command Language

Version 6.6.2 (The NCAR Command Language, 2019).
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