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Abstract Changes in climate during the Roman Warm Period (RWP, 1-250 CE) and Late Antique Little
Ice Age (LALIA, 536-660 CE) play a critical role in early societal evolution, but the climate differences
between these two periods and the possible causes of the changes remain poorly explored. Here we use the
LOch—Vecode-Ecbilt-CLio-aglsM model Large Common Era Ensemble with 70 members to examine the
climate change over these two intervals and compare the results of this ensemble with the latest temperature
reconstructions from the Past Global Changes 2k network and the transient simulation for the past 2,000 years
from the Community Earth System Model. Results from both proxy reconstructions and climate model
simulations show warming in mid-to-high latitudes of the Northern Hemisphere (NH) during the RWP
compared with the LALIA. This is likely linked with the increased radiative forcing associated with weaker
volcanic eruptions in the RWP, which results in reduced sea ice area and pronounced high-latitude warming
through surface albedo and lapse-rate feedbacks. This increases the upper ocean heat content over centennial
time scales to maintain warming over the NH high-latitude regions. Moreover, the RWP has drier (wetter)
conditions in the eastern (western) equatorial Pacific than the LALIA, and this is related to the zonal sea
surface temperature gradient in the equatorial Pacific through modification of the zonal circulation.

Plain Language Summary Climate changes during the Roman Warm Period (RWP) and Late
Antique Little Ice Age (LALIA) had large impacts on human migration, agricultural production, and political
upheaval. However, little is known about the mechanism of climate change during these periods. We analyze
the climate differences during the two periods using large ensemble climate model simulations and the latest
proxy reconstructions. We find two consistent dominant features from model-data comparison: warming in
mid-to-high latitudes of the Northern Hemisphere (NH) and drier (wetter) precipitation anomalies in the eastern
(western) equatorial Pacific in the RWP than in the LALIA. Mid-to-high latitude warming may be related to
the increased radiative forcing associated with weaker volcanic eruptions in the RWP, resulting in the decrease
of sea ice area and Arctic warming amplification through positive surface albedo and lapse-rate feedbacks.

The precipitation differences may be caused by modification of the zonal circulation, which is forced by the
atmosphere—ocean interaction in the tropical Pacific. These mechanisms of climate change during the RWP and
LALIA periods had not been identified through model-data comparison previously.

1. Introduction

The Roman Warm Period (RWP) and Late Antique Little Ice Age (LALIA) are two periods of remarkably strong
climate anomalies during the first millennium of the Common Era (CE). Previous researches have suggested that
the RWP was even warmer than the Medieval Climate Anomaly (MCA) and the Current Warm Period (CWP)
(Bianchi & McCave, 1999; Keigwin, 1996). The RWP has been defined as the interval 1-300 CE from the
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Northern Hemisphere (NH) temperature reconstruction (Ljungqvist, 2010), but the temperature during the period
251-300 CE was already relatively low. Thus, we define the RWP as 1-250 CE. The cold climate during the
LALIA (536-660 CE) was defined by tree-ring chronologies in the Russian Altai and European Alps (Biintgen
et al., 2016), and confirmed by an integrated tree-ring record in the Northern Hemisphere (Biintgen et al., 2020).
Note that there is still some controversy about LALIA definition because some other types of proxy records indi-
cate a longer cooling period known as the Dark Age Cold Period (400-765 CE; Helama et al. [2017]).

Climate change during the RWP and LALIA played a vital role in subsistence patterns and societal reorganization
(Biintgen et al., 2016; T. Wang et al., 2013). However, less attention has been paid to these two periods than to
the MCA and Little Ice Age (LIA) during the second millennium of the CE, as proxy records and climate model
simulations for the RWP and LALIA are relatively scarce. Most proxy records focus on temperature reconstruc-
tions covering the first millennium of the CE (e.g., Helama et al., 2017). New temperature field reconstructions
for the past two millennia based on unprecedented proxy records have provided an opportunity to examine the
spatial patterns of these two periods (Neukom et al., 2019). However, there is a little reconstruction of other
climate variables such as precipitation, sea ice, and atmospheric and oceanic circulation.

A time series comparison of the proxy record and external forcing suggests that the NH temperature change
during LALIA was linked with volcanic forcing (Biintgen et al., 2016), and the variations in solar and volcanic
forcing may be responsible for the reconstructed NH temperatures during the RWP (Biintgen et al., 2020;
Ljungqvist, 2010). Numerous previous modeling studies have found and confirmed that volcanic eruptions
dominated hemispheric temperature changes over the second millennium of the CE (Bronnimann et al., 2019;
Crowley, 2000; Hegerl et al., 2003; Schneider et al., 2009; Schurer et al., 2014). Furthermore, the prominent role
of volcanic eruptions in the sixth-century temperature was confirmed by climate model simulations (Toohey,
Stevens, et al., 2016; van Dijk et al., 2022). However, the significant relationship between the solar activity and
the NH temperature variability from the proxy data reconstructions (Connolly et al., 2021) is not supported by the
climate model simulations over the second millennium of the CE (Schurer et al., 2014) and the Sun's total energy
output measurement over the past 30 years (Foukal et al., 2006).

In fact, the climate feedback processes can amplify or weaken the influences of the natural external forcings
on climate, but there is little evidence to quantify the physical feedbacks during the RWP and LALIA. Climate
feedback is divided into two categories, radiative and non-radiative (Goosse et al., 2018). The key non-radiative
feedbacks are mostly active over the Southern Ocean (Goosse et al., 2018). The major radiative feedbacks include
the Planck, lapse rate, surface albedo, cloud, and water vapor feedbacks (Goosse et al., 2018; Previdi et al., 2021;
Zhang et al., 1994). The amplitudes of the feedback are often quantified by a radiative feedback kernel method
during the instrumental period (Soden & Held, 2006). The quantitative analysis of climate feedback is critical
to advancing scientific understanding of the driving mechanisms of climate differences between the RWP and
LALIA.

The Community Earth System Model (CESM), the most frequent full General Circulation Model (GCM), has
been used to simulate the atmospheric, oceanic, and terrestrial feedbacks over the past two millennia, but the
volcanic forcing only covers the last 1500 years due to the Gao et al. (2008)'s reconstruction limitation (Z. Wang
et al., 2015; Yan et al., 2015). Volcanic aerosol data covering the past 2,000 years (Toohey & Sigl, 2016) were
used in the CESM simulation (called CESM-past2k) (Zhong et al., 2018), which provides an opportunity to
analyze the influences of the volcanic eruptions on climate differences during the RWP and LALIA. However,
experiments performed with a single climate model cannot be used to isolate the uncertainty from model internal
variability, which has substantial influence on simulated climate changes (Deser et al., 2020). Furthermore, the
CESM Last Millennium Ensemble (LME) project (Otto-Bliesner et al., 2016) covers only the second millennium
of the CE.

Here, we carry out 70 initial-condition ensemble simulations using the intermediate complexity Earth System
Model (LOch—Vecode-Ecbilt-CLio-aglsm, LOVECLIM) under the same forcings scenario. This LOVE-
CLIM Large Common Era Ensemble simulation is called LOVECLIM-LCE. The forced response from the
LOVECLIM-LCE simulation can be estimated by averaging over enough members because the resulting
sequences of unpredictable internal variability are phased randomly between the individual ensemble members
and tend to cancel out (Deser et al., 2012). We then discuss the climate feedbacks and atmospheric circulation
associated with the climate variation together with its possible origin, based on model-data comparison.
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2. Data and Models
2.1. Data

Here, the instrumental temperature and precipitation data are taken from two datasets. The monthly global temper-
ature observation dataset at 5.0° longitude x 5.0° latitude global grid from Hadley Center/Climatic Research Unit
Temperature version 4.5 (HadCRUT4.5) (Morice et al., 2012). The monthly precipitation reanalysis dataset at a
1.0° latitude x 1.0° longitude global grid from the Twentieth Century Reanalysis version 3 (20CRv3), which is
provided by the U.S. Department of Energy, Office of Science Biological and Environmental Research, by the
National Oceanic and Atmospheric Administration (NOAA) Climate Program Office, and by the NOAA Physical
Sciences Laboratory (Slivinski et al., 2019).

The latest six reconstructed global annual mean temperature anomaly field datasets (Neukom et al., 2019) were
used for model-data comparison. These reconstructions are based on the most comprehensive and latest Past
Global Changes 2k network (PAGES2k) temperature proxy dataset (PAGES2k Consortium, 2017). Six statisti-
cal reconstruction methods were used to reduce the influence of method selection on the reconstructions. Each
method generates 100 ensemble members, resulting in a total ensemble size of 600. The ensemble perturbation
in the first two methods (Composite plus scale and Principal-component regression) is achieved by adding noise
time series with the same standard deviation of the residuals to each ensemble member (Neukom et al., 2019).
The other four methods of producing members are more complicated; please refer to (Neukom et al., 2019)
for details. In addition, there are six NH temperature reconstructions and one SH temperature reconstruction
that have been published since 2014 CE, including the tree-ring reconstructions (Biintgen et al., 2021; Guillet
et al., 2017; L. Schneider et al., 2015; Shi et al., 2015; Wilson et al., 2016) and the multi-proxy reconstruction
(Neukom et al., 2014) to compare with the PAGES2k temperature reconstructions.

Global precipitation reconstruction is limited by low spatial coherency and the scarcity of precipitation-sensitive
proxies. Here, only a data-assimilation-based annual precipitation rate at the surface from the Last Millennium
Reanalysis (LMR) dataset is used for model-data comparison. It covers the past two millennia (1-2,000 CE) and
is relatively credible, as proxy system models were used to account for seasonal responses of the proxy records,
but the problem of scarce data in the first 700 years still exists in the LMR dataset (Tardif et al., 2019). The 20
ensemble members in the LMR dataset were generated through random drawings from the climate simulations
and proxy reconstructions (Tardif et al., 2019).

2.2. Climate Models

The results of a transient simulation over the past 2 ka with the CESM version 1.1 (CESM-past2k) (Zhong
et al., 2018) are used for model—data comparison. The horizontal resolution is 1.9° longitude x 2.5° latitude for
the atmospheric component and 1° longitude X 1° latitude for the ocean.

It would be preferable to run a full GCM, but such a model is too computationally expensive to run in a large
ensemble to obtain the probability distribution function of the outputs to investigate uncertainties in the climate
model system. Thus, the intermediate complexity Earth System model LOVECLIM version 1.3 is used here,
which is fully coupled with five different models: the atmospheric component, the ocean—sea ice component, the
vegetation component, the ice sheets component, and the oceanic carbon cycle component (Goosse et al., 2010).
The horizontal resolution is 5.6° longitude X 5.6° latitude for the atmospheric component and 3° longitude X 3°
latitude for the ocean. The most important simplification in LOVECLIM is the intermediate complexity atmos-
pheric component instead of a GCM, which saves considerable computing time (Goosse et al., 2010). This model
provides an opportunity to perform a large simulation ensemble (Goosse et al., 2010), and has been verified
as an adequate tool to reproduce the major characteristics of climate change over the last millennium (Goosse
et al., 2006, 2012).

The experimental design refers to previous work (Guion, 2017) that was performed according to the proto-
col of the Paleoclimate Modeling Intercomparison Project Phase 4 (PMIP4) (Jungclaus et al., 2017). There are
four major forcings: aerosols from volcanic eruptions, solar activity, greenhouse gases, and the orbital forc-
ing over the past 2,000 years (Figure 1). The volcanic forcing has monthly resolution and is divided into four
latitude bands (30°S-90°S, 0°S-30°S, 0°N-30°N, and 30°N-90°N; Figures la—1d). The volcanic reconstruc-
tion is from an ice-core-based volcanic stratospheric sulfur injection dataset named "eVolv2k_v1" (Toohey &
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Figure 1. Evolution of the major forcings: (a) to (d) Volcanic aerosol forcing (V, unit: W m~2) in four latitude bands; (e)
Total solar irradiance (TSI, unit: W m~2); (f) CO, (unit: ppm); (g) CH, (unit: ppb); (h) N,O (unit: ppb); (i) Eccentricity of
orbital ellipse (ECCEN, non-dimensional); (j) Latitude of Tropic of Cancer (Obliquity, unit: degree); and (k) Longitude of
perihelion (PERI, unit: degree). Gray shaded bars indicate the RWP (1-250 CE) and LALIA (536-660 CE) periods.

Sigl, 2016). The aerosol optical depth (AOD) for visible light is first computed from the volcanic injections using
the Easy Volcanic Aerosol (EVA) model, an idealized forcing generator for climate simulations (Toohey, Stevens,
et al., 2016). The resulting AOD for the four bands of latitude is then multiplied by a factor of 4/0.7 to give the
equivalent total solar irradiance (TSI), as suggested by Schmidt et al. (2011). This scaling applied to the TSI as a
function of latitude (see Figures 1a—1d) is a much stronger simplification than in the CESM-past2k experiment, in
which the stratospheric sulfate aerosol derived from the volcanic eruptions is distributed in the lower stratosphere
(Zhong et al., 2018). Volcanic eruptions induce a negative signal on surface temperature through the scattering
of incoming solar radiation by sulfate aerosols (Robock, 2000). The annual TSI anomalies with respect to the
1,360.8 W/m? during the historical period since 1850 CE is derived from Matthes et al. (2017), and before 1850
CE is calculated from the cosmogenic isotopes (Vieira et al., 2011) (Figure le). The three major components
of the greenhouse gases (carbon dioxide, methane, and nitrous oxide, Figures 1f-1h) are from Meinshausen
et al. (2017). The orbital forcing is the same for both PMIP3 and PMIP4 experiments and is based on the work
of Berger (1978) (Figures 1j and 1k). The vegetation/land use forcing is from Lawrence et al. (2016) (data not
shown).

Each member has been run for 1000 model years without any external forcing to reach a state of equilibrium. A
small random perturbation is added to the sea surface temperature (SST) to generate 70 members with slightly
different initial conditions but the same forcings. The global annual (April to March) SST for the 70 ensemble
members over the first 1000 model years (the spin-up period) is shown in Figure 2a. There is a small mean
standard deviation of 0.0407 °C and a small mean trend of 2.0952 x 10~* °C per century over the last 500 model
years (Figures 2b and 2c). Their ranges are 0.0380-0.0475 °C and —2.0001 X 1073 to 7.9312 x 10~ °C per
century, respectively. This indicates that the climate drift of the LOVECLIM-LCE simulation is small, and the
near-equilibrium ocean state taken as pre-industrial control simulation during the first 1000 model years is quite
stable. These trends and standard deviations are smaller than those for most control runs of CMIP5 simulations
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Figure 2. Global mean sea surface temperature anomalies (SST, unit: °C) in the spin-up period for ensemble members: (a)
Time series (colors represent different members); (b) Probability of the standard deviations of the global mean sea surface
temperatures lying within the bin ranges (non-dimensional); and (c) Probability of the trends of the binned global mean sea
surface temperatures (non-dimensional). The time series is plotted from —999 to 0 model years, anomalies are computed
relative to the base period of —500 to 0 model years, and the probabilities of the standard deviations and trends are computed
from —500 to 0 model years.

(A. S. Gupta et al., 2013). This indicates that the LOVECLIM model is suitable for long-term transient exper-
iments in paleoclimate research. The ensemble spread of the LOVECLIM-LCE simulation is defined by the
standard deviation of the ensemble members (T. Liu et al., 2019).

All datasets are calculated as annual averages based on the arithmetic mean of the April-March time window.
This is to avoid interruption of the growing season of trees in both the NH and Southern Hemisphere (SH), as
415 of 692 proxy records are from trees (ring width and density) (PAGES2k Consortium, 2017). The quantiles
for the cumulative probabilities (5%, 50%, and 95%) of the proxy reconstruction ensembles and the climate model
simulation ensembles were calculated for model-data comparison.

The AMOC index is defined as the maximum of the zonally averaged overturning stream function over the North
Atlantic domain (30°-60°N) in the depth range from 500 m to 2,000 m according to the previous study (Liu
etal., 2022). The northward heat transport index is the poleward heat transport in the North Atlantic at 35°N from
an output variable (Northward Heat Transport, N_HEAT) in the CESM-LME simulation and (Meridional Heat
Transport, MHT) in the LOVECLIM-LCE simulation.

2.3. Radiative Kernels

The radiative kernels are used to decompose the atmospheric radiative fluxes due to the radiative feedback includ-
ing the Planck, lapse-rate, surface albedo, and water vapor feedbacks (Soden & Held, 2006). The radiative kernels
method is defined by the formula as follows,

Atotal = Ap + AL+ Aa + Aw + Ac (D
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where the total feedback includes the Planck feedback (4p), lapse rate feedback (4.), surface albedo feedback
(A4), water vapor feedback (A ), and cloud feedback (Ac). These five feedbacks were determined by linearly
regressing the surface air temperature change with each radiation flux (H. Wang et al., 2022). We used the
monthly mean radiative kernels calculated with the CESM 1.1 model (Pendergrass et al., 2018). The input data
include the surface air temperature at reference height, the atmospheric temperature, the specific humidity, the
surface pressure, the net solar flux at the surface, the downwelling solar flux at the surface, the net longwave flux
at the surface, the net solar flux at the top of the model, the net longwave flux at the top of the model, and these
radiative fluxes are under clear-sky condition. The output data give the contribution of each feedback process to
temperature change; the unit of the radiative feedback is W m=2 K2,

3. Results

Figure 3 shows the annual (April-March) temperature anomalies and differences between the RWP and LALIA
in both model simulations and proxy data, including the probability (Figure 3a), and time evolution (Figure 3b),
and spatial pattern (Figure 3c). The medians of the probabilities of the NH temperature changes between the RWP
and LALIA, for both the LOVECLIM-LCE simulation and the proxy reconstruction, are larger than those of the
SH, but the NH temperature changes between the RWP and LALIA in the CESM-past2k simulation are equiva-
lent to those of the SH (Figure 3a). In addition, the CESM-past2k simulation has the largest temperature differ-
ences between the RWP and LALIA, and the proxy reconstruction has the smallest (Figure 3a).

The two simulated time series of NH and SH temperature anomalies are significantly related to the proxy recon-
structions and the instrumental records (Figure 3b), but their means, amplitudes, and differences between data
and models vary distinctly with the selected reference period (Figure S1 in Supporting Information S1). This
indicates that the discrepancies of NH and SH temperature anomalies in the model-data comparison before the
instrumental period are still evident if it is assumed that the current model simulations and the proxy reconstruc-
tion can broadly capture the instrumental hemispheric temperature variability. The other recent proxy recon-
structions lie within the uncertainty of the PAGES2k hemispheric temperature reconstructions (Figure S2 in
Supporting Information S1). This indicates that the PAGES2k temperature reconstructions are representative and
robust. There are two distinct features in these NH reconstructions (Figure S2 in Supporting Information S1).
One is that they show broadly consistent variability. This means that the multi-proxy reconstructions are domi-
nated by the tree-ring reconstructions, and the tree-ring reconstructions are constrained by plenty of available
overlapping tree-ring chronologies, which show a high correlation, especially in the second millennium of the CE
and before the instrumental period. The other is that there are distinct differences in their means and amplitudes
during the instrumental period. This means that the reconstruction methods have substantial influences on the
calibration process, which is mostly calculated before ca. 1990 CE and does not include the rapid temperature
increase of the last 30 years. Overall, it implies that the widely distributed tree-ring chronologies and the recon-
struction methods adequately determine the NH temperature variability over the past two millennia.

Moreover, the gap between simulation and reconstruction is becoming smaller in more recent reconstructions
(Figure S2 in Supporting Information S1), which is mainly reflected in the fact that the latest reconstructions can
also show a clear response to the cooling events caused by volcanic eruptions. The amplitudes of cooling events
in the latest tree-ring NH temperature reconstruction (Biintgen et al., 2021) (e.g., a NH volcanic eruption in 536
CE and a tropical volcanic eruption in 540 CE at the beginning of the LALIA) are even larger than the ensemble
means of the simulations (Figure S2a in Supporting Information S1). There are apparent differences between the
two reconstructions in the model-data comparison for SH temperature (Figures 3b2 and S2b). This means that
proxy data with high resolution are still scarce, and they are critical to addressing the SH temperature variability
over the past two millennia.

The spatial patterns of the differences between the RWP and LALIA in Figure 3c show that the areas of consist-
ent warming are located at middle and high latitudes (45°-90°N) of the NH for the model-data results. There
are significant temperature differences in Eurasia, North America, and the Arctic Ocean between the RWP and
LALIA in the PAGES2k reconstructions (Figure 3c1). The LOVECLIM-LCE simulated temperature anomalies
(Figure 3¢2) confirm that the dominant temperature changes occur in the NH middle and high latitudes, where the
response of the external forcing is larger than the spread of the internal variability. The CESM-past2k simulated
temperature anomalies (Figure 3c3) also indicate warming in the middle and high latitudes of the NH. However,
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Figure 3. Comparison of model-data annual (April-March) temperature anomalies (unit: °C). (a) Probabilities of the NH (al) and SH (a2) temperature differences
[RWP (1-250 CE) minus LALIA (536-660 CE)] for the LOVECLIM-LCE ensemble simulations (black, non-dimensional) and the PAGES2k ensemble reconstructions
(red, non-dimensional). Green triangles indicate the differences between the RWP and LALIA for the CESM-past2k simulation. (b) Median NH (b1l) and SH (b2)
temperature anomalies with 5%/95% percentiles for the LOVECLIM-LCE ensemble simulations (black) and the PAGES2k ensemble reconstructions (red). Blue

lines denote the temperature anomalies for the CESM-past2k simulation, and green lines are the observed temperature anomalies for the HadCRUT4.5 observation
dataset. Gray shaded bars indicate the RWP (1-250 CE) and LALIA (536-660 CE) periods. All data are smoothed by a 30-year Hamming filter. Anomalies are
computed relative to the reference period of 1961-1990 CE. (c) Temperature field changes (RWP minus LALIA) for the PAGES2k ensemble reconstructions (c1), the
LOVECLIM-LCE ensemble simulation (c2), and the CESM-past2k simulation (c3). Stippling indicates differences greater than the standard deviation of the ensemble
members of the reconstruction (c1) and the LOVECLIM-LCE simulation (c2), and statistical significance of the CESM-past2k simulation (c3) at the 99% confidence
level using Student's #-test. The green box represents the middle and high latitudes (45°-90°N) of the NH.

there are still apparent mismatches between model and proxy reconstruction. For example, strong warming in
Antarctica is reflected in the two simulations (LOVECLIM-LCE and CESM-past2k) but is not present in the
proxy reconstructions, and the proxy reconstructions show cold SST in the equatorial East Pacific that does not
appear in the two simulations.

The model—data comparison of annual (April-March) precipitation anomalies is shown in Figure 4. The medians
of the probabilities of precipitation changes between the RWP and LALIA, for both the LOVECLIM-LCE simu-
lation and the PAGES2k proxy reconstruction, are distinctly higher in the NH than in the SH (Figure 4a), but the
SH precipitation changes between the RWP and LALIA in the CESM-past2k simulation are slightly larger than
those of the NH.

There are distinct discrepancies in the mean, amplitude, and trend of the annual mean precipitation anomalies in
model—data comparison (Figure 4b). The LOVECLIM-LCE ensemble simulation outperforms the CESM-past2k
simulation in terms of the time evolution of the NH annual mean precipitation anomalies (Figure 4b1). The NH
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Figure 4. Annual (April-March) precipitation anomalies (unit: mm day~"). (a) Probabilities of the NH (al) and SH (a2) precipitation changes [RWP (1-250 CE) minus
LALIA (536-660 CE)] for the LOVECLIM-LCE model (black, non-dimensional) and the LMR data (red, non-dimensional). Green triangles indicate the differences
between the RWP and LALIA for the CESM-past2k simulation. (b) Median NH (b1) and SH (b2) precipitations with 5%/95% percentiles for model (black) and data
(red). Blue lines denote the precipitation anomalies for the CESM-past2k simulation, and green lines are the precipitation anomalies for the 20CRv3 reanalysis dataset.
Gray shaded bars indicate the RWP (1-250 CE) and LALIA (536—660 CE) periods. All data are smoothed by a 30-year Hamming filter. Anomalies are computed
relative to the reference period 1961-1990 CE. (c) Precipitation field changes (RWP minus LALIA) for the data assimilation-based surface precipitation rate (c1), the
LOVECLIM-LCE simulation (c2), and the CESM-past2k simulation (c3). Stippling indicates differences larger than the standard deviation of the ensemble members
of the reconstruction (c1) and the LOVECLIM-LCE simulation (c2), and statistical significance of the CESM-past2k simulation (c3) at the 90% confidence level

using Student's r-test. The green box represents the tropical Pacific (30°S-30°N, 90°-270°E). The symbols “+” and “-” represent an increase and decrease in the

precipitation, respectively.

annual precipitation anomalies in the CESM-past2k simulation have an obvious false downward trend during the
instrumental period (Figure 4b1). The selected reference period has a substantial influence on the precipitation
comparison of the LMR data and the two simulations (Figure S3 in Supporting Information S1). The current
model simulations and the proxy reconstruction seem not to capture the instrumental hemispheric precipitation

variability (Figures 4b and S3).

The model—data precipitation comparisons all show low rainfall in the eastern equatorial Pacific and excess rain-
fall in the western equatorial Pacific (Figure 4c). The dominant features of the precipitation difference between the
RWP and LALIA in the LMR data (Figure 4c1) are the decreased (increased) precipitation in the eastern (western)
equatorial Pacific and the greater precipitation over most of the NH than over the SH. The dipole change of tropi-
cal Pacific precipitation is also seen in the LOVECLIM-LCE simulation (Figure 4c2), and the LOVECLIM-LCE
simulation has more precipitation in the NH than the LMR data, especially in the global monsoon regions includ-
ing the North American, West African, and Indian monsoons (Figure 4c2). The dipole change of tropical Pacific

SHIET AL.

8of 16

85U8017 SUOWIWIOD BATee1D) 3|qeo(dde ayy Aq pausenob ae sl O ‘8sN JO Sa|nJ 10y ARldiTauIUO A1 UO (SUORIPUCD-pUe-SWB) L0 A8 1M ARe.q 1 [eul[U0//SdnY) SUORIPUD pUe swie | 8y} &8s *[€202/70/2T] Uo AriqiTaulluo A8 1M ‘NSNISYINOA!E [BHOd Aq 2€8580ArTZ02/620T 0T/10p/Wod A8 |mAreiq puljuo'sgndnfey/sdiy Wwo.j pepeojumoq ‘9T ‘2Z0g ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035832

precipitation is found in the CESM-past2k simulation (Figure 4c3), and the precipitation differences simulated by
the CESM-past2k simulation are considerably larger than those of the LOVECLIM-LCE simulation (Figure 4c).

4. Discussion

Here we examine the factors responsible for the temperature differences between the RWP and LALIA periods.
Two possible external forcings are considered: solar and volcanic. The solar activity difference between the RWP
and LALIA is only 0.053 W m~2, and this decreases to 0.013 W m~2 when the radiation reaches the top of the
atmosphere. This would increase the mean global surface temperature by only ~0.0026°C using the algorithm
in Nie et al. (2019). The volcanic forcing that reduces the mean global surface temperature in the LALIA by
~0.30°C relative to the RWP is 1.50 W m~2 greater in magnitude in the LALIA than the RWP, which is much
larger than the influence of solar activity. Moreover, according to the latest dataset of volcanic stratospheric sulfur
injections (evolo2k v3; Toohey & Sigl [2017]), the amount of sulfate injected into the stratosphere by volcanic
eruptions during the RWP period was 58.75 Tg over 23 eruption events, whereas the corresponding values for the
LALIA are 104.47 Tg (an increase of 77.82%) over just 15 eruption events. The radiation anomalies caused by
different volcanic eruptions are proportional to the amount of sulfate injected into the stratosphere (Stenchikov
et al., 2009). Thus, the temperature drop caused by eruptions during the LALIA period would be 70%-80%
stronger than that during the RWP period if internal climate variability is ignored. From our results, we can infer
that the dominant external forcing during the LALIA was more active volcanism compared with the RWP, which
is consistent with the comparison between tree-ring records and the volcanic forcing reconstruction (Biintgen
et al., 2016, 2020).

We conclude that the difference between the RWP and LALIA in the simulation is mainly induced by volcanic
eruptions, the mechanism is that the cooling effect of the volcanic eruption during the LALIA is larger than that
during the RWP. Note that there is no external forcing that can significantly increase the hemispheric tempera-
ture in the climate model, and only a possible major forcing (solar activity) contributes little to the temperature
increase in the model (Schurer et al., 2014). Moreover, the other proxy records with low-resolution show some
evident warming events over millennia and longer time frames (Jiang et al., 2021; Ljungqvist, 2010; Luterbacher
et al., 2016; Tan et al., 2003; Wen et al., 2010; E. Zhang et al., 2019; C. Zhang et al., 2021), which are not in the
climate model simulation (Shi et al., 2021). Therefore, we can infer that some positive feedback induced by solar
activity may not be perfectly represented in the current models (Connolly et al., 2021; Matthes et al., 2017); for
example, the cloud feedback (Zelinka et al., 2012) and the surface albedo feedback (H. Wang et al., 2022).

The stronger reduction in radiative forcing (more aerosol) during the LALIA gives an amplified cooling signal
in the LALIA compared with the situation in the RWP. A quantitative analysis of radiative feedback for the
CESM-past2k simulation is shown in Figures 5 and S4 in Supporting Information S1. We calculated the differ-
ence in feedback in the middle and high latitudes of the NH (45°-90°N) between the RWP and the LALIA. The
largest feedback is the surface albedo feedback at 0.79 W m~=2 K1, and the second most important feedback is the
lapse-rate feedback at 0.64 W m~2 K~ The spatial patterns of the first two feedbacks show distinct positive feed-
backs in the middle and high latitudes of the NH (Figure 5). This indicates that the surface albedo and lapse-rate
feedbacks contribute most to stronger warming in the RWP in the middle and high latitudes of the NH, which is
consistent with the recent analysis of polar amplification during the instrumental period (Hahn et al., 2021). The
water vapor feedback also has a positive and substantial contribution in the middle and high latitudes of the NH
of 0.58 W m~2 K1, but its spatial pattern shows that the major contributions appear in the tropics (Figure S4a in
Supporting Information S1). The Planck feedback has a distinctly negative contribution (Figure S4b in Support-
ing Information S1), and the cloud feedback shows a complex and disordered pattern with 0.03 W m~2 K~! in the
middle and high latitudes of the NH (Figure S4c in Supporting Information S1).

The physical process of the first two dominant feedbacks (the surface albedo and the lapse rate feedbacks) is that
the warming induced by the radiative forcing (because there is less volcanic aerosol in the stratosphere during the
RWP) leads to the melting of snow and sea ice in high-latitude regions (Figure 6a2), which increases the amount
of shortwave radiation absorbed at the surface, with the warming being further amplified by surface albedo feed-
back (Serreze & Francis, 2006; Winton, 2006). The LOVECLIM-LCE simulation cannot be used to calculate
the radiative kernels, but the surface albedo anomaly also shows a distinct albedo—sea ice feedback (Figures 5b
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a1) Surface albedo feedback of CESM-past2k a2) Lapse rate feedback of CESM-past2k

0° 60°E 120° 180° 120°W 60°W 0° 0° 60°E  120°E 186: 120°W 60°W  0°

| S I (W m2 K1)
-1 -0.5 0 0.5 1

b) Surface albedo anomaly of LOVECLIM-LCE
0 e — _

45°N
00

45°S

90°S
0° 90°E 180° 90°W 0°

(%)
-0.01  -0.006 -0.002 0002 0006 0.0

Figure 5. Radiative feedbacks. al) Surface albedo feedback (unit: W m~2 K~!) in the CESM-past2k simulation; a2)
Lapse-rate feedback (unit: W m~2 K~!) in the CESM-past2k simulation; (b) Surface albedo anomaly (RWP minus LALIA)
(unit: %) in the LOVECLIM-LCE simulation. The green box represents the middle and high latitudes (45°-90°N) of the NH.

and 6al). In addition, the cooling effect of the volcanic eruptions induces a positive lapse rate feedback through
turbulent mixing of the vertical stratification of the atmosphere (Figure 5a2).

Moreover, we have calculated the upper ocean (0-700 m) heat content, Atlantic Meridional Overturning Circu-
lation (AMOC), and the northward heat transport in North Atlantic in the two model simulations (Figures 6
and S5). The two climate model simulations (LOVECLIM-LCE and CESM-past2k) both show that the upper
ocean heat content decreased rapidly and substantially after the larger-than-Pinatubo volcanic eruptions in the
two hemispheres, which is consistent with other simulations (Bronnimann et al., 2019; Stenchikov et al., 2009).
The upper-ocean heat content during the RWP period is distinctly larger than that of the LALIA period in the two
hemispheres (Figures 6b and 6¢). The recovery time of the upper ocean is relatively slow. The cumulative effect
of multiple volcanic activities on ocean heat content partly explains the development of the RWP and LALIA
periods and the hemispheric temperature variability over the centennial time scale.

Both climate model simulations show that the AMOC and the northward heat transport during the RWP period
are significantly weaker than those of the LALIA period (Figure S5 in Supporting Information S1). This corre-
sponds to the weaker AMOC during the CWP (Liu et al., 2020; Rahmstorf et al., 2015) and implies that the largest
volcanic eruption makes a substantial contribution to the strong AMOC and the intense northward heat transport
(Figure S5 in Supporting Information S1). However, this result does not support the coupled sea ice-ocean mech-
anism (Miller et al., 2012; Zhong et al., 2011), in which the decadally sequenced volcanic eruptions will lead to
a weakened AMOC through expanded sea ice in the Arctic Ocean. Moreover, the amplitudes of the differences
of the AMOC and the northward heat transport between the RWP and LALIA periods are distinctly smaller than
that of the upper ocean heat content, and their small amplitudes cannot be used to explain the change in the upper
ocean heat content. There was less Arctic sea ice during the RWP than during the LALIA, but there was no clear
sea ice decrease in the Atlantic sector (Figure 6a). Thus, we assume that the upper ocean cooling response to
the decreased short-wave radiative forcing is a dominant mechanism because the changes in the deep ocean can
lead to delayed responses that accumulate between eruptions (Bronnimann et al., 2019; Church et al., 2005; M.
Gupta & Marshall, 2018; Held et al., 2010). The reduced ocean heat content over centennial time scales due to
the radiative feedbacks can be used to understand the warming over high-latitude regions of the NH in the RWP
relative to the LALIA.
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Figure 6. (a) Annual (April-March) sea ice (averaged lead area fraction (unit: %) changes [RWP (1-250 CE) minus LALIA (536-660 CE)] in the Arctic for the
LOVECLIM-LCE simulation (al), and the CESM-past2k simulation (a2). Stippling indicates differences larger than the standard deviation of the LOVECLIM-LCE
simulation (al), and statistical significance of the CESM-past2k simulation (a2) at the 90% confidence level using Student's #-test. (b) NH annual (April-March) upper
ocean (0-700 m) heat content anomalies (unit: J m~2) during the period 1-700 CE for the LOVECLIM-LCE simulation (b1), and the CESM-past2k simulation (b2). (c)
SH annual (April-March) upper ocean (0—~700 m) heat content anomalies (unit: J m~2) during the period 1-700 CE for the LOVECLIM-LCE simulation (c1), and the
CESM-past2k simulation (c2). Anomalies are computed relative to the LALIA. Black lines represent the larger eruptions than the 1991 CE Mount Pinatubo event, and
dash red lines indicate zero line in (b) and (c). Gray shaded bars indicate the RWP (1-250 CE) and LALIA (536—660 CE) periods.

Here we consider the cause of the increased precipitation in the western Pacific and the decreased precipitation
in the eastern Pacific during the RWP compared with the LALIA. The enhancement of the zonal circulation
(Figure 7a) leads to the enhancement of the vertical velocity in the western Pacific in both model simulations and
the increase of cloud cover in the CESM-past2k simulation (Figure 7b) that intercepts more longwave radiation
(Figure 7¢). The enhanced zonal circulation is coupled with the SST changes in the Pacific. The spatially varying
component of SST changes indicates a role of internal variability, showing that the western Pacific is warmer than
the eastern Pacific (Figure S6 in Supporting Information S1). The zonal gradient of SST is known to be coupled
with the strength of zonal circulation, with enhanced (weakened) circulation corresponding to the strengthened
(reduced) zonal gradient of SST. Previous studies have suggested several processes that may be involved in the
coupling, including radiative feedback and ocean dynamic processes (Li et al., 2016; Sun et al., 2017). The
changes in cloud cover and related longwave radiation (Figures 7c and 7d) support warmer SST in the western
Pacific than in the eastern Pacific, which is consistent with the previous finding (Sun et al., 2017). This enhanced
circulation also favors a precipitation pattern that is wet in the western Pacific and dry in the eastern Pacific
(Figure 4c).
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a1) Velocity potential and divergent wind of LOVECLIM-LCE a2) Velocity potential and divergent wind of CESM-past2k
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Figure 7. Responses of annual-mean (April-March) atmospheric circulation to the climate changes (RWP minus LALIA): (a) 200 hPa velocity potential (shading,
units: m? s~') and divergent wind (vectors, units: m s~') anomalies for the LOVECLIM-LCE (al) and CESM-past2k (a2) simulations; (b) Vertically integrated total
cloud fraction (units: %) for the CESM-past2k simulation; and (c) Longwave cloud forcing (units: W m~2) for the CESM-past2k simulation. Stippling in (b) and (c)
shows the 90% confidence level using Student's -test.

There are two possible mechanisms that enhance zonal circulation: (a) The land—sea thermal contrast. The volcanic
forcing could induce basin-scale SST simultaneous responses in both the Atlantic and Pacific in the same way,
partly explaining the same-sign SST anomaly responses in the Atlantic and Pacific (Figure S6a in Supporting
Information S1). We show the SST anomalies with the tropical Pacific mean removed from the SSTs to high-
light the land—sea thermal contrast due to the Maritime Continent in the LOVECLIM-LCE simulation (Figure
S6b1 in Supporting Information S1). This may strengthen the zonal circulation in the tropical Pacific. (b) The
coupled air—sea inter-basin interaction. The spatially non-uniform feature of the tropical Pacific SST responses
(Figure S6b in Supporting Information S1) can be explained by the “atmosphere—ocean bridge” mechanism
(Gong et al., 2020; Sun et al., 2017). The velocity potential anomalies and the divergent wind show upper-level
convergence over the eastern Pacific and divergence over the western Pacific in both model simulations, corre-
sponding to a strengthened Pacific zonal circulation (Figure 7a). This is consistent with previous studies that
showed that the zonal circulation in the Pacific has strengthened in response to warming in the Atlantic through
the atmosphere—ocean bridge (Gong et al., 2020; Sun et al., 2017). The mechanism is that the SST is closely
coupled to the atmospheric circulation changes in the Pacific. Climatologically, low-level clouds prevail over
the eastern Pacific, whereas there are high-level clouds over the western Pacific. Thus, the decreased low-level
cloud fraction (Figure 7b) associated with strengthened zonal circulation (Figure 7a) in the eastern Pacific could
reduce longwave cloud forcing (Figure 7c) and precipitation. In the western Pacific, the high-level cloud increase
(Figure 7b) in association with the zonal circulation changes (Figure 7a) could lead to more trapped longwave
radiation (Figure 7c) and feedback to more precipitation.

5. Conclusions

We have used the LOVECLIM-LCE and CESM-past2k simulations to examine annual (April-March) climate
differences between the RWP and LALIA. Large ensemble modeling shows that the climate difference between
RWP and LALIA exceeds the spread of the internal variability of the climate system. The temperature difference
is mainly in the warming in the middle and high latitudes of the NH during the RWP, and the precipitation differ-
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ence is mainly in the wetter western tropical Pacific and drier eastern tropical
Forcings Radiative forcing due to volcanic aerosols . .
Pacific from the model—data comparison.
lThermaI Process l Dynamic Process A higher frequency of volcanic eruptions during the LALIA is the main
driver of the climate differences compared with the RWP. The temperature
Hypothesized changes are further explained in terms of two radiative feedbacks (surface
feedback slirtace albedo and/lapse Zonal circulation change iati
o rate feedbacks g albedo and lapse-rate feedbacks). The decreased solar radiation caused by
processes . X ) o R K
volcanic eruptions stimulates the positive sea ice—albedo feedback to sustain
l 1 the expansion of the sea ice. In addition, the cooling effect of the volcanic
eruptions induces positive lapse rate feedback through turbulent mixing of
Warming in the mid-high Dry/wet in the the vertical stratification of the atmosphere. The radiative feedback in the
Responses latitudes of the Northern eastern/western equatorial LALIA furth d h h il ti 1
Hemisphere Pacific urther reduce the ocean heat content over centennial time scales,

Figure 8. Schematic of the major processes that contributed to differences in
annual temperature and precipitation anomalies in the NH between the RWP
(1-250 CE) and LALIA (536-660 CE).
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whereas they amplify warming over high-latitude regions of the NH in the
RWP (Figure 8).

The dynamics causing the precipitation changes are further explained by the
atmosphere—ocean interaction. The land—sea thermal contrast in the tropi-
cal Pacific and the coupled air—sea inter-basin interaction increase the zonal
east—west temperature gradient and strengthen the zonal circulation in the tropical Pacific. The zonal circulation
change, combined with enhanced water vapor transport, causes dry (wet) conditions in the eastern (western)
equatorial Pacific (Figure 8). Our simulation provides information to analyze climate mechanisms over the first
millennium of the CE with greater certainty than previously found.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

The CESM-past2k model simulation is archived at the Climate Data Gateway on the NCAR website (https://
www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.past2k_transient.html). The PAGES2k Global Common Era
Multiproxy Temperature Field Reconstructions are archived in the NOAA data repository (https://www.ncdc.
noaa.gov/paleo-search/study/26850). The other six reconstructions are archived in the NOAA data repository
(Biin21, https://www.ncdc.noaa.gov/paleo/study/33215; Neul4, https://www.ncei.noaa.gov/pub/data/paleo/
contributions_by_author/neukom2014/; Guil7, https://www.ncei.noaa.gov/access/paleo-search/study/21090;
Schl$, https://www.ncdc.noaa.gov/paleo/study/18875; Will6, https://www.ncdc.noaa.gov/paleo/study/19743).
The codes of the kernels for the CESM model are freely available at https://github.com/apendergrass/cam5-ker-
nels. The NH and SH temperature and precipitation data over the past 2,000 years from the LOVECLIM-LCE
simulation (Figures 3b and 4b) are available at the World Data Center for Geophysics, Beijing (https://doi.
org/10.12197/2022GA017).
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