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Arctic warming-induced cold damage to East Asian
terrestrial ecosystems
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Jee-Hoon Jeong® ’, Yuan Zhao®, Xiaogiu Chen8, Mathew Williams@® °, Kazuhito Ichii® '© &

Gabriela Schaepman-Strub® '

The global mean temperature is increasing due to the increase in greenhouse gases in the
atmosphere, but paradoxically, many regions in the mid-latitudes have experienced cold
winters recently. Here we analyse multiple observed and modelled datasets to evaluate links
between Arctic temperature variation and cold damage in the East Asian terrestrial eco-
system. We find that winter warming over the Barents-Kara Sea has led to simultaneous
negative temperature anomalies over most areas in East Asia and negative leaf area index
anomalies in southern China where mostly subtropical evergreen forests are growing. In
addition to these simultaneous impacts, spring vegetation activity and gross primary pro-
ductivity were also reduced over evergreen and deciduous trees, and spring phenological
dates are delayed. Earth System model simulations reveal that cold damage becomes
stronger under greenhouse warming; therefore Arctic warming-induced cold stress should be
considered in forest and carbon management strategies.
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ith average temperatures rising around the world due
W to greenhouse gas emissions, the Arctic shows stronger

increasing temperature trends than other regions!.
This warming has been termed as the Arctic Amplification?. At
the same time, high-latitude greening is also observed due to
rapid temperature increases>*. In contrast to this faster warming
and enhanced vegetation cover and production across the Arctic,
severe cold events can cause negative impacts on vegetation in the
mid-latitudes, as documented for North America®~’. There are
two distinct relations of anomalous Arctic warming from the East
Siberian-Chukchi and Barents-Kara sea regions with cold win-
ters over North America and East Asia with downstream tele-
connections, respectivelyS. Thereby it is likely that East Asia is
also affected by Arctic warming-related cold damage on terrestrial
ecosystem productivity because temperature variation during the
cold season is a critical phenological factor for determining the
start of the growing season®. As the terrestrial ecosystem is one of
the most important components in the global carbon cycle!? and
East Asia has undergone rapid economic growth and fossil fuel
emission increases over the past decades, understanding Arctic
warming-induced carbon balance changes in East Asian terres-
trial ecosystems are necessary for preparing a carbon-neutral
strategy!l.

Results

Atmospheric teleconnections linked to Arctic warming. The
Arctic Temperature (ART) index® is defined as de-trended surface
temperature anomalies, during boreal winter (December-February)
over the Barents-Kara Sea (160°E-160°W, 65°-80°N), where pro-
nounced sea ice reduction and temperature increase were observed
in recent decades, to examine relevant teleconnection patterns and
impacts on East Asian vegetation activity (Fig. 1c). The regressed
low-level circulation pattern onto the ART index clearly shows
anticyclonic flow centered on interior Siberia that is slightly
southeastward shifted from the Barents-Kara Sea (Fig. la). In
contrast to the positive temperature anomalies in northwestern and
northeastern Siberia, many countries in the Middle East and East
Asia have significantly negative temperature anomalies, such as
Iran, Afghanistan, Turkmenistan, Uzbekistan, Mongolia, China,
South and North Korea, and Japan, except for the Tibetan Plateau.
This dipole temperature pattern during boreal winter is pointed out
in literature as the warm Arctic and cold Eurasia (WACE) pattern
that induces stronger East Asia winter monsoon and cold events
due to intensified and westward shifted Asian trough teleconnection
to Barents-Kara Sea warming!2. The anticyclonic system around the
high-latitude has a vertically barotropic structure and a cyclonic
circulation is developed in the mid-latitude downstream region via
Rossby wave energy propagation!3!4 with negative temperature
anomalies even in subtropical regions down to around 20°N, but
the Rossby wave trains do not propagate further when they
encounter the Tibetan Plateau (Fig. 1c and Supplementary Fig. 1).
Mongolia, southern China, and the Korean Peninsula particularly
have strong negative temperature anomalies due to northerly wind
which is directed parallel to isobars (Supplementary Fig. 2).

Vegetation activity anomalies linked to Arctic warming. With
negative winter surface temperature anomalies over East Asia
related to the ART index (Fig. 2a), relevant negative leaf area
index (LAI) anomalies were observed in southern China during
boreal winter (Fig. 2c). While deciduous trees in temperate lati-
tudes generally are in a dormant stage during boreal winter,
southern China is composed of tropical and subtropical evergreen
forests and local temperature variation is an important driver of
vegetation activity there!>16 (Fig. 2e). For example, an extreme
ice storm struck southern and central China in early 200817, also

marked as one of the positive Arctic warming years in Fig. 1c, and
approximately 13% of Chinese forests were damaged during this
ice-snow disaster due to both physical and physiological damages
such as bending, breakage, splitting, cold injury and
mortality!7"1%. We found that averaged surface temperature and
LAI anomalies were —1.19 °C and —0.15 m2 m~2 over southern
China (110°-120°E, 20°-30°N), which represents a reduction of
LAI of —9.7 % compared to the climatological LAIL in composites
of Arctic warming years that are 1983, 1984, 2005, 2008, 2012,
and 2016 (Fig. 1c, also Supplementary Fig. 3). On the other hand,
negative LAI anomalies are also detected in southwestern Japan
which has substantial evergreen needle leaf forests (Fig. 2f), but
these are relatively weaker because temperature anomalies are
weak and needle leaf species have stronger resistance to winter
chilling than broadleaf species?0.

Even though winter LAI anomalies in other East Asia regions,
except for southern China, are negligible due to limited vegetation
activity in winter, it is striking that LAI is significantly reduced in
boreal spring (March-May) over many areas of East Asia, such as
southern China, northeastern China, the Korean Peninsula, and
Japan, related to the winter ART index (Fig. 2d). Springtime
temperature anomalies are generally weak and nonsignificant
except for some areas in southeastern China and Japan, however,
significant LAI anomalies are extensively detected in not only
evergreen but also deciduous forests over East Asia (Fig. 2g). This
is consistent with previous studies that argued temperature
variation in the pre-season, such as winter chilling, to be a critical
factor of spring phenology?!~23. While local temperature
anomalies in spring are weaker and nonsignificant than
anomalies in winter, LAI anomalies can be significant due to
the high sensitivity of LAI to temperature and significant negative
temperature anomalies in the preseason such as February-April
(Supplementary Fig. 4). Separating the contribution of spring LAI
anomalies reveals that local winter temperature variation plays a
substantial role in spring LAI anomalies not only for evergreen
forests in southern China and Japan but also for deciduous forests
in northeastern China and Korean Peninsula (Supplementary
Fig. 5). Thus, Arctic warming-related winter chilling simulta-
neously reduces winter vegetation activity in East Asian evergreen
forests and also in spring phenology due to lagged impacts from
temperature variation in winter.

Consistently with the present analysis based on the observed
dataset, offline Land Surface Model (LSM) results also show
significant negative LAI anomalies in winter and spring related to
the ART index (Supplementary Fig. 6). Even though spatial
patterns and magnitude in LAI anomalies are diverse among
LSMs, simulated winter LAI anomalies have strong negative
patterns over southern China, but not for other regions, which
might be due to the lack of vegetation activity in winter (similar
to Fig. 2¢). Significant spring LAI anomalies over southern and
northeastern China, the Korean Peninsula, and Japan were also
detected, which supports our hypothesis that winter chilling from
anomalous Arctic warming affects spring vegetation activity. This
might result in LSMs often prescribing the start of growing season
or tree mortality rate based on threshold temperatures depending
on Plant Functional Types (PFTs)?*. In detail, the LSM of IPSL-
CMB6A-LR employs specific schemes for simulating cold damages
that are tree mortality due to extremely cold days and tree
extension limits by growing season temperature?>. Also, this
model evaluation showed good agreement (low bias) with the
timing of the growing season over East Asia2°.

To examine the role of winter and spring temperature variation
on spring LAI, we conduct LSM experiments based on
Vegetation-Global-Atmosphere-Soil (VEGAS)?’” and the Com-
munity Land Model, Version 5 (CLMS5)?8 by prescribing
climatological temperature in winter and spring. Simulated
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Fig. 1 Barents-Kara Sea temperature variability and relevant teleconnection. a Regression coefficients of December-February averaged 2-meter
temperature (°C °C—1), 850-hPa geopotential height (m °C~1), and wind (m s~1°C~1) onto de-trended Barents-Kara Sea (yellow box; 30°-70°E,
70°-80°N) temperature anomaly (ART index). Wind vectors and shading are displayed only in significant regions at the 95% confidence level (calculated
using a Student'’s t-test). b Time series of raw ART index and de-trended index. Yellow lines show 16 and Arctic warming (>16) and cooling (<—1c) years
are marked. ¢, Regression coefficients of vertical profiles of geopotential height (m; contour) and temperature (°C, shaded) from 1000-hPa to 100-hPa

along 60°E, 75°N-120°E, 30°N (the diagonal purple line in a).

ART-related LAI anomalies with winter climatological tempera-
ture have weaker magnitude than the control experiments, while
the experiment result with fixed spring temperature has a similar
spatial pattern and magnitude of LAI anomalies (Supplementary
Figs. 7, 8). These results might be driven from the cold mortality
scheme; VEGAS has exponential increases of cold stress mortality
with temperature decreases less than 5°C and CLM5 has a
phenology scheme with an onset trigger based on an accumulated
growing-degree-day approach?®. However, neither model is
sensitive to the low-temperature impact on needle leaf forests,
such as physical damages by frozen rain and heavy snow
events!7~1%, which leads to underestimation of reduced LAI from
winter chilling over East Asia.
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Delayed spring phenology linked to Arctic warming. In addi-
tion to LAI data based on remote sensing and offline modelling,
in-situ observations of spring phenology datasets over southern
and northeastern China, South Korea, and Japan were analysed to
find a linkage between Arctic warming-induced spring phenolo-
gical date changes. Observed budburst, first and peak flower dates
at many in-situ stations show significant positive relationships
with the ART index (Fig. 3). In southern China, all observation
dates of first leaf unfolding, 50% leaf unfolding and the end
flowering show delayed phenological dates with anomalous Arctic
warming®® (Supplementary Fig. 9). The first flowering date,
which has the fewest missing observations, was observed for
many species and shows significant results (P <0.05) across
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Fig. 2 Temperature and leaf area index anomaly related to Arctic warming. a-d Regression coefficients of seasonal mean temperature (°C °C—1)
(a, b) and leaf area index anomaly (m2 m=2 °C—") (¢, d) during boreal winter (December-February) (a, €) and spring (March-May) (b, d) onto
December-February ART index. Hatching indicates significant regions at the 95% confidence level based on the Student's t-test. e-g Land cover type
fractions (%) of evergreen broadleaf (e), evergreen needleleaf (f) and deciduous broadleaf (g).

several sites, such as 17 sites of Melia azedarach in southern
China and 27 sites of Prunus jamasakura over South Korea and at
72 sites over Japan (Supplementary Table 1). The maximum dif-
ferences for first flower date observations in each country between
Arctic warming (ART >10) and cooling years (ART < — lo)
are 20 days for Platycladus orientalis in Xuancheng (China),
15 days for Forsythia koreana in Jinju (South Korea) and 43 days
for Camellia japonica Linnaeus in Tsu (Japan). Our results are
consistent with previous studies that colder winter temperatures
result in later flowering!:32, but we additionally found a remote
linkage between anomalous Arctic warming and phenology delays
in East Asia.

Intensified vegetation impacts on Arctic warming under
greenhouse warming. 21 Earth System models (ESM) in the
Coupled Model Intercomparison Project Phase 6 (CMIP6)
represent Arctic warming-related negative temperature anomalies
and Rossby wave energy propagation from Barents-Kara Sea to

4

East Asia which is already reported based on the CMIP533 (Fig. 4;
Supplementary Fig. 10). Spring LAI anomalies related to ART
index show negative patterns similar to observational and offline
model results, but magnitudes of LAI anomalies are weak due to
weaker Arctic warming-induced winter cooling>*. In addition, we
found an intensified Arctic-to-extratropical teleconnection over
East Asia under greenhouse warming scenarios in the CMIP6.
Vertical structures of geopotential height and temperature field
are intensified, indicating stronger Rossby wave propagation in
the upper layer of the atmosphere that might be due to the
weakening of the vertical temperature gradient by Arctic surface
warming®> (Fig. 4c), and winter temperature teleconnections are
also intensified (Fig. 4f). As a result, the spring LAI anomalies
associated with the winter Arctic warming are intensified under
greenhouse warming (Fig. 41 and Supplementary Fig. 11). This
result implies that cold damage in the terrestrial ecosystem would
continue to persist and even intensify in a warmer climate.
Moreover, previous studies argued enhanced phenological frost
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Fig. 3 Delayed phenological dates related to Arctic warming. a-c
Statistical confidence based on correlation coefficient between
December-February averaged ART index and in-situ phenological dates
observation for budburst (a), first flower (b) and peak flower dates (c)
based on Student’s t-test. Blue dots indicate delayed phenological dates
and red dots earlier phenological dates onto December-February

ART index.

damage in a warming climate due to the earlier start of the
growing season with global warming’-36-38, thereby an intensified
Arctic-induced teleconnection might bring severe cold damage in
the future.

Discussion

Overall, the present study demonstrates a lagged linkage between
winter Arctic temperature variations and spring vegetation
activity across East Asia from subtropical to boreal forests, while
the ref 7. shows simultaneous terrestrial response only in spring.
This linkage could be useful to forecast vegetation activity and
ensure crop and forest productivity. Even though datasets of gross
primary production (GPP) are only available since 2001, two
independent data-driven GPP datasets reveal that estimated total
GPP anomalies over East Asia (100°-150°E, 15°-50°N) are
—65.91 and —67.15 TgC in winter and spring of Arctic warming
years (ART > 10)3%40 (Supplementary Fig. 12). The minimum
negative GPP anomaly over southern China (110°-120°E,
20°-30°N) in winter is up to —14.9% and —18.3% for spring as
compared to the climatological value, over northern China, the
Korean Peninsula and Japan region (120°-150°E, 30°-50°N).
These results imply that Arctic warming-induced cold damages
should be accounted for in terrestrial CO, sequestration and
carbon balance estimates. Afforestation in southern China
strongly plays a role in the sink of CO,!l, but it should be
monitored because younger trees are more susceptible to cold
damage. We also found significant negative relationships between
ART index and crop yields such as cereals, fruits, root vegetables,
pulses, and nuts (Supplementary Table 2), thereby we conclude
that anomalous Arctic warming has negative impacts on socio-
economic factors not only directly linked to adverse weather
conditions but also in agricultural productivity over East Asia.

Methods

Arctic temperature index (ART). We define the ART index as the de-trended
surface temperature anomaly during December—February by averaging over the
Barent-Kara Sea (30°-70°E, 70°-80°N) on the basis of the observations derived
from interpolated HadCRUT4 data hybridized with the University of Alabama in
Huntsville satellite data®! for the period 1979-2019.

Used dataset to obtain ART-induced teleconnection. To estimate the ART-
induced teleconnection pattern, data on the temperature, geopotential height, and
wind on pressure levels for the period 1979-2019 are obtained from the ERA5
(European Centre for Medium-Range Weather Forecasts Reanalysis);*> monthly
surface temperature and precipitation are quantified using Climatic Research Unit
(CRU) TS4.04 for the period 1979-201943.

Several data sets are used to obtain a robust relation between the ART index and
vegetation activity anomalies (Supplementary Table 3). The Leaf Area Index data is
the product of the Global Inventory Modeling and Mapping Studies (GIMMS)
database, obtained from the Advanced Very High-Resolution Radiometer
(AVHRR) remote-sensed observations*. The 8-km grids were re-gridded to a
common 0.5° x 0.5° latitude/longitude grid for the period 1981-2016. The land
cover data layer was obtained from the ESA GlobCover map*® and was re-gridded
to a common 0.5° x 0.5° latitude/longitude grid.

To examine anomalous Arctic warming impacts on spring phenology,
phenology dates over Korea and Japan were downloaded for the period 1979-2019
from the data portal of the Korea Meteorological Administration according to
Korea Open Government License (KOGL) and Japan Meteorological Agency
(http://www.data.jma.go.jp/sakura/data/index.html). Phenological datasets over
China were provided by the meteorological information center of the China
Meteorological Administration (CMA).

Furthermore, the relationship between the ART index and relevant impacts is
investigated in each of the 21 coupled Earth System Models incorporated in the
Coupled Model Intercomparison Project Phase 64047, We use the data for the pre-
industrial, historical, and Shared socioeconomic Pathway 5-8.5 scenarios in each
model and re-gridded results into a common 1° x 1° latitude/longitude grid. Details
of each model are listed in Supplementary Table 4.

Land surface model experiments. Vegetation-Global-Atmosphere-Soil
(VEGAS)?7 and the Community Land Model, Version 5 (CLM5)28 are employed to
investigate the role of winter temperature on spring LAI anomalies over East Asia.
The control experiment is performed based on the Global Soil Wetness Project
version 3 (GSWP3)*8 for the period 1979-2014. Climatological mean values of
winter temperature (December—February) in each grid are prescribed to perform
the “DJF-fix” experiment and the “MAM-fix” experiment which is prescribed cli-
matological temperature for spring (March-May). Except for the corresponding
temperature in each experiment, other input datasets are prescribed the same as
control experiments.
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Fig. 4 Intensified Arctic warming-related teleconnections. a-i The CMIP6 Multi-model ensembles of regression coefficients of December-February
averaged geopotential height (m °C~T; contour) and temperature (°C °C~7, shaded) (a-c), December-February averaged temperature (°C °C~1) (d-f), and
March-May averaged leaf area index anomaly (m? m~2 °C—") (g-i) onto December-February ART index under pre-industrial (a, d, g), historical (b, e, h),

and ssp585 (¢, f, i) scenarios.

Linear regression analysis. Linear regression is conducted to estimate the ART-
induced teleconnection and terrestrial impacts onto the de-trended ART index. In
order to focus on interannual relation, linear trends from all datasets were firstly
removed and the linear trend of ART index is accordingly removed based on the
same data period of the target data. The significance test conducted in this study is
based on a standard two-tailed Student’s t-test. We also employed a field sig-

nificance test based on 1000 Monte Carlo simulations to evaluate the significance of

6

LAI regression fields*>>0. The number of grids at the 95% confidence level rank
960th and 984th highest values among 1000, therefore the hypothesis is that the
regression patterns in Fig. 2¢,d are a chance occurrence that can be rejected at the
95% confidence level. As shown in Supplementary Fig. 5 and described in Sup-
plementary Note 1, we also use a multiple regression to investigate the individual
contributions of the temperature and precipitation anomalies to leaf area
index°!2. Consequently, the partial regression coefficients approximately
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represent the sensitivities of leaf area index to surface temperature and precipita-
tion. The data analysis was carried out using NCAR Command Language (NCL)
Version 6.6.2.

Data availability

All data used in this study are publicly available and can be downloaded from the
corresponding websites (HadCRUT4: https://www-users.york.ac.uk/kdc3/papers/
coverage2013/series.html; ERA5; CRU; GIMMS LAI; GlobCover map: http:/
maps.elie.ucl.ac.be/CCI/viewer/download.php; Korean phenological date: https://
data.kma.go.kr/data/seasonObs/seasonObsDataList.do; Japan phenological date: http://
www.data.jma.go.jp/sakura/data/index.html; CMIP6). The other data used in this study
are available from a persistent repository (https://doi.org/10.6084/m9.figshare.16807012).

Code availability

Code (https://doi.org/10.6084/m9.figshare.16807018.v1) that support the findings of the
study are available in a persistent repository (http://figshare.com). The scripts for
generating figures are available from J.-S.Kim upon request.
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