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Reduced North American terrestrial primary
productivity linked to anomalous Arctic warming
Jin-Soo Kim1, Jong-Seong Kug1*, Su-Jong Jeong2*, Deborah N. Huntzinger3, Anna M. Michalak4,
Christopher R. Schwalm5,6, YaxingWei7 and Kevin Schaefer8

Warming temperatures in the Northern Hemisphere have enhanced terrestrial productivity. Despite the warming trend,
North America has experiencedmore frequent andmore intense cold weather events during winters and springs. These events
have been linked to anomalous Arctic warming since 1990, and may a�ect terrestrial processes. Here we analyse multiple
observation data sets and numericalmodel simulations to evaluate links betweenArctic temperatures and primary productivity
in North America. We find that positive springtime temperature anomalies in the Arctic have led to negative anomalies in
gross primary productivity over most of North America during the last three decades, which amount to a net productivity
decline of 0.31 PgC yr−1 across the continent. This decline is mainly explained by two factors: severe cold conditions in northern
North America and lower precipitation in the South Central United States. In addition, United States crop-yield data reveal
that during years experiencing anomalous warming in the Arctic, yields declined by approximately 1 to 4% on average, with
individual states experiencing declines of up to 20%. We conclude that the strengthening of Arctic warming anomalies in the
past decades has remotely reduced productivity over North America.

Over the past few decades, changes in climate caused by
anthropogenic forcings and natural feedback processes have
affected terrestrial ecosystem productivity over the globe1,2.

One of the main consequences of terrestrial ecosystem changes
is an increase in terrestrial gross primary productivity (GPP), for
example, expansion of shrub cover, enhanced vegetation photosyn-
thesis and lengthening of the growing season, especially at high lati-
tudes3,4. These positive changes in high-latitude vegetation produc-
tivity are closely related to the recent warming across high-latitude
regions5. According to the observed records, theArctic region shows
a remarkable recent rapid temperature trend in comparison with
other regions; this is termed as Arctic amplification6–10. However, it
has been recently reported that anomalous Arctic warming can lead
to severe cold events in mid-latitudes6,11. Although Arctic warm-
ing has resulted in positive changes in vegetation productivity at
high latitudes, it is possible that it affects mid-latitude terrestrial
ecosystems in the opposite way via remote teleconnections induced
by anomalous Arctic warming. However, our understanding of the
remote impacts of anomalous Arctic warming on terrestrial GPP in
mid-latitudes is still insufficient.

Atmospheric teleconnections linked to Arctic warming
Recently, it was reported that regional Arctic temperature anomalies
are critical to explaining climate variations in downstream regions;
for example, the Arctic temperature anomalies over the East
Siberian–Chukchi Sea are closely related to cold winters over
North America via downstream teleconnection development6,10.
To represent the regional Arctic temperature anomalies, we use
the Arctic temperature (ART) index, which was introduced in
a previous study6, that averaged temperature anomalies over the

East Siberian–Chukchi Sea (160◦ E–160◦ W, 65◦–80◦ N). TheMarch
ART index (Supplementary Fig. 1) particularly shows the most
significant relation with simultaneous and lagged temperature
anomalies over North America (Supplementary Figs 2a and 3);
thereby, this index is used for evaluating remote impacts of
regional Arctic temperature anomalies onmid-latitude atmospheric
conditions and terrestrial GPP over North America (see Methods).

We first examine the atmospheric teleconnection pattern related
to Arctic temperature anomalies, which is represented by the
regressed circulation pattern with respect to the ART index for the
period 1979–2015. Figure 1a shows distinctive positive sea-level
pressure anomalies over Alaska, which might be a direct response
to positive temperature anomalies in the Arctic6. This anticyclonic
flow induced by local forcing is expanded eastward because of strong
low-level cold advection. In the upper level, a distinctive anticyclone
located over Alaska shows an equivalent barotropic structure
(Fig. 1b). In addition, cyclonic and anticyclonic anomalies are
located in the downstream regions; this can be explained via Rossby
wave propagation12. As a result of the anomalous Arctic warming-
induced atmospheric teleconnection, low-level anticyclone and
upper-level cyclone anomalies, which provide favourable conditions
for severe cold weather, are developed over North America.

Consistent with the large-scale atmospheric pattern, conside-
rable negative surface temperature anomalies are observed in
northern North America, whereas Alaska and East Siberia show
positive anomalies (Fig. 1c). In contrast to the northerly wind
in northern North America, an anomalous southwesterly wind
along the east coast of the United States is also observed, which is
related to an anomalous anticyclone over the subtropical Atlantic.
The anomalous southwesterlies indicate an eastward shift of the
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Figure 1 | Atmospheric teleconnections related to Arctic warming. a–d, Regression coe�cients of the March–May mean sea-level pressure (SLP),
850-hPa wind (a), 300-hPa geopotential height (GPH) and wind (b), surface temperature (c) and precipitation (d) with respect to the ART index for the
period 1979–2015. Wind vectors and hatching are displayed only in significant regions at the 95% confidence level (calculated using a Student’s t-test).

Great Plains low-level jet, which can lead to a dipole precipitation
pattern via alteration of moisture transport13.

Terrestrial productivity anomalies linked to Arctic warming
As illustrated in Fig. 1, significant temperature and precipitation
anomalies over North America are observed in association with
Arctic temperature variation. It is expected that the changes in
continental-scale anomalous temperature and precipitation over
North America could affect terrestrial ecosystems. To examine the
impact of Arctic warming on terrestrial GPP over North America,
the relations of multiple data sets, as a proxy of terrestrial GPP, with
the ART index are analysed. It is evident that negative vegetation
activity and terrestrial GPP are captured across North America
related to anomalous Arctic warming (Fig. 2, also Supplementary
Fig. 4a,b). An extensive area of North America, from the boreal
coniferous forests in Canada to the subtropical steppe in Mexico,
exhibits significant changes in terrestrial GPP. It is clear that there
is consistent vegetation activity in terms of spatial pattern among
various data sets, for example, the satellite remote sensing of the
normalized difference vegetation index (NDVI; Fig. 2a) for the
period 1982–2013, and the flux tower data-driven GPP based on
a model tree ensemble (MTE) for the period 1982–2011 (Fig. 2b).
The terrestrial ecosystem models also show consistent results; that
is, the simulated multi-model ensemble (MME) GPP is negatively
correlated to the ART index (Fig. 2c). Although the trends of
NDVI and GPP can be dependent on the data period14, we found
that anomalous Arctic warming-induced terrestrial productivity

anomalies are not sensitive to data period (Supplementary Fig. 5).
In addition, the Earth system models, which participated in the
Coupled Model Intercomparison Project Phase 5 (CMIP5), show
consistent results (Supplementary Fig. 6). Despite limited observed
sample size, the observed GPP variations from individual flux
towers show consistent results with the large-scale data in terms of
negative GPP anomalies in the case of anomalous Arctic warming
(Supplementary Fig. 7). Even though MTE tends to underestimate
interannual variability15, both the data- and process-driven GPP
indicate a change of about −0.31 PgC yr−1 over North America
(125◦–85◦ W, 30◦–60◦ N) (Fig. 2d).

The cold surface over North America would be a major driver
for the negative terrestrial GPP associated with anomalous Arctic
warming. Because temperate and boreal regions are composed
of temperature-limited ecosystems16–18 (Supplementary Fig. 8),
terrestrial GPP anomalies in the northern part of North America
are closely related to anomalous Arctic warming-related local tem-
perature anomalies, which are shown in Fig. 1c. This is consistent
with a previous study, which demonstrated that the weakening
positive trends in spring and summer vegetation greenness are
related to springtime temperature variations in that region16. In
detail, the maximum NDVI and GPP anomalies appear in the
northeast United States, that is, Great Lakes Basin (Fig. 2a,b), while
the temperature anomaly maximum is located to the northwest of
Great Lakes Basin, at the Saskatchewan and Manitoba provinces
in Canada (Fig. 1c). This may be attributed to GPP sensitivity
differences to cold damage, that is, vegetation cold tolerance,
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Figure 2 | Arctic warming impacts on spring terrestrial productivity. a–c, Regression coe�cients of the spring (March–May) NDVI for the period
1982–2013 (a), flux tower data-driven GPP for the period 1982–2011 (b) and MME simulated GPP based on the MsTMIP for the period 1979–2010 (c) with
respect to the ART index. d, Regression coe�cient of the total GPP over North America (125◦–85◦ W, 30◦–60◦ N) with respect to the ART index based on
MTE and MsTMIP (PgC yr−1). Hatching and scale bars represent a range of 95% confidence level on the basis of a Student’s t-test.

depending on plant functional types18. For example, the northern
part of North America is comprised of a high fraction of evergreen
needleleaf forest, which has relatively stronger cold tolerance than
other land cover classes. However, deciduous broadleaf forest and
mixed forest, which have higher GPP sensitivity to cold damage
than evergreen needleleaf forest, are mainly distributed in Great
Lakes Basin18; thereby, NDVI and GPP anomalies related to
anomalous Arctic warming show a southeastward shift pattern as
compared with temperature anomalies as shown in Fig. 1c.

In addition to the temperature effect, in the South Central United
States, terrestrial variation might be related to precipitation anoma-
lies with respect to anomalous Arctic warming, which are shown
in Fig. 1d. Because of the water-limited ecosystems in that region19,
the terrestrial GPP reduction in the southern part of North America
is mainly accompanied by a precipitation decrease in that region
(Supplementary Fig. 8). In contrast to the decreased precipitation
in the South Central United States, the increased precipitation on
the east coast of the United States does not contribute to increased
terrestrial GPP, because the ecosystems in that region are not water-
limited (Supplementary Fig. 8b,d), possibly because of the presence
of a sufficient amount of climatological precipitation.

Furthermore, in both the flux tower data-driven and simulated
results, monthly GPP anomalies to March Arctic temperature
anomalies show that the Arctic temperature-induced impacts on

terrestrial GPP are maximum in May and even maintained until
early summer (Fig. 3). Ecologically, environmental disturbances
may lead to biological stresses, such as plant cellular dehydration,
low stomatal conductance, suppressions of canopy development,
and leaf area, especially for early spring, because newly emergent
leaves in spring are sensitive to both cold20 and drought21 stresses
due to lack of structural rigour, which is necessary to prevent cellular
damage22. This is consistent with previous studies that argued
changes in spring vegetation productivity tend to affect the pro-
ductivity in terrestrial ecosystems over the following months17,18. In
addition, annualmeanNDVI and cumulative annual terrestrial GPP
show significant anomalies over some parts of North America to
spring local temperature and precipitation (Supplementary Fig. 9),
suggesting spring atmospheric conditions have a role in interannual
variability of terrestrial productivity inNorthAmerica. Thus, abiotic
stresses, such as cold and drought stresses, during spring from
anomalous Arctic warming simultaneously suppress productivity
and even contribute to reduction of annual productivity possibly by
lasting effects on terrestrial ecosystem function17,18,20,21.

Impacts on the United State crop yield
Consistent with cumulative annual terrestrial GPP, United States
national-level crop-yield data reveal that annual yields of corn,
soybeans and wheat in Arctic warming years as compared with
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Figure 3 | Impacts of Arctic warming on monthly terrestrial productivity.
a,b, Regression coe�cients of monthly North American (125◦–85◦ W,
30◦–60◦ N) GPP in flux tower data-driven GPP (a) and MsTMIP (b).
Error bars indicate 95% confidence levels.

Arctic cooling years declined by approximately 1.74, 3.96 and
3.62%, respectively. Figure 4 shows state-level crop-yield differences
between Arctic warming and cooling cases, suggesting that all three
major crops mainly exhibit negative changes in response to anoma-
lous Arctic warming, albeit with some differences in crop fraction,
crop sensitivity to climatic conditions, and management scheme
between states23. The regions that display significantly reduced crop
yields are consistent with the overall negative terrestrial productiv-
ity anomalies over North America that were obtained by remote
sensing of NDVI and both of data- and process-driven GPP (Figs 2
and 4), even including irrigated cropland in the southern part of the
United States. In all three crops, reduced crop yields are concurrently
apparent in the Great Plains, such as in North Dakota (soybeans
−0.24 and wheat −0.44 t ha−1 yr−1), South Dakota, Nebraska and
Kansas (soybean −0.39 t ha−1 yr−1). The largest decrease in crop
yields is observed in corn in the southern part of the United States,
especially in Texas (−1.11 t ha−1 yr−1; this value is approximately
20% of the productivity of a normal year in this region). As shown
in the atmospheric responses to anomalous Arctic warming, the re-
ductions in crop yield in the southern United States could be related
to decreases in precipitation (Fig. 1d). This may be because crop
productivity in dry areas of the southern United State is crucially
dependent on water resources. In contrast to the southern part of
the Great Plains, the decreasing crop yield in the northern part of
the Great Plains might be related to spring temperature decreases.
Although changes in crop yields related to anomalous Arctic warm-
ing show negative relations in most of the regions, a few states in the
northwestern United States exhibit positive relations, especially for
wheat yield. This pattern can be explained by precipitation increases
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Figure 4 | Impacts of Arctic warming on United States crop yields.
a–c, Statistical significance levels plotted as composite di�erences between
the cases of Arctic warming and cooling for corn (a), soybeans (b) and
wheat (c) on the basis of the bootstrap estimation. The numbers in each
state denote composite di�erences in t ha−1 yr−1 only for P<0.1. Light
brown and green indicate non-significant states and white means
undefined states due to the lack of crop-yield data.

in the northwestern United States (Fig. 1d), which may have a
positive impact on wheat productivity24.

Overall, the present study demonstrates for the first time
an apparent linkage between Arctic temperature variations and
agricultural productivity in mid-latitudes. As the understanding
of large-scale circulation patterns can be useful to improve the
predictability of terrestrial productivity and crop yields25–29, our
results suggest that Arctic information could be used to forecast
agricultural productivity and reduce its uncertainty. In particular,
because the interannual Arctic temperature variation has been
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distinctly stronger in recent decades with the rapid decline in
Arctic sea ice6,11, this Arctic temperature variation may have a
negative impact on human life both in the form of adverse
weather conditions and reduction in agricultural productivity over
North America. Moreover, the simulated MME net ecosystem
exchange anomaly associated with anomalous Arctic warming is
approximately −0.1 PgC yr−1 (Supplementary Fig. 10), which is
approximately 20% of the interannual standard deviation range in
the North American carbon sink30.

Current climate models tend to reasonably simulate the negative
terrestrial GPP anomalies associated with anomalous Arctic
warming over North America (Supplementary Fig. 4), although the
detailed spatial pattern is different from the patterns as shown in
Figs 2 and 3.Moreover, these negativeGPP anomalies are also visible
in future climate simulations (Supplementary Fig. 11), suggesting
that the relationship is robust. Interestingly, the Arctic-related GPP
anomalies become even stronger under future climatic conditions,
especially in northwest North America. This is because the
sensitivity of GPP anomalies to local temperature becomes stronger
under greenhouse warming (Supplementary Fig. 12) and it is
consistent with previous studies that argued enhanced phenological
frost damage in awarming climate31–34. That is, the ecosystem in that
region will be damaged more severely by Arctic-induced cold stress
in a warmer climate. This result delivers important implications for
climate adaptation, but further investigation is needed to obtain a
general conclusion.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Arctic temperature index.We define the ART index as the normalized surface
temperature over the East Siberian–Chukchi Sea (160◦ E–160◦ W, 65◦–80◦ N) on
the basis of the observations derived from interpolated HadCRUT4 data hybridized
with the University of Alabama in Huntsville satellite data35 (http://www-
users.york.ac.uk/∼kdc3/papers/coverage2013/had4_short_uah_v2_0_0.nc.gz) for
the period 1979–2015 (Supplementary Fig. 1). This region shows not only a
relatively strong temperature trend in recent years, but also a significant relation
with mid-latitude weather extreme events, especially over North America6. As
suggested by a previous study6, Arctic temperature variation over the East
Siberian–Chukchi Sea is closely related to temperature anomalies over North
America (125◦–85◦ W, 30◦–60◦ N), especially during boreal winter and spring
(Supplementary Fig. 2). Furthermore, the April and May temperature anomalies
over North America have a significant relation with March ART index, which
means the impact of anomalous Arctic warming in March is not limited to March,
but is found throughout spring. This might be attributed to significant lagged
autocorrelation for the March ART index until May (Supplementary Table 1). Even
though the ART index is based on the March surface temperature (Supplementary
Fig. 3a), the sea-ice concentration shows a significant relationship with respect to
the March ART index over the Bering Sea until the late spring (Supplementary
Fig. 3b). Surface temperature anomalies in the Bering Sea are maintained even in
late spring possibly because of the activation of air–ice–ocean interactions during
the sea-ice extent retreat period after the March sea-ice extent maximum. These
robust changes in Arctic air–ice–ocean conditions throughout the spring season
can act as a long-lived teleconnection source to affect atmospheric circulation
changes in mid-latitudes, as shown in Fig. 1 and Supplementary Fig. 4. Therefore,
the March ART index has not only a simultaneous relation with temperature and
GPP anomalies over North America but also a significant lagged relation as shown
in Supplementary Figs 2 and 3. In this regard, we use the March ART index to
determine the effects of spring terrestrial GPP on Arctic temperature variation.

Used data set to obtain ART-induced teleconnection. To estimate the
ART-induced teleconnection pattern, data on the monthly sea-level pressure,
geopotential height, and wind for 1979–2015 are obtained from the ERA
(European Centre for Medium-Range Weather Forecasts Reanalysis)-Interim36

(http://apps.ecmwf.int/datasets/data/interim-full-moda); monthly surface
temperature and precipitation are quantified using Climatic Research Unit (CRU)
TS3.23 for the period 1979–201437 (http://www.cru.uea.ac.uk).

Several data sets, as a proxy for terrestrial GPP, are used to obtain a robust
relation between the ART index and terrestrial productivity anomalies
(Supplementary Table 2). The NDVI data are the product of the Global Inventory
Modeling and Mapping Studies (GIMMS) database, obtained from the Advanced
Very High Resolution Radiometer remote-sensed observations38. The 8-km NDVI
grids were re-gridded to a common 0.5◦

×0.5◦ latitude/longitude grid for the
period 1982–2013 (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v0). We also
included eddy covariance flux-based GPP data15, derived from a diagnostic model
calibrated using global flux site-level data by means of a MTE machine learning
technique as a largely independent observation-based terrestrial primary
production data set. These data-driven GPP data are provided by the Max Planck
Institute for biogeochemistry for the period 1982–201115. In addition, the
simulated GPP by the Multi-scale Synthesis and Terrestrial Model Intercomparison
Project39 (MsTMIP), involving 15 individual models based on BG1 and SG3
simulations (Supplementary Table 3), is employed in this study for the period
1979–2010 (http://nacp.ornl.gov). The offline model simulations are all driven with
the same set of climate drivers, such as CRU and North American Regional
Reanalysis40. The GPP anomalies over North America to anomalous Arctic
warming in the MME of MsTMIP show a consistent result with the result based on
data-driven GPP in terms of both spatial pattern and quantity of carbon flux
amount, even though data-driven approaches were assessed for underestimation of
interannual variability15. Indeed, GPP sensitivities to temperature based on MTE
(Supplementary Figs 8c and 9c) are weaker than results from the MME of MsTMIP
(Supplementary Figs 8e and 9e), but statistically significant especially in the boreal
region. This result is consistent with a previous study, suggesting that terrestrial
carbon cycle models show a close result with MTE in terms of GPP sensitivity to
temperature anomalies, especially for the boreal region (48◦–90◦ N), which is a
temperature-limited region41.

To examine anomalous Arctic warming impacts on agricultural production,
United States crop-yield national and state-level data were downloaded for the

period 1979–2015 from a web-accessible database called ‘Quick Stats 2.0’ provided
by the National Agricultural Statistics Service of the United States Department of
Agriculture42 (http://www.nass.usda.gov/Quick_Stats).

Furthermore, the relationship between the ART indices and relevant impacts is
investigated in each of the 25 coupled Earth System Models incorporated in the
Coupled Model Intercomparison Project Phase 543
(http://cmip-pcmdi.llnl.gov/cmip5/data_portal.html). We use the data for the last
30 years in both the historical and Representative Concentration Pathway 4.5
scenarios in each model and re-gridded results into a common 2.5◦

×2.5◦

latitude/longitude grid. Details of each model are listed in Supplementary Table 4.
To find more evidence of ART-induced terrestrial GPP changes, the observed

GPP variations from individual flux towers were also used (Supplementary Fig. 7).
Details of each site are listed in Supplementary Table 5.

Linear regression analysis. To estimate the ART-induced teleconnection and
terrestrial impacts, linear regression is conducted with respect to the normalized
ART index. To focus on interannual relation, linear trends from all data sets were
firstly removed. Since each data set has a different period (Supplementary Table 2),
the linear trend is estimated based on the available data period. For the linear
regression, 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. As shown in Supplementary Figs 8, 9 and
13, we use a multiple regression to investigate the individual contributions of the
temperature and precipitation anomalies to terrestrial GPP41. Consequently, the
partial regression coefficients approximately represent the sensitivities of
terrestrial GPP toward surface temperature and precipitation (see
Supplementary Information).

Composite analysis. For crop-yield analysis, composite analysis is employed.
Anomalous Arctic warming cases were defined when the ART index was>0.75σ ,
and cooling cases were defined when it was<−0.75σ (Supplementary Fig. 1). To
examine a significance of anomalous Arctic temperature variation impacts on each
state of the United States, a bootstrap estimation is used for composite differences
between anomalous Arctic warming and cooling cases. In the bootstrap method, to
get the probabilistic density function, random resampling is repeated 10,000 times
from the crop-yield data and the P value is determined from the histogram of
random resampling (Fig. 4).

Data and code availability. The data
(https://dx.doi.org/10.6084/m9.figshare.5053930) and code
(https://dx.doi.org/10.6084/m9.figshare.5053948) that support the findings of the
study are available in a persistent repository (http://figshare.com).
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