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Abstract
The Arctic polar vortex (APV) system plays an important role in controlling winter and spring atmospheric circulation pattern in
China. Here, we evaluate the anomalous APV-induced spring vegetation variability and lagged productivity responses in China.
We found that both strong and weakAPV conditions have almost equally negative impacts on spring vegetation growth in China,
e.g., negative NDVI anomalies occurred in 48.6 and 53.2% of China’s vegetated areas under strong and weak APV conditions,
respectively. However, large seasonal compensation effects were associated with weak APV conditions, and beneficial lagged
vegetation productivity responses occurred in 67.2% of China’s vegetated areas, whereas adverse responses occurred in only
32.8% of vegetated areas. Under a strong APV, adverse lagged vegetation productivity responses occurred in 54.5% of China’s
vegetated areas, whereas beneficial responses occurred in only 45.5% of vegetated areas. The temperature, precipitation, and
solar radiation changes caused by anomalous APV-induced changes in circulation patterns are the main reasons for spring
vegetation variability. The lagged vegetation productivity responses were attributed to anomalous APV-related precipitation
and air temperature anomalies in the following summer and autumn. This improved understanding of the strong links between
APV anomalies and vegetation dynamics in China should facilitate early warning of vegetation productivity reductions under
anomalous APV conditions.

1 Introduction

The Arctic polar vortex (APV) system covers a large area and
features low pressure and cold air moving around the center of
the northern pole. This system weakens in summer and
strengthens in winter and spring. The variability in the APV
system is substantially associated with Arctic amplification,
i.e., the greater increase in trends and variability in surface air
temperature in the Arctic than in other global regions (Serreze
and Barry 2011; Cohen et al. 2014; Zhang et al. 2016). Arctic
amplification has been related to significant changes in the
transport of heat and water in the Arctic (Serreze et al. 2000;

Overland and Wang 2010; Screen and Simmonds 2010;
Serreze and Barry 2011) and has also been linked to extreme
weather events across the mid-latitudes (Francis and Vavrus
2012; Screen and Simmonds 2013; Walsh 2014; Francis and
Skific 2015; Overland et al. 2015; Shepherd 2016;Wang et al.
2017; Cohen et al. 2020). The strength of the APV has
changed greatly in response to Arctic amplification in recent
decades (Stroeve et al. 2007; Kim et al. 2014), and such var-
iations can exert extensive impacts on major climate oscilla-
tions, such as the Arctic Oscillation (AO) and El Niño-
Southern Oscillation (ENSO) (Thompson and Wallace 1998;
Frauenfeld and Davis 2000) and regional climate, such as the
surface air temperature (Zhang et al. 1985), precipitation
(Zhang et al. 2006, 2008; Xiong et al. 2012), atmospheric
circulation (Liu 1986), and snowstorms (Wang et al. 2008;
Yi et al. 2009) in China and cold events in North America
and Eurasia (Angell and Korshover 1977; Thompson et al.
2002; Mitchell et al. 2013; Zhang et al. 2016).

Since climate factors, such as temperature, precipitation,
and solar radiation, are the most important factors affecting
vegetation growth (Peng et al. 2020), anomalous APV-
induced changes in climate factors should have a profound
influence on the vegetation variability in the northern middle
to high latitudes. Although vegetation activities in the
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northern high latitudes have been intensively studied (Sturm
et al. 2001; Tucker et al. 2001; Tape et al. 2006; Bunn et al.
2007; Bhatt et al. 2010; Pearson et al. 2013), few approaches
have focused on the linkage between vegetation dynamics and
the APV (Li et al. 2017).

The atmospheric circulation patterns in the spring and win-
ter in China are largely controlled by the APV. Since spring is
a critical season for vegetation growth and because spring
environmental stresses, such as low temperatures and drought,
can easily cause cellular damage in vegetation (Norby et al.
2003; Inouye 2008), APV anomalies in spring should have a
great influence on vegetation variability in China. Whether
APV-induced spring vegetation variability has negative or
positive seasonal compensation effects in the subsequent sum-
mer and autumn is another important issue to address.
Previous studies have shown that the spring environmental
stresses, such as low temperatures and drought lasting several
months, can greatly reduce vegetation productivity (Noormets
et al. 2008; Hufkens et al. 2012). However, Buermann et al.
(2018) demonstrated that contrasting lagged productivity re-
sponses to spring environmental change exist widely in north-
ern ecosystems, which indicates that spring vegetation vari-
ability may not result in the reduction of vegetation produc-
tivity. Therefore, it is important to explore the lagged response
of vegetation productivity to anomalous APV conditions and
to explore the mechanism.

The satellite-observed normalized difference vegetation in-
dex (NDVI) is used as a measure of vegetation growth and
vegetation activity and is a proxy for potential photosynthesis
(Pinzon and Tucker 2014). In this study, we utilized NDVI
data, flux tower observed gross primary productivity (GPP)
data, and a spring APV index (APVI) to investigate the anom-
alous APV-induced spring vegetation variability and lagged
vegetation productivity responses in China. The objectives of
this study are (Angell and Korshover 1977) to demonstrate the
impacts of anomalous APV conditions on spring vegetation
variability, (Bao et al. 2014) to estimate the lagged productiv-
ity responses, and (Bhatt et al. 2010) to characterize the phys-
ical linkage between anomalous APV conditions and China’s
vegetation variability. This approach is anticipated to provide
a more comprehensive understanding of the vegetation vari-
ability in China in association with anomalous APV condi-
tions. The results are useful for early warning of the threats of
vegetation productivity reduction in response to APV anom-
alies in China.

2 Data and methods

2.1 Climate data

The monthly mean precipitation and surface air temperature
data, covering the period of 1982–2015 at a resolution of 0.5°

× 0.5°, were derived from the Climate Research Unit (CRU) at
http://www.cru.uea.ac.uk. The monthly mean geopotential
height and wind vectors used for atmospheric circulation
analysis and APVI calculation at 2.5° × 2.5° were obtained
from NCEP/NCAR at https://psl.noaa.gov/data/reanalysis
/reanalysis.shtml.

2.2 Terrestrial productivity data

The NDVI data were extracted from the Global Inventory
Monitoring and Modeling Studies (GIMMS) with a spatial
resolution of 1 × 1 km from 1982 to 2015 at https://ecocast.
arc.nasa.gov/data/pub/gimms/3g.v1. The pixels with NDVI
values greater and equal to 0.1 were treated as vegetated
areas, and the pixels with NDVI values less than 0.1 were
excluded. In this study, spring NDVI is the aggregated
monthly mean NDVI of March, April, and May, and the
yearly NDVI is the aggregated monthly mean NDVI in a year.

To study the mechanism of the anomalous APV-induced
vegetation productivity effects, the observed GPP variations
from eight flux towers, which represent eight eco-regions in
China, were used. The observed GPP values were obtained
fromChinaFLUX networks at http://www.chinaflux.org/. The
detailed methods for GPP calculation were described by Yu
et al. (2006, 2008, 2014). The eight eco-regions with their
representative flux sites and vegetation, as well as the climatic
drivers of GPP and NDVI, are listed in Table 1. The observed
data periods for DXG and NMG are from 2004 to 2010, and
those for other sites are from 2003 to 2010.

2.3 APVI calculation

We used a climate index, APVI, to represent the intensity of
the spring APV. The method for APVI calculation is similar to
that of Sui et al. (2014) and Li et al. (2017). First, a spring
(average of March to May) southern boundary characteristic
contour, H0, was established based on the monthly 500-hPa
geopotential height in the Northern Hemisphere from 1982 to
2015. The APVI is then calculated as

APVI ¼ ρR2 ΔφΔλ∑∑ H0–Hij

� �
cosφi ð1Þ

where φi is the latitude where H0 intersects the longitude, R is
the radius of the Earth (6371 km), ρR2 is 0.1, Δφ = Δλ =
π/72, andHij is the 500-hPa geopotential height averaged over
March to May in the northern area of H0.

To detect the anomalous APVI years, a standard detrended
APVI was first created by removing the linear trend and stan-
dardizing (by dividing by its standard deviation) the APVI
time series. The thresholds of 1 and −1 were then used to
divide the positive and negative APVI years. Positive APVI
years are identified as those with APVI values greater than the
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threshold of 1, while negative APVI years are those with
APVI values less than the threshold of −1.

2.4 Statistical methods

2.4.1 Composite analysis

Composite analysis can effectively characterize climatic con-
ditions for particular cases and has been widely used in cli-
mate research (Rudeva and Gulev 2011). To examine anom-
alous APV impacts on circulation and vegetation growth,
composite analysis was applied to the average geopotential
height, wind, air temperature, precipitation, and NDVI anom-
alies for the positive and negative APVI phase years.

2.4.2 Correlation analysis

Correlation analysis was used to detect the relationships be-
tween monthly GPP and climate factors and to examine the
lagged vegetation productivity response to APV anomalies.
The seasonal cycle of the observed monthly GPP and monthly
climate factors were removed from the time series, and
Student’s t test was used to determine the statistical signifi-
cance in the correlation analysis.

3 Results

3.1 Trends and variations in APVI

The APVI shows a significant decreasing trend from 1982 to
2015 (P < 0.01), which is consistent with Arctic warming
(Fig. 1a). The positive APVI years were 1985, 1986, 1992,
1994, 2011, and 2015, and the negative APVI years were
1983, 1995, 1996, 2005, 2006, 2008, 2010, and 2013 (Fig.
1b).

3.2 Impacts of anomalous APV on atmospheric
circulation

For the atmospheric circulation at 500 hPa, there is a
marked difference between the positive and negative
APVI phases near the Urals (45°N, 60°E), where negative
and positive geopotential height anomalies dominated dur-
ing the positive and negative APVI phases, respectively
(Fig. 2a, b). This implies that the Ural blocking high-
pressure system was weakened and enhanced during the
positive and negative APVI phases, respectively. The
Ural blocking high is one of the most important climate
systems influencing China’s weather pattern. Generally, a
strong Ural blocking high inhibits air mass exchange be-
tween the Arctic and China’s domain, but a weaker Ural
blocking high enhances this exchange. Therefore, the at-
mospheric circulation at 500 hPa in the positive APVI
phase is more conducive to southward cold air movement
than that in the negative APVI phase.

The circulation patterns at 1000 hPa were consistent
with those at 500 hPa. Northerly winds were enhanced,
and positive geopotential height anomalies dominated
most areas of China during the positive APVI phase.
During the negative APVI phase, northerly winds were
only enhanced in northern and northeastern China, while
negative geopotential height anomalies dominated most
areas of China (Fig. 2c, d). The anomalous atmospheric
circulation patterns may have a great influence on the sur-
face climate factors in China.

3.3 Impacts of anomalous APV on climate factors

The spatial patterns of temperature, precipitation, and solar
radiation anomalies were consistent with the corresponding
circulation patterns for the positive and negative APVI phases.
During the positive APVI phase, the northerly winds were
enhanced in most areas of China at 1000 hPa (Fig. 2c). The

Table 1 The main characteristics of the flux towers and the climatic drivers of GPP and NDVI in the eight eco-regions

Eco-region Site name Latitude Longitude Vegetation Climatic drivers of GPP Climatic drivers of NDVI

NE CBF 42°24′N 128°06′E Forest MT, MP, MS MT, MS

NC YCA 36°58′N 116°38′E Crops MT, MS MT

SW BNF 21°54′N 101°16′E Forest MT MT

CC QYF 26°44′N 115°03′E Forest MT, MS MT

IM NMG 44°08′N 116°18′E Grassland MP MP

NW HBG 37°40′N 101°20′E Grassland MP MP

SC DHF 23°09′N 112°30′E Forest MT, MS MT

TP DXG 30°29′N 91°03′E Grassland MP -

Note: China’s domains are divided into eight eco-regions of NE, IM, NW, NC, CC, SC, TP, and SW, representing Northeast China, Inner Mongolia,
Northwest China, North China, Central China, Southeast China, Tibetan Plateau, and Southwest China, respectively. MT, MP, and MS represent
monthly mean air temperature, monthly precipitation, and monthly mean solar radiation, respectively.
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strengthening northerly winds sent large cold Arctic air
masses towards China’s domain, which decreased the air tem-
perature by 0.2–0.5 °C in most eco-regions of China, includ-
ing Inner Mongolia (IM), North China (NC), Central China
(CC), Northwest China (NW), Southwest China (SW), and
Southeast China (SC) (Fig. 3a). Meanwhile, as positive
geopotential height anomalies dominated most parts of
China, the high pressure and downdrafts were enhanced, re-
ducing cloud and precipitation formation. Therefore, negative
precipitation and positive solar radiation anomalies dominated
most areas of China (Fig. 3c, e), and the precipitation reduc-
tions ranged from 15 to 30% in NE and NW and, generally,
from 5 to 15% in the other regions.

During the negative APVI phase, the northerly winds
were weakened in most eco-regions of China and were

only enhanced in NE and IM. Therefore, the air tempera-
ture anomalies were between −0.2 and −0.5 °C in NE and
IM and between 0.2 and 0.5 °C in other eco-regions of
China (Fig. 3b). Since a cyclone system existed near north-
eastern China at 500 hPa (Fig. 2b), which was conducive to
forming precipitation, the precipitation anomalies in NE
ranged from 15 to 30% (Fig. 3d). Additionally, the warm
and humid air from the Indian and Pacific Oceans met the
northern cold air in southern China (Fig. 2d), which
formed precipitation in most areas of NW, TP, CC, SC,
and SW, with precipitation anomalies of 5–30%. As nega-
tive geopotential height anomalies dominated most regions
of China, the updrafts were enhanced, which was condu-
cive to forming clouds. Therefore, negative solar radiation
anomalies occurred in most areas of China (Fig. 3f).
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Fig.1 a Time series of APVI (blue) and its trends (red) and b the standardized APVI series. The thresholds of −1 and 1 are used to identify anomalous
AVPI years

Fig. 2 Composite geopotential height (gpm) and wind anomalies (10 m/s) for APVI phases. a Positive APVI phase at 500 hPa; b negative APVI phases
at 500 hPa; c positive APVI phase at 1000 hPa, and d negative APVI phases at 1000 hPa
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3.4 Impacts of anomalous APV conditions on spring
vegetation activity

The anomalous climate factors during the positive and nega-
tive APVI phases were expected to affect China’s vegetation
activity in the spring. In the positive APVI phase, positive and
negative NDVI anomalies occupied 51.4 and 48.6% of
China’s vegetated areas, respectively. Negative vegetation ac-
tivity mainly occurred in SW and TP, with the lowest NDVI

anomalies less than −10%, while positive vegetation activity
mainly occurred in the other eco-regions, with the highest
NDVI anomalies greater than 10% (Fig. 4a). In the negative
APVI phase, positive and negative NDVI anomalies occupied
46.8 and 53.2% of China’s vegetated areas, respectively.
Negative vegetation activity mainly occurred in NE and IM,
with NDVI anomalies between −5 and −10%, while positive
vegetation activity occurred in the other eco-regions, with
NDVI anomalies between 5 and 10%.

Fig. 3 Composite of spring
(March to May) mean
temperature (°C), total
precipitation (%), and mean solar
radiation (W/m2) anomalies for
the positive and negative APVI
phases. a Temperature in the
positive phase; b temperature in
the negative phase; c precipitation
in the positive phase; d
precipitation in the negative
phase; e solar radiation in the
positive phase, and f solar
radiation in the negative phase.
China’s domains are divided into
eight eco-regions of NE, IM, NW,
NC, CC, SC, TP, and SW,
representing Northeast China,
Inner Mongolia, Northwest
China, North China, Central
China, Southeast China, Tibetan
Plateau, and Southwest China,
respectively
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3.5 Lagged vegetation productivity response to
anomalous APV

The lagged vegetation productivity responses are different
between the positive and negative APVI phases. For the year-
ly NDVI, 55% of China’s vegetated area was covered by
negative anomalies during the positive APVI phase, but
65% of China’s vegetated area was covered by positive yearly
NDVI anomalies during the negative APVI phase. The nega-
tive NDVI anomalies mainly occurred in NE, IM, NC, SW,
and TP during the positive APVI phase, with values mostly
between −1 and −5% (Fig. 5a). Positive NDVI anomalies
were widely distributed in NE, NC, CC, SC, SW, and NW
during the negative APVI phase, with most of the values be-
tween 1 and 10% (Fig. 5b).

Comparison of the difference between yearly and spring
NDVI anomalies revealed that more negative lagged vegeta-
tion productivity responses occurred in the positive phase than
in the negative APVI phase. During the positive and negative
APVI phases, negative lagged vegetation productivity re-
sponses occurred in 54.5 and 32.8% of China’s vegetated
areas, respectively, and positive lagged vegetation productiv-
ity responses occurred in 45.5 and 67.2% of China’s vegetated
areas, respectively (Fig. 5c, d).

4 Discussion

4.1 Spring vegetation activity in China linked to APV
anomalies

Understanding the factors controlling vegetation productivity
is an effective way to explain the impacts of APV anomalies
on NDVI. We first explored the observed relationship

between GPP and climate factors at ChinaFLUX sites to de-
termine the climatic drivers of GPP at the site scale, and then
we combined the relationships at the site scale with large-scale
distributions of the climate factors and NDVI to evaluate the
climatic drivers of NDVI and to explain the links between
spring NDVI variability and APV anomalies in China.

As shown in Fig. 6, positive correlations between air tem-
perature and GPP are observed at CBF (R2 = 0.72, P < 0.001),
BNF (R2 = 0.57, P < 0.001), QYF (R2 = 0.91, P < 0.001), DHF
(R2 = 0.73, P < 0.001), and YCA (R2 = 0.67, P < 0.001), and
positive correlations between solar radiation and GPP are ob-
served at CBF (R2 = 0.63, P < 0.001), QYF (R2 = 0.77, P <
0.001), DHF (R2 = 0.66, P < 0.001), and YCA (R2 = 0.72, P <
0.001). Precipitation is positively correlated with GPP in CBF
(R2 = 0.42, P < 0.01), NMG (R2 = 0.88, P < 0.001), HBG (R2

= 0.41, P < 0.01), and DXG (R2 = 0.58, P < 0.01).
The spatial patterns of NDVI anomalies in each eco-region

in the positive and negative APVI phases can be explained
using the observed GPP-climate relationships at the corre-
sponding ChinaFLUX site. Air temperature is positively cor-
related with GPP in SW, CC, SC, and NC. Negative and
positive air temperature anomalies dominated most areas in
SW, CC, SC, and NC during the positive and negative APVI
phases, respectively (Fig. 3a, b). Therefore, negative and pos-
itive NDVI anomalies occurred in most areas of SW, CC, SC,
and NC during the positive and negative APVI phases, respec-
tively (Fig. 4). Precipitation is positively correlated with GPP
in NW and IM. Positive and negative precipitation anomalies
dominated most vegetated areas in NW and IM during the
positive and negative APVI phases, respectively (Fig. 3c, d).
Therefore, positive and negative NDVI anomalies occurred in
most areas in NW and IM during the positive and negative
APVI phases, respectively (Fig. 4). Both air temperature and
solar radiation are positively correlated with GPP in NE.

Fig. 4 Spatial pattern of composite spring NDVI anomaly (%) for a positive and b negative APVI phases
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Positive NDVI anomalies occurred in NE in the positive
APVI phase and were attributed to positive air temperature
and solar radiation anomalies, while negative NDVI anoma-
lies occurred in NE in the negative APVI phase and were
attributed to negative air temperature and solar radiation
anomalies.

The TP is the highest plateau in the world. The start date of
the growing season at DXG is far later than that of other sites
because of its high elevation (4333 m). Since the monthly
GPP in March is zero at DXG, we have to use the data from
April to June to explore the vegetation–climate relationships.
In DXG, GPP is positively correlated with precipitation.
However, the spatial pattern of NDVI anomalies cannot be
fully explained by the pattern of precipitation anomalies in
the TP. This discrepancy might be attributed to the delayed
phonological phase, spatial heterogeneities (Cong et al. 2017),
and elevation-related precipitation differences in the TP
(Zheng et al. 2020).

Although NDVI is not a GPP measurement, NDVI can
be a proxy for the primary productivity of the terrestrial
biosphere (Myneni et al. 1997). Therefore, the responses of
NDVI and GPP to climate factors should have similar char-
acteristics. However, by comparing the spatial pattern of
NDVI with the climate drivers, it is found that the number
of climatic drivers for GPP is greater than that for NDVI

(Table 1). For example, at YCA, QYF, and DHF, the cli-
matic drivers of GPP are air temperature and solar radia-
tion, but that of NDVI is only temperature. One possible
reason of this discrepancy is the influence of human activ-
ity. The change of NDVI is caused by both climate and
human factors, but the change of the observed GPP is only
affected by climate factor. Human activities, such as land
use change, fertilization, and irrigation will lead to the
change of NDVI (Mueller et al. 2014). Another possible
reason is the spatial heterogeneity of NDVI. In this study,
the change of NDVI value in a pixel reflects the change of
vegetation greenness within 1 km2, which may contain
more than one kind of ecosystem. Therefore, GPP is more
sensitive to climate change than NDVI.

4.2 Comparison of the impacts of positive and
negative APVI phases

Although the APV-induced spatial distributions of the spring
NDVI anomalies were different between the positive and neg-
ative APVI phases, both APVI phases caused almost 50% of
the positive and negative spring NDVI anomalies in China.
Positive and negative spring NDVI anomalies occupied 51.4
and 48.6% of China’s vegetated areas during the positive
APVI phase, while positive and negative spring NDVI

Fig. 5 Spatial pattern of
composite yearly NDVI
anomalies (%) for the a positive
and b negative APVI phases;
spatial pattern of difference
between yearly and spring NDVI
anomalies for the c positive APVI
phase and d negative APVI
phase. Positive and negative
values in c and d indicate positive
and negative lagged effects on
productivity, respectively
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anomalies occupied 46.8 and 53.2% of China’s vegetated
areas during the negative APVI phase. In terms of the eco-
regional mean, the number of eco-regions with positive and
negative NDVI anomalies is four for both positive and nega-
tive APVI phases. Vegetation activity declined in NC, IM, TP,
and SW during the positive APVI phase and declined in NE,
IM, NW, and TP during the negative APVI phase. Vegetation
activity increased in NE, SC, NW, and CC during the positive
APVI phase and increased in NC, SC, SW, and CC during the
negative APVI phase (Table 2).

For the positive APVI phase, vegetation productivity ex-
hibited adverse lagged effects in NE, NC, NW, and CC, where
the eco-regional NDVI anomalies were 0.65%, −0.07%,
0.01%, and 0.46% in spring and decreased to −0.06%,
−0.53%, −0.50%, and −0.10% for the full year, respectively.
However, vegetation growth exhibited beneficial lagged ef-
fects in SC, IM, TP, and SW,where the NDVI anomalies were
0.01%, −0.57%, −0.68%, and −1.93% in spring, and each
increased to 0.02%, −0.26%, 0.55%, and −0.75%, respective-
ly (Table 2).

For the negative APVI phase, most of the negative vegeta-
tion activity in the spring could be compensated by climate
conditions in the subsequent summer and autumn, and bene-
ficial lagged effects occurred in almost all of China’s region
except for TP. The spring NDVI anomalies were −2.69%,
0.81%, 0.64%, −1.2%, −1.54%, 0.10%, and 1.0% in NE,
NC, SC, IM, NW, SW, and CC, respectively, and each was
lower than the yearly NDVI anomalies of 0.07%, 1.91%,
0.98%, −0.39%, 0.24%, 0.70%, and 1.51% in the correspond-
ing eco-regions.

The eco-region IM, located in the arid and semiarid area of
China and mainly covered by grassland, is the only eco-region
with negative spring and yearly NDVI values in both positive
and negative APVI phases. Previous studies have demonstrat-
ed that vegetation in IM is most vulnerable to climate change
(Zhang et al. 2011; John et al. 2013; Bao et al. 2014), and our
research suggests that vegetation in IM is most vulnerable to
APV anomalies.

4.3 Lagged vegetation productivity responses linked
to APV anomalies

By comparing the lagged vegetation productivity responses
between the positive and negative APVI phases, 67.2% of
China’s vegetated areas exhibited positive lagged responses
during the negative APVI phase, but only 45.5% of China’s
vegetated areas exhibited positive lagged effects during theFig. 6 Relationships between monthly GPP and monthly mean

temperature (°C), monthly precipitation (mm), and monthly mean solar
radiation (W/m2) at the ChinaFLUX sites DXG, DHF, HBG, NMG,
QYF, BNF, YCA, and CBF. Here, the monthly GPP data include data
from April to June for DXG and from March to May for the other seven
sites

Table 2 Eco-regional mean spring and year NDVI anomalies for the
positive and negative APVI phases

Eco-region Positive APVI phase Negative APVI phase

Yearly (%) Spring (%) Yearly (%) Spring (%)

NE −0.06 0.65 0.07 −2.69
NC −0.53 −0.07 1.91 0.81

SC 0.02 0.01 0.98 0.64

IM −0.26 −0.57 −0.39 −1.20
NW −0.50 0.01 0.24 −1.54
TP 0.55 −0.68 −0.39 −0.14
SW −0.75 −1.93 0.70 0.10

CC −0.10 0.46 1.51 1.00
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positive APVI phase. This difference may be attributed to
climate conditions in the subsequent summer and autumn.
The association between APVI and climate conditions in the
subsequent summer and autumn is understandable because
APV-induced spring climate change alters the ecosystem pro-
ductivity and the seasonality of important ecosystem feed-
backs to the atmosphere and climate system, which results in
changes in temperature and precipitation in the following
months.

We then examine the relationships between the detrended
APVI and detrended monthly air temperature and precipita-
tion averaged over China. The APVI is significantly correlat-
ed with air temperature in April, which is consistent with our
previous results of spring NDVI variability. Additionally, we
found significant correlations between APVI and precipitation
in July and air temperature in September (Fig. 7). Hence, we

further examine the spatial distributions of the correlation
coefficients.

Spatially, monthly precipitation in July was negatively as-
sociated with the APVI in NC, NW, and parts of TP and
positively associated with the APVI in most areas of NE,
CC, SC, SW, and TP (Fig. 8a). Furthermore, the monthly
mean air temperature of September was negatively correlated
with the APVI in NE, IM, NW, NC, SW, and CC and posi-
tively associated with the APVI in TP (Fig. 8b).

As the positive (negative) APVI phase corresponds to
higher (lower) detrended APVI values, when the correlation
coefficients between the APVI and climate factors are positive
(negative), then the positive APVI phase corresponds to
higher (lower) climate factor values, and the negative APVI
phase corresponds to lower (higher) climate factor values. The
lagged vegetation productivity responses for the anomalous
APVI phases could be interpreted by combining the spatial
distribution of the correlation coefficients with the climate
drivers of NDVI in each eco-region.

As displayed in Table 1, NDVI variability in NE, NC, CC,
SC, and SWwas controlled by temperature variation, while that
in IM, NW, and TP was controlled by precipitation variation.
During the positive APVI phase, adverse lagged responses oc-
curred in NE, NC, NW, and CC, while beneficial lagged re-
sponses occurred in SC, IM, TP, and SW. The adverse lagged
responses in NE, NC, and CC were attributed to the negative
correlation between the APVI and temperature in September,
which caused lower temperatures in the positive APVI phase
and resulted in a decrease in the NDVI in the autumn. The
adverse lagged effects in NW were attributed to the negative
APVI–precipitation relationship in July, which caused lower
precipitation in the positive APVI phase and resulted in the
decreased NDVI in NW. Furthermore, the beneficial lagged
responses that occurred in SC and SW were attributed to a
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Fig. 7 Correlation coefficients between detrended APVI and detrended
monthly mean air temperature and monthly precipitation averaged over
China. Dashed lines indicate the thresholds of the 95% significance level

Fig. 8 Spatial pattern of correlation coefficients between the detrended APVI and detrended a precipitation in July and b temperature in September
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positive APVI–temperature relationship, which caused higher
temperatures in September and resulted in NDVI increases in
SC and SW. The beneficial lagged responses that occurred in
IM and TP were attributed to positive APVI– precipitation re-
lationships, which caused higher precipitation in July and re-
sulted in NDVI increases in IM and TP.

During the negative APVI phase, beneficial lagged re-
sponses occurred in almost all of China’s region except for
TP. The beneficial lagged responses that occurred in NE, NC,
CC, SC, and SWwere attributed to negative APVI–temperature
relationships in September, which caused higher temperatures
and resulted in an increased NDVI. The beneficial lagged re-
sponses that occurred in IM andNWwere attributed to negative
APVI–precipitation relationships, which caused higher precip-
itation in July and resulted in NDVI increases in IM and NW.
The adverse lagged responses that occurred in the TP may be
attributed to positive APVI–temperature relationships in
September, which caused lower temperatures in the negative
APVI phase and resulted in a decreased NDVI. However, the
observations of GPP at the site scale did not show significant
relationships with temperature. The climate drivers of NDVI in
TP need further research.

Buermann et al. (2018) reported that there were contrasting
lagged productivity responses to spring warmth across north-
ern ecosystems. In this study, we found that diverse lagged
productivity responses were associated with circulation pat-
terns in the early stages, which supplements the findings of
Buermann et al.

5 Conclusions

In this paper, we examined the impacts of APV anomalies on
spring vegetation variability and lagged vegetation productiv-
ity responses in China and discussed the linkage between
APV anomalies and vegetation variability.We found that both
strong and weak APV have almost equal negative impacts on
spring vegetation growth in China, e.g., negative NDVI
anomalies occurred in 48.6 and 53.2% of China’s vegetated
areas during the positive and negative APVI phases, respec-
tively. However, a large difference exists in the lagged vege-
tation productivity responses between the positive and nega-
tive APVI phases. The areal percentage of adverse lagged
productivity responses is 54.5% in the positive APVI phase,
which is much higher than that of 32.8% in the negative APVI
phase. The areal percentage of beneficial lagged productivity
responses is 45.5% in the positive APVI phase, which is much
lower than that of 67.2% in the negative APVI phase. Under a
strong APV, adverse lagged responses occurred in NE, NC,
NW, and CC, and beneficial lagged effects occurred in SC,
IM, TP, and SW. Under a weak APV, adverse lagged re-
sponses occurred only in TP, and beneficial lagged effects
occurred in other parts of China.

An APV anomaly corresponds to an anomalous atmo-
spheric circulation pattern, which is the main cause of anom-
alous spring air temperature, precipitation, and solar radiation
changes in China, and changes in these climate factors are the
main drivers of NDVI variability. Anomalous air temperature
change is the main reason for NDVI variability in SC, CC,
NC, and SC, and anomalous precipitation change is a driver of
the changes in NDVI in NW and IM. Both anomalous air
temperature and solar radiation changes are the main drivers
of NDVI variability in NE.

The lagged vegetation productivity responses were mainly
attributed to the strong association between the APVI and pre-
cipitation in July and temperature in September. The lower
precipitation and lower temperature occurring in the subsequent
July and September were the main reasons for the adverse
lagged vegetation productivity responses in the positive APVI
phase. In contrast, the higher precipitation and higher tempera-
ture occurring in the subsequent July and September were the
reasons for the beneficial lagged vegetation productivity re-
sponses in the negative APVI phase. The strong association
between spring APV anomalies and yearly NDVI variability
makes the APVI useful in vegetation productivity prediction.

The present study used the intensity of the APV to repre-
sent the variation in the APV and did not consider other indi-
ces, such as the area or position of the APV. In future studies,
we need to include more indices to more accurately predict the
impacts of APV anomalies on vegetation variability in China.
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