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Abstract Identiﬁcation of effects that climate teleconnections, such as El Niño–Southern Oscillation
(ENSO), Paciﬁc Decadal Oscillation (PDO), and North Atlantic Oscillation (NAO), have on wildﬁres is difﬁcult
because of short and incomplete records in many areas of the world. We developed the ﬁrst multicentury
wildﬁre chronologies for northeast China from ﬁre-scarred trees. Regional wildﬁres occurred every 7 years
from the 1700s to 1947, after which ﬁre suppression policies were implemented. Regional wildﬁres occurred
predominately during drought years and were associated with positive phases of ENSO and PDO and
negative NAO. Twentieth century meteorological records show that this contingent combination of +ENSO/
+PDO/ NAO is linked to low humidity, low precipitation, and high temperature during or before late spring
ﬁre seasons. Climate and wildﬁres in northeast China may be predictable based on teleconnection phases,
although future wildﬁres may be more severe due to effects of climate change and the legacy of
ﬁre suppression.
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1. Introduction
Wildﬁre is in many ecosystems a central organizing disturbance process, affecting biogeochemical cycles, biodiversity and ecosystem structures, and hydrological processes [Bowman et al., 2009]. Wildﬁre also often has
profound social and economic impacts, which are forecast to increase with future intensiﬁcation of human land
use and anthropogenic climate change [Moritz et al., 2014; Abatzoglou and Williams, 2016]. Increased wildﬁre
sizes and severities in recent decades in many locations around the world have focused attention on potentially
severe consequences of warmer temperatures, changes in rainfall patterns, earlier spring snow melt, and longer
ﬁre seasons [Westerling et al., 2006; Liu et al., 2010; Jolly et al., 2015]. The occurrence, spread, and intensity of any
single wildﬁre is mainly dependent on weather patterns that vary on daily to monthly time scales [Flannigan
and Harrington, 1988; Trouet et al., 2009; Abatzoglou and Kolden, 2013]. However, there is increased understanding of linkages between wildﬁre synchrony over regional scales and interannual to multidecadal patterns in
climate variation inﬂuenced by global teleconnections such as the El Niño–Southern Oscillation (ENSO) and
other coupled ocean-atmosphere temperature and pressure patterns [Swetnam and Betancourt, 1990;
Kitzberger et al., 2001, 2007; Trouet et al., 2010; Labosier et al., 2015]. These patterns affect regional droughts that,
in turn, affect local patterns in fuel moisture and lightning ignitions.
Wildﬁre records in many regions of the world are generally too short or incomplete to adequately assess
long-term effects of synoptic climate forcings on wildﬁres [Swetnam and Brown, 2010]. Many areas also have
experienced disruptions in natural ﬁre occurrence through all or portions of the 20th and 21st centuries
because of ﬁre suppression activities or intensive livestock grazing, logging, or other land use activities that
changed characteristic fuel amount, structure, and continuity [e.g., Hessl et al., 2016]. Thus, much of our
current understanding of long-term ﬁre-climate linkages has come about through comparison of multicentury wildﬁre chronologies derived from ﬁre scars recorded in annual tree ring series with independently
derived tree ring-based climate reconstructions [Trouet et al., 2010; Falk et al., 2011]. For example, evidence
from western North America has shown how contingent states of ENSO, the Paciﬁc Decadal Oscillation
(PDO), and the Atlantic Multidecadal Oscillation (AMO) inﬂuenced regional spatial and temporal variability
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Figure 1. Locations of ﬁre scar collections in northeast China (blue triangles) within area of Daxing’an Mountains. Red
crosses are PDSI grid points [Dai et al., 2004] used in SEA with regional wildﬁre index. Yellow pentagrams are the locations of meteorological station sites.

in multidecadal drought frequencies [McCabe et al., 2004] that, in turn, contributed to increase wildﬁre synchrony across individual mountain ranges [Brown, 2006; Sibold and Veblen, 2006] and at subcontinental scales
[Trouet et al., 2006, 2009, 2010; Kitzberger et al., 2007]. Understanding how quasiperiodic variations in oceanatmosphere phenomena affect interannual to multidecadal climate variation holds promise for probabilistic
drought and wildﬁre forecasts months to perhaps years in advance [Falk et al., 2011; Owen et al., 2012] and
contributes to more accurate modeling of climate change impacts on wildﬁres and ecosystems in coming
decades [Liu et al., 2014].
Whereas the development and interpretation of century-length wildﬁre chronologies has evolved steadily for
certain regions such as western North America, such chronologies do not exist for other regions, including
northeastern China. Yet wildﬁre hazard is projected to increase with increasing temperatures in the coming
century in regions of Siberia and northeastern China [Kasischke, 2000; Liu et al., 2012] and an improved understanding of ﬁre history is urgently needed for these regions. Furthermore, the inﬂuence of atmospheric circulation patterns on climate in northeast China is only beginning to be explored [Dai et al., 2004; X. Wang et al., 2011;
Linderholm et al., 2013; Qian et al., 2014] and very little is known about teleconnection relations with wildﬁres.
Here we construct multicentury wildﬁre histories from ﬁre scars recorded in Dahurian larch (Larix gmelinii) trees
found at six sites across the Daxing’an Mountains in northeast China (Figure 1 and Table S1 in the supporting
information). Our goals are (1) to reconstruct local and regional wildﬁre dates and relative spatial extent in
northeast China over the last ~250 years and (2) to assess climatic forcings of wildﬁres across this region. We
combined wildﬁre dates recorded simultaneously in at least two of the six sites to develop a regional wildﬁre
index from 1774 to 2010 A.D. that we compare to regional droughts and global climate teleconnections.
Based on results from similar studies from other regions [Falk et al., 2010], we hypothesize that regional synchrony in wildﬁre occurrence was driven by regional climate patterns that overrode smaller-scale effects, such
as human land use or local changes in fuel structure. We also examine the inﬂuence of large-scale climate oscillation patterns on local climatology over the existing instrumental period.

2. Materials and Methods
2.1. Study Area
The Daxing’an Mountains are a unique boreal forest region in China located at the southern limit of a discontinuous permafrost zone [Xu, 1998]. Annual mean temperatures vary from 2 to 4°C. Mean annual precipitation ranges between 350 and 500 mm with >60% occurring from June to August [Zhou, 1991; Abaimov
et al., 2000; Shi et al., 2000]. Winters are generally dry, and peak ﬁre season occurs in the arid foresummer from
March to June, although ﬁres can also occur during extreme summer drought and into the fall. The ignition
YAO ET AL.
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source of most wildﬁres in Daxing’an Mountains before 1949 is mainly from lightning, while the man-made
ﬁres increased gradually after 1949 [Xu, 1998].
2.2. Wildﬁre Data
Fire-scarred cross sections were collected in the summer of 2010 at six sites in the Daxing’an Mountains in
northeast China (Figure 1 and Table S1 in the supporting information). Cross sections were prepared and
sanded to be able to see wood cell structure under 7X to 30X magniﬁcation with a stereo microscope.
Tree ring series on cross sections were then crossdated against locally developed master chronologies for
each site [X.-C Wang et al., 2011] using both visual and skeleton plot crossdating methods [Speer, 2010].
The year and season of occurrence of ﬁre scars recorded on individual trees were assigned and compiled into
ﬁre chronologies for each site using the program FHX2 [Grissino-Mayer, 2001]. We then compiled a regional
wildﬁre index that consists of site level ﬁre scar dates (deﬁned as ﬁre dates recorded on greater than or equal
to two trees at an individual site) recorded at greater than or equal to two sites to examine climate relations
with regional wildﬁre occurrence over the past two+ centuries.
2.3. Climate Data
We ﬁrst derived a regional drought index from a set of gridded (2.5° latitude × 2.5° longitude) April–October
Palmer Drought Severity Indices (PDSI) developed from instrumental records (1901–2014) across China and
northeast Asia [Dai et al., 2004]. Our regional drought index includes average annual values for six grid points
centered over northeast China (Figure 1). We compared the regional wildﬁre index to this seasonal drought
index both graphically and using superposed epoch analyses (SEA) over the period of overlap (1901–2014 C.
E. (Common Era)), which included 15 regional wildﬁre dates. We used the program FHAES (Fire History
Analysis and Exploration System) for SEA [Brewer et al., 2014]. Signiﬁcant climate anomalies in SEA were determined using bootstrapped conﬁdence intervals based on average annual climate values with the same
number of years in the regional wildﬁre index data set.
In addition to instrumental PDSI [Dai et al., 2004], we compared regional wildﬁre dates to the Monsoon Asia
Drought Atlas version 2 (MADA), a reconstruction of summer (June–August) PDSI across Asia (1300–2005)
[Cook et al., 2010]. The MADA reconstructions are gridded on the same locations as the instrumental PDSI
[Dai et al., 2004] (Figure 1). However, we did not ﬁnd any signiﬁcant relations with MADA grid points in the
Daxing’an Mountains, we suspect, because of either different seasons of analysis (April to October in the
instrumental data versus June to August in the MADA reconstruction) or the general lack of tree ring chronologies in northeast China for MADA grid point reconstruction.
We then compared regional wildﬁre dates to four proxy-based reconstructions of three atmospheric circulation patterns: two tree ring-based reconstructions of ENSO (Winter SOI: 1706–1977; [Stahle et al., 1998]) and
Winter Niño3 index (1408–1978; [Cook et al., 2009]); a tree ring-based reconstruction of Annual PDO (standardized leading principal component of monthly SST anomalies in the Paciﬁc north of 20°N; 1700–1979;
[D’Arrigo et al., 2001]); and a reconstruction of the North Atlantic Oscillation (NAO; calculated as the standardized difference between sea level pressure over the Azores and Iceland; April–October 1500–2001;
[Luterbacher, 2001]). We recognize that there are issues with available PDO reconstructions [Kipfmueller
et al., 2012] but believe our results support using the reconstruction [D’Arrigo et al., 2001] as robust in relation
to wildﬁres in northeast China. We use SOI and Niño3 as proxies for ENSO as these have proven to be robust
indicators of the ENSO teleconnection in ﬁre-climate analyses for North America [e.g., Brown, 2006; Sibold and
Veblen, 2006; Kitzberger et al., 2007]. There are 30 regional wildﬁre dates that overlap with the SOI and PDO
reconstructions and 31 that overlap with the Niño3 and NAO reconstructions. We also tested relationships
between regional wildﬁre dates and contingent combinations of the Southern Oscillation Index (SOI), PDO,
and NAO reconstructions using a chi-square contingency analysis calculated in R.
2.4. Climate Teleconnections
We extracted monthly climate parameters (precipitation anomalies, temperature anomalies, and relative
humidity) from eight meteorological stations (Figure 1 and Table S2) located near the ﬁre history sites, then
we averaged the three climate parameters (anomalies were calculated from 1957 to 2009 average) of eight
stations to explore potential linkages between local climatology and atmospheric circulation patterns as
indicated by the ﬁre-climate analysis. We used Pearson’s correlations to compare local seasonal climate
YAO ET AL.
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Figure 2. Time series of (a) instrumental PDSI and (b) reconstructed Niño3, (c) SOI, (d) PDO, and (e) NAO with regional wildﬁres marked at the dates they occurred (red circles). Heavy lines in each plot are 20 year cubic spline smoothing curves;
light straight lines are time series means.

conditions to instrumental circulation series (SOI [Allan et al., 1991], NAO [Jones et al., 1997], and PDO [Mantua
et al., 1997]) over a common period from 1957 to 2009.

3. Results
3.1. Wildﬁre-Climate History
We were able to crossdate 207 ﬁre-scarred trees from the six sites sampled in the Daxing’an Mountains, with
individual wildﬁre dates extending from 1693 to 2007 (Figure S1). Wildﬁres were frequent occurrences in all
sites, although there was a decline in both local and regional wildﬁre frequency after 1947. We identiﬁed 31
regional wildﬁres (recorded at two or more sites) from the ﬁrst recorded in 1774 to the last in 1987 (Figure S1).
Regional wildﬁres occurred on average every 7 years from 1774 to 1947 (Table S3). We did not calculate ﬁre
frequency after 1947 because of the obvious change in wildﬁre frequency after this date. Only three regional
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Figure 3. Superposed epoch analyses of instrumental (PDSI; 1901–2010) and reconstructed (Niño3, SOI, PDO, and NAO;
1774–2010) annual climate anomalies with regional wildﬁre years in northeastern China. The analysis window includes 3
years before and 2 years after each ﬁre year (year “0”). Fire years are deﬁned as years when at least two of the six sites
burned (Figure 2). Black bars mark statistically signiﬁcant departures (p < 0.05; dashed lines) from mean conditions.

wildﬁres were recorded after 1947: in 1974, 1977, and 1987. Fire scars were generally recorded as dormant
(before growth began for the year) or early in the ring for any 1 year.
Regional wildﬁres exhibit consistent and signiﬁcant relationships with regional drought during the twentieth
century and with atmospheric circulation patterns since 1774 (Figures 2 and 3). Regional wildﬁres typically
occurred during years of low PDSI (Figures 2a and 3a), El Niño years (positive Niño3 (Figures 2b and 3b)
and negative SOI (Figures 2c and 3c)), positive phases of the PDO (Figures 2d and 3d), and negative phases
of the NAO (Figures 2e and 3e). We did not ﬁnd any lagged relationships in SEA with any of the climate
indices, indicating that prior fuel buildup is not necessary for regional wildﬁres to occur [e.g., Brown and
Wu, 2005]. We also ﬁnd in the chi-square contingency test of expected versus observed wildﬁre dates that
contingent combinations of years when El Niño, positive PDO, and negative NAO occurred led to more wildﬁres than expected if wildﬁre occurred by chance (Table 1).
3.2. Climate Teleconnections
Correlations between seasonal meteorological station parameters and large-scale climate oscillations over
the common period 1957–2009 support linkages seen in the historical wildﬁre data (Table 2). Spring SOI
and relative humidity were positively correlated (0.28; p < 0.05, n = 53), as were previous winter PDO and
temperature anomalies (0.28; p < 0.05, n = 53). NAO was negatively correlated with spring temperature
anomalies ( 0.41; p < 0.01, n = 53) and positively correlated with precipitation anomalies (0.39; p < 0.01,
n = 53) and relative humidity (0.33; p < 0.05, n = 53) in summer.

4. Discussion
Wildﬁres were common occurrences in the Daxing’an Mountains of northeastern China for at least two
centuries before 1947 (Figure S1 and Table S3). Wildﬁres occurred most often as spring ﬁres before tree ring
growth began for each year. Early season ﬁres are common both in wildﬁre records for this area [Xu, 1998;
Chang et al., 2008] and in nearby regions of northeast Mongolia [Hessl et al., 2016]. Regional wildﬁres
(recorded in at least two of the six sites) occurred on average every 7 years from 1774 to 1947, with a marked
decline in both site level and regional ﬁre occurrence in the latter half of the twentieth century (Figure S1). We
YAO ET AL.
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Table 1. Expected Versus Observed Numbers of 30 Regional Wildﬁre Years (1774–1977) for Eight Phase Combinations of
a
Reconstructed SOI, PDO, and NAO

Case

SOI
PDO
NAO

SOI
PDO
NAO+

SOI
PDO+
NAO

SOI+
PDO
NAO

SOI+
PDO+
NAO+

SOI+
PDO+
NAO

SOI+
PDO
NAO+

SOI
PDO+
NAO+

Observed
Expected
P value

6
4.71
0.516

2
3.38
0.425

12
5
0.000

1
4.41
0.079

3
2.21
0.579

1
0.74
0.755

2
5.29
0.115

3
4.26
0.508

a

2

Bold observed number of ﬁres is signiﬁcantly different from random expectation in chi-square test (X = 16.16; df = 7,
P = 0.02). Negative SOI represents El Niño conditions. Contingency analysis using Niño3 instead of SOI as a proxy for
ENSO showed similar results.

also run a SEA and a contingency analysis for the period 1774–1949 C.E. for all indices and found similar
results (Figure S3 and Table S4). The different ﬁre-PDSI SEAs results (1901–2010) with versus without the
post-1949 period (1901–1949) may be due to the short time series and more ﬁre events.
Fireﬁghting efforts were nationalized after the founding of the People’s Republic of China in 1949, with
increased funding and manpower directed to total ﬁre exclusion in forested regions of the country [Xu,
1998; Chang et al., 2008]. These efforts appear to have been mostly effective, with many fewer ﬁre scars
recorded in trees after 1947. However, regional wildﬁres are again present in the record in 1974 and 1977
and culminate most recently in the infamous Black Dragon (Heilongjiang) Fire that started in May 1987.
The Black Dragon Fire burned ~73,000 km2 on both sides of the Heilongjiang (Amur) River that marks the
northern boundary between China and Russia [Salisbury, 1989]. This was arguably the largest single wildﬁre
in recorded history and caused the deaths of over 200 people in China with an additional 56,000 displaced.
The ﬁre burned mostly unchecked in Russia, but was heavily fought by ﬁreﬁghters, troops, and forestry
workers in China.
Regional wildﬁres were consistently and signiﬁcantly associated with regional droughts, positive phases of
ENSO and PDO, and negative phases of NAO (Figures 2, 3, and S2 and Table 1). Similar to patterns seen in ﬁre
scar records across North America, contingent combinations of atmospheric circulation patterns result in
recognizable and consistent patterns in both droughts and wildﬁres [Brown, 2006; Sibold and Veblen, 2006;
Trouet et al., 2006, 2009, 2010; Kitzberger et al., 2007]. In northeastern China, teleconnection interactions
can be related to more regional wildﬁres than expected by chance alone (Table 1). Correlations between
meteorological station climate parameters and climate modes (Table 2) also show signiﬁcant linkages
between atmospheric circulation patterns and droughts that contribute to wildﬁre occurrence. The contingent combination of +ENSO/+PDO/ NAO seen in the historical regional ﬁre years is linked to low humidity,
low precipitation, and high temperature during or before late spring ﬁre seasons in meteorological records
(Table 2). And the climate mechanism between the NAO and drought in NE China may possibly be associated
with changes in the position of the Jet stream, which is linked with local climate in northeast Asia [Liao et al.,
Table 2. Pearson Correlation Coefﬁcients Between the Large-Scale Climate Oscillations and Local Climate Parameters
Precipitation Anomalies

SOI

PDO

NAO

Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn

Winter

Spring

Summer

0.03

0.11
0.16

0.16
0.25
0.22

0.05

0.03
0.01

0.05
0.19
0.14

0.08

0.26
0.10

0.12
0.04
0.39**

Temperature Anomalies
Autumn
0.18
0.04
0.16
0.22
0.05
0.12
0.18
0.16
0.13
0.04
0.13
0.06

Winter

Spring

Summer

0.07

0.06
0.06

0.05
0.01
0.07

0.25
0.12

0.16
0.04
0.07

0.02
0.41**

0.26
0.19
0.13

0.28*

0.01

Relative Humidity
Autumn
0.01
0.04
0.12
0.16
0.22
0.18
0.03
0.26
0.13
0.29*
0.08
0.20

Winter

Spring

Summer

0.00

0.07
0.28*

0.09
0.10
0.05

0.22

0.09
0.04

0.09
0.11
0.09

0.09

0.22
0.02

0.10
0.08
0.33*

Autumn
0.07
0.03
0.09
0.03
0.07
0.22
0.16
0.02
0.05
0.12
0.08
0.23

*P < 0.05,
**P < 0.01. Winter (DJFM), Spring (AMJ), Summer (JA), and Autumn (SON).
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2004]. These results add to a growing understanding of relationships between teleconnections and precipitation and other climate patterns across China [Li et al., 2004, 2005; D’Arrigo and Wilson, 2006; Qian and Qin,
2008; Qian et al., 2014] and support our ﬁnding of an indirect linkage between wildﬁres and Paciﬁc and
Atlantic Ocean teleconnections through direct teleconnection effects on drought occurrence in this area of
the world.
Identifying atmospheric circulation effects on wildﬁres and droughts in northeastern China adds to a growing
understanding of global wildﬁre-teleconnection linkages and will improve predictions of how wildﬁre and
drought regimes may respond to changing future climate conditions [e.g., Bowman et al., 2009; Brown,
2006; Sibold and Veblen, 2006; Trouet et al., 2006, 2009, 2010; Kitzberger et al., 2007]. Our results have implications for forecasting wildﬁre and drought dynamics both during coming ﬁre seasons in China and under
future climate change. For example, this spring saw ENSO in a “super El Niño” phase [National Weather
Service Climate Prediction Center (NWS CPC), 2015; Schiermeier, 2015], with PDO also trending positive [NWS
CPC, 2015]. The recent spring wildﬁre season in early 2016 in northeastern China was one of the worst in several years, with four large wildﬁres reported in May 2016 in the Daxing’an Mountains with more than 4000
people involved in ﬁreﬁghting efforts [China, 2016]. In contrast, however, NAO has been trending positive
since 2014 [NWS CPC, 2015], which may have helped to lessen the risk of regional wildﬁres in summer 2016.

Acknowledgments
This research was supported by the
National Natural Science Foundation of
China (grants 30970481 and 41471168),
the Key Project of the Special Focus on
“Global Change and Mitigation” of the
China National Key Research and
Development Program
(2016YFA0600800), and the Program for
Changjiang Scholars and Innovative
Research Team in University (IRT15R09). Q.Y. was supported by a fellowship grant from the China Scholarship
Council. P.M.B. was supported by funding from Rocky Mountain Tree-Ring
Research, Inc. The participation of H.C in
this study is supported by the National
Science Foundation (NSF) Accelerating
Innovation Research (AIR) program and
the NSF Hazard SEES project. We thank
Colorado State University for use of
laboratory facilities. We also appreciated
the help that Zhikui Zhao, Lei Zhang,
and Yongxian Lu provided with ﬁeldwork in Daxing’an Mountains. Fire-scar
data are available through the
International Multiproxy Paleoﬁre
Database (https://www.ncdc.noaa.gov/
paleo/study/21130; https://www.ncdc.
noaa.gov/paleo/study/21131; https://
www.ncdc.noaa.gov/paleo/study/
21132; https://www.ncdc.noaa.gov/
paleo/study/21133; https://www.ncdc.
noaa.gov/paleo/study/21134; https://
www.ncdc.noaa.gov/paleo/study/
21135).

YAO ET AL.

Our wildﬁre history also has important implications for ﬁre and forest management in the Daxing’an
Mountains and adjacent regions. Frequent, low-intensity wildﬁres would have tended to remove small trees
and consume dead wood and needle litter while having little effect on mature trees and overall forest structures [e.g., Brown and Wu, 2005]. Fire suppression since 1949 has likely contributed to increased fuel loads
and denser forest canopies, which may, in turn, have contributed to more severe ﬁre behavior, tree mortality,
and more extensive burning during recent wildﬁres, such as the Black Dragon Fire in 1987. This scenario has
been postulated by other researchers working in this region [Chang et al., 2007; Liu et al., 2012]. The situation
in northeastern China likely shares characteristics of frequent-ﬁre forests of western North America, where
ﬁre exclusion through the twentieth century has led to increased burn severity during recent wildﬁres and
subsequently more severe impacts on natural resources and human infrastructure [Stephens and Ruth,
2005; Rocca et al., 2014]. A history of ﬁre suppression starting in the latter twentieth century coupled with climate change will most likely contribute to increased wildﬁre occurrences and possibly severities in coming
years in northeastern China. Management policies could be implemented to incorporate better understanding of ﬁre-climate relationships in fuel reduction treatments to help mitigate these combined effects in the
future. For example, prescribed ﬁres could be implemented in contingent scenarios of ENSO/ PDO/
+NAO during which local weather would be expected to be relatively more moderate, while implementing
total ﬁre exclusion during years with contingent combinations of +ENSO/+PDO/ NAO during which past
regional wildﬁres occurred.

5. Conclusion
Wildﬁre history from the Daxing’an Mountains in northeast China reconstructed from ﬁre scars has identiﬁed
31 regional wildﬁres from 1774 to 1987. Wildﬁres were common occurrences prior to a period of relatively
effective ﬁre suppression initiated after 1949. Regional wildﬁres occurred predominately during drought
years, which also occurred during El Niños, positive phases of PDO, and negative phases of NAO. The inﬂuence of these atmospheric circulation patterns on regional wildﬁre regimes is supported by strong and consistent links with local climate parameters over the instrumental period. The wildﬁre history provides a
unique foundation for understanding the longer-term role of wildﬁres in the ecology and management of
Dahurian larch forests of this region and for providing insights into the role of atmospheric circulation patterns in climate forcing across China and eastern Asia.
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