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ABSTRACT

Siberia has experienced a pronounced warming over the past several decades, which has induced an

increase in the extent of evergreen conifer forest. However, the potential slowing of the trend of increasing

surface air temperature (SAT) has produced intense debate since the late 1990s. During this warming

hiatus, the Siberian region experienced a significant cooling during the winter season around 10 times that of

the Northern Hemisphere (NH) as a whole. This potentially stresses evergreen conifer forests because

cooler winters can cause cold-temperature damage and, hence, increase the mortality of young evergreen

conifer forests. In this study, the response of Siberian forest composition during the warming hiatus was

investigated using satellite observations coupled with model simulations. Observations indicated that from

2001 to 2012, the apparent area of evergreen conifer forest has increased by 10%, while that of the de-

ciduous conifer forest has decreased by 40%. The transition from deciduous to evergreen conifer forest

usually occurs through mixed forest or woody savannas as a buffer. To verify the response of evergreen

conifer forest, model experiments were performed using an individual-based forest model. Hysteresis of

forest change seen in the model simulations indicates that changes in forest composition dynamics under

temperature oscillations induced by internal climate variability may not reverse this composition change.

As a result, the evergreen conifer forest expansion under climate warming is expected to be a continuing

process despite the occurrence of a warming hiatus, exerting far-reaching implications for climate-change-

induced albedo shifts in the Siberian forest.

1. Introduction

Through physical and biological processes, the Siberian

boreal forest plays an important role in regulating regional

(and even global) carbon and hydrologic cycles, atmo-

spheric composition, and climate feedbacks (Bonan 2008).
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Both simulations and observations show that the mid- to

high latitudes of the Northern Hemisphere have experi-

enced the most enhanced warming in recent decades

(Wallace et al. 2012; Huang et al. 2012). This warming is

projected to continue during the twenty-first century

(Collins et al. 2013). Many studies have focused on the

underlying mechanisms of enhanced warming in the

semiarid area in East Asia (Wang et al. 2014; Huang et al.

2015a,b), but there are few comparable studies in Siberia.

He et al. (2014) found that the feedback between land–sea

thermal contrast decreases and blocking decreasing can

accelerate the warming process during warming periods.

The Russian boreal forest, a tremendous repository of

terrestrial organic carbon, is located in this climatically

sensitive region. Global climate change significantly

affects forest distribution, composition, structure, and

function through changes in water-use efficiency, tem-

perature, and length of the growing season or by altering

the disturbance regimes (e.g., fires and permafrost) (Piao

et al. 2007; Schwartz et al. 2006; Flannigan et al. 2000).

Field observations in Siberia by Kharuk et al. (2005b,

2007) show a shift from deciduous conifer forests domi-

nated by larch (Larix spp.) to evergreen conifer forests at

both elevational and latitudinal forest transitions across

Siberia. Particularly in winter, this conversion to ever-

green conifer forest produces a decrease in albedo

relative to the larch forest and has the capacity to in-

duce additional local warming (Kharuk et al. 2005b,

1992; Shuman et al. 2011; Bonan 2008). This positive

albedo–temperature–vegetation feedback can further ac-

celerate the compositional changes in the forest.Moreover,

the feedback may accelerate the permafrost thawing in-

duced by climate warming and release a large amount of

carbon dioxide andmethane (MacDougall et al. 2012). This

raises concerns that such changes could shiftEarth’s climate

to a qualitatively different state (Lenton et al. 2008). Cer-

tainly, it is important to understand the mechanism of the

response of this forest composition to climate variability.

The recent changes in the land surface air tempera-

ture (SAT) are neither linear nor uniform (Ji et al. 2014).

There has been an apparent pause in the increase of

global-mean surface air temperature since the turn of

this century, dominated by a winter cooling trend over

Eurasia (Meehl et al. 2011; Cohen et al. 2012b;

Trenberth and Fasullo 2013; Chen and Tung 2014;

Roberts et al. 2015). There have been some studies on

understanding the mechanisms behind this phenome-

non, notably the eastern equatorial Pacific cooling

(Kosaka and Xie 2013) associated with the strengthen-

ing of the trade winds (England et al. 2014), the Pacific

decadal oscillation (PDO) (Trenberth and Fasullo 2013;

Meehl et al. 2014; Steinman et al. 2015), and the deep-

ocean heat uptake in the Atlantic and the Southern

Oceans (Chen and Tung 2014). However, the impact of

El Niño–Southern Oscillation (ENSO) on mid- to high-

latitude surface temperaturemay be suppressed because

of the negative phase of PDO during the recent decade

(Wang et al. 2014).

Wallace et al. (2012) proposed a dynamical adjust-

ment method to divide the raw temperature data into

two parts, the dynamically induced temperature (DIT)

and radiatively forced temperature (RFT). The DIT

component was induced by the atmospheric circulation

pattern and the RFT component was considered a result

of the buildup of greenhouse gases (GHGs), strato-

spheric ozone depletion, volcanic eruption, aerosol

emission, and local anthropogenic forcing. Guan et al.

(2015a,b) confirmed from raw SAT data that the dy-

namically induced and radiatively forced SAT changes

had opposite contributions to the SAT warming hiatus.

By correcting the errors from commercial ships and

drifting surface buoys, a recent study (Karl et al. 2015)

indicates that the global warming trend over the first 15

years of the twenty-first century is at least as great as the

trend of the last half of the twentieth century. A com-

parison between the old uncorrected and new corrected

datasets is further investigated below to verify the de-

tailed midlatitude cooling trend.

An apparent transition from deciduous conifer forest

to evergreen conifer forest has been both observed in

central Siberia (Kharuk et al. 2007, 2005b) and projected

by model simulations in response to increasing tem-

peratures (Shuman et al. 2011). However, the evidence

of the transition across the large-scale region is still

lacking. Therefore, one of the goals of this paper is to

provide such evidence. Besides, the earlier work gen-

erally assumed the linear increasing changes of tem-

perature; few studies consider the response of evergreen

conifers to temperature oscillations. During the

accelerated warming period (1980–2000), warmer

winters could protect the young evergreen conifers

from cold-temperature damage and confer a com-

petitive advantage through a reduction in the

growing-seasonmortality of evergreen conifers (Kharuk

et al. 2007; Kullman 2007). The question remains if en-

hanced winter cooling during the warming hiatus could

change evergreen conifer trees’ competitive advantage

and reverse current directions of land-cover changes. If

the warming hiatus and cooling winter conditions persist

for another decade (Chen and Tung 2014; Li et al. 2013),

will this be sufficient to halt or even reverse the expan-

sion of evergreen conifer forests? Using historical land-

cover data derived from the Moderate Resolution

Imaging Spectroradiometer (MODIS) and the individual-

based forest gap model University of Virginia Forest

Model Enhanced (UVAFME), this paper investigates
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whether, under a warming hiatus with winter cooling,

one should expect a halt or even a reversal of the tran-

sition to evergreen conifer forest in Siberia.

This paper is arranged as follows: Section 2 describes

the data. Section 3 shows the details of investigation into

the midlatitude cooling trend in Siberia during the

warming hiatus. Section 4 investigates the changes of

Siberian forest composition during this warming hiatus

from satellite observations. Section 5 verifies the re-

sponse of Siberian forest to warming hiatus using the

individual-based forest model UVAFME. Finally, sec-

tion 6 provides a summary and discussion.

2. Data and methods

This study focused on the region (458–658N, 558–958E)
in central Siberia (Fig. 2; described in greater detail

below), which is at the center of warming hiatus and

cooling winter temperature trends and represented by

the current natural range of evergreen and deciduous

conifers forests. The monthly mean precipitation, sur-

face air temperature, and maximum and minimum

temperature were obtained from the Climatic Research

Unit (CRU) Time Series (TS), version 3.21, of the

University of East Anglia (Harris et al. 2014). The

maximum and minimum temperatures provided the in-

put data of the forest model UVAFME. These data

covered the period from 1901 to 2012 and had a high

spatial resolution (0.58 3 0.58). Monthly SAT (from 1880

to the present) from the Goddard Institute for Space

Studies (GISS; 28 3 28 resolution) and Global Historical

Climatology Network (GHCN), version 3.22 (58 3 58
resolution), were also used to verify the warming hiatus.

The U.S. National Centers for Environmental In-

formation (NCEI; Karl et al. 2015; Jones 2016) gridded

monthly temperature anomaly dataset was used to in-

vestigate the midlatitude cooling trend, with an updated

version adjusted by bias corrections. Annual global

land-cover data and their assessment accuracy for the

period of 2001–12 were obtained from theMODIS land-

cover type product MCD12Q1 (Friedl et al. 2010).

Land-cover type (LC) is an annual MCD12Q1 product

with a spatial resolution of 500m, which identifies the

dominant land-cover type using a supervised classifica-

tion approach. The primary land-cover scheme used in

this study identifies 17 land-cover classes defined by

the International Geosphere–Biosphere Programme

(IGBP), including 11 natural vegetation classes, 3 de-

veloped andmosaicked land classes, and 3 nonvegetated

land classes. For the study we also utilized the MODIS

monthly burned area product (MCD45A1) (Roy et al.

2008) and vegetation continuous field (MOD44B)

(Townshend et al. 2011). The fourth version of the

Global Fire Emissions Database (GFED4s) was used

based on the updated version from Van Der Werf et al.

(2010). The details of these data are provided in Table 1.

Among the UVAFME model input data, both site pa-

rameters and species parameters for the 100 sites were

obtained from the weather station or from other ob-

servations as described in Shuman et al. (2011).

The GlobCover 2009 land-cover dataset was used to

compare with the MODIS land-cover dataset and

downloaded from the ESAwebsite (http://due.esrin.esa.

int/page_globcover.php). When compared with MODIS,

GlobCover 2009 was resampled to 500-m resolution by

the nearest method. A global forest changes dataset

was developed by Hansen et al. (2013), including

global tree cover extent, loss, and gain from 2000 to 2012

at a spatial resolution of 30m, based on Landsat data.

Forest loss was defined as a stand-replacement dis-

turbance or the complete removal of tree cover can-

opy at the Landsat pixel scale. Forest gain was defined

as the inverse of loss, or the establishment of tree

canopy from a nonforest state. They also opened two

high-resolution reference images from Landsat cloud-

free composite images with high resolution (30m) in

circa 2000 and 2014, which provided us an opportu-

nity to investigate the changes of evergreen forest by

TABLE 1. The detailed information of data sources used here.

Dataset Version Resolution Cover time Download website

CRU TS 3.21 0.058 1901–2012 http://browse.ceda.ac.uk/browse/badc/cru/data/cru_ts/cru_ts_3.22/data/

GISS — 28 1880–2015 http://data.giss.nasa.gov/gistemp/

GHCN 3.2.2 58 1880–2015 ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/v3/grid/

NCEI — 58 1871–2014 ftp://ftp.ncdc.noaa.gov/pub/data/scpub201506

MCD12Q1 051 500m 2001–12 https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12q1

MCD45A1 051 500m 2000–15 https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd45a1

GFED 4s 0.258 1997–2014 http://www.falw.vu/;gwerf/GFED/GFED4/

MOD44B 051 250m 2000–15 https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod44b

GlobCover 2009 300m 2009 http://due.esrin.esa.int/page_globcover.php

Global forest

change

1.2 30m 2000–14 https://earthenginepartners.appspot.com/science-2013-global-forest/download_

v1.2.html
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high-resolution images. The reference composite im-

agery is median observations from a set of quality as-

sessed growing-season observations in four spectral

bands, specifically Landsat bands 3, 4, 5, and 7. We

recomposite a color image by compositing bands 5, 4,

and 3 as red, green, and blue bands, which is a similar

natural color images.

3. The midlatitude cooling during warming hiatus

The warming hiatus has been questioned with regard

to data artifacts as well as trend calculation method. The

work by Karl et al. (2015) and Rajaratnam et al. (2015)

suggested a nonsignificant hiatus in global averaged

surface temperature records was found when correcting

the errors from commercial ships and drifting surface

buoys. However, the difference of land surface tem-

perature between corrected and uncorrected is small

(Karl et al. 2015; Jones 2016), which indicates the land

observations are reliable. For both the Northern

Hemisphere (NH) and Siberia the average SAT anom-

aly shows a recent warming period followed by a

warming slowdown relative to the 1961–90 climatology

from the four different datasets (CRU, GISS, GHCN,

and corrected NCEI) (Fig. 1). During the warming

hiatus, the Siberia temperature anomaly shows a sig-

nificant cooling period, which is consistent in corrected

NCEI and other observations.

The warming hiatus of the NH land SAT in the cor-

rectedNCEI dataset is robust, although it claims that the

global SAT trend during the first 15 years of the twenty-

first century is at least as great as the second half of the

twentieth century. As shown in Fig. 1, Siberia has a

larger magnitude of decadal oscillation than the NH and

has experienced the most enhanced warming, especially

in the winter season during the last three decades of the

twentieth century (1970–98, the so-called accelerated

warming period) (Chen and Tung 2014; Tung and Zhou

2013). During the accelerated warming period, the

amount of warming was consistent both spatially and

temporally. However, there has been a hiatus in the

warming trend for the globally averaged surface air

temperature since 1998 (the so-called hiatus period). In

the hiatus period, the spatial and temporal variations in

SAT have become inconsistent. As suggested by Cohen

et al. (2012b), global temperatures for the warming hi-

atus period experienced significant warming trends for

all seasons except winter, and the cooling trends are only

prevalent across large stretches of northern Eurasia, as

shown in Fig. 2. Consistent with the previous studies by

FIG. 1. Annual average SAT anomalies for the NH (solid lines) and Siberia (dashed lines) relative to the 1961–90 climatology from the

four different datasets (GISS, GHCN, CRU, and corrected NCEI). The values are 9-yr Gaussian-type filtered. The areas where tem-

perature in Siberia is higher than NH are filled in red; the areas of cooler temperatures are filled in blue.
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Huang et al. (2012), during the accelerated warming

period, the cold season contributed much more than the

warm season to NH warming (Fig. 3). The temperature

trend of the warm season in Siberia was equal to that of

theNH, but the extent of temperature change during the

cold season in Siberia was much greater than that in the

NH, demonstrating that the temperature trends mainly

depend on cold season temperature trends. During the

hiatus period, both Siberia and NH have exhibited

warming trends in the warm season. The cooling rate of

winter in Siberia is20.8068Cdecade21. This is 10 times

greater than that of the NH and is the main reason for

the cooling trend in the NH annual temperature. Li

et al. (2015) confirmed from five different global

datasets that the global-mean surface temperature

trend in the period 1988–2012 is strongly influenced

by a pronounced Eurasian winter cooling trend. The

trend in winter temperature across the Northern

Hemisphere was investigated from the corrected NCEI

dataset, and the same result was obtained with three

other datasets (Figs. S1 and S2 in the supplemental

material). This winter temperature trend may exert a

challenge for the young evergreen conifers to survive

during the warming hiatus period.

4. The expansion of evergreen forest in Siberia

Innovations in satellite remote sensing instruments are

increasing the potential for continental-scale measure-

ments of forest structure (Shugart et al. 2015). To de-

terminewhether the transition to evergreen conifer forest

has ceased or reversed in response to the temperature

cooling as discussed above, the land-cover change during

recent decades was evaluated using the MODIS land-

cover product (Friedl et al. 2010). Comparing the forest

distribution in 2001 and 2012, the evergreen conifer for-

ests have increased and expanded both from the north-

west to the east and from the east to the central area

(Figs. 4a–c). In total, the evergreen conifer forest has

experienced a 40% increase, whereas the deciduous co-

nifer forest in Siberia has experienced a 40% decrease

over the last decade (Fig. 4d). These are striking vege-

tation biogeography changes to occur in one decade. If

this is an accurate classification by the satellite data, we

hypothesize that temperature remains a dominant factor

in producing such changes during the warming hiatus.

However, the classification accuracy of deciduous conifer

forest (,50%) is much lower than that of evergreen

forest (;70%) based on theMCD12Q1 dataset (Fig. S3).

In Siberia, Giri et al. (2005) classified a vast area of

larch-dominated deciduous conifer forest with low can-

opy cover as woody savannas or savannas in a global

vegetation classification and mapping system. Siberian

larch forest with their widely spaced trees may resemble

savannas; they are not different enough, and hence a

global classification analysis designed for savannas might

produce classification errors in the Russian landscape.

Here, to clarify the causes of such drastic evergreen co-

nifer forest expansion and to justify our hypothesis, two

important questions must be addressed: 1) Were the

changes in evergreen and deciduous forest simply an ar-

tifact of land-cover classification accuracy? 2) If not, or at

least partially not, could natural growth or other factors

(e.g., fire) trigger such a change?

a. Confusion between larch and savanna

The MCD12Q1 collection 5.1 product has an overall

accuracy of approximately 75% and a user’s accuracy of

78% 6 5% and 83% 6 3% for evergreen conifers and

FIG. 2. Global distribution of linear land surface temperature

trend (8C yr21) in the period of 1988–2011 for winter season (from

December to February). The study region for evergreen forests

expansion is indicated by the red box.

FIG. 3. The average temperature trend for annual, warm season

(from May to September), and cold season (from November to

March) over Siberia and the NH during the accelerated warming

period (1970–97) and hiatus period (1998–2012). Error bars give

one std dev.
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deciduous conifers, respectively. However, Giri et al.

(2005) noted that there is a general agreement at the class

level, except for savannas. Within this collection 5.1

version of MCD12Q1, Siberia has approximately

2millionkm2 classified as savanna or woody savanna,

which, based on vegetationmaps and expert knowledge of

the region, is actually larch-dominated forest with rela-

tively low canopy cover. To confirm the accuracy of the

MCD12Q1 classification, the classification of evergreen

and deciduous conifer forests in the study region was in-

vestigated (Fig. S3). These results suggested the accuracy

for the evergreen conifer forests is generally over 70%,

but that of the deciduous conifer forests is lower than

50%. There are extensive areas of savannas/woody sa-

vannas contiguous to deciduous conifer forests (Figs. 5a,b).

A reanalysis was performed for the Siberian study area

using a different classification scheme that labeled woody

savannas and savannas as a type of deciduous forest. The

changes in the distributions in evergreen and newly de-

fined deciduous conifer forests between 2001 and 2012

demonstrate a pronounced disappearance of deciduous

forest and the expansion of evergreen forest (Fig. 5).

FIG. 4. The distribution of evergreen (green) and deciduous (orange) needleleaf forest in

Siberia in (a) 2001 and (b) 2012. (c) The change in evergreen needleleaf forest between 2001

and 2012; green indicates evergreen forest present in both years, blue indicates a change to

newly formed evergreen forest in 2012, orange indicates that deciduous forest is present in

both years, and red indicates a disappearance of deciduous forest in 2012. (d) The change in

area of different forest types from 2001 to 2012.
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Figure S4 plots the time series of the area of evergreen

conifer forest, newly defined deciduous conifer forest,

and mixed forest relative to 2001 when considering

woody savannas/savannas. Although the area changes of

deciduous forests, including woody savannas/savannas,

became more gradual than before, the magnitude of the

area change was still 40% (i.e., the same as that without

including savannas). Apparently, the changes in ever-

green and deciduous forests seen from satellite obser-

vation are consistent, regardless of possible confusion

over deciduous forest and woody savanna/savanna

classification.

b. The mechanism of land-cover change and fire

Another important question is how much growth is

necessary to trigger a change in the land-cover classifi-

cation. What mechanism is responsible for these

changes? To answer this question, we first considered

the influence of fire on the land-cover changes. Two fire

datasets (MCD45A1 and GFED4s) were used to in-

vestigate the fire map during 2001–12. MCD45A1 is a

monthly gridded 500-m product based on the Terra and

Aqua MODIS-derived daily surface reflectance inputs.

The algorithm analyzes the daily surface reflectance

dynamics to locate rapid changes and to detect the

approximate date of burning. GFED4s provides the

monthly burned area based on the burned area boosted

by a small fire-burned area. The details are described in

Table 1. Figure S5 shows the firemap in every year during

2001–12 based on the MCD45A1 product. The results

suggest that fires mainly occurred in the southern part of

the research region and that evergreen and deciduous

forest areas have few fires, which is consistent with the

burn map from GFED4s (Fig. S6). Therefore, fire was

not a major agent for the land-cover changes.

To understand the details of the land-cover changes,

we further investigated the land-cover map before new

evergreen forests formed and after deciduous forest

disappeared as shown in Fig. 6. The newly formed ev-

ergreen forests mainly occupy areas previously occupied

by mixed forest and woody savannas/savannas. There

are two possible reasons for this phenomenon. First, the

tree cover percentage (;30%) is very low, both in

the new expansion area of the evergreen forest and in

the disappearance area of the deciduous forest. The low

threshold reduces the difficulty of changing the domi-

nant tree species. The IGBP classification scheme re-

quires that the trees are greater than 2m in height; we

hypothesis that the decision trees used in MODIS col-

lection 5 can determine the changes of tree cover. The

FIG. 5. The distribution of evergreen (green), deciduous (orange) needleleaf forest, woody savanna (yellow), and

savanna (blue) in Siberia in (a) 2001 and (b) 2012. The change in (c) evergreen needleleaf forest and (d) deciduous

needleleaf forest between 2001 and 2012; green indicates evergreen forest present in both years, blue indicates

a change to newly formed evergreen forest in 2012, orange indicates that deciduous forest is present in both years,

and red indicates a disappearance of deciduous forest in 2012.
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evergreen regeneration may have already existed in a

mixed forest or savanna but was not detected by the

MODIS sensor because the trees were lower than the

height threshold. Evergreen trees that are regenerating

can reach 2m over a relatively short interval under fa-

vorable conditions and become more observable rela-

tive to the deciduous conifers. The second possibility is

that mixed forest transition to evergreen forest is part

of a general phenomenon of the deciduous forest

shrinkage because of its lack of tolerance to shade. In

a mixed forest, deciduous regeneration is negligible,

whereas original deciduous trees survive because of

their longevity. Alternatively, the reclassified deciduous

forests, which include woody savannas/savannas, dis-

appeared and transitioned to evergreen forest, mixed

forest, and permanent wetland. Note that the ‘‘de-

ciduous forests’’ include woody savannas/savannas. It

can be inferred that the woody savannas/savannas are

FIG. 6. The land-cover type in (top) newly formed evergreen area in 2001 and (bottom)

disappearing deciduous area in 2012. The legend is from the IGBP classification scheme: 05
water, 1 5 evergreen needleleaf forest, 2 5 evergreen broadleaf forest, 3 5 deciduous nee-

dleleaf forest, 4 5 deciduous broadleaf forest, 5 5 mixed forest, 6 5 closed shrublands, 7 5
open shrublands, 8 5 woody savannas, 9 5 savannas, 10 5 grasslands, 11 5 permanent

wetlands, 125 croplands, 135 urban and buildup, 145 cropland/natural vegetation mosaic,

15 5 snow and ice, and 16 5 barren or sparse vegetation.
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not totally sparse larch-dominated deciduous forests; in

fact, some savannas areas are dominated by sparse ev-

ergreen forests. The tree cover percentage increased and

exceeded the threshold to be classified as evergreen

forest. This result demonstrates that the transition from

deciduous forest to evergreen forest likely occurs

throughmixed forest or woody savannas as a buffer. It is

possible for evergreen species to become dominant

through growth in a mixed-species forest because the

difference in cover percentage between evergreen and

deciduous trees may be not very large. Moreover, be-

cause the threshold of classification as woody savannas/

savannas and forest is fixed, an area with a tree cover

slightly lower than the threshold would be classified as

woody savannas, when, in reality, it nearly meets the

definition of forest.

c. Validation of the land-cover change using the
vegetation continuous field

To confirm the above conclusion, we analyzed the

Terra MODIS vegetation continuous field (VCF)

product. The VCF is a subpixel-level representation of

the surface vegetation cover estimates globally and

provides three surface cover components: percent tree

cover, percent nontree cover, and percent base. Other

information is described in Table 1. The MODIS

reprojection tool was used to change raster images from

250- to 500-m resolution to enable comparison with the

other MODIS datasets. To further verify that the land-

cover change is due to growth rather than fire, the

change in percent tree cover in every grid was in-

vestigated to detect an abrupt change induced by fire or

logging. The averaged percent tree cover in evergreen

forests showed an overall fraction of 60% (Fig. 7a) and a

fraction of around 20%–40% for deciduous forests

FIG. 7. The average percentage tree cover in (a) evergreen and (b) deciduous forest from 2001 to 2012. The std dev

of percentage tree cover in (c) evergreen and (d) deciduous forest from 2001 to 2012.

FIG. 8. The time series of averaged tree cover percent in ever-

green keep (green), new (blue), deciduous keep (orange), and

death (red) area.
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(Fig. 7b), with an associated standard deviation of be-

tween 4% and 14% for evergreen and deciduous forests,

respectively (Figs. 7c,d). If fire occurred in a forest, then

the percent tree cover would exhibit an abrupt change in

the burned area, which is unable to recover to the

original level in a short period. However, the standard

deviation maps show a consistent pattern with the av-

erage percent map, which means the changes in percent

tree cover were due to natural succession but not fire. In

addition to the spatial pattern check, a temporal check

was performed to detect any abrupt change in the per-

cent tree cover. Figure 8 shows the time series of the

percent tree cover in four types of forests. The areas

both classified as evergreen forest in 2001 and 2012 are

denoted as ‘‘evergreen keep,’’ the areas classified as

evergreen forest in 2012 and others in 2001 are denoted

as ‘‘evergreen new.’’ Similarly, deciduous forest can be

divided into ‘‘deciduous keep’’ and ‘‘deciduous death.’’

The results suggest that the percent tree cover did not

exhibit an abrupt change during 2001–12.

d. The influence of classification algorithm

Although the collection 5MODIS global land-cover

type product has been substantially improved, experi-

ence from previous MODIS collections show that the

deciduous needleleaf forest is problematic and difficult

tomap (Friedl et al. 2010). To correct this, trial and error

are extensively used to identify a probability threshold,

which, if not exceeded by the classifier, causes deciduous

needleleaf pixels to be relabeled as the next most likely

class (Friedl et al. 2010). The unstable algorithm could

overestimate the amount of interannual change in land-

cover classifications in heterogeneous areas and eco-

tones and tend to toggle year to year between similar

FIG. 9. The distribution of evergreen (green), deciduous (orange) needleleaf forest, woody savanna (yellow), and

savanna (blue) in Siberia in (a) 2002 and (b) 2011 after a 3-yr running average. The change in (c) evergreen nee-

dleleaf forest and (d) deciduous needleleaf forest between 2002 and 2011 (legend as in Fig. 5). (e) The change in

area of different forest types from 2002 to 2011 through the 3-yr running average.
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classes. Therefore, additional efforts are needed to de-

termine what is happening on the ground and howmuch

the idiosyncrasies of the classification algorithm may

contribute to the apparent shift from deciduous nee-

dleleaf forest to evergreen forest.

1) STABILIZATION OF RESULT ACROSS YEARS

To reduce the year-to-year variability in land-cover

classifications, we applied a 3-yr running averaged

method to determine the stability of land-cover changes

due to climate changes. The changes of land-cover

classifications in one grid are considered to be stable if

the classifications in the previous and following year

are consistent with that in the current year. Using this

method, we eliminated many spurious pixels arising

from the unstabilized classification algorithm and per-

petuated high-quality labels, accounting for the possi-

bility of land-cover change. Figures 9a and 9b show the

distributions of evergreen forest and deciduous forest with

savannas in 2002 and 2011 after applying the stabilization.

The results suggested that the unstable classification

mainly distributed in the dispersed evergreen forest or

deciduous forest, whereas most of the dense areas are

stable. The expanded area of stable evergreen forest from

2002 to 2011 significantly decreased compared with the

expansion without applying the stabilization. However,

the newly formed evergreen forest can also be found

around the dense evergreen forest and at the center of the

study area (Fig. 9c). The sparse deciduous forest over the

southward of 608N largely disappeared (Fig. 9d), which

was consistent with the change without stabilization.

Figure 9e shows the time series of the stable classifications

in different forest types from 2002 to 2011. Compared to

Fig. 4d, when considering the accuracy of classification

(evergreen conifer forest ;70% and deciduous conifer

forest ;50%), the area of expansion of evergreen forest

reduced to about 10% 6 3% and the area of disappear-

ance of deciduous forest was 40% 6 20%. It should be

noted that this level of changes is still well above the

amount of actual land-cover change. The results suggested

that the classification algorithm may have a large influ-

ence on the extent of land-cover change but not enough to

change the pattern induced by climate change. The trend

of forest changes has an important implication for the

response of forest to climate changes.

2) THE ACCURACY ASSESSMENT

To exclude the idiosyncrasies of the algorithm used in

the MODIS collection, a more independent common

validation such as an accuracy assessment should be done

for the study area. For this purpose, different remote

sensing land-cover products, developed from multi-

spectral and multitemporal imagery, are available to

separate the various ecosystems presenting different

spectral properties and seasonal variations (Ottlé
et al. 2013). The most popular and most recent prod-

ucts are the GlobCover 2009 derived from theMedium

Resolution Imaging Spectrometer (MERIS) radiom-

eter and the MODIS land-cover dataset based on

Terra and Aqua MODIS instruments (Ottlé et al.

2013). Here, we compared the agreement between two

independent land-cover datasets to exclude the influ-

ence of algorithm.

GlobCover 2009, based on Envisat/MERIS data ac-

quired in year 2009, is available in plate carrée pro-

jection [Word Geodetic System 1984 (WGS84)] with a

300-m spatial resolution and uses a different classifi-

cation system from MODIS. Therefore, a harmoniza-

tion procedure is needed. As discussed in previous

studies focusing on land-cover map cross comparison

(Pflugmacher et al. 2011; Ottlé et al. 2013), a common

legend needs to be based on PFT features and to discrim-

inate trees, shrubs, water, and barren as well as leaf type

and senescence. This leads us to merge the classification

legenduse in theMCD12Q1andGlobCover 2009 under 15

classes as listed in Table 2.

An assessment of the overall accuracy of the two land-

cover datasets is presented using error matrices and

Cohen’s kappa (Jensen 2015). Table 3 quantifies the

disagreement in an error matrix for 15 categories. The

GlobCover 2009 classifications are confirmed byMODIS

relatively well for deciduous needleleaf forest (65%),

cropland (64%), and sparse vegetation (43%), but the

agreement declines precipitously for the remaining cat-

egories. In turn, theMODIS classification is confirmed by

GlobCover 2009 relatively well for cropland (85%),

mixed forest (72%), and water (56%). The overall ac-

curacy between MODIS and GlobCover 2009 is only

TABLE 2. Harmonized legend used and correspondence with

original product classes.

Classes Globcover 2009 MODIS

Evergreen needleleaf forest 70 1

Evergreen broadleaf forest — 2

Deciduous needleleaf forest 90 3, 8, 9

Deciduous broadleaf forest 50, 60 4

Mixed forest 40, 100 5

Mixed forest–shrub 110, 12 —

Shrub 130 6

Sparse vegetation 150 7, 16

Herbaceous regularly flooded 180 10

Herbaceous 30, 140 —

Urban 190 13

Bare soil 200 —

Snow/ice 220 15

Water 210 0

Croplands 11, 14, 20 12, 14
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38% for the study area, with a kappa coefficient of 0.245,

which is consistent with previous results (Frey and Smith

2007). The evergreen needleleaf forest in MODIS was

mainly confounded by deciduous needleleaf and mixed

forest, indicating that the evergreen forest may exist in

the deciduous forest pixel or vice versa. Another factor

influencing the classification results is the definition of

land cover. For example, GlobCover 2009 defines the

land cover with .15% tree cover (woody plants larger

than 5m) as forest, whereas IGBP (used in MODIS)

defines the land cover with .60% tree cover (woody

plants larger than 2m) as forest. Although there is a low

agreement between the two datasets, GlobCover 2009

showed a significant increase of evergreen needleleaf

forest by about 35% relative to 2005 (not shown), which is

certainly overestimated.

3) COMPARISONWITH HIGH-RESOLUTION IMAGES

To address how the apparent transition is occurring

and its ecological significance, we undertook a com-

parison between MODIS land-cover changes and high-

resolution Landsat composite images in six stratified

random reference sites. Figure 10 shows the locations

of the six reference sites (Table 4), including three sites

in newly formed evergreen forest (sites 1–3) and three

sites in the area where deciduous forest disappeared

(sites 4–6). Hansen et al. (2013) mapped global tree

cover extent, loss, and gain from 2000 to 2012 at a

spatial resolution of 30m based on Landsat data, which

provided us an opportunity to investigate the changes

of evergreen forest by high-resolution images.

Although the MODIS land-cover dataset has a large

uncertainty in the deciduous forest, it is clear that the ev-

ergreen forest mainly distributes around the dense area,

whereas the deciduous forest prefers a dispersed distri-

bution. Therefore, it is feasible to investigate the change of

evergreen forest and deciduous forest by investigating the

forest gain and loss. Figure 11 shows the Landsat com-

posite images and the distribution of forest gain and loss at

the reference sites. Based on the MODIS land-cover

dataset, sites 1–3 are located in the newly formed ever-

green forest, with an expectation of more forest gain and

less forest loss than the others, whereas sites 4–6 are lo-

cated in the disappearance area of deciduous forest, with

an expectation of less forest gain andmore forest loss than

others. With a comparison between the high-resolution

images in 2000 and 2014 at different sites, it is clear that

there was a significant increase of evergreen forest in site 2

and a significant decrease of deciduous forest in site 5.

However, in site 1, there are no significant changes in the

extent of forest. In the north of site 3, there is a large

continuous area of forest loss, whichmay be caused by fire.

In contrast to site 5, sites 4 and 6 did not have many

changes in the extent of deciduous forest, but the de-

ciduous forest area shows a relative weaker green

(Fig. 11), which may imply the decrease of deciduous

forest fraction in the grid due to climate changes.

To quantify the forest gain and loss, we calculated the

area of the forest gain and loss in the area where evergreen

forests expand at sites 1–3 or deciduous forests disappear at

sites 4–6 (Fig. 12). Because fire might occur in site 3 and

induce a large amount of forest loss, the forest loss in site 3

was far more than the forest gain. The forest gain in site 2

was consistent with expected result and showedmore forest

gain than forest loss; however, the forest changes in site 1

were unexpected. In the deciduous forest, forest loss was

expected to be more than forest gain, which was found in

sites 4 and 5 and had an opposite condition in site 6. It is

noteworthy that the amount of area of forest gain and loss

was much less than that of the no gain or no loss grids. The

result suggested that the newly formed evergreen forest or

the disappeared deciduous forest in theMODIS land-cover

dataset was not mainly induced by the stand-replaced dis-

turbance represented by forest gain or loss. The forest

changes not induced by stand-replaced disturbance were

consistent with that induced by stand-replaced distur-

bance. The forest that did not go through stand-replaced

changes in sites 1, 3, 4, and 5 has shown a weaker green,

which may imply the fraction of forest decrease. In

summary, the forest changes in the three sites supported

the expansion of evergreen forest and the disappearance

of deciduous forest in all five valid sites (site 3 was in-

valid owing to fire disturbance). During the growing

season, we cannot distinguish the evergreen forest from

deciduous forest in the high-resolution images by eye.

Therefore, more high-quality images observed in winter

may help determine the extent of changes in evergreen

forest and deciduous forest.

5. The simulated response of Siberian forest to
warming hiatus

UVAFME is an updated version of the Far East

(FAREAST) model (Yan and Shugart 2005), which is an

individual-based gap model (IBM) of forest dynamics.

Differing from dynamic global vegetation models

(DGVMs) that use plant functional types (PFTs), IBMs

are a combination of equilibrium models and bio-

geochemical ecosystem process models (Prentice et al.

2007). PFTs represent broad vegetation classes in the

simulation, thus losing the ability to predict individual

species response to changes in environmental conditions.

IBMs have the ability to describe biogeochemical pro-

cesses from the individual tree perspective. The use of

individuals rather thanPFTs has been demonstrated to be

more capable of predicting the forest composition
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response to climate change (Smith et al. 2001). UVAFME

simulates individual trees, specifically their growth,

mortality, and regeneration, in a relatively small area

and accounts for competition among individuals of

multiple tree species for light, water, and nitrogen re-

sources (Yan and Shugart 2005; Shuman et al. 2011).

The model has been verified and validated for a variety

of forests across Eurasia and China and is currently

being adapted for North America. Validation in Russia

indicated that UVAFME successfully captures the nat-

ural biomass dynamics of mixed-species forest across the

varied climate change across Russia (Yan and Shugart

2005; Shuman et al. 2011, 2014, 2015).

To elucidate the successional patterns and rates of

change potentially resulting from interactions among a

warming, a warming hiatus, and an increase of evergreen

conifer forest, the forest dynamics simulations are con-

ducted with two different temperature change scenarios

at 100 sites across central Siberia (Fig. S7). For the base

scenario, no changes are made to values from the dis-

tributions of monthly temperature and precipitation data

derived from historical records. Daily temperature and

precipitation conditions at each site in UVAFME are

derived from statistical distributions of mean monthly

temperature and precipitation from 60 years of weather

station data for the period from 1941 to 2001 (NCDC

2005a,b). Scenario 1 uses a linear increase in temperature

to 48C from year 0 to year 200 of the simulation, followed

by an additional 300 years of simulation, during which the

climate stabilizes around the condition attained in year

200 (Figs. 13b and 9b). Compared to the base run, sce-

nario 1 demonstrates that the UVAFME model effec-

tively simulates the succession dynamics and response of

the forest to warmer climate. To investigate the effect of

decadal oscillations on the altered forest, the temperature

in scenario 2 has an added decadal oscillation on the

equilibrium temperature attained in year 200 (Figs. 13b

and 9b). The decadal oscillation was extracted from the

observational temperature using the ensemble empirical

mode decomposition (EEMD) method (Figs. S8–S10).

Figures 9 and 13 show the cumulative biomass change

over 500 years under two scenarios. In the control run

with historic climate, the forest succession consists of an

initial pioneering stage dominated by the deciduous co-

nifer (Larix), which, when averaged over 200 simulations

at each of the 100 sites over the local area, transitions to

evergreen conifer forests dominated by Pinus (Figs. 9a

and 13a). The succession from deciduous conifers (Larix

spp.) to evergreen conifers (Pinus spp.) is accelerated

with increasing temperature (Figs. 9c and 13c).

Comparing the simulated forest equilibria, the warmer

climate changes the forest composition and nearly

eliminates deciduous conifers. However, when a decadal

variability in the temperature is introduced (Figs. 9b

and 13b), the evergreen conifer species biomass fluc-

tuates but the equilibrium total biomass remains un-

changed (Figs. 9c,d and 13c,d). During the positive

phase of a decadal oscillation with enhanced temper-

ature, the deciduous conifer biomass decreases, while

the evergreen conifer biomass increases (Figs. 9d and

TABLE 4. The locations of six sites.

Site number Lat range Lon range

1 61.758–62.758N 56.708–57.708E
2 61.248–62.248N 65.08–66.08E
3 60.518–61.518N 82.388–83.388E
4 58.788–59.788N 75.578–76.578E
5 58.888–59.888N 83.438–84.438E
6 60.928–61.928N 79.08–80.08E

FIG. 10. The locations of six reference sites. The background is the change in evergreen and deciduous needleleaf

forest between 2001 and 2012; green indicates evergreen forest present in both years, blue indicates a change to

newly formed evergreen forest in 2012, orange indicates that deciduous forest is present in both years, and red

indicates a disappearance of deciduous forest in 2012.
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13d). During the negative phase of decadal oscillation,

the biomass of the evergreen conifers does not change

with the decadal oscillation included in scenario 2.

The deciduous conifer biomass remains constant for

scenario 2, oscillating around equilibrium (Figs. 9d

and 13d). The natural decadal oscillation of the

temperature does not stop the increase in evergreen

conifers. This sensitivity experiment implies that the

current conversion to evergreen conifer forests is a

consequence of long-term warming and that occa-

sional cooler spells, induced by internal climate os-

cillations, will not stop this conversion.

FIG. 11. The distribution of vegetation from cloud-free high-resolution Landsat composite images over six sites in

2000 and 2014 and the corresponding distribution of forest gain and forest loss during 2000–14.
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6. Discussion and conclusions

In this study, the warming hiatus of the SAT trend

across the Northern Hemisphere and Siberia was in-

vestigated from four different datasets including the

corrected NCEI dataset. The result suggests that the

warming hiatus over 1998–2012 is a robust phenomenon,

although the warming trend may be underestimated by

ocean data biases as suggested by Karl et al. (2015). The

cooling trend during winter season in the Eurasian

continent contributes most to the warming hiatus of

land SAT trend over recent decades (Li et al. 2015). Al-

though Kosaka and Xie (2013) reproduced the global-

mean surface temperature trend by using observed sea

surface temperature anomalies over the tropical eastern

Pacific to force the coupled climate model, the winter

cooling trend in Eurasia was not found in the simulation

result. As suggested byCohen et al. (2012a), the observed

Eurasian winter cooling may arise essentially from in-

creasing Eurasian snow cover during the warming hiatus

period related to atmosphere internal variability in mid-

and high latitudes such as NAO or PDO.

The response of Siberian forest composition to

warming hiatus or cooling winter was further investi-

gated by satellite observations and model simulations.

The remote sensing results indicate that the expansion

of evergreen conifer forests did continue during the

warming hiatus. During the last decade, evergreen co-

nifer forest increased 10% and deciduous conifer forest

decreased 40% in the study region. These magnitudes of

FIG. 12. The histogram of the area of four kinds of forest changes

(gain: red; loss: orange; no gain: green; no loss: black) in six sites

during 2000–14.

FIG. 13. (a) Simulated cumulative biomass (tC ha21; where 1 ha5 10 000m2) of species over 500 years for Siberia

under the base scenario. (b) The time series of the max temperature under four scenarios. (c),(d) As in (a), but for

stable warmer temperature and for the oscillating increased temperature scenario. Deciduous conifers include

Larix, and evergreen conifers include Abies, Picea, and Pinus.
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change are consistent with that of treating woody

savannas/savannas as deciduous forest in land-cover

classifications. Moreover, fire was not found to be re-

sponsible for the land-cover changes. The transition of

deciduous conifer forest to evergreen conifer forest is

usually through mixed forest or savannas. Although we

have demonstrated the expansion of evergreen conifer

forest in central Siberia, the magnitude of land-cover/

ecosystem changes has a large uncertainty due to the

classification algorithm. Because of the large differences

between evergreen and deciduous conifer forest, the

albedo product or the high-quality images observed

from visible bands may help distinguish the extent of

evergreen and deciduous conifer forest and reduce the

uncertainty of magnitude of evergreen forest expansion.

The simulation sensitivity experiments demonstrate that

warming has a significant effect on forest composition

changes, but cooling spells induced by internal climate

variability cannot stop the expansion of evergreen co-

nifer forests. This may be explained by the hysteretic

theory proposed by Shugart et al. (1980). The conversion

of the evergreen conifer forest, once established, requires

the temperature to surpass and persist below the critical

value for change to occur. Although the temperature in

Siberia has been cooling during the current hiatus, it re-

mains higher than that in the previous hiatus (1940–60)

because temperature has been monotonically increasing.

The forest ecosystem dynamics and the resultant hyster-

etic responses suggest that the current hiatus is unlikely to

reverse the formation of evergreen conifer forests in

zones resulting from warming in the former deciduous

conifer zone of the northern boreal forest.

The global surface temperature in the twenty-first

century is projected to continue to warm by 48–108C.
Once the accelerated warming resumes, the evergreen

conifer forest conversionmay becomemuch severer and

evenmore irreversible. However, it should be noted that

the composition of future forest could also be adversely

affected by change in permafrost and fire disturbance

regime. The fire frequency is predicted to increase with

warming, which supports the scenario of larch regaining

dominance owing to its resistance to frequent fire

(Kharuk et al. 2005a). Removal of overlying vegetation

under increasing fire disturbance can accelerate per-

mafrost thawing but apparently not to the soil depth

required to support evergreen conifer forest in eastern

Siberia (Tchebakova et al. 2009). Although fire and

permafrost both limit the eastward and northward ex-

pansion of evergreen forests, the potential transition of

the forest composition is substantial in western Siberia,

where permafrost is seasonal or sporadic. The influences

of fire, drought, and permafrost on the future projection

of forest composition need further research.
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