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Abstract. Climate factors including soil temperature and
moisture, incident solar radiation, and atmospheric carbon
dioxide concentration are important environmental controls
on methane (CH4) emissions from northern wetlands. We in-
vestigated the spatiotemporal distributions of the influence
of these factors on northern high-latitude wetland CH,4 emis-
sions using an enhanced version of the Variable Infiltra-
tion Capacity (VIC) land surface model. We simulated CH4
emissions from wetlands across the pan-Arctic domain over
the period 1948-2006, yielding annual average emissions of
36.1+6.7 Tg CH4 yr—1 for the period 1997-2006. We char-
acterized historical sensitivities of CH4 emissions to air tem-
perature, precipitation, incident long- and shortwave radia-
tion, and atmospheric [CO;] as a function of average summer
air temperature and precipitation. Emissions from relatively
warm and dry wetlands in the southern (permafrost-free) por-
tion of the domain were positively correlated with precipi-
tation and negatively correlated with air temperature, while
emissions from wetter and colder wetlands further north
(permafrost) were positively correlated with air temperature.
Over the entire period 1948-2006, our reconstructed CHgy
emissions increased by 20 %, the majority of which can be at-
tributed to an increasing trend in summer air temperature. We
estimated future emissions in response to 21st century warm-
ing as predicted by CMIP5 (Coupled Model Intercomparison
Project Phase 5) model projections to result in end-of-century
CHg, emissions 38-53 % higher than our reconstructed 1997—
2006 emissions, accompanied by the northward migration of
warmer and drier than optimal conditions for CH4 emissions,
implying a reduced role for temperature in driving future in-
creases in emissions.

1 Introduction

Methane (CHg) is an important greenhouse gas, with a green-
house warming potential about 25 times that of CO, (IPCC,
2013). Globally, wetlands are the largest natural CH4 source
(Fung etal., 1991; Hein et al., 1997; IPCC, 2013). The strong
sensitivity of wetland CH4 emissions to ambient soil con-
ditions has led to concerns about possible feedbacks to cli-
mate change (Gedney et al., 2004; Eliseev et al., 2008). The
northern high latitudes contain about one half of the world’s
wetlands (Lehner and Déll, 2004) and are experiencing more
rapid climate change than elsewhere globally (Serreze et al.,
2000; Diffenbaugh and Giorgi, 2012). The potential liber-
ation of vast quantities of carbon from thawing permafrost
provides additional impetus to efforts to understand the sen-
sitivity of northern wetland CH4 emissions to climate change
(Schaefer et al., 2011; Koven et al., 2011).

CH4 emission rates in northern wetlands (which are pre-
dominantly peatlands) depend on a number of environmental
and climate controls, including soil temperature, water table
depth, labile carbon substrate, soil pH, oxidation state, nu-
trient concentrations, and vegetation composition (Saarnio et
al., 1997; Christensen et al., 2003; Zhuang et al., 2004; Riley
et al., 2011; Spahni et al., 2011; Glagolev et al., 2011; Lu-
pascu et al., 2012; Levy et al., 2012; Olefeldt et al., 2013;
Sabrekov et al., 2014). Many of these factors can interact
and compete. For example, Bohn et al. (2007) showed via
a process-based model that air temperature and precipitation
exert competing influences on (a) water table depth, through
winter snow accumulation, spring snowmelt, and summer
precipitation and evapotranspiration, and (b) metabolic rates,
through soil temperature, leading to trade-offs in their influ-
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ences on emissions. Extreme (limiting) values of one factor
can raise the sensitivity of emissions to that factor (Olefeldt
et al., 2013). As a result of these interactions, different fac-
tors exert dominant controls at different sites (Olefeldt et al.,
2013) or timescales (Sabrekov et al., 2014), hindering efforts
to constrain model behaviors in the face of sparse observa-
tions (Melton et al., 2013). Therefore, isolating those con-
ditions under which different factors dominate or limit the
response of wetland methane emissions to climate change
would benefit future field campaigns and modeling studies.

Previous attempts to characterize the sensitivities of north-
ern wetland CH4 emissions to environmental factors have
included both data-driven (Bloom et al., 2010; Olefeldt et
al., 2013) and process-based modeling (Bohn et al., 2007;
Ringeval et al., 2010) approaches. Data-driven studies have
the potential advantages of relative accuracy and simplicity
but can have limited predictive power. For example, Ole-
feldt et al. (2013) found clear relationships between observed
emissions from over 300 high-latitude sites and soil temper-
ature, water table depth, and vegetation composition. How-
ever, while these relationships are a crucial step forward in
our understanding, they must be embedded within a process-
based model to estimate the aggregate response of northern
wetland emissions to a given change in climate or charac-
terize how these relationships may change with changing
climate. Bloom et al. (2010) fit a regression model to ob-
served atmospheric CH4 concentrations from the Scanning
Imaging Absorption Spectrometer for Atmospheric Chem-
istry (SCIAMACHY; Bovensmann et al., 1999) to observed
surface temperatures from the National Center for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) weather analyses (Kalnay et al., 1996) and
gravity anomalies from the Gravity Recovery and Climate
Experiment satellite (GRACE; Tapley et al., 2004) and found
that air temperature exerted the dominant control over high-
latitude emissions. Unfortunately, the short (4 years) record
length and the use of GRACE data as a proxy for near-surface
wetland soil moisture suggest that these findings are highly
uncertain and limited to the time span of the satellite data sets
used.

Process-based studies potentially have greater predic-
tive power, but their relative complexity may involve
highly uncertain parameterizations. For example, Ringeval et
al. (2010) found that variations in inundated area contributed
30 % to the interannual variability in CH4 emissions over the
latitudes north of 50° N. However, despite the strong emis-
sions observed at non-inundated peatlands throughout the
high latitudes (e.g., Saarnio et al., 1997; Panikov and Dedysh,
2000; Friborg et al., 2003; Glagolev et al., 2011), they only
considered emissions from inundated wetlands, thus poten-
tially inflating the contribution attributed to inundation. Bohn
etal. (2007) accounted for non-inundated emissions, but their
study was restricted to a small area in West Siberia. Nu-
merous other process-based studies (using both forward and
inverse models) have investigated the response of northern
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CHg emissions to historical or future climate variations (e.g.,
Chen and Prinn, 2006; Bousquet et al., 2011; Riley et al.,
2011; Spahni et al., 2011; Bohn et al., 2013, 2015; Zhu et
al., 2014), but none have attempted to characterize the sensi-
tivities of emissions to climate factors as a function of geo-
graphic location, wetland type, or climate conditions.

CHg4 emissions are not the only biogeochemical process
for which environmental controls have been investigated. Ne-
mani et al. (2003) found that annual net primary productiv-
ity (NPP) is limited by temperature and radiation at high
latitudes but by moisture-related factors at lower latitudes.
Teuling et al. (2009) and Seneviratne et al. (2010) investi-
gated global climate controls on annual evapotranspiration
(ET), and found that temperature is the dominant control over
northern Eurasia, while precipitation is the dominant control
at mid- to low latitudes and in northern Canada. These data-
driven studies all produced maps of the regions in which
various climate factors dominate the flux in question. Such
maps are useful in understanding how climate factors in-
teract, which processes are most important, and how these
fluxes might evolve under future climate change, particularly
in cases where observations are sparse (as is true for CHy
emissions).

In this study, we use a process-based model to characterize
the dominant climate drivers of northern high-latitude wet-
land CH4 emissions and how they will change with changing
climate. We address three questions:

1. What have been the aggregate long-term CH4 emissions
from the pan-Arctic wetland area over the last 50 years,
and how have they changed?

2. What have been the dominant factor(s) controlling
changes in the space-time variability of CH4 emissions
over that time period?

3. How will these conditions be affected by a changing cli-
mate over the remainder of the 21st century?

To investigate these questions, we use an enhanced version of
the Variable Infiltration Capacity (VIC) large-scale hydrol-
ogy model (Liang et al., 1994; Bohn et al., 2013) and the wet-
land CH4 emissions model of Walter and Heimann (2000). In
answering questions (2) and (3), we develop (a) maps of the
sensitivities of simulated pan-Arctic wetland CH,4 emissions
to various environmental factors, (b) maps of correlations be-
tween these factors and CH4 emissions, and (c) empirical
estimates of how these sensitivities and correlations depend
on climate. These sensitivity maps and climate dependencies
provide a basis for projecting future emissions in the region,
which we then compare with our VIC model projections to
evaluate their ability to capture the effects of underlying pro-
cesses.

www.biogeosciences.net/12/6259/2015/
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Figure 1. Relevant characteristics of study domain: (a) spatial ex-
tent of the domain; (b) lake or wetland area fractions (taken from
Lehner and D6ll, 2004, and Tarnocai et al., 2009; see text for de-

tails); (c) July LAI (taken from Myneni et al., 2002); (d) permafrost
distribution (taken from Brown et al., 2014).

2 Methods
2.1 Spatial domain

Our study domain is the global land area north of 45°N
(Fig. 1a) with slight modifications. Because this region con-
tains all the river basins that drain into the Arctic Ocean, we
will refer to it as the “pan-Arctic” hereafter, as in Slater et
al. (2007). Our domain boundaries are as in the TransCom
project (Gurney et al., 2000), except that we exclude Green-
land. We also include southern Russia and the permafrost
part of Tibet. We divided the domain into 3775 100 km
EASE (Equal-Area Scalable Earth) grid cells (Brodzik and
Knowles, 2002).

Our domain includes three major wetland areas (Lehner
and Do6ll, 2004; Tarnocai et al., 2009; Fig. 1b): the West
Siberian Lowland (WSL), which we define as the region
from 55 to 75° N and 60 to 90° E; Scandinavia (55-75° N and
15-45° E); and the Hudson’s Bay Lowland (HBL), which we
define as the region from 45 to 60° N and 75 to 100° W. There
are also many smaller wetlands distributed over the domain.
The vast majority of the domain’s wetlands are peatlands,
which are reservoirs of organic carbon (Tarnocai et al., 2009),
and have the potential to produce huge fluxes of carbon (CO2
or CHy) to the atmosphere. Forests cover about 23 % of the
total land area of our study domain, as evidenced by the belt
of high values of leaf area index (LAI) between about 55 and
65° N (Myneni et al., 2002; Fig. 1c).
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Our domain includes essentially the entire Northern Hemi-
sphere permafrost land area, aside from a few high-altitude
areas (Fig. 1d; see also Brown et al., 2014). Within the
permafrost areas, deep soil temperatures are generally be-
low 0°C for successive years, which restricts biological
methanogens. However, during summer, the active layer
(seasonally thawed) provides a suitable environment for CHy
production.

2.2  Model framework

We used a modified version of the Variable Infiltration Ca-
pacity (VIC) version 4.1.2 (Liang et al., 1994; Bohn et al.,
2013) that simulates carbon fluxes as well as the hydro-
logic processes represented in the standard version of the
VIC model. The VIC model resolves the soil moisture and
temperature profiles through a coupled water—energy balance
scheme that accounts for cold-climate processes such as soil
freeze—thaw and the insulating effects of organic soils. We
provide here a brief description of the model features related
to wetland process. The main enhancement in the version of
VIC we used is a module for calculating the carbon inputs
into the ecosystem, which is the substrate source of biogeo-
chemical processes that produce CH4. Within each grid cell
the model represents multiple land cover “tiles”. This mod-
ified version of VIC also represents lakes and wetlands as
described in Bohn et al. (2013). Each grid cell in the study
domain is assumed to be composed of a lake—wetland tile
and an upland portion (that may contain several different land
cover tiles). The lake—wetland tile contains peatlands of fixed
area, within which a time-varying portion may be seasonally
inundated and which may contain a permanent lake. Peat-
lands, which are modeled as a mix of moss and shrubs, are
allowed to emit CHy, subject to oxidation above the water
table, but lake CH4 emissions are set to 0. The water table
depth within peatlands follows a distribution derived from
assumed microtopography. Net primary productivity (NPP)
within peatlands experiences inhibition when the water table
is above the soil surface. More details of the lake—wetland
continuum are included in Bohn et al. (2013).

Permanent lakes were prescribed using the Global Lakes
and Wetlands data set (GLWD) of Lehner and Dé6ll (2004).
Wetland areas were taken in most cases from the union of
wetland classes from the GLWD and wetland pixels from the
MODIS plant functional type data set MCD12Q1 (Friedl et
al., 2010). However, in regions where the GLWD delineated
wetland classes as 25-50 and 50-100 % (occurring in Alaska
and Canada), we defined wetlands as pixels with soil or-
ganic carbon content above 70 % from the Northern Circum-
polar Soil Carbon Database (Tarnocai et al., 2009). Of the
domain’s 3775 cells, 2049 contain wetlands (lake—wetland
fractions shown in Fig. 1b).

The enhanced VIC model is linked to the Walter
and Heimann wetland CH, emissions model (Walter and
Heimann, 2000), as described in Bohn et al. (2013). The
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Walter and Heimann CH,4 model takes the water table depth
distribution, soil temperature profile and net primary produc-
tivity (NPP) generated by VIC to calculate a distribution of
CH4 emissions rates. The model assumes that labile carbon
leaks into the soil through plant roots in proportion to NPP
and is converted to CH,4 through anaerobic respiration of
methanogens as a function of the soil thermal and moisture
conditions.

The combined VIC and CH4 models were calibrated over
West Siberia in Bohn et al. (2013), and we adopted the me-
dian parameter values from the distributions from that study
(Table 1) for our primary simulations. In Bohn et al. (2013),
two parameter sets were optimized for the West Siberian
Lowland: “south” (primarily within the forest belt, or taiga)
and “north” (primarily tundra). These parameter sets only
corresponded to broad geographic regions, rather than to spe-
cific types of wetlands such as bogs or fens. To extend these
parameter sets across our entire domain, we assigned the
“south” parameter set to grid cells with July LAI higher than
4 and the “north” parameter set to all other grid cells.

LAI data were taken from the MODIS MCD15A2 data set
(Myneni et al., 2002) for the period 2002-2010. We used the
mean seasonal cycle for this period repeatedly for every year
in our simulation period. Soil parameters were taken from Su
et al. (2006).

The primary meteorological forcings used to drive the VIC
include 3 h precipitation, air temperature, wind speed, down-
ward shortwave and longwave radiation. These data were
obtained from Sheffield et al. (2006) at 0.25 x 0.25° spatial
resolution, which we regridded to a 100 km EASE grid. At-
mospheric CO, concentration data were taken from Bohn et
al. (2013).

2.3 Simulations

Our historical simulation period was 1948-2006. Model
spin-up consisted of two stages: (1) initialization of carbon
pool storages and (2) a 50-year spin-up to stabilize moisture
and carbon pools. We initialized soil carbon pools via an iter-
ative procedure in which we identified the initial storage that
would result in zero net change in carbon storage over the pe-
riod 1948-1957. Then, to account for the pools’ not yet hav-
ing reached equilibrium with recent Holocene climate, we
rescaled all three pool storages by the ratio of observed to
simulated total carbon storage across West Siberia, using ob-
servations from Sheng et al. (2004). Then we ran the model
for 50 years (5 x the decade 1948-1957) to stabilize its mois-
ture and carbon storages. Starting from the model state at the
end of this 50-year spin-up, we then performed simulations
for 1948-2006.

To isolate the effects of various climate factors that drive
the variability in CH, emissions, we performed five con-
trol experiments in which we removed trends (at each grid
cell) in one or more variables (air temperature and long-
wave radiation; precipitation; air temperature, longwave radi-
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ation and precipitation; atmospheric CO, concentration; and
solar radiation) during the period 1960-2006. Air tempera-
ture and longwave radiation were considered together, since
downward longwave radiation can be expressed as a func-
tion of near-surface air temperature (e.g., Brutsaert, 1975).
For air temperature and longwave radiation, we linearly re-
gressed the annual values over time and removed cumula-
tive changes due to the trend since 1960 from each subse-
quent year. For annual total precipitation and annual average
shortwave radiation, we linearly regressed the annual values,
computed each year’s ratio of detrended to original annual
values, and multiplied all original daily values by that ra-
tio for each day within the year. For detrended atmospheric
CO,, we used the 1960 concentration level for the entire
period 1960-2006. Trends in the forcing variables were re-
moved in cases when the trend was significant at the 0.05
level. At the 0.05 significance level, the entire domain expe-
rienced increasing trends in air temperature (0.0322 Kyr=1),
precipitation (0.5183mmyr—1), [CO,] (1.4009 ppmyr—1),
and downward longwave radiation (0.0670Wm=2yr—1),
and a decreasing trend in downward shortwave radiation
(—0.0385 Wm~2yr—1), which is consistent with Fang and
Yihui (2009; Table 2).

Using these historical and control forcings, we designed
six experiments to investigate the impact of historical climate
change on the wetland CH4 emissions:

1. RO1: historical simulation, driven by historical forcings;

2. R02: air temperature and longwave radiation (TLW)
control run, using detrended air temperature and long-
wave radiation;

3. R03: CO, control run, using the 1960 CO, level,

4. R04: TLW and precipitation (TLWP) control run, us-
ing detrended air temperature, detrended longwave ra-
diation, and detrended precipitation;

5. RO5: precipitation (P) control run, using detrended pre-
cipitation;

6. R0O6: shortwave radiation (SW) control run, using de-
trended shortwave radiation.

2.4 Sensitivities to climate drivers as a function of
climate

We defined the sensitivity coefficients («) of CH4 emissions

to long-term changes in the driver variables as the following
partial derivatives:

www.biogeosciences.net/12/6259/2015/



X. Chen et al.: Model estimates of climate controls

6263

Table 1. Parameter distributions used in the Walter and Heimann (2000) CH4 model.

Region  Parameter  Units Percentile

1st  50th  99th

North  rg* pmol L= h—1 0.015 0.020 0.026
@cm2d~hHt

Xvmax pmol L—1h—1 006 014 032

rkm pmol L~1 42 110 139

rq10 - 2.5 34 5.2

0xq10 - 13 4.9 59

tveg - 6 11 15

South  rp* pmol L—1h—1 0.016 0.019 0.022
(gCm—2d-1H~1

Xvmax pmol L—1h—1 016 024 027

rkm pmol L—1 130 161 171

rq10 - 9.7 107 117

oxq10 - 16 2.1 34

tveg - 7 12 15

Note: ro* is the reference CH,4 production rate per unit annual average LAI (rg* is related to
the original ro parameter from Walter and Heimann (2000) by rgs = ro/LAlayg as described
in Bohn et al., 2013); xvmax is the maximum CH, oxidation rate; rkm is the
Michaelis—Menten constant for CH4 oxidation; rqyg is the Q1¢ value for the CH4 production
rate; 0xqyg is the Q1 value for the CH,4 oxidation rate; and tveg is a dimensionless integer
value ranging from 0 to 15 that indicates the strength of plant-aided transport.

Table 2. Trends in spatial average climate factors from 1960 to
2006.

Factor Trend

0.0322Kyr~1
0.5183mmyr—1
1.4009 ppmyr—1
—0.0385Wm—2yr-1
0.0670Wm—2yr—1

Mean annual air temperature (7')
Annual precipitation (P)

Mean annual [CO>]

Mean annual shortwave radiation (SW)
Mean annual longwave radiation (LW)

@p=——(gCHy-m~2.yr . mm1)
aTLw = CH yrtkt
LW = dTa|r (9 4 M2y )
aco, = d[CO ](g CH,-m~2.yr~t. ppm™)
_ =2 -1 —2,-1
ozsw——dSW (CH; -m™.yr™=- (Wm™%)7"), 1)

where the total change in annual methane emissions due to
climate change ACHs = ap x dP + 1w x dTsir + aco, X
dCO; + asw x dSW + interaction. The CHy4, T, [CO2] and
SW values in this relationship were annual average values,
while P was annual total precipitation.

We computed the sensitivity coefficients at each grid cell
by first computing the time series of differences between the
historical and control emissions and then performing a lin-
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ear regression between the differences in CH4 and the differ-
ences between historical and detrended values of the driver
variable. We then created maps of these sensitivities. To char-
acterize the dependence of these sensitivities on climate, we
divided the domain’s grid cells into groups by their 46-year
(1961-2006) average historical JJA T and JJA P, in incre-
ments of 2°C and 20 mm, respectively (JJA T and P were
chosen as independent variables for purposes of characteriz-
ing sensitivities rather than annual average 7 and P because
the majority of annual CH4 emissions occur during the grow-
ing season). Then, we computed the average sensitivities in
each group and plotted them as a function of JJA T and P.
This gave us two-dimensional matrices of sensitivities. Grid
cells with the same JJA T and P conditions could come from
quite different locations in the study domain; thus the result-
ing averaged sensitivities were not overly influenced by the
characteristics of a single region.

2.5 ldentifying the dominant emission controls

We calculated the correlation coefficients between the time
series of CH,4 emissions and the various drivers at each grid
cell, giving us a map of dominant controls (those with the
highest correlations) across the domain. Similar to the sensi-
tivities in Sect. 2.4, we created two-dimensional matrices of
correlations as a function of JJA T and JJA P.

Biogeosciences, 12, 6259-6277, 2015
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2.6 Future projections

We generated two future projections of CH,4 emissions over
the period 2007-2106: a process-based projection, in which
we ran our modeling framework with future meteorolog-
ical forcings, and a sensitivity-based projection, in which
we applied the four sensitivity coefficients computed in
Sect. 2.4 to projected future forcings. To generate meteo-
rological forcings for the future projections, we computed
the monthly changes in meteorological forcings from the
4. CCSM4 (Community Climate System Model version 4)
RCP4.5 (+4.5Wm~2 Representative Concentration Path-
way) projection (which falls near the middle of the set of
all CMIP5 (Coupled Model Intercomparison Project Phase
5) RCP4.5 projections) over the period 2007-21086, relative
to the period 1996-2005, and applied these changes to the
Sheffield et al. (2006) meteorology.

Based on the sensitivity matrices, and given a reference
climate condition and corresponding CH4 emission rate, we
can derive the projected emission rate via

CHy(t+1) = CHy(t) +ap(T(1), P(1))- (P(t +1)
—P(®) +arew(T (1), P (1))

(T(t+1) =T ) +aco,(T(t), P(1))

-(CO2(t +1) — CO2(1)), 2

where ¢ is the year; CH4(z), T (1), P(r), and CO(z) are the
average values of annual CHy, JJA T, JJA P, and [CO;] for
the current grid cell over the last 10 years; and the coeffi-
cients are those defined in Eq. (1). Here we assume that in-
teractions among the individual climate forcings are negligi-
ble. We check this assumption in Sect. 3.2.1. We also assume
that, as a grid cell’s average T and P change, its sensitivities
to drivers will evolve to resemble the current sensitivities of
cells at the new (7', P) coordinates. We discuss the validity
of this assumption in Sect. 4.2.

2.7 Parameter uncertainty

Our baseline simulations used the median parameter values
of Bohn et al. (2013) as described in Sect. 2.2. However, to
assess the effects of parameter uncertainty on our results, we
also generated an ensemble of 18 simulations using randomly
sampled parameter values from the posterior distributions of
Bohn et al. (2013; Table 1). The parameters that we exam-
ined included ro* (the reference CH,4 production rate per unit
annual average LAI), xvmax (the maximum CH, oxidation
rate), rkm (the Michaelis—Menten constant), rgqio and 0xqig
(the Q19 values for the temperature dependencies of the CHy
production and oxidation rates, respectively), and tveg, a di-
mensionless integer value ranging from 0 to 15 that indicates
the strength of plant-aided transport. The posterior distribu-
tion of tveg, which was held constant at a value of 12 in Bohn
et al. (2013), was determined via Bayesian estimation from
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an ensemble of 3000 simulations that randomly sampled val-
ues of tveg across the range 0 to 15 and sampled values of all
other parameters from their posterior distributions, in com-
parison with the observations of Glagolev et al. (2011). We
did not vary the parameter pox, which represents the frac-
tion of CH4 oxidized in the root zone, as variations in tveg
can compensate for variations in pox. Instead, we held pox
constant at a value of 0.5, as in Walter and Heimann (2000)
and Bohn et al. (2013). To account for uncertainty in our esti-
mate of the border between the “south” and “north” regions,
we performed two additional simulations, in which the entire
domain used either the median “south” parameter set or the
median “north” parameter set (“all-south” and “all-north”,
respectively). Adding these two simulations to our ensemble
resulted in a total of 20 simulations. For each of these en-
semble members, we constructed a distinct set of sensitivity
matrices and created a sensitivity-based projection.

3 Results
3.1 Historical simulation

Before examining simulated CH4 emissions, we first eval-
uated model performance in simulating the environmen-
tal factors that are relevant to CH4 emissions. The spa-
tial distribution of simulated inundation extents was sim-
ilar to that of the Surface Water Microwave Product Se-
ries (“SWAMPS™) remote-sensing inundation product of
Schroeder et al. (2010), with high concentrations in the WSL,
Scandinavia, the HBL, and western Canada (Fig. 2a, b).
VIC’s inundated extent was biased low in western Canada,
at about half the area given by SWAMPS.

To evaluate our simulated soil temperatures, we compared
the distribution of continuous and discontinuous permafrost
from the Circum-Arctic Map of Permafrost and Ground Ice
Condition (CAMPGIC) map (Brown et al., 2014; Fig. 2c)
with the VIC-simulated active layer depth (ALD) in the per-
mafrost area (Fig. 2d). The spatial distribution of VIC’s ALD
was similar to the distribution of permafrost. An ALD of 1 m
is an approximate threshold for “continuous permafrost” in
the Brown et al. (2014) map.

We compared the simulated NPP distribution (Fig. 2e)
with the MODIS MOD17A3 NPP product (Running et al.,
2004; Fig. 2f). Model results and MODIS patterns matched
reasonably well (spatial correlation 0.87), with a slight (about
6 %) overestimation of NPP in the boreal forest band between
55 and 65° N latitude.

The spatial distribution of simulated average annual CHy4
emissions over the period 1960-2006 (Fig. 3) was similar
to the distribution of wetlands (Fig. 1b), with notable con-
centrations in the WSL, Scandinavia, the HBL, and southern
Canada. However, emissions were strongest in the boreal for-
est belt between 55 and 65° N latitude, as a consequence of
warmer temperatures, greater inputs of labile carbon (due to

www.biogeosciences.net/12/6259/2015/
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Figure 2. Observed and simulated factors relevant to wetland
methane emissions over the study domain: (a) observed June-July—
August average (JJA) inundated area fraction over 2002-2010 from
SWAMPS (Schroeder et al., 2010); (b) simulated JJA inundated
area fraction over 1948-2006; (c) observed permafrost distribution
from CAMPGIC (Brown et al., 2014; dark blue: continuous per-
mafrost; light blue: discontinuous permafrost); (d) simulated max-
imum active layer depth (ALD) over 1948-2006; () observed JJA
net primary productivity (NPP) over 2002-2010 (Running et al.,
2004); (f) simulated JJA LAI over 1948-2006.

the higher rates of NPP there; see Fig. 2e, f), and the more
productive “south” CH4 parameter set that we used there. As
an aside, the higher NPP values in the boreal forest belt do
not necessarily imply that the peatlands there are forested,
although some peatlands there do contain substantial num-
bers of trees (the VIC model does not distinguish between
forested and non-forested peatlands).

We evaluated our simulated CH4 emissions over three sub-
domains: the WSL, the HBL, and the high latitudes of the
western hemisphere. Over the WSL, we compared our simu-
lations with the estimate of Glagolev et al. (2011), which is
based on in situ observations of mire landscape CH4 emis-
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Figure 3. Average annual CH4 emissions over the study domain for
1960-2006.

sions during 2007-2010 (Fig. 4). While our model tended to
overestimate emissions in the middle of the domain, it cap-
tured the general north—south gradient in emissions. As to the
total emission from the WSL area, Glagolev et al. (2011) es-
timated 3.91+1.29 Tg CHz yr—1, as compared with our es-
timate of 7.12 Tg CH4 yr—L. Our result here is also consider-
ably higher than the estimate of Bohn et al. (2013) of 3.65 Tg
CHgyr~1, primarily because we (a) replaced that study’s
WSL-specific peatland maps (Sheng et al., 2004; Peregon et
al., 2008) with the GLWD wetland map (Lehner and Déll,
2004), which attributes substantially higher wetland frac-
tions to the region between 63 and 66° N latitude than the
WSL-specific maps do; (b) we replaced the WSL-specific
assignment of “north” and “south” CH,4 parameter sets by
the bioclimatic zone with the more general criterion of July
LAI >4 (Sect. 2.2), which extended the region of more pro-
ductive wetlands (“south” parameters) slightly further north-
ward; and (c) used the meteorological forcings of Sheffield et
al. (2006) instead of those of Adam et al. (2006). However,
our estimate is within the range of estimates from inversions
over the WSL, which range from 3.08 Tg CH4 yr—1 (Kim et
al., 2011) to 9.80 Tg CH4 yr— (Schuldt et al., 2013; Winder-
lich, 2012).

CH4 emissions over the HBL have been estimated by
Pickett-Heaps et al. (2011) as 2.3+0.3Tg CHsyr~! dur-
ing 2004-2008. Our estimate for the same region is
3.1140.45Tg CH4yr—1. Although larger than the Pickett-
Heaps estimate, it is almost identical to the estimate of
3.1+ 0.5Tg CHsyr—! by Zhu et al. (2014).

Several studies have estimated total CH4 emissions from
all northern wetlands (Table 3), giving a range of 20-55Tg
CHg yr—1 over similar domains. Our model gives an estimate
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Figure 4. Comparison of simulated CH4 emission rate and field-
campaign-based data over WSL.. (a) VIC simulated fluxes; (b) field-
campaign-based flux data from Glagolev et al. (2011).

0f 35.0 Tg CH4 yr—! during 1997-2006. This result is within
the range of estimates from studies since the 1990s and is
closer to some of the more recent results, e.g., 34 +13Tg
CHzyr=! from Chen and Prinn (2006) and 38.1-55.4Tg
CHayr~! from Zhu et al. (2014). The difference is well
within the uncertainty range ascribed to most previous es-
timates.

3.2 Sensitivity to climate factors
3.2.1 Historical trends

Over the entire pan-Arctic domain, CH4 emissions increased
substantially over the period 1960-2006, with a trend of
0.158 Tg CH4 yr—! (Fig. 5a and Table 4, 4th column). Emis-
sions from the control runs are shown in Fig. 5b—f. Defining
the net impact of a driver as the difference between the histor-
ical trend in CH,4 emissions and the trend of the correspond-
ing control run (Fig. 5g and Table 2, 4th column), we can see
that air temperature and longwave radiation (TLW) had the
largest impact on emissions (0.104 Tg CH4 yr—1, or 66 % of
the historical trend), followed by CO, (0.030 Tg CHayr—1,
or 19%) and precipitation (0.015Tg CHsyr—1, or 10%).
The combined impact of TLW and P (TLWP), at 0.115Tg
CHa yr—1, is slightly less than the sum of the impacts of TLW
and P separately (0.119 Tg CH4yr—1), implying that these
two drivers acted in opposition to each other to some extent
but also indicating that the interaction between T and P was
a relatively small effect. Locally, the effects of precipitation
were often larger than those of CO,, but these effects largely
canceled over the domain.

3.2.2 Sensitivity as a function of climate

The sensitivities of wetland CH,4 emissions to the climate
factors we investigated varied in space or time and were
strongly influenced by climate conditions. In Fig. 6a, which
shows the distribution of spatial average annual CH4 emis-
sions as a function of 10-year average JJA T and P,

Biogeosciences, 12, 6259-6277, 2015

X. Chen et al.: Model estimates of climate controls

41| Roz: TLW o

IS
S

@
a

CHA (TgCHA/year)

@
S

1960 1970 1980 1990 2000
(a) Year

40 RO4: TLW+P 40

35

30| |

CH, (TgCH,/year)
@
8

1960 1970 1980 1990 2000 1960 1970 1980 1990 2000
(d)

(e)

Tar W T T T T T T T
co2 Past Climate Change Impact on CH4 fluxes _ /
inter ’/ \/\/

P
SW

6

5

4r \
3 A /
ol A A - \/N/
1 o

0

Wi\”’/’/ VY
L —_ =

— = A

CH4 (TgCHA/year)

1+

-2}

L L ! 1 1 1 ! L L L
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

(9) Year

Figure 5. Time series of domain-averaged annual methane fluxes
from (a) the historical simulation; (b—f) the five climate control
runs, in each of which one climate driver was detrended starting
in 1960; (g) differences between historical simulation in (a) and the
control runs (b—f). “TLW” and “Tair LW” denote detrending of air
temperature and associated downward longwave radiation; “CQO,”
denotes detrending of atmospheric CO, concentrations; “TLW-+P”
denotes detrending of both air temperature (and associated long-
wave radiation) and precipitation; “P” denotes detrending of pre-
cipitation; “SW” denotes detrending of downward shortwave ra-
diation; and “inter” denotes the difference between “TLW” and
“TLWH-P”.

maximum CH,4 emissions occur along a “ridge” of slope
13mmK~1 for JJA T values above 285K and JJA P val-
ues above 120 mm. Consequently, increasing one factor (P
or T) while holding the other factor constant may cause CHy
emissions to increase or decrease, depending on the current
climate state of the wetland. Under relatively cold or dry con-
ditions, emissions tend to increase with increasing 7 and P.
However, at high P values, emissions decrease with increas-
ing P, due to the inhibition of NPP under inundated condi-
tions in the VIC model (Bohn et al., 2013). At high T values,
emissions decrease with increasing 7', due to increased ox-
idation of CH4 as higher evaporation rates draw down the
water table (Bohn et al., 2007).

Temporal correlations between historical annual CHg4
emissions and the three most important climate drivers (JJA
T, JJA P, and JJA CO3) were fairly consistent with this pat-
tern (Fig. 6b—d). Correlations between annual CH,4 emissions
and JJA T (Fig. 6b) were highest when JJA T is to the left of
(colder than) the ridge of maximal emissions in Fig. 6a, and
lowest (negative, in fact) to the right of (warmer than) the
ridge. Similarly, correlations with JJA P were highest be-
low (drier than) the Fig. 6a ridge and lowest (negative) above
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Table 3. Estimates of total CH4 emissions over the study domain.
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Method Estimate Area Reference Period

(Tg CHayr ™)
VIC+Walter CHy 35.0+6.7 Pan-Arctic wetlands This study 1997-2006
VIC+TEM? 38.1-55.4 Pan-Arctic area Zhu et al. (2014) 1993-2004
MATCHP (inversion) 34 +13 N. Hemisphere high-latitude wetlands ~ Chen and Prinn (2006) 1996-2001
Walter CH4 model 56 Wetlands north of 45° N Walter et al. (2001) 1982-1993
Inversion 48 Wetlands north of 45° N Hein et al. (1997) 1983-1989
Process-based model 20 413 Northern wetlands and tundra Christensen et al. (1996) 1990s
WMEMC 23.3 Wetlands north of 40° N Cao et al. (1996) -
Literature review 35 N. Hemisphere wetlands IPCC (1996) 1980s-1990s
Literature review 38 Wetlands north of 45° N Bartlett and Harris (1993)  1980s

@ \ariable Infiltration Capacity plus Terrestrial Ecosystem Model, b Model for Atmospheric Transport and Chemistry, © Wetland Methane Emission Model.

Table 4. Trends in CH4 emissions from historical and control simulations from 1960 to 2006. All values are in units of Tg CHyg yr‘l.

Simulation Trend 95 % confidence bound Driver impact
(historical trend — control trend)

RO1 (historical) 0.158 (0.107, 0.207) -

R02 (TLW control) 0.054 (0.006, 0.103) 0.104

R03 (CO;, control) 0.128 (0.079, 0.176) 0.030

RO4 (TLWP control)  0.043 (—0.007, 0.093) 0.115

RO5 (P control) 0.143 (0.093, 0.194) 0.015

R06 (SW control) 0.154 (0.104, 0.204) 0.004

(wetter than) the ridge, although this pattern broke down for
JJA T below 285 K, where temperature limitation dominated
the response and correlations with JJA P were only weakly
positive or negative. Correlations with JJA CO, were moder-
ately positive at all but the most extreme JJA T and P con-
ditions, implying that CH4 emissions generally benefit from
COg, fertilization, via an increased input of carbon substrate
into the soil.

These differing responses of wetland CH4 emissions to cli-
mate factors displayed strong geographic patterns, as a func-
tion of local climate (Fig. 7). In Fig. 7a, the ensemble median
correlations between CH, and JJA T are represented on a
blue (positive) to yellow (negative) color gradient. Similarly,
correlations between CH4 and JJA P are represented on a
red (positive) to green (negative) color gradient. Therefore,
blue indicates a strong positive temperature control on CHy
emissions (7+), and this can be thought of as too cold for
maximum emissions; yellow indicates a strong negative tem-
perature (7 —) control (too warm); green indicates a strong
negative precipitation (“P —*) control (too wet); and red in-
dicates a strong positive precipitation (*P-+") control (too
dry). In general, northern cells were 7+ dominated (blue),
due to the low summer air temperatures that they experience.
These blue regions corresponded approximately to the dis-
tribution of permafrost (Fig. 1d). Moving southward, emis-
sions became P+ dominated (red). Southern West Siberia
is relatively dry and warm, thus showing both P+ and 7+

www.biogeosciences.net/12/6259/2015/

controls (orange). However, in the northernmost regions of
Alaska and Canada (where inundation fractions were high,
see Fig. 2b), we saw predominantly P— control (green).
Comparison of this figure with Fig. 2b also shows that P+
and T+ (orange) areas were associated with smaller inun-
dated area fractions and warmer temperatures, due to deeper
water tables and greater oxidation rates.

Parameter-based uncertainties in the correlations (Fig. 7b),
expressed as the range of correlations across the ensemble,
were generally small (<0.3) in both the 7 and P dimen-
sions, except for P—-limited (green) regions in northeastern
Canada and central Tibet and the northern portion of the 7+-
limited region in north-central Canada. The general pattern
of P+ limitation in the southern reaches of the domain and
T+ limitation in much of the northern reaches of the domain
appeared in all ensemble members.

Correlations between emissions and drivers tell us which
driver is most influential at a given location. However, the
sizes of the correlations are affected by both the relative sen-
sitivities of emissions to the drivers and the relative ampli-
tudes of the drivers’ signals. It is therefore useful to consider
the sensitivities alone. Sensitivities of annual emissions to
the three main drivers (JJA T, JJA P, and JJA CO,) were
markedly higher outside the continuous permafrost zone than
within it (Fig. 8). To first order, the explanation for this
pattern is the general insensitivity of CHa4 emissions to all
drivers at low temperatures, evident in Fig. 6a. Nevertheless,
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Figure 6. Panel (a): the 1960-2006 average annual CH4 emission
over JJA (June-July—August) T and JJA P space; panels (b—d): cor-
relation between 1960-2006 annual CH4 emission and JJA drivers
in the same T — P space.

there were important differences among the distributions; for
example, emissions in eastern Canada and eastern Siberia
showed strong sensitivity to T but weak sensitivity to P and
COo. Spatial correlations between these sensitivities and var-
ious hydrologic and ecological terms, listed in Table 5, give
some indication of which processes were most influential.
The sensitivity of CH4 emissions to JJA T (Fig. 8a) was
most highly correlated (r = 0.30) with April-May snow wa-
ter equivalent (AM SWE), which is consistent with a lack of
water limitation, due to larger spring snowpacks leading to
wetter summer conditions. Similarly, the sensitivity of emis-
sions to P (Fig. 8b) was larger in absolute magnitude (posi-
tive or negative) where temperatures were warm, allowing for
a higher (temperature-dependent) CH,4 production rate to be
affected more dramatically by oxidation under drier condi-
tions and reduced carbon input under wetter, more inundated
conditions. The lack of strong correlations between the sen-
sitivity to P and the various environmental factors in Table 5
may be the result of relatively high spatial heterogeneity in P
and wetland moisture conditions (e.g., inundation), in com-
parison with those of T, leading to more “noise” in the rela-
tionships between them. Finally, the sensitivity of emissions
to CO> (Fig. 8c) was most strongly correlated (» = 0.45) with
NPP (Fig. 2f), which is consistent with the relationship be-
tween rates of carbon input into the soil and NPP in the model
of Walter and Heimann (2000). Because relatively warm con-
ditions and high NPP are associated with boreal forests, the
geographic distributions of sensitivities to all factors also
bore a strong similarity to the distribution of boreal forest.
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3.3 Process- and sensitivity-based projections

To create a projection of future CH4 emissions based on the
climate sensitivities, we computed matrices of the sensitiv-
ity of aggregate emissions to each driver as a function of
JJA T and P (Fig. 9a, c, e), similarly to the earlier corre-
lation matrices (Fig. 6). To ensure that sensitivities exist for
all possible future combinations of JJA T and P in the pro-
jection, we filled gaps in the matrices via a 3 row x 3 column
window with a Gaussian kernel with o = 1. Similar to the
correlation matrices discussed in Sect. 3.2.2, the sensitivi-
tiesto JJA T, JJA P, and [CO2] all exhibited maximum val-
ues along a diagonal “ridge” for T >285K and P >120 mm
(which correspond to the climate conditions in which boreal
forest is found). For the sensitivities to JJA T and [CO>], the
ridges had similar slopes of approximately 30 mm K—1. Sen-
sitivities to JJA T were negative for P <50 mm and 285K
<T <291K, due to increasing CH4 oxidation above the wa-
ter table with increasing temperature. In contrast, the ridge
of maximum sensitivities to JJA P had a lower slope of
about 12.5mmK~1, with a region of negative sensitivities
for P>190 mm and 287 K < T <293 K, due to reduced pro-
ductivity under inundated conditions. Again, sensitivities to
all drivers were nearly 0 for JJA T <285K, due to the non-
linear temperature dependence of CH4 production as well as
the tendency for wetlands in that temperature range to be
less productive (and therefore use the less productive “north”
parameter set). Uncertainty in the methane model param-
eters (across the ensemble of random parameter combina-
tions) led to a wide range of sensitivity values (Fig. 9b, d,
and f). However, the contours of the matrices of the individ-
ual ensemble members had similar shapes, so that regions
of higher or lower sensitivities occurred in similar locations
in climate space. The ensemble of sensitivity-based projec-
tions, created by applying these sensitivity matrices to me-
teorological forcings based on the CCSM4 RCPA4.5 projec-
tion over the period 2006-2106, yielded a similar trajectory
of CH,4 emissions to the projection from our process-based
model (Fig. 10). Both the process-based (black) and me-
dian sensitivity-based (blue) projections agreed that emis-
sions will initially remain relatively constant from 2007 to
2026 (in response to relatively little trend in air tempera-
tures over the period; Fig. 10b) and then resume their in-
crease. For the period 2056-2065, the process- and me-
dian sensitivity-based projections reached 46.1 and 43.4Tg
CHgyr—1, respectively (132 and 124 %, respectively, of the
1997-2006 level). By the end of the century (2096-2105),
they reached 50.1 and 48.3Tg CH4yr~1 (142 and 138 %,
respectively, of their 1997-2006 levels). Uncertainty in the
methane model parameters led to a range of 39 to 57 Tg
CHyyr~! in sensitivity-based end-of-century emissions at
the 95% confidence level. However, the other members of
the uncertainty ensemble followed trajectories that were sim-
ilar to the median sensitivity-based projection over the course
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Figure 7. Spatial distributions of ensemble median (left) and range at 95 % confidence level (right) of correlations between annual CH4
emissions and JJA T and P. The green-red and yellow-blue axes depict the strength of correlation (—1 to 1) with JJA P and JJA T,

respectively.
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Figure 8. Spatial distributions of sensitivities of CH4 to climate drivers. Panel (a): sensitivity to air temperature; panel (b): sensitivity to
precipitation; panel (c): sensitivity to [CO5].
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Table 5. Spatial correlation coefficients between sensitivities and environmental factors.

Environmental factor

Sensitivity of UAT? JAPY WAFS, ., AMSWEY JALAE ALD"  Annual NPPY  JJA Tsoil"
annual CHy (K) (mm) (m (gCm2yr 1 (K)
(9CHam2yr1to

JIA T(K) 0.1928  0.1827 0.0438 02990  0.1735 0.1813 0.2658 0.1682
IA P| (mm) 02231 00309  —01068  —0.0530  0.1570 0.0797 0.1013 0.0462
[CO,] (ppm) 0.3856  0.3209 0.0887 02951  0.3364 0.3096 0.4541 0.3064

3JJA T June-July—August average air temperature; PJJA P: June-July—August total precipitation; ¢JJA Fiqyng: June-July—August inundated area fraction; 9AM SWE:
April-May average snow water equivalent; ©JJA LAI: June-July—August average leaf area index; fAITD: maximum annual active layer depth; 9 Annual NPP: annual net primary
productivity; NJIA Tsoil: June-July—August average temperature in the top 10 cm of the soil column. ' Extreme values of sensitivity (>0.005g CHy4 m—2 yr—1 permm change in

JJA P) were ignored; these occurred in 164 cells, out of 2049 cells containing wetlands.
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Figure 9. The 1960-2006 average T, P and CO» sensitivities (a,
¢, and e, respectively) of CH4 emissions in JJA T and JJIA P space
using the median methane model parameter set and their ranges at
the 95 % confidence level across randomly sampled methane model
parameter sets (b, d, and f, respectively).

of the century, resulting in increases of 38 to 53 % over their
1997-2006 levels.

While the two projections agreed on long-term behavior,
their year-to-year variability disagreed at times, with the me-
dian sensitivity-based projection sometimes anticorrelated
with the process-based projection. This is likely due to our
construction of average sensitivities over all grid cells hav-
ing similar climate conditions, which ignored the influence
of local land cover, topography, and soils. Thus, during some
years in some grid cells, our sensitivity matrices may have
indicated a sensitivity of opposite sign to that of the process-
based model, due to the grid cell’s “ridge” of maximum emis-
sions occurring in a different location in T— P space than in

Biogeosciences, 12, 6259-6277, 2015

the domain-average matrix. Nevertheless, the general agree-
ment in the long-term, domain-wide behavior implies that the
sensitivity-based method captured the aggregate response of
wetland CH4 emissions to climate reasonably well.

Geographically, the regions of largest increases in emis-
sions during the next century were in the boreal forest belt
(Fig. 11a, c). This behavior was fairly consistent across the
ensemble of methane parameter sets, with the exception of
uncertainties >30 % of the median in southern Canada and
northwestern Siberia (Fig. 11b). These increases in emis-
sions began at the southern edge of the domain and spread
northward over time, corresponding to a northward shift in
the types of controls exerted by climate factors, as shown in
Fig. 12. Between 1997-2006 and 20962105, areas of P+
control (red and pink) migrated northward by 10-20° of lat-
itude, into territory that was previously under T+ control
(blue; Fig. 12, left). In other words, wetlands between 55
and 65° N latitude that were previously colder than optimal
experienced warming without a sufficient corresponding in-
crease in precipitation, leading to their becoming drier than
optimal and increasing their positive response to increases in
precipitation. Other regions of historically 7+ control with
large lake areas (e.g., Finland and northern Canada) were re-
placed by P— control (green) as they warmed. These patterns
were robust across the parameter uncertainty ensemble, with
large uncertainties primarily confined to northeastern Canada
(Fig. 12 right).

To investigate the role of inundated area in the interannual
variation of methane emissions, we calculated the changes in
inundated fraction (Fig. 13a—c) and mean water table levels
(Fig. 13d-f) of the process-based projection between the pe-
riods 1960-2006 and 2081-2100. The large areas of drying
(reduced inundated area and falling water tables) in southern
Canada and Alaska in Fig. 13c and f are consistent with the
increase in the extent of P+-limited (red) wetlands in those
same places over the 21st century, shown in Fig. 12.
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Historical and Projected CH4 Emission over the Pan-Arctic, 1948-2106
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Figure 10. Historical and projected annual methane emissions and
climate drivers over the pan-Arctic from 2007 to 2106. Panel (a):
sensitivity- and process-based projections (blue and black, respec-
tively) of methane emissions from northern wetlands during 2007—
2106, with historical simulation (red) 1948-2006. Parameter-based
uncertainties in the sensitivity-based projection are plotted as the
yellow and green envelopes (50 and 95 % confidence bounds, re-
spectively); panels (b—d): climate conditions for projections. The
end-of-century window for time slice analysis (2096-2105) is de-
noted with vertical solid and dashed lines in (a).

4 Discussion
4.1 Historical climate controls on CH4 emissions

Our analysis indicates that summer air temperature increases
explain almost two thirds of the long-term trend in CH4 emis-
sions over the last half century over the pan-Arctic domain.
Precipitation had a smaller net effect (it explains only 10 % of
the long-term trend), but this is due in part to spatial hetero-
geneity in the historical trends of P and their effects on CHy,
leading to partial cancellation over the pan-Arctic domain.
Nevertheless, the dominant role of air temperature in the pan-
Acrctic is not entirely surprising, given that the region is gen-
erally cold, leading to temperature limitation on metabolic
rates. Our map of the historical controls on emissions (Fig. 7)
corroborates this notion, since most of the region has histori-
cally been T+ limited. This finding is largely consistent with
Bloom et al. (2010), who also found that air temperature was
the dominant factor controlling CH,4 emissions at high lati-
tudes. However, our finding of strong P+ limitation in the
band between 50 and 60° N (Fig. 7) is at odds with Bloom
et al. (2010). This discrepancy may be due to a lack of vari-
ability in GRACE observations there (Bohn et al., 2015) or
the inability of the global linear regression used by Bloom
et al. (2010) to capture the location- and climate-dependent
sensitivities accounted for by process-based models and the
sensitivity-based approach that we have used here.

Within the pan-Arctic domain, we found strong geo-
graphic patterns in climate controls on CH4 emissions. Sim-
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ilar (observation- rather than model-based) analyses have
been performed on NPP (Nemani et al., 2003) and ET (Teul-
ing et al., 2009). Our study shares some similarity in con-
clusions. For example, these studies show that CH4, NPP
and ET are all T+ controlled around Hudson Bay and in
Scandinavia, and P+ controlled in the wetlands of south-
western Canada. This is not surprising, because NPP and ET
are both tightly linked with CH4 production: NPP determines
how much carbon can be converted to CH4, while ET is pos-
itively correlated with soil moisture content, as is the CHy4
emission rate. In the WSL, the wetlands in the south are P+
and T — controlled, suggesting that this area is much drier
than the north, with more CH,4 emitted as the water tables
are drawn down during summer (Bohn et al., 2007). NPP in
this southern area is in transition from 7' limited to P limited
(Nemani et al., 2003), which is consistent with CH4. In a re-
cent process-based study, Liu et al. (2015) also found that ET
in southern Siberia is P+ limited.

Despite their similarities, there are some differences in the
spatial distributions of controls between our and previous
studies. In Nemani et al. (2003), NPP over northern Europe
and West Siberia is almost entirely limited by temperature
and radiation, while in our results, CHg4 is P+ limited over a
considerable area. This is due in part to the nearly negligible
role shortwave radiation plays in CH4 emissions (Fig. 5), in
part to the drier optimal soil moisture conditions for upland
vegetation (included in the Nemani et al. NPP analysis), rela-
tive to wetland plants (which we focus on here), and in part to
the rapid drop in CH4 emissions as the water table is drawn
down beyond a few centimeters. Similarly, the area of P+
limitation of ET in western Canada in Teuling et al. (2009)
is smaller than the area of P+ limitation of CH, emissions
in our study. This can also be explained by the presence of
forested uplands in this area, where the moisture deficit in up-
per soil layers from low precipitation is partly compensated
for by water extracted from deeper soils. Thus, only those
places with a considerable shortage of water will show up as
P+ in the Teuling et al. ET map.

The validity of our results depends on our model’s tempo-
ral behavior, which is subject to both model uncertainty and
parameter uncertainty. Verification opportunities include in
situ observations and atmospheric model inversions. Both are
problematic, due to the paucity of long in situ observational
records in the first case and the errors to which inversions are
subject in the second (see Bohn et al., 2015). Nevertheless, in
Bohn et al. (2015), the interannual variability of our model-
ing framework (called “UW-VIC” therein) was assessed over
the West Siberian Lowland over the period 1993-2004, rela-
tive to observations, several atmospheric inversions (includ-
ing those of Bousquet et al., 2011), and many other process-
based models. While there was little agreement across these
data sets in terms of interannual variability, the process-based
models (including UW-VIC) that employed soil physics for-
mulations appropriate to high latitudes and realistic relation-
ships between CH,4 emissions and water table depth tended to
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Figure 11. Ensemble median (a) and range (b) of average annual end-of-century (2096-2105) CH,4 emissions for the sensitivity-based
projection and the difference between the median and the annual emissions of year 2006 (c).
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Figure 12. Spatial distributions of ensemble median (left) and range at 95 % confidence level (right) of correlations between annual CH,4
emissions and JJA T and P for the period 2081-2100 of the sensitivity-based projection. The green-red and yellow-blue axes depict the
strength of correlation (—1 to 1) with JJA P and JJA T, respectively.
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Figure 13. Changes in inundated area fraction and water table position during the historical period (1960-2006) and projection period (2081—
2100) for the process-based projection. Panel (a) is the average inundation fraction during 1960-2006, (b) is the average of 2081-2100, (c) is
the difference between these two averages (b—a). Panels (d—f) are similar for water table positions.

be more similar to the inversions than those that did not. Our
investigation of parameter uncertainty (Figs. 9 and 10) re-
vealed a substantial range in sensitivities and end-of-century
CHg, emissions but made little difference to the shape of the
trajectory over the next century or the spatial distribution
of climate controls. Thus, we believe our findings here are
robust with respect to parameter uncertainty. However, in-
vestigation of the impacts of model uncertainty on climate
controls on CHy4 emissions using other model formulations
would be useful.

4.2 Sensitivity-based future projections

Our sensitivity estimates provide a simplified description
of wetland behavior and is in effect, a linearization of our
process-based model. Nevertheless, the similarity between
our process-based and sensitivity-based projections suggests
that our domain-averaged sensitivities capture most of the de-
pendence of CH4 emissions on climate conditions, as repre-
sented within our modeling framework. Our projected emis-
sions are comparable to those of other process-based stud-
ies. Our estimate of a 24-32 % increase in pan-Arctic CHy
emissions by mid-century is comparable to the 25 % increase
estimated by Anisimov (2007). Over northern Eurasia, our
estimate of end-of-century emissions is 21.5 Tg CHgyr 1,
similar to the estimate of 25.1+3.7 Tg CHs yr—! by Zhu et
al. (2011). The widespread warming and drying of wetlands
and consequent reduced sensitivity of emissions to warming
in our projections are consistent with similar findings in other
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studies (Koven et al., 2011; Riley et al., 2011; Ringeval et al.,
2011; Lawrence et al., 2015).

Our characterization of the sensitivities of emissions to cli-
mate requires the assumption that, as a grid cell’s climate
changes, its future sensitivities will come to resemble those
of cells with similar climate today, in essence attributing cli-
mate sensitivities completely to current climate state. Several
studies have, however, found associations between vegeta-
tion and CH4 emissions (Glagolev et al., 2011; Lupascu et
al., 2012; Levy et al., 2012; Olefeldt et al., 2013). In par-
ticular, Olefeldt et al. (2013) found that emission rates from
sedge-dominated wetlands are not only higher but also more
sensitive to changes in both soil temperature and water ta-
ble depth than are emission rates from non-sedge-dominated
wetlands. On the other hand, dynamic vegetation models
suggest that vegetation communities will migrate northward
with future climate change (e.g., Kaplan and New, 2006; Alo
and Wang, 2008), potentially bringing with them any charac-
teristics (e.g., aerenchyma) that enhance CH, emissions. To
the extent that vegetation communities can migrate in step
with climate change, our sensitivity matrices would still be
applicable. Nonetheless, this suggests an interesting avenue
for future research.

4.3 Future changes in the dominant controls
In our future projections, we found that much of the region
will shift from 7+ limitation (colder than optimal) to 7—

and P+ limitation (warmer and drier than optimal). This
large-scale shift towards the warm and dry side of the “ridge”
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of maximum emissions implies that air temperature will play
a smaller role in end-of-century emissions than at present,
for two reasons: first, the positive response to an increase in
temperature in the northern portion of the domain will be par-
tially or completely canceled by the negative response from
the southern portion, and, second, the response to precipita-
tion will increase due to the widespread drier-than-optimal
conditions. This suggests that, beyond the year 2100, emis-
sions may level off or even decrease under further climate
change, unless precipitation can increase sufficiently to com-
pensate for the increases in air temperature. The larger future
role of P in controlling pan-Arctic CH, emissions may lead
to greater uncertainty in future projections beyond 2100, due
to the poorer performance and greater lack of agreement of
global climate models in projecting future precipitation than
temperature (Hawkins and Sutton, 2011; IPCC, 2013).
There are additional reasons to think that T will play a
reduced role in the future. There is some indication that the
metabolic impacts of higher temperatures have been overes-
timated by most models, as most studies neglect acclimatiza-
tion. Koven et al. (2011), for instance, found that soil micro-
bial communities essentially adapt to warmer soil tempera-
tures and CH4 emissions rates return to their previous levels.
Koven et al. (2011) showed that acclimatization could elim-
inate over 50 % of the increase in emissions over the pan-
Acrctic by the end of the century that would otherwise occur.
Under such conditions, the primary effects of increased T
would then be on drying out the wetlands through increased
ET. In addition, because our model did not simulate dynamic
vegetation phenology, we did not account for increased tran-
spiration arising from CO; fertilization, which also would
have a drying effect on the wetlands (the wetland—climate
CH, feedback as discussed by Ringeval et al., 2011; Koven
etal., 2011; and Stocker et al., 2013). Including these effects
in the model on which our sensitivities were based would
likely reduce the sensitivity of future emissions to further in-
creases in 7' and perhaps even change the sign of the sensi-
tivity to negative in some water-limited locations. Thus, our
estimates of the expansion of the water-limited zone and the
reduction of the role of T may be considered a lower bound.

5 Conclusions

We performed an historical simulation of wetland CH4 emis-
sions for the pan-Arctic domain for 1948-2006. In addition,
we performed five experiments that investigated the sensitiv-
ities of CH4 emissions to changing climate and two future
projections over the period 2007-2106 — one process-based
and the other based on CH4 emission sensitivities to 7', P
and CO,. Our main conclusions are as follows:

1. We estimate the annual CH,4 emissions from pan-Arctic
wetlands averaged over 1997-2006 at 35.0+6.7Tg
CH, yr—1. This is within the range of previous estimates
but somewhat toward the higher end.
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2. Based on our model, climate change over the last half
century has led to a substantial (20 %) increase in total
emitted CHy4, with increases in air temperature (and as-
sociated downward longwave radiation) being the domi-
nant driver. Increases in temperature and [CO;] were re-
sponsible for over 84 % of the inferred increase in emis-
sions. Most of the remainder is attributable to changes in
shortwave radiation (decreasing) and precipitation (in-
creasing).

3. The dominance of air temperature is corroborated
by the predominance of temperature-limited wetlands
throughout most of the domain, with water-limited wet-
lands primarily occupying only the southernmost por-
tion of the domain (south of 60° N latitude).

4. Both process-based and sensitivity-based projections
agreed that wetland CH4 emissions from pan-Arctic
wetlands will increase to 138-153 % of present-day lev-
els by the end of this century. Because this study did not
account for potential acclimatization or the wetland-
climate CH4 feedback resulting from CO» fertilization,
this projected increase may be overestimated.

5. As future climate across the pan-Arctic becomes
warmer, northern wetlands are likely to shift from
the current temperature-dominated state toward a more
precipitation-dominated state due to a lack of sufficient
increase in precipitation to compensate for higher evap-
otranspiration and resultant soil drying. The resulting
sensitivity of CH, emissions to further warming may
then level off or even become negative.
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