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ABSTRACT

Fire is a global phenomenon and the primary form of terrestrial ecosystem disturbance on a global scale. It

is tightly coupled with climate, ecosystems, carbon and water cycles, and human activities. Through biomass

burning and fire-induced plant-tissue mortality, current and historical fires significantly affect terrestrial

ecosystems, which can alter hydrology fluxes. This study provides the first quantitative assessment and un-

derstanding about the influence of fire on the global land water budget due to changing terrestrial ecosystems

during the twentieth century. This is done by quantifying the difference between twentieth-century fire-on

and fire-off simulations using the Community Earth System Model (CESM). Results show that fire signifi-

cantly reduces the annual evapotranspiration (ET) over the global land by 0.6 3 103 km3 yr21 and increases

global total of runoff in almost the same quantity, while having almost no impact (0.0 3 103 km3 yr21) on

annual precipitation amount. Fire also weakens both the significant upward trend in total ET over global land

prior to the 1950s and the downward trend from 1950 to about 1985 by approximately 35%. For the twentieth-

century average, fire impact on ET and runoff is most clearly seen in the tropical savannas, African rain

forests, and some boreal forests and southern Asian forests. Fire affects global ET and runoff through re-

ducing vegetation canopy and vegetation height, which interact with fire-induced changes in biogeochemical

cycle and result in drier and warmer surface air and higher wind speed. Globally speaking, reducing the

vegetation canopy is the main pathway of fire’s impact on ET and runoff.

1. Introduction

Fire is an important Earth system process and the

primary form of terrestrial ecosystem disturbance on a

global scale (Fosberg et al. 1999; Bowman et al. 2009).

Each year, fire leads to around 400Mha (1Mha5 104km2)

of land area burned and approximately 2 Pg of carbon

emitted to the atmosphere (van der Werf et al. 2010;

Randerson et al. 2012; Giglio et al. 2013). Fire is driven

by climate, terrestrial ecosystems, carbon and water

cycles, and human activities, and at the same time it feeds

back into these systems (Marlon et al. 2008; Langmann

et al. 2009; Tosca et al. 2013; Li et al. 2014). Earlier studies

have quantified fire’s impact on a certain hydrology flux

or in a particular region and ecosystem (Neary et al. 2005;

Randerson et al. 2006; Bond-Lamberty et al. 2009;

Tosca et al. 2013). However, as a global phenomenon,

its impact on global water budget is unknown and the

related mechanisms are also unclear. Quantifying and

understanding the impact of fire on the land water

budget in the context of global change is important to

improve our knowledge concerning the role of fire in

the Earth system and to support management of fire

and water resources, especially since increased fire risk

is often an expected consequence of projected climate

change in many regions (Hantson et al. 2016).

Fire can alter the land water budget by emitting trace

gases and aerosols. The trace gases from biomass
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burning contain not only the key greenhouse gases, but

also other trace gases that can change the oxidation

capacity of the atmosphere, modify the lifetime of at-

mospheric methane, and enhance the concentration of

ozone (Andreae andMerlet 2001; Ito et al. 2007). Fire is

also presently the largest source of primary carbona-

ceous aerosol mass globally (Andreae and Rosenfeld

2008). There have been several model studies to quan-

tify the global impact of fire emissions. Ward et al.

(2012) estimated that fire emissions contributed a

present-day radiation forcing of 20.5Wm22. Based on

atmosphere model and satellite-based fire product,

Tosca et al. (2013), Clark et al. (2015), and Jiang et al.

(2016) reported that fire aerosols can affect global pre-

cipitation, surface air temperature, and/or the Hadley

circulation. The fire-induced changes in precipitation,

temperature, atmospheric circulation, and energy cycle

can accompany or lead to the changes in land hydrology

(Arora 2002; Wang and Dickinson 2012).

Fire can also modify the land water budget due to

changing terrestrial ecosystems (Randerson et al. 2006;

Langmann et al. 2009). When fire passes through a re-

gion, on average, almost all leaves, over half of tree

stems, and 10%–15% of roots are damaged (Arora and

Boer 2005; van der Werf et al. 2010). Sometimes, fire

even results in whole-plant mortality and the change of

vegetation compositions (Chapin et al. 2006; Staver et al.

2011). The fire-induced changes in carbon and nitrogen

(C/N) cycles and vegetation structure and composition

may affect land water and heat states and fluxes and

climate (Bonan 2008; Bond-Lamberty et al. 2009). Both

current and historical fires can affect land ecosystems

(Li et al. 2014; Yang et al. 2015; Yue et al. 2016). The

lagged effect of historical fires accompanies the whole

process of ecosystem regrowth and recovery that can last

for a long time and even over a century (Bond-Lamberty

et al. 2004; Amiro et al. 2010). Earlier studies regarding

the biogeophysical impact of fire on land hydrologywere

on a site or regional scale (Neary et al. 2005; Amiro et al.

2006; Kang et al. 2006; DeBano 2009; Bond-Lamberty

et al. 2009). So far, no study has quantified fire’s impact

on the global land water budget due to changing ter-

restrial ecosystems.

An Earth systemmodel including a global fire scheme

is a necessary platform for quantifying and un-

derstanding the global role of fire in the Earth system,

given that the interactions among climate, fire, terres-

trial ecosystems, and human activities occur on a wide

range of temporal and spatial scales. Recently, Li et al.

(2012, 2013, 2014) developed a global firemodel that can

reasonably simulate global total and temporal and spa-

tial variability of fire, as well as distinguish contributions

of contemporary fire carbon emissions from various

sources (deforestation fires, agricultural fires, peat fires,

and others). In this fire model, the burned-area fraction

is determined by climate and weather conditions, veg-

etation composition and structure, and human activities

(including human deforestation rate for deforestation

fires; anthropogenic ignitions and fire suppression and

agricultural waste management for other nonpeat fires

estimated by functions of population density and gross

domestic product). After the estimation of the burned-

area fraction, the fire module calculates the changes in

C/N pools due to biomass and peat burning and fire-

induced vegetation mortality. These changes are used to

adjust C/N pools in land ecosystems. It has become the

fire model of the Community Earth System Model

(CESM; Oleson et al. 2013) and the Chinese Academy

Sciences’ Earth System Model (CAS-ESM; Zeng et al.

2014;Wang et al. 2014) and has been introduced into the

next version of Beijing Climate Center, Climate System

Model (BCC_CSM; W.-P. Li 2015, personal communi-

cation). In addition, it was partly used in the Dynamic

Land Ecosystem Model (DLEM; Yang et al. 2014), the

GFDLEarth SystemModel (GFDL-ESM; Rabin 2016),

and the Canadian Earth System Model (CanESM;

Melton and Arora 2016).

The present study provides the first estimates of the

fire’s impact on the global water budget through fire’s

impact on terrestrial ecosystems during the twentieth

century. It is based on quantitative assessment of the

difference in the land water cycle between a CESM1.2

control (fire-on) simulation and a twentieth-century fire-

off simulation. In this paper, in section 2, we introduce

the methods and data, including the model platform,

experimental design, input data, and evaluation of

CESM contemporary global simulations of fire and the

water cycle. In section 3, we present CESM twentieth-

century burned-area simulations and quantify the impact

of fire on the century-average global total, the spatial

pattern, and the temporal variability of annual land water

fluxes during the twentieth century. The related

mechanisms are analyzed in section 4. Discussion and

conclusions appear in section 5.

2. Methods and data

a. Model platform

The CESM is a global coupled model developed by

the National Center for Atmospheric Research

(NCAR) that is composed of models simulating Earth’s

atmosphere, ocean, land, and sea ice (Hurrell et al.

2013). The present study adopts the latest CESM-

supported release version, CESM1.2. We analyze the

twentieth-century transient coupled simulations from
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Community Atmosphere Model, version 5 (CAM5;

atmosphere component), Community Land Model,

version 4.5 (CLM4.5), with its carbon–nitrogen bio-

geochemical module (BGC) (CLM4.5-BGC; land

component) and using the fire module from CLM,

version 5, with BGC (CLM5-BGC; to be released

soon), and the Community Ice Code, version 4

(CICE4; sea ice component).

Relative to its earlier version (CAM4), CAM5 in-

cludes new boundary layer, shallow convection, radia-

tion, and microphysics schemes, fully interactive

aerosols, and updates for the spectral element dynami-

cal core (Neale et al. 2012; Meehl et al. 2013). CICE4 is

an upgraded version of the Community Sea Ice Model,

version 5 (CSIM5), which was based on CICE3, and uses

the energy conserving thermodynamics of Bitz and

Lipscomb (1999) and has four ice layers and one snow

layer in each thickness category (Holland et al. 2012).

CLM4.5 is the latest version of the CLM family of

models (Oleson et al. 2013). Its carbon–nitrogen bio-

geochemical version is CLM4.5-BGC, which succeeds

CLM4 with a carbon–nitrogen (CN) biogeochemical

model (CLM4-CN; Lawrence et al. 2011) with updates

to photosynthesis, soil biogeochemistry, fire dynam-

ics, cold region hydrology, lake modeling, and the

biogenic volatile organic compounds model. CLM4.5-

BGC integrates biophysical and biogeochemical pro-

cesses of the land surface into a single and physically

consistent framework, and has the capacity to model

the impact of transient land-cover and land-use change.

It represents the land surface as a hierarchy of subgrid

types, including vegetated, glacier, lake, and urban

land units. A vegetated land unit is further divided

into plant functional types (PFTs) that share a

soil column.

In the real world and in CAM5–CLM4.5-BGC–

CICE4, the terrestrial large-scale water balance, on an

annual time scale, can be simply written as

Pr5ET1RO, (1)

given that the changes in land water storage as snow and

soil moisture are small. Precipitation (Pr) is the snow

and rain that has fallen from atmosphere to land (input);

evapotranspiration (ET), the water vapor evaporated

and plant-transpired from land to atmosphere (output),

is a vital link between land energy, water, and carbon

cycles; and runoff (RO) is total runoff from surface and

subsurface (also called drainage) as well as glaciers,

wetlands, and lakes, representing the water flowing from

land to ocean (output). ET is the sum of vegetation

transpiration (Et; the moisture carried from plant roots

to atmosphere through leaf stomata), evaporation of

precipitation intercepted by the canopy (Ec), and soil

evaporation (Es):

ET5Et1Ec1Es: (2)

The fire module includes four components: agricul-

tural fires in cropland, deforestation and degradation

fires in the tropical closed forests, nonpeat fires outside

cropland and tropical closed forests, and peat fires (see

Fig. S1 in the supplemental material). The version of

the fire module utilized in this study is that in CLM4.5-

BGC (Li et al. 2012, 2013, 2014) except with a modified

calculation of the dependence of fire occurrence and

spread on fuel wetness for nonpeat fires outside crop-

land and tropical closed forests and three parameters

recalibrated or tuned (see the appendix). For agricul-

tural fires, burned-area fraction is determined by fuel

availability, socioeconomic factors, and prescribed fire

seasonality. The burned-area fraction due to de-

forestation and degradation fires is determined by

human deforestation rate, weather and climate condi-

tions, and fuel load. Nonpeat fires outside cropland and

tropical closed forests are calculated by a process-

based model of intermediate complexity. It is affected

by climate and weather conditions, vegetation com-

position and structure, and human activities repre-

sented by nonlinear functions of population density

and economic situations. The burned-area fraction of

peat fires depends on climate conditions and area

fraction of peat exposed to the air. After the calcula-

tion of burned-area fraction, fire impact is estimated,

including biomass and peat burning, which emits C/N

to the atmosphere directly, and plant-tissue mortality,

which leads to C/N transferred from C/N pools of live

tissues to those of litter, dead stem, and dead coarse

roots. Estimates of biomass burning and plant-tissue

mortality are based on PFT-dependent combustion

completeness factors and fire mortality factors (see

Table S1 in the supplemental material).

b. Experimental design

All simulations (Fig. 1) were conducted using CESM

with spatial resolution using a 1.98 latitude 3 2.58 lon-
gitude finite-volume grid for the atmosphere and land

components combined with the 18 displaced pole grid

(gx1v6) for the sea ice component (f19_g16 configura-

tion) and a temporal resolution of 30min.

First, a transient run of CAM5–CLM4.5-BGC–

CICE4 with the fire module from CLM5-BGC from

1850 to 2004 was forced by the 1850–2004 time-varying

CO2 concentration, nitrogen deposition, land-use and

land-cover change, population density data, and sea

surface temperature (SST). The 1850–2004 transient run
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started from an 1850 equilibrium (spinup) state of

CLM4.5-BGC with fire module from CLM5-BGC (will

be released this year). The 1850–99 simulationwas taken

as the spinup of the coupling model, and simulation

since 1900 was used as the control simulation (i.e., fire-

on simulation).

The 1850 spinup run of the land model was forced by

repeatedly cycling the 20-yr (1901–20) atmospheric re-

analysis data from the CRU climatology with the diurnal

cycle and daily variability of the NCEP–NCAR re-

analysis (referred to as CRUNCEP forcing), and the

land cover, CO2 concentration, nitrogen deposition, and

population density at their 1850 values. This equilibrium

was obtained by running the land model with accelera-

ted decomposition (AD) spinup mode for 200 years

followed by the normal mode for 40 years from equi-

librium of the default CLM4.5-BGC.

Second, a twentieth-century fire-off simulation was

branched from the control simulations in 1900. The

only difference between fire-on and fire-off simulations

was that the fire is switched off during the twentieth

century in the fire-off simulation. The difference be-

tween the fire-on and fire-off simulations represented

the fire effect.

Fire affects the climate in two main ways: 1) through

emissions of trace gases and aerosols and 2) through

alterations to terrestrial ecosystem states and func-

tioning (see the introduction). The present study fo-

cuses on the latter. In the present model setup, biomass

burning and vegetation-tissue mortality changes C/N

cycles that interact with vegetation structure [e.g., leaf

area index (LAI) and vegetation height (Veg. H)].

Fire-induced change in vegetation structure may lead

to themodification in land surface water and heat states

and fluxes (e.g., ET and runoff), and also affect the

vegetation growth and climate (e.g., precipitation),

which may, in turn, feeds back to the fire regime

(through changing fuel load and fuel combustibility)

and water cycle. It should be kept in mind that the

impact of fire emissions is not within the scope of the

present study, so that the prescribed fire emissions are

the same for both the fire-on and fire-off simulations.

Moreover, the biogeography component (DV) in

CLM4.5-BGC is inactive, so fire’s impact via fire-

induced change in vegetation distribution is not in-

cluded. In addition, similar to most other global land

models and dynamic global vegetation models, in

CLM4.5-BGC, change in root biomass does not affect

the rooting depth and root distribution profile.

c. Input data

All input data are provided with CESM1.2 (NCAR

2014). The prescribed 1850–2004 annual CO2 concen-

tration data come from observations; nitrogen de-

position data come from simulations of the CESM

atmospheric chemistry and transport model (Hurrell

et al. 2013). Annual land-use and land-cover change

(LULCC) data for 1850–2005 (Lawrence et al. 2012) are

based on version 1 of the Land-Use History A product

(LUHa.v1; Hurtt et al. 2006). The 1850–2004 annual

population density data are derived from the Database

of the Global Environment, version 3.1 (HYDEv3.1;

Klein Goldewijk et al. 2010), prior to 1990 and the

Gridded Population of the World, version 3 (GPWv3;

CIESIN 2005), after 1990. The 1850–2012 monthly SST

data are based on the Hadley Centre Sea Ice and Sea

FIG. 1. Experiment design. Dashed line refers to simulations completed prior to this study.

The difference between 1900–99 fire-on and fire-off simulations is used to quantify the

fire impact.
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Surface Temperature (HadISST). Other datasets nec-

essary for running the model are described in Oleson

et al. (2013) and Neale et al. (2012). All of the input data

are automatically regridded to the resolution of the

model running by CESM1.2 (NCAR 2014).

d. Model evaluation

We briefly evaluate the present-day simulations of

burned area, land precipitation, evapotranspiration, and

runoff against benchmarks. As shown in Table 1, CESM

can overall reasonably simulate the global total and

spatial patterns of contemporary fire and the land

water cycle.

The simulated 1997–2004 global burned area

(452Mha yr21) is between the 357Mha yr21 of the

fourth-generation Global Fire Emissions Database

(GFED4; Giglio et al. 2013) and the 511Mha yr21 of

GFED4s (a version with small fires included; van der

Werf et al. 2016; Randerson et al. 2012). GFED4 and

GFED4s are the latest versions of theGFED family which

is a satellite-based (MODIS) fire product and com-

monly used to evaluate global fire modeling. The

CESM also model the spatial pattern of the burned-

area fraction skillfully (Table 1), reproducing a high

burned-area fraction in tropical savannas, a moderate

fraction in northern Eurasia and southernAsia, and a low

fraction in deserts and humid forests, similar to GFED4

and GFED4s (see Fig. S2 in the supplemental material).

The CESM-simulated global total and spatial distri-

bution of land precipitation is generally close to the

gauge-based CPC data (Chen et al. 2002), CRU time

series version 3.23 data (TS3.23; Harris et al. 2014), and

satellite-based GPCP version 2.2 data (GPCPv2.2) over

land (Adler et al. 2003; Huffman et al. 2009). Compared

with observations, CESMunderestimates precipitation in

the southeastern United States and South America, but

shows a wet bias in the northern North America,

central and northern China, and Australia (see Fig. S3

in the supplemental material). The CESM-simulated

ET (Antarctic excluded) is 74 3 103 km3 yr21 within

the range of the GEWEX LandFluxEVAL project

ET-merged synthesis product (Mueller et al. 2013)

based on satellite and in situ observations (ET-diag)

and based on all 40 distinct datasets (ET-all, including

seven ET datasets used in ET-diag, 29 datasets cal-

culated via land surface models, and four outputs from

atmospheric reanalysis). The global spatial correlation

between CESM simulations and the ET-diag (ET-all)

are 0.91 (0.93), significant at a 0.05 level. The spatial

distribution of bias in ET simulations is similar to that

for precipitation, but with smaller magnitude (see

Fig. S4 in the supplemental material). The simulated

global total of runoff (Antarctic excluded) is approx-

imately 10% higher than benchmarks (Table 1) and

global continental discharge of 37 3 103 km3 yr21

mainly based on streamflow data from the world’s

largest 921 rivers (Dai and Trenberth 2002).

3. Results

a. Simulated burned area during the twentieth century

The average global burned area of CLM4.5 over

1900–99 is 489Mhayr21, close to the estimate of

500Mhayr21 by Mouillot and Field (2005) based on

published data, data on land-use practices, qualitative

reports, and local studies such as tree-ring analysis.

TABLE 1. Comparison of CESM simulations (fire-on) with benchmarks for present-day burned area (Mha yr21) and land Pr, ET, and

RO (103 km3 yr21). S-Cor is the global spatial correlation coefficient between simulations and benchmarks with a spatial resolution of 1.98
lat 3 2.58 lon. An asterisk indicates that the Pearson correlation passed the Student’s t test at the 0.05 significance level. ET-diag is the

merged synthesis product from 7ETdatasets based on satellite and/or in situ observations; ET-all is themerged synthesis product based on

a total of 40 distinct datasets (besides the 7 ET datasets used in ET-diag, it includes 29 ET datasets calculated via land surface models

driven with observations-based forcing and 4 outputs from atmospheric reanalysis). ET-diag and ET-all benchmarks are expressed as

mean plus or minus std dev. RO is the average land precipitation from CPC, GPCPv2, and CRUTS3.23 minus the mean of ET inMueller

et al. (2013).

Variables Period CESM Benchmarks S-Cor

Burned area 1997–2004 452 GFED4 (Giglio et al. 2013): 357 0.56*

GFED4s (van der Werf et al. 2016; Randerson et al. 2012): 511 0.62*

Pr (no Antarctic) 1989–2004 116 CPC (Chen et al. 2002): 108 0.77*

GPCPv2.2 (Adler et al. 2003; Huffman et al. 2009): 113 0.87*

CRU TS3.23 (Harris et al. 2014): 104 0.84*

ET (no Antarctic) 1989–2004 74 LandFluxEVAL (Mueller et al. 2013):

ET-diag: 72 6 25 0.91*

ET-all: 69 6 26 0.93*

RO (no Antarctic) 1989–2004 42 35 (CPC–GPCP–CRU land Pr 2 ET-diag) 0.64*

39 (CPC–GPCP–CRU land Pr 2 ET-all) 0.64*
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The long-term trend of the simulated global

burned area exhibits a significant downward trend

of 21.6Mhayr22 before about 1970 at the level of 0.05

based on the Mann–Kendall trend test, and does not

show an obvious long-term trend for the following de-

cades (Fig. 2a). The changepoint of long-term trend

(;1970) is detected using the Standard normal homoge-

neity test, Pettitt test, and Buishand range test analyses

(Wijngaard et al. 2003) of n-yr running linear trends

(n 5 10, 11, . . . , 25) at a significance level of 0.05. The

simulated sharp decline before about 1970 is consistent

with the trend of fire activities reconstructed byMarlon

et al. (2008) from charcoal records and by Wang et al.

(2010) based on CO records in the ice core, which may

be due to the increase of human fire suppression with

rapid population growth and the expansion of agri-

cultural land (Marlon et al. 2008, from CLM4.5-BGC

offline run). The long-term change since about 1970 is

in the range of trends shown in the earlier recon-

structions from Marlon et al. (2008), Wang et al.

(2010), and Ferretti et al. (2005) based on methane

(CH4) records in the ice core, and Mouillot and

Field (2005).

For the twentieth century, CESM simulates a high

burned-area fraction in tropical savannas and southern

Asia, a moderate fraction in northern Eurasia and the

Rocky Mountains, and a low fraction in arid regions

resulting from low fuel availability and in humid forests

because of low fuel combustibility (Fig. 2b). The global

spatial pattern of burned areas is similar to that pre-

sented in Mouillot and Field (2005), except for un-

derestimation in tropical savannas in northern Australia

and shrub land in eastern Russia.

b. Role of fire in the terrestrial water budget

1) CENTURY-AVERAGED GLOBAL TOTAL

For the 1900–99 average of the global land total, fire

significantly reduces annual ET by 0.6 3 103 km3 yr21

(1%) (Table 2), close to the decrease resulting from

land-use and land-cover change (0.76 3 103 km3 yr21)

estimated by Boisier et al. (2014). Meanwhile, fire in-

creases runoff by 0.6 3 103 km3 yr21 (1.3%), which is

qualitatively supported by Neary et al. (2005), who

showed that fire generally increased runoff in most

ecosystems. However, the impact of fire on global an-

nual precipitation is limited, similar to the previous es-

timates about the global impact of land-cover change

[Pitman et al. 2009, the Land-Use and Climate, Identi-

fication of Robust Impacts (LUCID) intercomparison

project]. The above fire-induced changes of water fluxes

indicate that the impact of fire is to allow more water go

back to ocean through stream and river discharges and

less water vapor be transported from land to ocean in the

atmosphere.

The fire-induced ET change can be explained by the

changes in its three components. Through biomass burning

and postfire plant-tissuemortality, fire significantly reduces

vegetation transpiration by 1.53 103km3yr21 and canopy

evaporation by 0.5 3 103 km3 yr21, but increases soil

evaporation by 1.4 3 103 km3 yr21 (Table 2).

2) SPATIAL PATTERN

As shown in Fig. 3a, fire significantly decreases ET

over tropical savannas and some tropical deciduous

forests over southern Asia because of fire-induced de-

crease in vegetation transpiration and canopy evapora-

tion (Figs. 4a,b), although it is partly offset by the

increase in soil evaporation due to fire (Fig. 4c). For

most boreal forests, the fire-induced change in three ET

components almost offset each other, thus showing a

limited impact of fire on the total ET (Fig. 3a), similar to

the findings of Bond-Lamberty et al. (2009) for the

central Canadian boreal forests. For equatorial African

rain forests, the significant increase in ET mainly results

from the increase in transpiration (Fig. 4a). In total, 16%

of global land area shows a statistically significant

change in ET, while the individual ET components

change significantly over a broader area (25%, 24%, and

25% for transpiration, canopy evaporation, and soil

evaporation, respectively). For fire-induced ET change

per area burned (see Fig. S5 in the supplemental material),

the maximum is still in the tropics as shown in the global

picture (Fig. 3a). The secondary peak is mainly caused by

the forest fires in northern Eurasia. Because ET in these

forests is generally smaller thanET in the tropical savannas

(Fig. S4), the secondpeak ismuchweaker than the first one,

different from the situation of fire carbon loss per burned

area shown in Ward et al. (2012).

The change in precipitation is negligible over most

postfire regions (Fig. 3c), which is supported by site

observations of DeBano (2009). Only 5% land area

shows a statistically significant precipitation change,

which is the area expected by chance at a 0.05 signifi-

cance level. Nonetheless, the 5% impact is similar to the

biogeophysical impact of land-cover change (Findell et al.

2007; Gotangco Castillo and Gurney 2013). As expected,

the spatial pattern of runoff change due to fire (Fig. 3b) is

similar to that of ET (Fig. 3a) but with opposite sign. There

is 20% of land area with significant fire-induced runoff

change. The decrease in fire-induced runoff over the closed

forests of equatorial Africa is attributed to the fire-induced

decrease in precipitation and increase in ET.

As shown in Fig. 3c, there is a significant reduction in

precipitation over the closed forests of equatorial Africa

and an increase over some tropical Africa savannas. This
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is owing to the local thermal circulation anomalies that are

forced by fire-induced significant warming to the south

and north regions of the equatorial Africa. Two thermal

forcing–driven ascending branches over the tropical Af-

rican savannas converge toward the equator, leading to an

anomalous descendingmotion in between over equatorial

Africa (Fig. 5). The former enhances the convection in

tropical African savannas, hence increasing precipitation.

The latter suppresses the local upward vertical motion in

the equatorial Africa, which leads to the reduction in

precipitation. The suppressed upward vertical motion also

decreases the low-level cloud cover (figure not shown).

The lower coverage of low-level cloud leads to higher

solar radiation and thus higher leaf temperature. Corre-

spondingly, transpiration, the absolutely dominant term in

ET, increases over equatorial Africa (Fig. 4a).

3) TEMPORAL VARIABILITY

As shown in Fig. 6a, fire generally reduces global

ET. The reduction was significantly enhanced

(20.025 3 103 km3 yr22) prior to about 1950, but

waned (0.021 3 103 km3 yr22) from the 1950 to 1985.

The changepoints of long-term trends are detected

using the same method for global burned area in sec-

tion 3a. The trends in the ET difference between fire-

on and fire-off simulations are opposite to those of ET

in the fire-off simulation (0.065 3 103 km3 yr22 prior

to the 1950s and 20.062 3 103 km3 yr22 from 1950 to

1985; both are significant), indicating that fire tends to

weaken the long-term ET trends. A quantitative com-

parison between the long-term trends in the fire-on

simulation (0.039 3 103 km3 yr22 before the 1950s

and 20.041 3 103 km3 yr22 from 1950 to 1985; both are

significant) and those in the fire-off simulation shows

that fire weakens both the long-term trends in ET by

approximately 35%. After 1985, there is no significant

long-term trend in ET for fire-on and fire-off simulations

and their difference.

ET difference between fire-on and fire-off simulations

(i.e., the fire-induced absolute change) shown in Fig. 6a

includes the information of ET variability itself. To ex-

clude the effect from the background ET, we further

investigate the relative fire-induced changes in ET and

ET components (Fig. 7). Note that fire’s impact on

vegetation is caused not only by current fires, but also by

historical fires, which can last for decades or longer and

largely vary with biome (Peterson 2002). The lagged

impact of historical fires is the main component of fire’s

accumulated effect on ecosystems so that the fire-

induced decline in LAI and vegetation height is in-

tensified with time (Fig. 7; 20.053%yr21 for LAI

and 20.048%yr21 for vegetation height, significant at a

0.05 level) even though fire activities decline sharply

before about 1970 (Fig. 2a). The reduction of LAI and

vegetation height is intensified with time, as is the

decrease of canopy evaporation (20.046%yr21) and

transpiration (20.042%yr21) and the increase of soil

evaporation (10.081%yr21) due to fire (Fig. 7). As a

consequence of three ET components offseting each

other, the average (long-term trend) of ET relative

change is 20.91% (20.033%yr21) prior to the 1950s

and20.60% (0.028%yr21) from 1950 to 1985. Based on

mathematical derivation, the trend in ET difference is

[g]b1 d[ET], where g is the fire-induced relative change

in ET, and d is its trend; b is the trend of ET variability

itself; and square brackets indicate a time mean. For the

trend in ET difference, the contribution from the ET

variability itself; that is (i.e., [g]b) is only 2.4% (1.8%)

prior to the 1950 (from 1950 to 1985), and the contri-

bution from fire-induced relative change (i.e., d[ET]) is

more than 97% because [ET] is much larger than [g], b,

and d even though d is small. Thus, ET variability itself is

not important for fire’s impact on the trend in ET, the

relative change resulting from fire’s accumulated effects

on ecosystems not only determines the sign of impact

FIG. 2. (a) Historical variability of global total of annual burned

area and (b) global spatial distribution of average annual burned-

area fraction in the twentieth century simulated by CESM. In (a),

the downward trend before about 1970 is significant at the level of

0.05 based on the Mann–Kendall trend test.
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(i.e., fire weakens the ET trends because the relative

change is negative) but also dominantly controls the

magnitude of the weakening.

In addition, the impact of fire tends to decrease pre-

cipitation slightly before the 1950s and increase pre-

cipitation afterward, but both fire-induced changes are

not significant at a 0.05 significance level (not shown).

Fire generally increases global runoff, particularly after

about 1950 (Fig. 6b), responding to the fire-induced

changes in precipitation and ET.

4. Related mechanisms

The present study also investigates the mechanisms

related to fire’s impact on the global land water budget

due to changing terrestrial ecosystems (Fig. 8). In

CESM, leaf and stem carbon pools are decreased be-

cause of biomass burning and fire-induced vegetation

mortality, which leads to a significant reduction in vege-

tation canopy (i.e., LAI) and vegetation height (Fig. 9).

Through the coupling between biogeochemistry and bio-

geophysics, fire-induced changes in vegetation structure

decrease carbon input of land ecosystems (seeFig. S6 in the

supplemental material), which, in turn, suppresses vege-

tation growth and postfire recovery of carbon and nitrogen

pools and vegetation structure.

The fire-induced reduction in vegetation canopy

contributes to the decrease in vegetation transpiration

and canopy evaporation resulting from lower leaf area,

fewer stomata, and less canopy interception and water

storage, and to the increase in soil evaporation by ex-

posing more of the soil to the air and sunlight, consistent

with the regional study of Bond-Lamberty et al. (2009).

The fire-induced reduction in vegetation height leads to

the reduction in land surface roughness. Less rough

surface has higher aerodynamic resistance and leaf

boundary resistance, and thus generates less turbulence

through which water and heat is transferred from the

land surface to the atmosphere in CESM (Oleson et al.

2013). This is similar to the impact of reduction in sur-

face roughness resulting from anthropogenic land-cover

change (Findell et al. 2007).

Furthermore, the changes in vegetation structure sig-

nificantly increase wind speed and surface air tempera-

ture but decrease surface air relative humidity in most

regions where fire affects ET significantly (Table 3).

Increased wind speed and warmer and drier surface air

can increase water-potential gradient and vapor pres-

sure deficit, hence hastening the water loss from the land

surface.Warming can also decrease the non-water-stressed

stomatal resistance, and therefore increase transpiration

in CESM.

The fire-induced changes in all ET components

(Fig. 4) is sign-consistent with that caused by fire-

induced reduction in the vegetation canopy, and the

FIG. 3. Changes (fire-on 2 fire-off) in the annual land (a) ET,

(b) RO, and (c) Pr (mmyr21). Only areas where changes are sig-

nificant at a5 0.05 using the Student’s t test are shown. Percent of

land area (%) that exhibits statistically significant changes in water

fluxes are also given in parentheses.

TABLE 2. Difference (103 km3 yr21) in global annual ET, RO,

land Pr, and three ET components: Et, Ec, and Es between fire-on

and fire-off simulations in the twentieth century. Values in paren-

theses indicate difference relative to fire-off (%). Asterisks in-

dicate that the difference in the mean between fire-on and fire-off

simulations passed the Student’s t test at a5 0.05 significance level.

Variables Fire-on 2 fire-off

ET 20.6 (21%)*

RO 10.6 (11.3%)*

Pr 10.0 (10%)

Et 21.5 (24%)*

Ec 20.5 (24%)*

Es 11.4 (15%)*
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reduction of vegetation canopy (i.e., LAI) amplified

with time can be also used to explain the long-term

trends of the changes in all ET components (Fig. 7).

Therefore, globally speaking, reducing the vegetation

canopy is a critical pathway of fire’s impact on all ET

components. The lower surface roughness resulting

from fire-induced reduction in vegetation height in-

creases aerodynamic resistance and leaf boundary

resistance and thus would tend to decrease ET, but at

the same time lower roughness can lead to higher leaf

temperature (mainly due to a reduction in sensible heat

with less turbulence) and wind speed, which would

decrease stomatal resistance and increase ET (espe-

cially the transpiration). Its net impact in CESM is to

generally increase transpiration and decrease soil

evaporation (see Table S2 in the supplemental mate-

rial), opposite in sign to the fire impact on the two

ET components shown in Table 2 and Fig. 4, and is

small for canopy evaporation (Table S2). Fire-induced

changes in environmental conditions tend to increase

ET, opposite in sign to fire’s impact on ET (Table 2 and

Fig. 3a). Because fire’s impact on annual precipitation

is small in most regions (Fig. 3c) and the impact of fire

on runoff because of its influence on soil erosion or soil

degradation is not considered here, on the annual scale,

fire-induced change in runoff mainly responds to the

fire-induced change in ET [Figs. 3a,b; Eq. (1)]. The

above analyses suggest that the reduction in the vege-

tation canopy (thus lower leaf area, fewer stomata, less

canopy interception and water storage, and more soil

exposed to the air and sunlight) is the main pathway of

fire’s impact on global ET and runoff.

5. Conclusions and discussion

In this study, we utilize CESM to investigate the

biogeophysical impact of fire on the global land water

budget during the twentieth century. CESM reasonably

simulates present-day fire and the land water cycle. The

difference between twentieth-century fire-on and fire-off

FIG. 5. Fire-induced difference (fire-on 2 fire-off) in (a) 108–
308E zonal-mean annual vertical velocities (Pa s21), and

(b) divergence (shaded, s21) and divergent wind (vector, m s21) at

200 hPa. Negative value in (a) indicates upward velocity.

FIG. 4. As in Fig. 3, but for annual (a) Et, (b) Ec, and (c) Es.
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simulations is used to quantify and understand fire’s ef-

fect on historical land water budget. The main findings

can be summarized as follows.

d For global total averaged across the twentieth century,

fire significantly decreases ET by 0.6 3 103 km3 yr21

and increases runoff in almost the same quantity, but

has almost no impact on precipitation. The fire-induced

change in ET is the result of reduction in transpiration

and canopy evaporation, which is partly offset by the

rise of soil evaporation over postfire regions.
d For spatial pattern, the impact of fire on ET and

runoff is significant over the tropical savannas and

closed forests of equatorial Africa and southern Asia,

which accounts for 16% and 20% of global land area,

respectively.
d For temporal variability, the fire-induced reduction in

ETwas significantly magnified (20.0253 103km3yr22)

prior to the 1950s but waned (0.021 3 103km3yr22)

from the 1950s to about 1985. These trends are opposite

in sign to those inET; quantitatively, the impact of fire is

to weaken both the long-term trends in ET by approx-

imately 35%. ET variability itself is not important for

fire’s impact on the ET trends, lagged ecosystem effects

due to historical fires not only determine the sign of fire

impact (i.e., weakens ET trends) but also dominantly

control the magnitude of the weakening.

d In the present model setup, fire can affect global ET

and runoff through reducing vegetation canopy (i.e.,

LAI) and vegetation height, which are coupled with

fire-induced changes in biogeochemical cycle and lead

to the reduction in relative humidity, and increase in

surface air temperature andwind speed.Globally speak-

ing, fire affects ET and runoff mainly through reducing

the vegetation canopy, which decreases vegetation tran-

spiration and canopy evaporation resulting from lower

leaf area, fewer leaf stomata, and less canopy intercep-

tion andwater storage, and increases soil evaporation by

exposing more of the soil to the air and sunlight.

Many earlier studies have quantified the impact of

various factors on global runoff over the historical pe-

riod, including the change in atmospheric CO2 concen-

tration (Pitman and Zhao 2000; Gerten et al. 2008),

climate change (Gerten et al. 2008), irrigation (Rost

et al. 2008; Gerten et al. 2008; Sacks et al. 2009; Döll
2009; Puma and Cook 2010; Döll et al. 2012), and land-

use and land-cover change (LULCC; Pitman and Zhao

2000; Gordon et al. 2005; Findell et al. 2007; Bondeau

et al. 2007; Gerten et al. 2008; Rost et al. 2008; Lawrence

and Chase 2010; Sterling et al. 2013). Based on meta-

analysis of these earlier studies, following the method of

Sterling et al. (2013), we estimate the impacts of these

factors on global runoff and compare them with the fire

impact quantified in this study. Note that, for Gordon

et al. (2005), Sterling et al. (2013), and Bondeau et al.

(2007), 21.0 3 103 km3 yr21 is used to estimate the im-

pact of irrigation. As shown in Fig. 10, the effects of fire

and rising CO2 concentration on land ecosystems, climate

FIG. 7. Changes in ET and its three components, LAI, Veg. H,

surface air temperature T, RH, and wind speed due to fire [(fire-

on 2 fire-off)/fire-off; %]. The decrease of LAI, Veg. H, Et, and

Ec and the increase of Es and wind speed with time with time are

significant at the level of 0.05 based on the Mann–Kendall

trend test.

FIG. 6. Difference (bars) in annual land (a) ET and (b) RO be-

tween fire-on and fire-off simulations (103 km3 yr21). In (a), annual

land ET (lines, right y axis) for fire-on (dashed) and fire-off (solid)

simulations are also shown; the downward (upward) trend prior to

the 1950s (from 1950 to about 1985) in ET difference and the up-

ward (downward) trend in ET for both fire-on and fire-off simu-

lations prior to the 1950s (from 1950 to 1985) are significant at the

level of 0.05 based on the Mann–Kendall trend test.
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change, and LULCC tend to increase runoff, while irri-

gation reduces runoff. Fire’s impact is higher than that

from rising CO2 concentration on land ecosystems (0.56
0.06 3 103km3yr21) and is more than half of the impact

of irrigation (21 6 0.3 3 103km3yr21), about one-third

of the impact of LULCC (1.8 6 1.3 3 103km3yr21) and

climate change (2.1 3 103km3yr21), and is approxi-

mately the same as the impact of LULCCwhen irrigation

is included. This highlights the importance of fire in land

water budget and implies that fire should be considered in

freshwater management.

Several sources of uncertainty in our estimates are

worth noting. First, even though CLM4.5-BGC models

the fire-induced reduction in root biomass, the impact of

root biomass on rooting depth is not modeled, similar to

most other global land models and dynamic global

vegetation models. Given that reduction in rooting

depth can decrease the root-zone water-holding capac-

ity (Findell et al. 2007), the lack of the impact of root

biomass on rooting depth may lead to an underestimation

of fire-induced decrease in transpiration whose water is

taken up from roots and fire-induced increase in runoff.

Second, the vegetation distribution in our CESM simula-

tions is prescribed, although other ecosystem characteristics

(e.g., LAI, biomass, vegetation height, and carbon fluxes)

are dynamically simulated. Therefore, the effect of fire on

water budget through changing vegetation distribution is

not accounted for in our present estimates, as did in most

prior global quantitative studies of fire impact. Earlier

studies (San Jose et al. 1998; Murphy and Bowman 2012)

reported that fire could limit tree cover in some regions.

Without considering fire’s impact on vegetation distribution

will lead to theunderestimationof fire’s impact onETgiven

that regionswith higher tree coverage generally have higher

ET (Brovkin et al. 2006; Bonan 2008). Third, our firemodel

does not account for variations in fire intensity which may

affect thefire impact over some regions (Rogers et al. 2015).

Because of a lack of observations, the processes related to

the above three uncertainty sources are hard to be param-

eterized robustly in global models.

In addition, model biases in CESM are important

uncertainty sources that affect our estimates of fire im-

pacts. For example, the wet bias in Canada leads to

underestimation of fire there and so underestimation of

fire’s impact on the water cycle. Regional climate biases

make it hard to compare our results quantitatively with

site and regional studies (Kang et al. 2006; Amiro et al.

2006; Bond-Lamberty et al. 2009). Furthermore, even

though the partitioning of evapotranspiration into

transpiration, canopy evaporation, and soil evaporation

was improved markedly in CLM4.5 compared with

CLM3 (Lawrence et al. 2007, 2011) and is close to the

multimodel ensemble in the second GSWP (GSWP-2;

Dirmeyer et al. 2006), the percentage of transpiration

(44%) in CESM1.2 may still be underestimated. Recent

isotope-based studies estimated transpiration percent-

age at closer to 60% (Jasechko et al. 2013; Schlesinger

FIG. 8. Schematic of the biogeophysical impact of fire on the

water cycle formost regions with significant fire impact. The up and

down arrows indicate increase and decrease, respectively; red,

blue, and black arrows indicate positive feedbacks (i.e., if higher a,

then higher b, and vice versa), negative feedbacks, and feedbacks

dependent on the environment conditions and/or vegetation

characteristics, respectively; arrows with dashed lines indicate the

processes that are not included in the present study.

FIG. 9. As in Fig. 3, but for annual (a) LAI (m2m22) and (b) Veg. H (m).
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and Jasechko 2014). The underestimate of the percent-

age of ET from transpiration could lead to the un-

derestimate of fire’s impact on ET.

Our results show that fire tends to decrease vegetation

height (Fig. 9b) and thus increase wind speed (Table 3)

because of the reduction in surface roughness, suggest-

ing fire’s ability to increase advection and the magnitude

of larger-scale flows. In addition, fire-induced changes in

land vegetation structure generally lead to lower surface

relative humidity and higher surface air temperature

(Table 3). Fire-induced drying and warming of surface

air and increasing in surface wind speed can increase fire

risks and activities [Arora and Boer 2005; Bowman et al.

2009; cf. the CESM fire module (Li et al. 2012, 2013)],

which suggests a possible positive feedback loop be-

tween fire and climate through fire affecting ecosystem

states and functioning. The positive feedback loop may

partly explain why the simulated global burned area in

CESM atmosphere–land coupling simulation is obvi-

ously higher than the CLM4.5-BGC offline simulations.

There are two ways to conduct a twentieth-century

fire-off experiment, which are to initialize a twentieth-

century fire-off run from 1) a fire-off equilibrium or 2) a

fire-on (control) simulation in 1900, respectively. The

difference between the twentieth-century fire-on and

fire-off simulations represents the impact of fires hap-

pened since n years before 1900 (where n ranges

from ,1 to .100 yr, and varies with biomes) for the

former, and the impact of fires during the twentieth

century (the period we focused) for the latter. The latter

is used here and Li et al. (2014). Landry et al. (2015) also

adopted a method similar to ours, in which a twenty-

first-century fire-off run was branched from a control

(fire-on) simulation in 2015. The twentieth-century fire-

off simulation in the present study includes an adjust-

ment of biosphere to a fire-off equilibrium in the context

of global change, similar to the postfire exclusion in the

real world. Figure 7 shows that the difference in global

ET between fire-on and fire-off simulations is amplified

with fire exclusion time prior to about 1950 but waned

from 1950 to 1985. This suggests that, because of the

adjustment of biosphere to a fire-off equilibrium in-

cluded, the fire-induced change in ET prior to about

1950 estimated in the present study may be smaller and

its trend prior to about 1950 may be stronger than the

estimates if the twentieth-century fire-off simulation is

initialized from a fire-off equilibrium.
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APPENDIX

Modifications of Fire Module in CLM4.5-BGC

The fire module from CLM5-BGC is the fire module

of CLM4.5-BGC (Li et al. 2012, 2013, 2014) with

TABLE 3.Area-weighted average and homogeneity of fire-induced

change (fire-on2 fire-off) of wind speed, temperature T, and RH in

the regions where fire affects ET significantly (a 5 0.05). The

homogeneity changes are the percent of area where fire-induced

change has the same sign with the average.

DWind DT DRH

Average 10.03m s21 10.118C 21.25%

Homogeneity 81% 68% 78%

FIG. 10. Estimated impacts of global annual runoff over the

historical period due to different factors: changing land ecosystems

resulting from fire, changing land ecosystems as a result of changes in

atmospheric CO2 concentration, climate change, irrigation, and

LULCC. The impact of fire is quantified in the present study, while

the impacts of other factors are based on the meta-analysis of earlier

literatures following themethod of Sterling et al. (2013). Here n refers

to the number of estimates; bars and error bars represent the average

and one standard deviation of the estimates, respectively.
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modified calculation of dependence of fire occurrence

and spread on fuel wetness for the nonpeat fires outside

cropland and tropical closed forests.

The dependence of fire occurrence on fuel wetness fm
is changed to

f
m
5

(
l
b
l
RH

, T.T
f

0, T#T
f

. (A1)

In Eq. (A1), we assume no fire occurs when the surface

air temperature T (in kelvin) is lower than the freezing

temperature Tf, following a global fire model (Glob-

FIRM; Thonicke et al. 2001), which can improve the fire

seasonality modeling in the boreal tundra. The de-

pendence of fuel combustibility on root-zone soil wet-

ness bt (ranging from 0 to 1) is

l
b
5 12max

�
0, min

�
1,

b
t
2 0:6

0:25

��
. (A2)

This change can reduce the overestimation of fire over

boreal forests in Eurasia compared with that based on

the 0.05-m soil wetness used in CLM4.5-BGC. The de-

pendence of fuel combustibility on relative humidity is

the weighted average of real-time relative humidity lRH0

and 30-day running-mean relative humidity lRH30:

l
RH

5 (12w)l
RH0

1wl
RH30

, (A3)

representing the slower desiccation in higher fuel-load

region. It is a simplified method to reflect fuel wetness

varied with fuel types under the same environment

conditions used by Forestry Canada Fire Danger Group

(1992) and Thonicke et al. (2010). Here, the fuel-load-

dependent weight is w 5 maxf0, min[1, (Lf 2 2500)/

(5000 2 2500)]g. Fuel in the regions with fuel load Lf .
2500 gCm22 in CESM generally falls into 100- and

1000-h fuel classes in Thonicke et al. (2010), where the

100- and 1000-h terms described the order of magnitude

of lagged time that fuel wetness changed with surface

climate. The use of a 30-day running mean is supported

by observations of the 2010 Russian wildfires. The

wildfires started in late July and are caused by the strong

heat wave with super dry surface air and soil started

about one month ago (https://en.wikipedia.org/wiki/

2010_Russian_wildfires). Compared with only real-

time relative humidity used in the fire scheme in

CLM4.5-BGC, the introduction of 30-day running-mean

relative humidity (RH) can improve the response of fire

to dry environment in high-fuel-load regions, especially

to extreme drought events. In Eq. (A3), the dependence

on real-time relative humidity (ranging from 0 to 1) and

30-day running-mean relative humidity (RH30d) are

lRH0 5 1 2 maxf0, min[1, (RH 2 0.3)/(0.8 2 0.3)]g and

lRH30 5 1 2 maxf0.75, min[1, (RH30d/0.9)]g, respec-
tively. The calculation of lRH0 is the same as that in

CLM4.5-BGC. The parameters in lRH30 are calibrated

using the GFED3 fire product and 30-day running mean

of relative humidity from the CRU TS3.23 data.

The dependence of fire spread on fuel wetness Cm is

simply taken as the square root of the dependence of fm
in Eq. (A1):

C
m
5

ffiffiffiffiffi
f
m

q
, (A4)

representing that fire spreads faster when environment is

drier as existing global fire models (Hantson et al. 2016).

In addition, for the CESM atmosphere–land–sea ice

coupling simulations, the constants that can control the

total burned area of deforestation fires [b in Eq. (5) of Li

et al. (2013)] and boreal peat fires [c in Eq. (8) of Li et al.

(2013)] are recalibrated by the inverse method of Li

et al. (2013). The two constants are changed from 1/1370

(per time step) and 2.1 3 1025 (per time step) in

CLM4.5-BGC to 1/2200 (per time step) and 2.0 3 1025

(per time step), respectively. The two constants need be

recalibrated when atmospheric forcing or the code of

land model is changed. The original values are for ob-

served atmospheric forcing from Qian et al. (2006),

while the recalibrated values are for CESM-simulated

atmosphere. Furthermore, the potential human ignition

frequency [a in Eq. (5) of Li et al. (2012)], a model-

dependent constant, is changed from 0.0035 (count per

person permonth) in CLM4.5-BGC to 0.0085 (count per

person per month) mainly due to the modification in

the dependence of fire occurrence on fuel wetness

[Eq. (A1)], which is still in a range of 0.00120.03 (count

per person permonth) used in existing global firemodels

(Li et al. 2012; Mangeon et al. 2016).
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