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16  Abstract

17 Fire emissions influence radiation, climate, and ecosystems through aerosol radiative effects.
18 Meanwhile, these environmental perturbations can feed back to affect fire emissions. However, the
19  magnitude of such fire-climate interactions remains unclear on the global scale. Here, we quantify
20  the impacts of fire aerosols on climate through direct, indirect, and albedo effects based on the two-
21  way simulations using a well-established chemistry-climate-vegetation model. Globally, fire
22 emissions cause a reduction of -0.57 W m in net radiation at the top of atmosphere with dominant
23 contributions by aerosol indirect effect (AIE). Consequently, surface air temperature decreases by
24 0.06°C with coolings of >0.25°C over eastern Amazon, western U.S., and boreal Asia. Both aerosol
25  direct effect (ADE) and AIE contribute to such cooling while the aerosol albedo effect (AAE) exerts
26 an offset warming especially at high latitudes. Land precipitation decreases by 0.018 mm month!
27  mainly due to the inhibition in central Africa by AIE. Such rainfall deficit further reduces regional
28  leaf area index (LAI) and lightning ignitions, leading to changes in fire emissions. Globally, fire
29  emissions reduce by 2%-3% because of the fire-induced changes in humidity, lightning, and LAL
30  The fire-climate interactions may cause larger perturbations to climate systems with likely more
31  fires under global warming.

32

33 Short summary

34 We quantify the impacts of fire aerosols on climate through direct, indirect, and albedo effects.
35  We find global fire aerosols cause a cooling of surface air temperature and an inhibition of
36  precipitation. These climatic perturbations further reduce regional leaf area index and lightning
37  ignitions, both of which are not beneficial for fire emissions. By considering the feedback of fire
38  aerosols on humidity, lightning, and LAI, we predict a slight reduction in fire emissions.

39

40 Keywords: Fire emissions; fire-climate interaction; radiative effect; climate feedback; ModelE2-
41  YIBs model
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43 1 Introduction

44 Fire occurs all year round in both hemispheres, burning about 1% of the Earth’s surface and
45  emitting roughly 2-3 Pg (=10'° g) carbon into atmosphere every year (Van Der Werf et al., 2017).
46  Fire activities are strongly influenced by fuel availability, ignition/suppression, and climate
47  conditions (Flannigan et al., 2009). The fuel type, continuity, and amount affect fire occurrence and
48  spread probability (Flannigan et al., 2013). Lightning discharge is the most important natural source
49  of fire ignition (Macias Fauria and Johnson, 2006). Human activities affect fire patterns by adding
50  ignition sources or by suppressing processes (Andela et al., 2017). Compared to the above factors,
51  climate shows a more dominant role in modulating fire activities through the changes of fuel
52 moisture and spread conditions (Flannigan and Harrington, 1988).

53 Fire exerts prominent impacts on Earth systems and human society through various processes.
54  Biomass burning emits a large amount of trace gases and aerosol particles into the troposphere,
55  affecting air quality at the local and downwind regions (Yue and Unger, 2018). In situ observations
56  showed that about one-third of the background particles in the free troposphere of North America
57  were originated from biomass burning (Hudson et al., 2004). Extremely intense fires can even inject
58  aerosols into stratosphere, where the particles were transported globally (Yu et al., 2019). Fire-
59  induced air pollution can reduce global terrestrial productivity of unburned forests (Yue and Unger,
60  2018), leading to weakened carbon uptake by ecosystems. The global transport of fire air pollution
61  also causes large threats to public health by increasing the risks of diseases and mortality (Liu et al.,
62  2015). It is estimated that fire-induced particulate matter causes more than 33,000 deaths globally
63  each year (Chen et al., 2021).

64 Acerosols from fires can cause substantial feedbacks to climate owing to their different optical
65  and chemical properties (Xu et al., 2021). First, aerosols scatter and/or absorb solar radiation
66  through aerosol direct effect (ADE), leading to altered energy budget and climate variables (Carslaw
67  etal, 2010). There is no agreement on the sign of ADE of biomass burning aerosols at the global
68 scale. Some studies (Heald et al., 2014; Veira etal., 2015; Zou et al., 2020) predicted positive forcing
69  while others (Ward et al., 2012; Jiang et al., 2016; Grandey et al., 2016) yielded negative forcing
70 (0.2 to 0.2 W m2), mainly because of the large uncertainties in the absorption of fire-emitted black
71 carbon (BC) (Carslaw et al., 2010; Ipcc, 2014). Second, aerosols can serve as cloud condensation

72 nuclei (CCN) or ice nuclei to affect the microphysical properties of cloud. Such aerosol indirect
3
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73 effect (AIE) further influences climate system through the changes of cloud albedo and lifetime
74  (Twomey, 1974; Albrecht, 1989). Globally, fire aerosols account for ~30% of the total CCN
75  (Andreae et al., 2004) and the overall negative AIE of fire aerosol is stronger than the ADE in
76  magnitude (Liu et al., 2014; Ward et al., 2012; Jiang et al., 2016). Third, deposition of fire-emitted
77  BC aerosols reduces surface albedo and promotes ice/snow melting, which is called aerosol-albedo
78  effect (AAE) (Hansen and Nazarenko, 2004; Warren and Wiscombe, 1980). Compared with other
79  two effects, the AAE shows more regional characteristics (Kang et al., 2020). These fire-induced
80  disturbance in radiative fluxes further alter meteorological and hydrologic variables, which in turn
81  affect fire activities through the changes in fuel moisture and weather conditions.
82 The two-way interactions between fire and climate have not been fully assessed. While
83  observations revealed fire-induced perturbations to regional climate (Bali et al., 2017; Zhuravleva
84 et al., 2017), its feedback to fire activities are difficult to be isolated from the influences of
85  background climate. Models provide unique tools to explore fire-climate interactions especially at
86  the regional to global scales. However, fire-climate interactions are not routinely included in most
87  of Earth system models. The IPCC sixth assessment report (AR6) did not provide a quantitative
88  assessment of fire-climate feedback as well (Ipcc, 2021). In this study, we explore the impacts of
89 fire aerosols on climate and the consequent feedbacks to fire emissions by using a well-established
90 fire parameterization coupled to a chemistry-climate-vegetation model ModelE2-YIBs (Yue and
91  Unger, 2015). The main objectives are (1) to isolate the radiative effects of fire aerosols through
92  ADE, AIE, and AAE processes and (2) to quantify the feedback of fire-induced climate effects to
93  fire emissions and air pollutants.
94
95 2 Data and methods
96 2.1 Data
97 We use the emissions of BC and organic carbon (OC) aerosols from Global Fire Emission
98  Database version 4.1s (GFEDA4.1s) to validate the simulated fire emissions. The GFEDA4.1s provides
99  monthly fire emission fluxes of various air pollutants based on satellite retrieval of area burned from
100  the Moderate Resolution Imaging Spectroradiometer (MODIS) (Van Der Werf et al., 2017). Area
101  burned in GFED4.1s is mainly derived from the MODIS burned area product (Giglio et al., 2013),

102  taking into account "small" fires outside the burned area maps based on active fire detections
4
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103 (Randerson et al., 2012). The gridded fire emission dataset has a spatial resolution of 0.250.25<
104  and is available for every month from July 1997. To estimate anthropogenic ignition and
105  suppression effects, we use a downscaled population density dataset from Gao (2017, 2020).
106  Monthly sea surface temperature (SST) and sea ice (SIC) obtained from Hadley Centre Sea Ice and
107  Sea Surface Temperature (HadISST) dataset (Rayner et al., 2003) are used as the boundary
108  conditions for the climate model.

109

110 2.2 ModelE2-Y1Bs model

111 The chemistry-climate-vegetation model ModelE2-YIBs is used to simulate the two-way
112 coupling between fire aerosols and climate systems. The ModelE2-YIBs is composed of the NASA
113 Goddard Institute for Space Studies (GISS) ModelE2 model (Schmidt et al., 2014) and the Yale
114 Interactive terrestrial Biosphere Model (YIBs) (Yue and Unger, 2015). The GISS ModelE2 is a
115  global climate-chemistry model with a horizontal resolution of 2° x 2.5° latitude by longitude and
116 40 vertical layers extending to the stratosphere (0.1hPa). The model simulates gas-phase chemistry,
117  aerosols, and interactions among them. Well-established schemes are used to calculate direct (Koch
118  etal., 2006), indirect (Menon et al., 2008; Menon et al., 2010), and albedo (Warren and Wiscombe,
119 1980, 1985) effects of aerosol species on the climate. It has been extensively evaluated for
120  meteorological and chemical variables against observations, reanalysis products and other models,
121 and widely used for studies of climate systems, atmospheric components, and their interactions
122 (Schmidt et al., 2014).

123 YIBs is a process-based vegetation model dynamically simulates tree growth and terrestrial
124 carbon fluxes with prescribed fractions of nine plant functional types (PFTs), including deciduous
125  broadleaf forest, evergreen needleleaf forest, evergreen broadleaf forest, tundra, shrubland, Cs/Cs4
126  grassland, and Cs/C4 cropland. Essential biological processes such as photosynthesis, phenology,
127  autotrophic and heterotrophic respiration are considered and parameterized using the state-of-the-
128  art schemes (Yue and Unger, 2015). Simulated tree height, phenology, and leaf area index (LAI)
129  agree well with site-level observations and/or satellite retrievals (Yue and Unger, 2015). The YIBs
130  model joined the dynamic global vegetation model inter-comparison project TRENDY and showed
131  reasonable performance of carbon fluxes against available observations (Friedlingstein et al., 2020).

132 By incorporating YIBs into ModelE2, the new coupled model ModelE2-YIBs can simulate
5
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133  interactions between terrestrial ecosystems and climate systems through the exchange of water and
134 energy fluxes, and chemical components (Yue and Unger, 2015; Yue et al., 2017).

135

136 2.3 Fire parameterization

137 We implemented the active global fire parameterization from Pechony and Shindell (2009) into
138  ModelE2-YIBs model. The parameterization considers key fire-related processes including fuel
139  flammability, lightning and human ignitions, and human suppressions. Flammability is a unitless
140  metric indicating conditions favorable for fire occurrence, and is calculated using vapor pressure
141  deficit (VPD, hPa), precipitation (R, day mm™), and LAI (m? m?) as follows:

142 Flam = VPD x LAI x e CrRXR (@D)]
143 Here, LAI represents vegetation density and is dynamically calculated by YIBs model. cy is a

144  constant set to 2. VPD is a vital indicator of flammability conditions:

RH
145 - ( __)
VPD = e x (1 -5 )

146  where eg is the saturation vapor pressure and RH is surface relative humidity. es can be
147  calculated by Goff-Gratch equation:

148 es = eg X 102 3)
149  where ey is 1013.246 hPa and

150 Z=ax (% - 1) +bx log% +cx (10‘1(1_% - 1) +Ex (10‘1(%'1) - 1) 4)
151 Here, a, b, c, d, f and h are constants set to -7.90298, 5.02808, -1.3816x107, 11.344, 8.1328x1073
152  and -3.49149, respectively. Ts is boiling point of water and equal to 373.16 K.

153 Natural and anthropogenic ignitions determine whether the fire can actually occur. Natural
154  ignition source Iy depends on cloud-to-ground lightning (CoGL), which is simulated by ModelE2

155  following the parameterization of Price and Rind (1994):

3.44 x 1075 x H*° over land
156 Iy = CoGL = { 5
N © 6.4 x 107* x H'7%® over ocean ®)

157  where H is the cloud depth (unit: km). The number of anthropogenic ignition source I is
158  calculated as follows:

159 I, = k(PD) X PD X a (6)
160  where PD is population density (number/km?), k(PD) = 6.8 X PD™%¢ stands for ignition

161  potentials of human activity, and a is equal to 0.03. Human activities can also suppress fires,
6
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especially in highly populated area. The fraction of non-suppressed fires Fyg can be expressed as:
Fns = €1 + ¢ X exp(—w X PD) @)
where ¢y, ¢, and w are constants and set to 0.05, 0.95 and 0.05, respectively.
With the calculation of flammability (Flam), ignition (In and 1), and non-suppression (Fxs),
the fire count density N (unit: number/km?) at a specific time step can be derived as:
Nfire = Flam X (Iy + [4) X Fyg (8)
Finally, fire emissions of trace gases and particulate matters FireEmis are calculated as:
FireEmis = N X EF 9
Here, EF is the PFT-specific emission factor of an air pollutant such as black carbon (BC), organic
carbon (OC), NOx, CO, CH4, Alkenes and Paraffin. For each pollutant species, simulated gridded
emissions are grouped by dominant PFT and compared to GFED emissions over the same grids.
The EF is then calibrated to minimize the root-mean-square error between the simulated and GFED
data. Such calibration adjusts only the global total amount of fire emissions without changing the

spatiotemporal pattern predicted by the parameterization.

2.4 Simulations

We perform four groups of sensitivity experiments (Table 1) with the ModelE2-YIBs model to
quantify the fire-climate interactions through different radiative processes. The first group with
suffix ‘AD’ considers only the ADE. The second (third) group with suffix ‘AD_AI’ (‘AD_AA”)
considers both ADE and AIE (ADE and AAE). The fourth group with suffix ‘AD_Al AA’includes
all three aerosol radiative effects (ADE, AIE, and AAE). Within each group, two runs are performed
with (YF) or without (NF) fire emissions. For YF simulations, fire-induced aerosols are dynamically
calculated based on fire emissions and atmospheric transport. These fire aerosols cause radiative
perturbations and the consequent changes in climatic variables, which feedback to influence fire
emissions. For NF simulations, fire emissions at each step are set to zero. By comparing the climatic
variables from the YF and NF runs in the first group, we isolate the impacts of fire aerosols on
climate through ADE. By comparing the climatic effects from the first and second (third) groups,
we isolate the AIE (AAE) of fire aerosols. By comparing the climatic variables from YF and NF
runs in the fourth group, the overall effect (ADE+AIE+AAE) is obtained.

For each simulation, CO, concentrations, SST/SIC, and population density in the year 2000
7
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are used as boundary conditions to drive the model. Each simulation is integrated for 25 years with
the first 5 years spinning up and the last 20 years averaged and analyzed. Student -test is performed
and the significant changes at p < 0.1 are analyzed. In this study, downward (upward) radiative
fluxes are defined as positive (negative). Given that the model is driven by prescribed SST and SIC,
only the rapid adjustments of atmospheric variables are taken into account and we mainly focus on

climate changes over land grid.

3 Results
3.1 Model evaluation

Simulated fire emissions of BC and OC show hotspots in the tropics, such as Amazon, Sahel,
central Africa, and Southeast Asia (Fig. S1). The large tropical fire emissions are related to abundant
vegetation and/or distinct dry seasons. Compared to GFED4.1s data, ModelE2-YIBs slightly
underestimates boreal fire emissions especially over northern Asia and North America. On the
global scale, fire releases 1.85 Tg (1 Tg = 10'2 g) C year! of BC and 16.8 Tg C year! of OC in
ModelE2-Y1IBs, close to the 1.86 Tg C year'! of BC and 16.4 Tg C year! of OC estimated by
GFEDA4.1s. In general, ModelE2-Y1Bs reasonably captures the spatial distribution of fire emissions,
with high spatial correlations of 0.67 (p < 0.01) for BC and 0.58 (p < 0.01) for OC, and low

normalized mean biases of 0.6% for BC and 2.4% for OC against satellite-based observations.

3.2 Fire-induced radiative perturbations

Fig. S2 shows the fire-induced changes in Aerosol Optical Depth (AOD) at 550nm. Fire
emissions largely enhance surface aerosols especially over tropical regions. Hotspots are located in
southern Africa and South America with regional enhancement larger than 0.05. In addition, large
enhancement is also found at boreal high latitudes (> 0.01). At the global scale, fires enhance AOD
by 0.006 with 0.01 over land.

Fire aerosols cause large perturbations in net radiation at top of atmosphere (TOA). Globally,
the net radiation at TOA decreases 0.565 W m? by fire acrosols (Fig. 1a). Regionally, negative
changes are predicted over central Africa, western South America, western North America and the
boreal high latitudes. Diagnosis shows that fire-induced AIE dominates the reduction of TOA flux

with a global value of -0.44 W m (Fig. 1c), accounting for 78% of the total effects by fire aerosols.
8
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The spatial correlation coefficient is 0.62 over land grids between the perturbations by all aerosol
effects and that by AIE alone. Compared to AIE, the changes in TOA radiative fluxes are much
smaller for fire ADE (-0.058 W m™2, Fig. 1b) and AAE (-0.016 W m™2, Fig. 1d) with limited
perturbations on land.

At the surface, fire aerosols decrease net shortwave radiation up to 9 W m in central Africa
and 7 W m? in Amazon (Fig. 2a), where biomass burning emissions are most intense (Fig. S1). Such
pattern is in general consistent with the changes of TOA fluxes (Fig. 1a), leading to an average
reduction of -1.23 W m™ in the shortwave radiation over global land. The fire-induced ADE alone
reduces land surface shortwave radiation by 0.65 W m with the maximum center in Amazon (Fig.
S3a). As a comparison, the fire-induced AIE causes a smaller reduction of -0.55 W m? with the
hotspot in central Africa (Fig. S3c). The net effect of AAE by fire aerosols is positive mainly because
fire AAE reduces surface albedo and increase shortwave radiation over Tibetan Plateau, boreal high
latitudes, and Australia (Fig. S3e). However, the magnitude of AAE is much smaller compared to
that of ADE and AIE.

Changes in surface longwave radiation (Fig. 2b) are much smaller than those in shortwave
radiation (Fig. 2a). Regionally, positive changes are predicted in the western U.S., eastern Amazon,
and South Africa, where fire-induced surface cooling (Fig. 3a) decreases the upward longwave
radiation. On the global scale, fire aerosols cause a decrease of 0.28 W m? in surface upward
longwave radiation. The reductions in shortwave radiation are largely balanced by changes in heat
fluxes at the surface, which shows an average decrease of 0.83 W m™ in the upward fluxes over land
grids (Fig. 2¢). Fire ADE and AIE lead to reductions of 0.50 W m2 and 0.43 W m2 in surface upward
heat fluxes, respectively (Fig. S3b and S3d). Changes in sensible heat account for 82.2 % of the
changes in total heat reduction, much higher than the contributions of 17.8% by latent heat fluxes
(Fig. S4). Regionally, the upward sensible heat decreases in the western U.S. and Amazon mainly
due to fire ADE, while the upward latent heat decreases in central Africa mainly by fire AIE (Fig.

S5).

3.3 Fire-induced climatic change
In response to the perturbations in radiative fluxes, land surface air temperature (TAS)

decreases 0.061°C globally by fire aerosols (Fig. 3a). Such cooling is mainly located in western
9
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U.S., Amazon, and boreal Asia, following the large reductions in shortwave radiation (Fig. 2a).
Meanwhile, moderate warming is predicted at the high latitudes of both hemispheres especially over
the areas covered with land ice such as Greenland and Antarctica. Sensitivity experiments show that
both ADE (Fig. 4a) and AIE (Fig. 4c) of fire aerosols result in net cooling globally, with regional
reductions of TAS over boreal Asia and North America. In contrast, the fire AAE causes increases
of TAS over boreal Asia and North America (Fig. 4e), where the deposition of BC aerosols reduces
surface albedo. Consequently, the fire AAE results in a global warming of 0.054°C, which in part
offsets the cooling effects by the ADE and AIE of fire aerosols.

Meanwhile, global land precipitation decreases by 0.18 mm/month with great spatial
heterogeneity (Fig. 3b). Decreased precipitation is predicted over central Africa, boreal North
America, and eastern Siberia. In contrast, increased rainfall is predicted in western U.S., eastern
Amazon, and northern Asia. The reduction of precipitation is mainly contributed by fire AIE, which
reduces cloud droplet size and inhibits local rainfall in central Africa (Fig. 4d). Consequently, latent

heat fluxes are reduced to compensate the rainfall deficit in central Africa (Fig. S4b).

3.4 Fire-climate interactions

The fire-aerosol-induced changes in precipitation, VPD, lightning, and LAI can feed back to
affect fire emissions. However, these changes may have contrasting impacts on fire activities. For
example, the aerosol-induced reduction of precipitation in central Africa (Fig. 3b) increases local
VPD (Fig. 5a) and consequently causes more fire emissions. Meanwhile, such enhanced drought
condition inhibits plant growth and decreases local LAI (Fig. 5c), which has negative impacts on
fire emissions by reducing fuel density. Furthermore, the fire AIE inhibits the development of
convective cloud, which limits cloud height and the number of cloud-to-ground lightning in central
Africa (Fig. 5b), leading to reduced ignition sources and fire emissions.

To illustrate the joint the impacts of fire-aerosol-induced climatic change, we count the number
out of the four factors contributing positive effects to fire emissions over land grids (Fig. 5d). The
larger (smaller) number indicates higher possibility of increasing (decreasing) fire emissions. Most
of areas show neutral number of 2, indicating offsetting effects of the changes in fire-prone factors.
Only 13.5 % of land grids show numbers higher than 2 with sparse distribution. In contrast, 32.1 %

of land grids show numbers smaller than 2, especially for the grids over Siberia and western U.S.
10
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where the increased rainfall (Fig. 3b) and decreased VPD (Fig. 5a) inhibit fire emissions.
Furthermore, the regional reductions in lightning ignition or LAI promote the inhibition effects. As
a result, fire emissions in YF_AD_AI AA decrease by 31.0 Gg year! (1.7%) for BC and 493.6 Gg
year! (2.9%) for OC compared to NF_AD Al AA in which fire emissions do not perturb climate

(Fig. 6).

4 Conclusions and discussion

We used the chemistry-climate-vegetation coupled model ModelE2-YIBs to quantify fire-
climate interactions through ADE, AIE, and AAE. Globally, fire aerosols decrease TOA net radiation
by 0.565 W m2, dominated by the AIE over central Africa. Surface net solar radiation also exhibits
widespread reductions especially over fire-prone areas with compensations from the decreased
sensible and latent heat fluxes. Following the changes in radiation, surface air temperature decreases
by 0.061°C and land precipitation decreases by 0.18 mm/month, albeit with regional inconsistencies.
The surface cooling is dominated by fire ADE and AIE, while the drought tendency is mainly
contributed by fire AIE with hotspots in central Africa. AAE also plays an important role by
introducing warming tendency at the mid-to-high latitudes. The fire-induced climatic change further
affect VPD, LALI, and lightning ignitions, leading to reductions in global fire emissions of BC by 2%
and OC by 3%.

Our predicted reduction of 0.565 W m™ in TOA radiation by fire aerosols is close to the
estimate of -0.51 W m™2 reported by Jiang et al. (2016) and -0.59 W m™2 of Zou et al. (2020) using
different models with prescribed SST/SIC and fire-induced ADE, AIE and AAE (Table 2). Within
such change, fire ADE alone makes a moderate contribution of -0.06 W m™2, falling within the range
of -0.2 to 0.2 W m? from other studies. The large uncertainty of fire ADE is likely related to the
discrepancies in the BC absorption among climate models, which cause varied net effects when
offsetting the radiative perturbations of scattering aerosols. As a comparison, fire AIE in our model
induces a significant radiative effect of -0.44 W m2. However, such magnitude is much smaller than
previous estimates of -0.7 to -1.1 W m™2 using different models (Table 2). We further estimated a
limited fire AAE of -0.02 W m™2, consistent with previous findings showing insignificant role of
AAE by fire aerosols (Ward et al., 2012; Jiang et al., 2016). Our estimates of reductions in TAS and

precipitation also fall within the range of previous studies (Table 2).
1

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2022-175 Atmospheric
Preprint. Discussion started: 4 April 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

312 Our estimates are subject to some limitations and uncertainties. First, we considered only the
313  fast climatic responses of land surface with prescribed SST and SIC in the simulations. Although
314  most of fire-induced AOD changes are located on land (Fig. S2), the air-ocean interactions may
315  cause complex feedbacks to aerosol radiative effects (Jiang et al., 2020). Such feedback should be
316  explored in the future studies with a coupled ocean model. Second, the nonlinear effects of different
317  radiative processes may influence the attribution results. In this study, we isolate the effects of AIE
318  and AAE by subtracting variables between different groups following the approaches by Bauer and
319  Menon (2012). However, the additive perturbations from individual processes are not equal to the
320  total perturbations with all processes in one simulation. For example, the sum of three processes
321  causes changes of TOA radiation by -0.51 W m (Figs 1b-1d), surface temperature by -0.037 °C
322 (Figs 4a, 4c, 4e), and precipitation by -1.09 mm month* (Figs 4b, 4d, 4f). These perturbations are
323 weaker than the net effects of -0.57 W m (Fig. 1a) in radiation and -0.061 °C in temperature (Fig.
324 3a), but much stronger than that of -0.18 mm month in precipitation (Fig. 3b) predicted by the
325  simulation with all three processes. As a result, the nonlinear feedbacks among different radiative
326  processes may magnify or offset the final climatic responses to fire aerosols.

327 Despite these limitations, we made the first attempt to assess the two-way interaction between
328  fire emissions and climate. Our results show that fire-emitted aerosols cause negative effective
329  radiative forcing (ERF) of -0.57 W m?, which is about 20% of the anthropogenic ERF due to the
330  increased greenhouse gases and aerosols from 1950 to 2019 (Ipcc, 2021). Such fire ERF largely
331  reduces surface air temperature and regional precipitation, leading to further changes in fire
332  emissions. Although the reduction of -2% to -3% in fire emissions by the fire-climate interaction
333  seems limited, such change is a result of several complex feedbacks that may exert offsetting effects.
334 Furthermore, our simulations reveal a strong inhibition effect of fire aerosols on LAI in central
335  Africa due to the aerosol-induced drought intensification. Such negative effects on ecosystems are
336  inconsistent with previous estimates that showed certain fertilization effects by fire aerosols (Yue
337  and Unger, 2018), mainly because the rainfall deficit overweighs the diffuse fertilization effects of
338  aerosols. With likely more fires under global warming (Abatzoglou et al., 2019), our results
339  suggested complex and uncertain perturbations by fire emissions to radiation, climate, and
340  ecosystem through fire-climate interactions.
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529  significant (p < 0.1) changes.
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532  Fig. 3 Changes in (a) surface air temperature and (b) precipitation over land grids caused by fire
533 aerosols. The zonal averages of these changes are shown by the side of each panel. Global average
534  value (land average for precipitation) is shown at the top of each panel. Dots denote areas with
535  significant (p < 0.1) changes.
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538  Fig. 4 Changes in (a, c, e) surface air temperature and (b, d, f) precipitation over land grids due to
539 (a, b) ADE, (c, d)AIE, and (e, f) AAE of fire aerosols. Global average is shown at the top of each
540  panel. Dots denote areas with significant (p < 0.1) changes.
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542 LAI (unit: m? m~2) factors include VPD, LAI, PR and LTG

543  Fig. 5 Changes in (a) vapor pressure deficit (VPD), (b) lightning ignition, and (c) leaf area index
544 (LAI) over land grids induced by fire aerosols. Global land average value is shown at the top of
545  each panel. Dots denote areas with significant (p < 0.1) changes. The number of factors whose
546  changes induced by fire aerosols cause positive feedback to fire emissions is shown in (d). Only
547 grids with fire-emitted OC larger than 1x<10-*2 kg s* m are shown in (d).

548

22



https://doi.org/10.5194/acp-2022-175
Preprint. Discussion started: 4 April 2022
(© Author(s) 2022. CC BY 4.0 License.

549
550

551
552
553

00N AFire-emitted BC -31.0Gg yr-! 0N AFire-emitted OC -493.6Gg yr-t

0°S T T T T T T T 90°S T T T T T T T
180° 135°W 90°W  45°W 0° 45°E 90°E 135°E 180° 180° 135°W 90°W 45°W 0° 45°E 90°E 135°E  180°

-0.50 -0.25 -0.10 0.10 0.25 0.50 -5.0 =25 -1.0 1.0 2.5 5.0
unit: 10712 kg 57! m~? unit: 1072 kg s~ m~2

Fig. 6 Changes in fire emissions of (a) BC and (b) OC through fire-climate interactions. The changes
of fire emissions are calculated as the differences between YF_AD AI AA and NF_AD_AI AA
with dots indicating significant (p < 0.1) changes.
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554 Table 1. Summary of simulations using ModelE2-YIBs
Simulation Fires * Aerosol direct effect ~ Aerosol indirect effect ~ Aerosol albedo effect
NF_AD No Yes No No
YF AD Yes Yes No No
NF_AD_AI No Yes Yes No
YF AD Al Yes Yes Yes No
NF_AD_AA No Yes No Yes
YF AD AA Yes Yes No Yes
NF_AD_AI AA No Yes Yes Yes
YF AD Al AA Yes Yes Yes Yes
555

556 2 All simulations predict fire emissions but the runs with NF do not feed the fire aerosols into the
557  model to perturb radiative fluxes.
558
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559 Table 2. Comparsion of the simulated fire-induced change in radiative forcings at TOA and
560 surface climate with previous studies
Reference RF ADE AIE AAE TAS Pr
Wm?) (Wm?) Wm? (Wm?) (°C) (mm month')
Ward et al. (2012)? -0.55 0.10 -1.00 0.00 — —
Heald et al. (2014) — -0.19 — — — —
Veira et al. (2015) — -0.20 — — — —
Grandey et al. (2016) -1.0 0.04 -1.11 -0.1 — -0.018
Jiang et al. (2016) -0.51 0.16 -0.70 0.03 -0.03 -0.3
Zou et al. (2020) -0.59 -0.003 -0.82 0.19 — —
Xu et al. (2021) -0.73 0.25 -0.98 — -0.17 -1.2
This study -0.565 -0.058 -0.440 -0.016 -0.061 -0.18
561

562 2 other effects of fire-induced on radiative turbulances are considered in this paper
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