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Abstract. Fire causes abrupt changes in vegetation proper-
ties and modifies flux exchanges between land and atmo-
sphere at subseasonal to seasonal scales. Yet these short-
term fire effects on vegetation dynamics and surface en-
ergy balance have not been comprehensively investigated
in the fire-coupled vegetation model. This study applies
the SSiB4/TRIFFID-Fire (the Simplified Simple Biosphere
Model coupled with the Top-down Representation of Interac-
tive Foliage and Flora Including Dynamics with fire) model
to study the short-term fire impact in southern Africa. Specif-
ically, we aim to quantify how large impacts fire exerts on
surface energy through disturbances on vegetation dynamics,
how fire effects evolve during the fire season and the subse-
quent rainy season, and how surface-darkening effects play a
role besides the vegetation change effects.

We find fire causes an annual average reduction in grass
cover by 4 %—8 % for widespread areas between 5-20° S and
a tree cover reduction by 1 % at the southern periphery of
tropical rainforests. The regional fire effects accumulate dur-
ing June—October and peak in November, the beginning of
the rainy season. After the fire season ends, the grass cover
quickly returns to unburned conditions, while the tree frac-
tion hardly recovers in one rainy season. The vegetation re-
moval by fire has reduced the leaf area index (LAI) and gross
primary productivity (GPP) by 3 %-5 % and 5 %-7 % annu-
ally. The exposure of bare soil enhances surface albedo and
therefore decreases the absorption of shortwave radiation.
Annual mean sensible heat has dropped by 1.4 W m~2, while
the latent heat reduction is small (0.1 Wm™2) due to the

compensating effects between canopy transpiration and soil
evaporation. Surface temperature is increased by as much as
0.33 K due to the decrease of sensible heat fluxes, and the
warming would be enhanced when the surface-darkening ef-
fect is incorporated. Our results suggest that fire effects in
grass-dominant areas diminish within 1 year due to the high
resilience of grasses after fire. Yet fire effects in the periphery
of tropical forests are irreversible within one growing season
and can cause large-scale deforestation if accumulated for
hundreds of years.

1 Introduction

Fire is an integral component of the Earth’s ecosystems
(Bowman et al., 2009; Bond et al., 2005). Through prevalent
disturbance on surface biophysical properties (i.e., albedo,
vegetation characteristics, and soil properties), fire alters ra-
diative forcing on Earth’s surface and modifies the energy
flux exchanges between land and atmosphere (Chambers and
Chapin, 2002; Bond-Lamberty et al., 2009). Changes in sur-
face properties influence the development of the planetary
boundary layer and contribute to reduced convective rain-
fall (Wendt et al., 2007; Saha et al., 2016) and may also
negatively influence the monsoonal precipitation (De Sales
et al., 2018). Meanwhile, fires also alter atmospheric bio-
geochemical processes through the release of greenhouse
gases, aerosols, and volatile organic compounds (Scholes et
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al., 1996; F. Li et al., 2019), exerting radiative forcing in
the climate system through greenhouse gas effects, aerosol—
radiation interactions, and aerosol—cloud interactions (Ward
et al., 2012; Jiang et al., 2016; Hamilton et al., 2018; Zou et
al., 2020).

Fire models have been developed within dynamic global
vegetation models (DGVMs) to explicitly describe the
burned area, carbon emission, and fire disturbance on veg-
etation (Thonicke et al., 2010, 2001; Li et al., 2012; Arora
and Boer, 2005; Pfeiffer et al., 2013; Rabin et al., 2018; Bur-
ton et al., 2019; Venevsky et al., 2002; Lasslop et al., 2014;
Huang et al., 2020a). The fire-coupled DGVMs have been
widely used to study the role of fire on vegetation distribu-
tion (Bond and Midgley, 2012; Seo and Kim, 2019), terres-
trial carbon budget (Li et al., 2014; Yue et al., 2015; Lasslop
et al., 2020), surface energy balance (Li et al., 2017; Huang
et al., 2020a), and the water cycle (Li and Lawrence, 2017).
Previous modeling studies on fire effects mostly focus on
the long-term fire effects where the simulations with fire are
compared with reference simulations representing “a world
without fire” (Lasslop et al., 2020). While the long-term fire
effects are comprehensively assessed in multi-model studies
(Lasslop et al., 2020), the quantification of short-term fire ef-
fects at monthly to annual scales is somewhat lacking. The
short-term fire effects include the fire-caused abrupt changes
of vegetation status, surface properties (albedo and rough-
ness), and the subsequent effects on surface energy and hy-
drology cycle before and after a fire season (Lasslop et al.,
2020). These short-term effects are significant at local and
regional scales, yet to our knowledge, they have not been as-
sessed in any fire—vegetation model studies. The simulated
fire impacts can be compared with those from satellite obser-
vations to evaluate the description of fire—vegetation inter-
actions in DGVMs, bridging the gap between observational
and modeling studies.

The short-term fire effects are highly variable among dif-
ferent ecosystems. Here we focus on fire effects in tropical
savannas which have the largest stretch of burned area and
the most representative fire—vegetation—climate feedbacks
among all the ecosystems (Staver et al., 2011). Satellite ob-
servational studies have quantified the short-term fire effects
on albedo change and surface radiation in tropical savanna
(Gatebe et al., 2014; Dintwe et al., 2017; Saha et al., 2016,
2017, 2019; Beringer et al., 2003; Veraverbeke et al., 2012;
Z.H. Liu et al., 2019; L6pez-Saldaiia et al., 2015; Staal et al.,
2018). An immediate reduction in surface albedo is reported
after fire, associated with ash and charcoal deposition (Myhre
et al., 2005; Govaerts et al., 2002). Some observations found
the surface darkening lasted for 10-60 d, followed by a grad-
ual brightening when charcoals were removed by wind or
runoff and bare soil was exposed (Samain et al., 2008; Saha
et al., 2019, 2017; Lyons et al., 2008; Gatebe et al., 2014).
According to recent estimates in Saha et al. (2019), the aver-
age albedo anomaly in the year following fire is +6.51x10™*
for all of sub-Saharan Africa, representing a negative radia-
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tive forcing dominated by surface brightening effects. On the
other hand, some studies found the darkening maintained
for more than 4 months, with the brightening effects only
in limited areas (Dintwe et al., 2017; Jin and Roy, 2005).
Dintwe et al. (2017) reported a positive radiative forcing by
0.18 Wm~2 averaged over sub-Saharan Africa. The varia-
tions can be explained from various aspects, including the
background climate, soil properties of study regions, burning
seasons, and criteria used to define the “control” pixel (Din-
twe et al., 2017; Saha et al., 2019).

Fire effects on savanna vegetation have been widely in-
vestigated on site-level studies, which show that vegeta-
tion can recover to unburned conditions within 8d to 12
months after fire (Aradjo et al., 2017; das Chagas and Peli-
cice, 2018). However, fire—vegetation interactions on the re-
gional scale remain unclear, both in the observational and
fire modeling studies. Observational data analysis proposed
that fire-caused vegetation loss was an important component
in the negative feedback loop between fire and precipitation
in Africa, in which fire suppressed convective precipitation,
thereby reducing fuel load and fire in the subsequent season
(Saha et al., 2016). The proposed feedbacks are also tested
in regional modeling studies, which showed that post-fire
land condition deterioration resulted in a decrease in wet sea-
son rainfall, associated with atmospheric cooling and subsi-
dence (De Sales et al., 2018), as well as a weakening of West
African monsoon progression (De Sales et al., 2016).

This study makes the first attempt to simulate the short-
term fire effects using a fire-coupled dynamic vegetation
model. Specifically, we focus on quantifying regional fire ef-
fects on surface radiative forcing and energy balance through
disturbances on vegetation dynamics, describing the tem-
poral evolution of fire effects during the fire season and
the subsequent rainy season, and investigating the role of
surface-darkening effects due to ash deposition. The process-
based fire-vegetation model we use, SSiB4/TRIFFID-Fire
(the Simplified Simple Biosphere Model coupled with the
Top-down Representation of Interactive Foliage and Flora In-
cluding Dynamics with fire), has been comprehensively eval-
uated with observed burned area and fire emissions on the
global scale and is shown to capture the fire—vegetation inter-
actions under the current climate (Huang et al., 2020a). This
study further improves the SSiB4/TRIFFID-Fire to better de-
scribe the temporal variations of fire regimes and vegetation
productivity on monthly scales. The model improvement and
experimental design are given in Sect. 2. After comprehen-
sive validation of the fire—vegetation model performance, we
apply SSiB4/TRIFFID-Fire to investigate fire effects on veg-
etation cover, ecosystem productivity, and surface energy on
monthly to annual scales in Sect. 3. Discussions and conclu-
sions are given in Sect. 4.
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2 Method
2.1 Study region

We conduct our fire modeling study in southern Africa (SAF;
0-35° S, 0-50° E), where most areas have a typical savanna
climate and high incidence of fires. SAF has the largest con-
tinuous stretch of savanna, covering an area of 1.4 x 103 Mha
of the land surface. SAF savanna has an annual burned area
of 153.7Mhayr~! (Giglio et al., 2018) and carbon emission
of 669 Tg Cyr~! (van der Werf et al., 2017), contributing to
about 36 % and 31 % of the global total burned area and fire
carbon emissions, respectively. Each year in the dry season,
fire leaves numerous scars on land surface, and local ecosys-
tems have evolved with fire as an essential contributor to its
structure and function. Therefore, we select SAF as the study
region to quantify the fire effects at monthly to annual scales.
Over SAF, equatorial Africa (0-5°S), east coast of
SAF, and east coast of the island of Madagascar are hot
and humid throughout the year, with an annual mean
temperature of 25°C and rainfall exceeding 1200 mm yr~!
(Fig. la-b). From the Equator to the Southern Hemi-
sphere (SH) high latitudes, the annual mean precipitation
and temperature decrease while the seasonality is en-
hanced (Fig. 1c-d). The SAF savanna has a divergent
climate during the wet season (November—April) and
dry season (May—October). During the rainy season, the
daily precipitation can reach 15mmd~!, resulting in
significant floods in Zimbabwe, Zambia, Malawi, and
Mozambique (https://reliefweb.int/report/malawi/south-
east-africa-deadly-storms-and-floods-malawi-zambia-and-
mozambique, last access: 15 October 2020). The dry
season is characterized by little precipitation, especially for
June—July—August when monthly rainfall is less than 10 mm
(Fig. 1d). SAF has diverse ecosystems influenced by climate
and fire. From tropical SAF to Southern Hemisphere high
latitudes, the climatology land cover ranges from the densely
forested area, savanna, grassland, shrubland, and desert,
respectively (Fig. le). Equatorial Africa is dominated by
tropical rainforests, known as the Congolese rainforest. Most
areas between 5-20° S are dominated by Cs grasses with
tree fractions varying between 10 %-20% with moisture
conditions, referred to as the savanna biome. C3 grasses
are primarily distributed in the eastern part of SAF along
the Great Rift Valley and the eastern portion of the Great
Escarpment. Shrubs dominate the southern African plateau.

2.2 The SSiB4/TRIFFID-Fire vegetation—fire model

SSiB4/TRIFFID-Fire consists of three components: a land
surface model (Simplified Simple Biosphere Model; SSiB),
a dynamic vegetation model (the Top-down Representa-
tion of Interactive Foliage and Flora Including Dynamics
Model; TRIFFID), and a fire model of intermediate complex-
ity (Huang et al., 2020a). SSiB simulates surface radiation
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components, momentum fluxes, sensible heat and latent heat
fluxes, soil moisture, surface temperature, and vegetation
gross/net primary productivity (GPP/NPP) based on energy
and water balance (Xue et al., 1991; Zhan et al., 2003). The
SSiB was coupled with TRIFFID, which describes the veg-
etation dynamics based on species competition for common
resources and provides an interactive component in the feed-
back loop of ecosystems and climate (Cox, 2001; Harper et
al., 2016). The vegetation competition in TRIFFID is based
on the Lotka—Volterra equation, which has been updated in
Zhang et al. (2015) to represent the coexistence of grasses
and shrubs. Y. Liu et al. (2019) further adjusted the large-
scale disturbance parameter, which includes vegetation dis-
turbances due to fires and other processes, to allow for the
coexistence between trees, C3 grasses, and C4 grasses. The
modeled plant functional types (PFTs) in SSiB4/TRIFFID
include broadleaf evergreen trees, needleleaf evergreen trees,
broadleaf deciduous trees, C3 grasses, C4 grasses, shrubs,
and tundra shrubs. The simulated vegetation distribution in
SSiB4/TRIFFID has been evaluated with observations over
Northern America (Zhang et al., 2015) and over the globe
(Y. Liu et al., 2019).

The SSiB4/TRIFFID is further improved by incorporat-
ing a fire scheme (Li et al., 2012) to describe fire distur-
bance on vegetation dynamics and carbon cycle (hereafter
SSiB4/TRIFFID-Fire). SSiB4/TRIFFID-Fire is shown to re-
produce the burned area and fire emissions across the spa-
tial and temporal scales (Huang et al., 2020a). Specifically,
it produces realistic fire peak months and fire season length
in major fire regions, including southern Africa (SAF), South
America, Southeast Asia, and equatorial Asia. The fractional
coverage of each PFT has been thoroughly validated with
observations on the global scale. With an explicit description
of the burned area, carbon emission, and fire disturbance on
vegetation, SSiB4/TRIFFID-Fire captures fire—vegetation in-
teractions under current climate and can be used to study fire
effects on ecosystem characteristics and surface energy.

2.3 Model improvement

This study updates the SSiB4/TRIFFID-Fire to improve the
simulation of monthly fire regimes, vegetation productivity,
and surface fluxes in SAF. A constant crop fraction from
GLC2000 (Bartholome and Belward, 2005) was used to ex-
clude fire in human-managed land use during the entire simu-
lation period in Huang et al. (2020a). Studies show that agri-
culture expansion has played a role in the spatial and tem-
poral variations of the burned area in the tropical region and
should be explicitly described (Andela et al., 2017; Lasslop
and Kloster, 2017). We introduce an annually updated crop
fraction from Land-Use Harmonization 2 (LUH2) datasets
(Hurtt et al., 2006, 2011) to investigate the influence of crop
fraction interannual changes on fire. Since the LUH2 has a
smaller crop area than GLC2000, we decrease the fire spread
and fuel combustibility to keep the burned area in a similar
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Figure 1. (a—d) Climate of SAF from Sheffield et al. (2006) averaged in 2000-2013: (a) annual mean air temperature (7,;.), (b) annual
total precipitation (Pre), (¢) monthly 7y;;, (d) monthly Pre, and (e) dominant PFTs for each grid simulated in SSiB4/TRIFFID-Fire (BET:
broadleaf evergreen tree; BDT: broadleaf deciduous tree; C4: C4 grasses; C3: C3 grasses; SHR: shrub; BARE: bare land).

magnitude as in Huang et al. (2020a). Besides, we find that
the carbon emission per burned area in SAF is larger than
observations from GFED4s in the previous model version.
We therefore decrease the leaf combustion completeness to
reduce the carbon emission.

Wet season accumulated productivity proves to be one of
the determinants for the burned area and carbon emission in
the following fire season (Forkel et al., 2019). The vegeta-
tion productivity, however, is also influenced by phenology
and fire. Our previous study found that SSiB4/TRIFFID-Fire
captured its spatial distribution and interannual variations,
but the annual mean GPP was overestimated (Huang et al.,
2020a). During an annual cycle, the model properly simu-
lates the GPP magnitude in the wet season but overestimates
it in the dry season, leading to an underestimation of the sea-
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sonality of ecosystem functioning in savanna and grassland
(Fig. Sla in the Supplement). A similar conclusion can be
drawn in the simulated intra-annual variations of LAIL To
reduce GPP magnitude in dry seasons, we optimize root-
zone soil moisture potential factor f (), a parameter that de-
termines transpiration in SSiB4/TRIFFID-Fire, to constrain
photosynthesis activities. The procedure is introduced as fol-
lows.

By compiling 32 years of satellite data, W. Li et al. (2019)
reported that moisture condition (precipitation) was the first
vital driver positively affecting monthly vegetation produc-
tivity in non-forest areas. In SSiB4, the vegetation produc-
tivity is closely associated with the soil moisture through the

https://doi.org/10.5194/gmd-14-7639-2021
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Figure 2. f (6) calibration for (a) C4 grasses and (b) C3 grasses.

root-zone soil moisture potential factor f (0):
O =1- 6*02[01*111(*Pho'97b)]7 1)

where c1, ¢3, pho, and b are PFT-dependent parameters. f (0)
represents the soil moisture (0) effects on stomatal resis-
tance, which influences CO, and water exchanges and can
also affect leaf turnover. f (6) does not play a role when
it is close to 1 and can largely suppress the transpiration
and vegetation productivity when it is close to 0. For Cj3
and Cy4 grasses, the original f (6) decreases sharply when
soil moisture (0) is between 0.3-0.4, yet it has a negligi-
ble effect when soil moisture is higher than 0.4 (Fig. 2). In
SSiB4/TRIFFID-Fire, the simulated root-zone soil moisture
is generally higher than 0.4 in the SAF dry season. Therefore,
we adjusted the coefficients ¢ and ¢, for C4 grasses to reflect
the effects of soil water deficit on transpiration in a wider
range of soil moisture between 0.3-0.6 (Fig. 2a). In Eq. (1),
c1 represents the wilting point at which stomates close com-
pletely, and c» is a slope factor controlling how sensitive the
vegetation responds to soil water deficit. We decrease ¢, for
Cs and C4 grasses to reduce the slope so that the vegetation
responds to soil water deficit at relatively wetter conditions.
The c; for C3 grasses is set to be smaller than for C4 grasses
so that the stomates close at a drier condition and C3 grasses
have more sustainability to drought.

2.4 Experiment design

A series of offline experiments has been conducted us-
ing SSiB4/TRIFFID-Fire, including a spin-up simulation to
reach quasi-equilibrium vegetation distribution and a tran-
sient run with varying climate forcings and CO, from 1948
to 2014 (Fig. 3). The spin-up simulation is conducted with
1948-1972 climatology forcing from Sheffield et al. (2006)
and 1948 atmospheric CO, concentration at 310.325 ppm
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with the fire model turned on. The DGVM reaches a quasi-
equilibrium status after 200 years of simulation (Fig. 3).
Based on the quasi-equilibrium status, a FIREON tran-
sient run is carried out with 3-hourly meteorological forc-
ings and yearly updated atmospheric CO, from 310.325 to
398.99 ppm with the fire model turned on. The fire model
requires annual agriculture, population density, and GDP in-
formation from 1948 to 2014. The spin-up and transient runs
are the same as those in Huang et al. (2020a) except for
the yearly updated crop fraction. We focus on the period of
2000-2014 when the satellite observations are available for
fire model validation.

To assess the fire effects at monthly and annual scales, we
conduct FIREOFF simulations branching from the FIREON
simulations on 1 January of each year between 2000 and
2013 (Fig. 3). Each FIREOFF simulation is run for 2 years
with the fire model switched off and all remaining param-
eters and input data the same as those in FIREON. In both
FIREON and FIREOFF simulations, the vegetation distribu-
tion is allowed to respond to climate variations, while the fire
disturbance is only considered in FIREON. Each 2-year sim-
ulation in FIREOFF is regarded as an ensemble member, and
there are a total of 14 ensemble members. The corresponding
periods in FIREON form 14 paired ensemble members. The
fire impacts on vegetation properties and surface energy bal-
ance are quantified using the differences between FIREON
and FIREOFF ensemble means.

The experimental design introduced above examines the
biophysical impacts of fire on surface energy balance due to
vegetation removal. To assess how surface-darkening effects
influence our previous conclusion, we conduct a sensitivity
test (FIREONgyk) following the methodology in De Sales et
al. (2018): In FIREONyark, surface albedo is reduced to 0.1
for 60 d, after which albedo is returned to the unburned con-
dition to mimic the removal of ash and charcoal by wind and
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Table 1. Datasets used to drive SSiB4/TRIFFID-Fire and evaluate simulations.

Variables Sources Resolution
Surface air temperature

Surface pressure

Specific humidity

Wind speed Sheffield et al. (2006) 1°, 3-hourly

Downward shortwave radiation
Downward longwave radiation
Precipitation

Lightning frequency

Population density

Agriculture fraction
Burned area
Carbon emission

Latent heat
Sensible heat

NASA LIS/OTD v2.2

GPWv3 (CIESIN, 2005);

HYDE v3.1 (Goldewijk et al., 2010)
GDP van Vuuren et al. (2007)

LUH2 (Hurtt et al., 2006, 2011)
GFED4s (Randerson et al., 2012;
van der Werf et al., 2017)

GPP FLUXNET-MTE (Jung et al., 2011)

FLUXCOM (Jung et al., 2019)

2.5°, 2-hourly
0.5°, 5-yearly
5’, 10-yearly
0.5°, in 2000
0.25°, yearly
0.25°, monthly

0.5°, monthly
0.0833 and 0.5°,
monthly

Figure 3. Experiment design for fire effects in SAF (0-37° S; 0—
50°E).

precipitation. The value of the darkening period is taken from
Saha et al. (2019), which showed that brightening occurs af-
ter 60 d on average in SAF.

2.5 Model input and validation data

Table 1 lists the data used for model input and evaluation.
The input datasets for the fire model and land surface model
are the same as our earlier study (Huang et al., 2020a) except
for the transient crop fraction from Hurtt et al. (2006, 2011).
All input datasets are interpolated to 1.0° x 1.0° spatial and
3-hourly temporal resolution to be used as model forcing.
The simulated fire variables, vegetation productivity, and
surface fluxes are evaluated against observations. The Global
Fire Emission Database (GFED) is a fire dataset derived pri-
marily from the MODIS satellite (Giglio et al., 2013; van
der Werf et al., 2010, 2006). The latest version, GFED4s,
has been updated to include the contribution from small
fires below the MODIS detection limit (van der Werf et
al., 2017). The burned area and carbon emission obtained
from https://www.globalfiredata.org/data.html (last access:
September 2019) are used to evaluate fire simulation in
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SAF with a focus on monthly variations. FLUXNET Model
Tree Ensemble (FLUXNET-MTE) GPP is upscaled from
FLUXNET observations to the global scale using the ma-
chine learning technique MTE (Jung et al., 2011). The 1982—
2011 FLUXNET-MTE GPP downloaded from https://www.
bgc-jena.mpg.de/geodb/projects/Data.php (last access: Oc-
tober 2019) has been resampled to 1.0° x 1.0° to be com-
pared with SSiB4/TRIFFID-Fire.

The FLUXCOM provides monthly gridded LH and SH
estimates at 0.5° spatial resolution and monthly steps
(http://www.fluxcom.org/EF-Products/, last access: Novem-
ber 2020). The data are derived by merging energy flux mea-
surements from the FLUXNET eddy covariance tower with
remote sensing and meteorological data using machine learn-
ing techniques (Jung et al., 2019). The FLUXCOM database
is comprised of two complementary products for surface
fluxes: FLUXCOM-RS integrates the FLUXNET measure-
ments and 2001-2015 MODIS data in machine learning tech-
niques, while FLUXCOM-METEO estimates surface fluxes
from daily meteorological data and mean seasonal cycles of
satellite data. The dataset is specially designed to quantify
global land—atmosphere interactions and provide a bench-
mark for land surface model simulations.

3 Modeling fire effects in SAF
3.1 Model validation

We first evaluate the model simulation of burned area, carbon
emission, vegetation productivity, and surface fluxes in SAF.
According to GFED4s, an average of 175.6 Mha land surface
is burned each year (Fig. 4a), emitting 678.9 Tg carbon into
the atmosphere during 2000-2013. SSiB4/TRIFFID-Fire has

https://doi.org/10.5194/gmd-14-7639-2021
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Figure 4. (a) Annual burned area fraction (BAF; %) averaged over 2000-2013 in GFED4s; panel (b) is the same as (a) but in SSiB4/TRIFFID-
Fire; (c¢) annual fire carbon emission (C emis; ng_l) averaged over 2000-2013 in SSiB4/TRIFFID-Fire; and (d) contribution of the
monthly burned fraction to the annual burned fraction in model and observation (SCC: spatial correlation coefficient; COR: temporal corre-

lation coefficient).

captured the magnitude of annual burned area (185.8 Mha)
and carbon emission (723.4 Tg C) with spatial correlation co-
efficients (SCCs) of 0.72 and 0.78, respectively (Fig. 4b, c).
Fires are mostly found in central Africa (5 to 20° S), extend-
ing from the Atlantic coast to Lake Tanganyika. The most
extensive burned area is found in savanna with intermedi-
ate productivity, where the aboveground biomass and dried
soil conditions in the dry season facilitate fire occurrence and
spread. Fires in tropical Congolese rainforest and drylands
in Namibia and South Africa are constrained by climatic
conditions and fuel load, respectively. The observed burned
area fraction shows some “hot spots” in Angola, Zambia,
and the southern part of Congo; however, the model pro-
duces more homogeneously distribution. The heterogeneity
in GFED4s may come from landscape fragmentation asso-
ciated with intensive agriculture, which limits the burned
area by reducing fuel connectivity (Bistinas et al., 2014).
Although SSiB4/TRIFFID-Fire excludes fire occurrence in
agricultural land, it does not consider the effect of landscape
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fragmentation on fire spread and tends to underestimate the
negative impact of cropland on the burned area. Besides, the
simulation is conducted at 1.0° x 1.0° spatial resolution. The
relatively coarse model resolution makes it harder to capture
the spatial heterogeneity in fire distribution.

Fire in SAF is concentrated in the dry season (Fig. 4d).
Fire season in SAF is defined as June—October, during which
the monthly burned area contributes to more than 11—2 of the
annual burned area (Venevsky et al., 2019). The aboveground
dried fuel can be easily ignited and cause extensive fires in
the dry season. The monthly burned area drops dramatically
at the beginning of the rainy season and remains low until
May in the next year. SAF savanna fire has a clear distinc-
tion between June—October and November—May, reflecting
the contrasting climate during the rainy (non-fire) season and
dry (fire) season (Fig. 1d).

In the following section, we evaluate the model sim-
ulation of vegetation productivity and surface fluxes and
their seasonality. The model simulation of GPP is evalu-

Geosci. Model Dev., 14, 7639-7657, 2021
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Figure 5. Annual GPP (‘ng_2 yr_l) averaged over 2000-2011 in (a) FLUXNET-MTE and (b) SSiB4/TRIFFID-Fire; (¢) point-by-
point climatology monthly correlation between FLUXNET-MTE and SSiB4/TRIFFID-Fire (dots indicate the correlation is significant with
p value <0.05); (d) monthly GPP (g C m—2 month_l) in model and observation.

ated against the FLUXNET-MTE product. The annual av-
erage GPP in 2000-2011 is 1283.4gCm~2yr~!, ranging
from more than 2500gCm~2yr~! in the tropical rainfor-
est to less than 400 gCm~2 yr~! in the shrubland (Fig. 5a).
The GPP magnitude and spatial distribution are simulated in
SSiB4/TRIFFID-Fire (1326.3Cm~2yr~!), with an SCC of
0.89 (Fig. 5b). After optimization of f (@), the model cap-
tures the monthly variations of GPP for most grid cells with a
correlation higher than 0.7 (p<0.05; Fig. 5¢), showing large
improvements compared to the simulation with default pa-
rameters (Fig. S2a). The overestimation of GPP, especially
from May to October (Fig. S1a), is reduced and the monthly
correlation between model and observation increases to 0.91
(Fig. 5d). A similar conclusion can be drawn from LAI be-
fore and after parameter optimization, which shows even
larger improvements than GPP (Fig. S2c—d). Observational
studies have shown that GPP in 3—-6 months preceding the
fire season is a vital predictor for savanna fire (Forkel et
al., 2019). In return, fire can influence the vegetation pro-
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ductivity in the following 2—-6 months after fire (Dintwe et
al., 2017). SSiB4/TRIFFID-Fire uses aboveground biomass,
which is related to vegetation productivity accumulation in
preceding wet months, to describe the fuel constraint on fire
ignition. The monthly variation of vegetation productivity in
the model is in a good consistency to that in observations
(Fig. 5d), indicating that SSiB4/TRIFFID-Fire captures some
critical processes in fire—vegetation—climate interactions.
The simulated energy fluxes are compared with FLUX-
COM datasets to evaluate the surface fluxes partitioning be-
tween latent heat (LH) and sensible heat (SH). The spa-
tial distribution of LH shows a predominant latitudinal dis-
tribution with a strong N-S gradient in both FLUXCOM-
METEO and model, decreasing from 100 Wm™2 in trop-
ical Congolese forest to less than 30 Wm™2 in the Kala-
hari Desert (Fig. 6a, b). Regions east of Lake Tanganyika
have a much smaller annual precipitation (600 mmyr~! in
Fig. 1b) and therefore have a smaller LH than the west part
of SAF. In contrast, SH in SAF peaks in the Kalahari Desert
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Figure 6. Annual LH (W mfz) averaged over 2000-2013 in (a) FLUXCOM-METEO and (b) SSiB4/TRIFFID-Fire; annual SH (W m72)
averaged over 2000-2013 in (¢) FLUXCOM-METEO and (d) SSiB4/TRIFFID-Fire; monthly (e) LH and (f) SH for grid within SAF in the
model, FLUXCOM-METEO, and FLUXCOM-RS. The dots in panels (e) and (f) denote the regional mean values, while the bars denote the
LH/SH values within 1 standard deviation of the mean value of all grid points.

and gradually decreases towards the tropical forest (Fig. 6¢). We further compare the monthly variations of LH and
SSiB4/TRIFFID-Fire captures the latitudinal distribution of SH in SSiB4/TRIFFID-Fire against the observation-derived
SH yet underestimates its magnitude in the desert (Fig. 6d). datasets, FLUXCOM-METEO and FLUXCOM-RS. There

is a high agreement in the regional average and range of
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LH/SH between the model and observations (Fig. 6e—f). The
LH peaks in the rainy season (December—January—February;
DJF) and gradually declines and reaches the minimum in
June—July—August (JJA). SSiB4/TRIFFID-Fire tends to un-
derestimate LH in the wet season but accurately simulates
its magnitude in the dry season. It captures the peak of
SH in September—October while slightly overestimating it
in January—February—March. Jung et al. (2019) pointed out
that FLUXCOM LH estimates in Africa are larger than other
observation-based datasets. As such, the simulated LH may
compensate for the wet bias in FLUXCOM datasets. Overall,
the model is shown to reproduce the annual surface fluxes
distribution and their seasonality in SAF.

The comparison with observations shows that
SSiB4/TRIFFID-Fire is capable of reproducing the an-
nual mean and intra-annual variations of fire regimes in SAF.
The seasonal cycle of vegetation productivity and surface
energy fluxes are captured, indicating the fire-coupled
vegetation model can describe some key processes in the
feedback between fire, vegetation, and surface energy. The
fire-coupled DGVM is then used to provide the first model
quantification of short-term (monthly to annual scales) fire
effects by assessing the differences between FIREON and
FIREOFF from June to May in the next year, including a
complete fire season (June—October) and post-fire recovery
season (November to May in the next year).

3.2 Fire effects on vegetation

The reoccurrence of fire changes the fractional coverage of
trees and short PFTs (C3 and Cy4 grasses) in SAF. Figure 7a
and b show the spatial distribution of trees (BET and BDT)
and grasses (C3 and C4 grasses) in FIREOFF. Tree PFTs
cover more than 80 % in equatorial Africa and the east coast
of Africa, while C3 and C4 grasses dominate widespread ar-
eas between 5 and 20° S and the eastern portion of the Great
Escarpment. The reduction in tree cover ranges from 0.2 %
to 0.6 % per year in Africa savanna and can exceed 1% in
the transition zone between savanna and the Congolese for-
est (Fig. 7c; FIREON minus FIREOFF), indicating fire is an
important contributor to tropical deforestation (Hansen et al.,
2013). A decrease in C3/Cy4 grasses fraction by 4 %—8 % is
found in regions with an annual burned area fraction greater
than 10 %, and the magnitude of change is generally propor-
tional to the grid burned area fraction (Fig. 7d). Looking fur-
ther into the grass cover change per burned area fraction, we
find a larger fire impact in drier regions with annual rainfall
smaller than 600 mmyr—! and with GPP generally smaller
than 800gCm~2yr~! (not shown). The larger fire effects
could be explained by the slower recovery after fire corre-
sponding to the lower vegetation productivity.

Figure 7e shows the monthly vegetation cover change in
the fire season and the following rainy season (FIREON mi-
nus FIREOFF). The dark green and light green bars denote
changes in tree cover and grass cover between FIREON and
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FIREOFF, which are linked to the monthly burned area frac-
tion denoted by the red line. In the FIREON simulation with a
spatial resolution of 1.0° x 1.0°, a grid can have fire-induced
vegetation decreasing in parts of the grid while vegetation
growing in other parts. The overall vegetation cover change
for a grid is the combined result of fire-caused vegetation re-
moval and growth expansion, which depends on meteorolog-
ical conditions and species. We find little burned area frac-
tion during the precedent wet season from January through
May, during which vegetation removal by fire is negligi-
ble. While the monthly burned area fraction peaks in Au-
gust and gradually decreases after that, regional fire distur-
bances on C3 and C4 grasses accumulate during the entire fire
season until November. The vegetation recovery is limited
during June—October when the arid conditions produce very
small vegetation productivity. In the dry season, the monthly
precipitation is generally smaller than 20 mm and GPP is
50 g Cm~2 month™!, only one-third of that in the wet months
(Fig. 5d). Fire effects reach the maximum in November when
a decrease of 11 % is found in the grass coverage. Vegetation
recovery is accelerated in the rainy season and grass cover
reduction is gradually diminished from December to April
in the following year. At the end of the rainy season, little
difference in the grass cover is found between FIREON and
FIREOFF. Observational studies support our conclusion that
the vegetation in SAF savanna is highly adaptive to fire and
can mostly recover to unburned conditions within 8§d to 12
months (Dintwe et al., 2017; Aratjo et al., 2017; das Chagas
and Pelicice, 2018).

Different from grass PFTs, tree cover change caused by
fire barely recovers within one growing season (Fig. 7e). This
low fire adaptivity makes trees highly vulnerable to fire, es-
pecially at the periphery of tropical forests. Our finding cor-
roborates results from observational studies that fire plays a
key role in tropical forest loss (Cochrane et al., 1999; Hansen
et al., 2013). Meanwhile, fire-induced forest clearance facili-
tates the growth and spread of grasses, allowing for the coex-
istence between trees and grasses in the savanna ecosystems
which would otherwise be encroached by trees (Higgins et
al., 2007; Furley et al., 2008).

The removal of vegetation canopy has caused a reduction
in canopy area and vegetation productivity, reflected by the
changes of LAI and GPP (Fig. 8a—b). For most parts of SAF
savanna, fire has caused a relative change of LAI (%)
by —3 % to —5 %, whose magnitude is proportional to the
burned area fraction. Over regions with a burned area fraction
higher than 10 %, we find a decrease of LAI by 0.10 m?> m—2
on average, accompanied by a decrease of vegetation height
by 0.17m (not shown). The fire impact on LAI accumu-
lates in the dry season, during which the LAI reduction by
fire outcompetes the recovery (Fig. 8c). The fire impact on
LAI peaks in November when a relative change by —11 %
is found. At the end of the recovery season, there is still a
small difference of 1 % in the grid-average LAI correspond-
ing to the long-lasting tree cover loss. A greater magnitude of
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Figure 7. 2000-2013 annual (a) tree fraction (%) and (b) C4 and Cj3 grass fraction (%) in FIREOFF; 2000-2013 annual fire effects on (c)
tree fraction and (d) grass fraction, and (e) monthly fire effects on the fractional coverage of trees and C4 and C3 grasses (% month_l)
with burned area fraction (% month™!, red curve) overlaid (the areal-average fire effect is calculated using grids with an annual burned area
fraction >10 %). The y axis of burned area fraction in panel (e) is reversed.

relative change (—5 % to —7 %) is found in vegetation pro- (GPP, NPP, LALI, and vegetation height) influence the radia-
ductivity (GPP and NPP) caused by fire. Overall, we find fire tion absorbed by the surface and the energy partitioning be-
causes an annual average reduction of GPP and NPP by 59 tween LH and SH.

and 32 g Cyr~! in regions with a burned area fraction higher

than 10 %. The changes in vegetation cover and properties
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Figure 8. 2000-2013 annual fire effects on (a) LAI (%) and (b) GPP (%), and (c) monthly fire effects on the LAI/GPP (% monthfl) with
burned area fraction (% month_l) overlaid (the areal-average fire effect is calculated using grids with an annual burned area fraction >10 %).

The y axis of burned fraction in panel (c) is reversed.

3.3 Fire effects on surface energy

Over SAF, a decrease of net shortwave radiation (NSW) on
surface is found by an average of 0.60 W m~2 (Fig. 9a). The
magnitude of change ranges between —2.9 and 0.8 W m™2
(Fig. 9d), generally increasing with the annual burned area
fraction. The consumption of vegetation canopy during the
fire season has caused exposure of bare soil, which gener-
ally has a higher reflectance than vegetation canopy. There-
fore, the surface NSW is reduced between June and Novem-
ber (Fig. 10a), especially in October (—1.5 W m~2) when the
arid soil has distinct contrast in surface albedo compared
to the surrounding vegetation area. The bare soil albedo is
largely decreased when the soil is moist by rain, and the
corresponding NSW change quickly diminishes. The differ-
ences in NSW are mostly invisible after December.

The vegetation removal after fires has reduced the grid-
average vegetation height, corresponding to a decrease in sur-
face roughness length and an increase in aerodynamic resis-
tance. The changes of aerodynamic features influence near-
surface drag force, affecting the sensible heat flux exchange

Geosci. Model Dev., 14, 7639-7657, 2021

between land and atmosphere (Liu et al., 2016). In this ex-
periment, we find a widespread reduction of SH by 0.3-
4.0 W m~2 with a regional average of 1.4 Wm~2 (Fig. 9b).
The magnitude of change is generally proportional to the
grid’s annual burned area fraction (Fig. 4b). The monthly
fire effect on SH peaks in November, producing a decrease
by 2.9 W m~? in regions with an annual burned area fraction
greater than 10 %. There is a small LH change (—0.1 W m~2)
at the annual scale (Fig. 9¢) due to the opposite changes in
canopy transpiration by —1.9W m~2 and surface evapora-
tion by 1.8 W m—2 (discussed later). Overall, we find a slight
increase in surface temperature by 0.14 K (Fig. 9d), which
peaks in December (0.33 K; Fig. 10d). Despite decreasing
NSW after fire, surface fluxes changes, especially SH, seem
to dominate the temperature changes in tropical savanna.
Aside from this, SH and LH are important non-radiative heat-
ing sources to the atmosphere. The decrease of SH and LH
is expected to cause an atmospheric cooling and subsidence
near the surface, negatively influencing convective precipita-
tions (De Sales et al., 2018; Saha et al., 2016). Fire effects
on precipitation are not simulated as we use fixed precipi-
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Figure 9. 2000-2013 annual fire effects on (a) NSW (W mfz), (b) SH (W m72), (¢c) LH (W m72). (d) Box plot of annual fire effects on
NSW, SH, LH, and TG (K) for grids with an annual burned fraction >10 % within SAF, with medians (middle bars), interquartile ranges
(between 25th and 75th percentiles; boxes), maxima/minima (whiskers) within £1.5 x interquartile ranges, and outliers (“+). The blue and

red asterisks (*) denote the areal-weighted mean fire effects in SAF.

tations from the forcings. Yet it can be anticipated that the
reduced atmospheric heating can largely suppress convective
storms at the beginning of the rainy season and even impede
monsoon progression.

In the fire season, a maximum LH reduction by 0.7 W m~2
is found in October, while in the following rainy season,
the simulated LH is enhanced by 0.7Wm™2 in February
(Fig. 10c). The change of LH is related to the opposing
changes of canopy transpiration and soil evaporation. When
fire occurs, the removal of vegetation leaf area (Fig. 8a) has
caused a decline in canopy transpiration (Fig. 10e), accom-
panied by increases in root-zone soil moisture (Fig. 10h) and
deeper layer soil moisture (Fig. 10i) when less soil water
is transported to the atmosphere. Previous studies showed
that the removal of dense plant canopy caused a smaller sur-
face resistance for soil evaporation (Schulze et al., 1994), es-
pecially when the soil was nearly saturated (Dunin, 1987,
Gholz and Clark, 2002). Indeed, we find an increase in soil
evaporation throughout our study period. The increase is
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weak during the dry season as there is not much evaporable
water (Fig. 10f), yet it is greatly enhanced after November
when the soil is refilled after rain. The elevated soil evapo-
ration has caused a decrease in the surface layer soil mois-
ture (Fig. 10g), which is confined in wet months when soil is
moist by rains.

3.4 Darkening effects due to ash deposition

The inclusion of soil-darkening effects does not affect the
simulation of the annual burned area, carbon emission,
and GPP, as we find the relative differences less than
0.002 % and SCC higher than 0.99 between FIREONgx
and FIREON. The fire impacts on LAI and GPP calculated
using FIREONg,« minus FIREOFF are —0.10m> m~2 and
—61 gCyr~!, respectively, with the largest effect occurring
in November. The annual mean fire effects on vegetation pro-
ductivity and their monthly variations are highly consistent
with those we find in FIREON minus FIREOFF. When soil
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Figure 10. 2000-2013 monthly fire effects on (a) NSW (W m~2), (b) SH (W m~2), (¢) LH (W m~2), (d) TMP (K), (e) canopy transpiration
W m_2), (f) soil evaporation (W m_z), (g) 01, (h) 6, and (i) 63 with burned area fraction (%) overlaid. The y axes of burned fraction in

panels (a)—(c), (e), and (g) are reversed.

darkening is considered, we find an annual increase of NSW
by 0.07Wm~2 in SAF, which is opposite to our findings
in Sect. 3.3 that fire has decreased NSW by 0.60 Wm~2.
Despite the opposite change in NSW associated with the
darkened surface, the responses in SH and LH are consis-
tent with/without darkening effects. We find a decrease in
SH and LH by 1.0 and 0.1 Wm~2 between FIREON gark
and FIREOFF, respectively, and the corresponding change
for canopy transpiration and soil evaporation is —1.9 and
1.8 Wm™2. An increase in TMP by 0.17 K is simulated when
the surface-darkening effect is included (the difference be-
tween FIREONy,rk and FIREOFF), slightly higher than the
difference between FIREON and FIREOFF (0.14 K). Al-
though NSW changes are opposite with and without soil-
darkening effects, the similar magnitude of change in SH
and LH indicates that surface flux changes are dominated by
aerodynamic/canopy resistance rather than surface radiation
in the tropics, in accordance with our previous finding in a
land degradation experiment (Huang et al., 2020b).

We acknowledge that uncertainties may be induced as
we assign a 60d recovery period and an albedo of 0.1 to
mimic soil-darkening effects for all pixels regardless of the
background climate, vegetation type, soil properties, and the
months when fire occurs. All these factors may play a role
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in the immediate albedo anomalies after ash deposition, the
amount of brightening, and the evolution of radiative forc-
ing after fire (Dintwe et al., 2017; Saha et al., 2017). Due to
the limited number of observations and the variety in post-
fire albedo anomalies, we are currently unable to constrain
the uncertainty in the description of the surface-darkening
effects. Therefore, the purpose of sensitivity tests is to inves-
tigate how surface-darkening effects affect our conclusions
in Sect. 3.2 and 3.3, rather than to provide a quantitative es-
timate on the uncertainties range induced by surface darken-
ing.

4 Discussion and conclusion
4.1 Limitation and uncertainty

This is an offline study without atmospheric feedback. As
such, the fire effect is not fully assessed. Previous studies
show that atmospheric feedback may influence the SH and
LH changes by altering the temperature and moisture gra-
dient between land and atmosphere (Huang et al., 2020b),
which cannot be represented in offline simulations as we
used fixed atmospheric conditions from the forcing. How-
ever, we expect our findings to be valid in coupled-model
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simulations as surface fluxes changes by fire are shown to
be dominated by resistance changes. Besides, De Sales et
al. (2018) showed that fire decreased the atmospheric con-
vective instability, which subsequently suppressed precipita-
tion in the following rainy season. The precipitation changes
may exert negative feedback on evapotranspiration and veg-
etation recovery. A full description of the feedback between
fire, vegetation, and climate needs to be accomplished next
in atmospheric models coupled with fire—vegetation models
to further understand the interactions.

There are also some uncertainties in this study due to the
model-dependent representation of fire effects on vegetation.
The fire impact in SSiB4/TRIFFID-Fire is represented in
a relatively simple way using the PFT-specific combustion
completeness and mortality factors. This study has made ex-
tensive validation of fire regimes and vegetation productivity
to make sure that the model captured key processes in fire—
vegetation interactions at monthly to annual scales. We no-
tice, however, that some models (for example, MCFIRE and
SPITFIRE) have more complex process-based treatments of
post-fire effects in which tree damage is determined by fire
intensity, residence time, and tree canopy height (Lenihan
et al., 1998; Thonicke et al., 2010). These models are sup-
posed to capture the varying fire effects for trees of different
heights, as observational studies reported greater damage for
younger and smaller trees whose crown could be completely
scorched by fire (Higgins et al., 2000; Sankaran et al., 2008).
However, it is still unclear if these sophisticated treatments
improve the simulation of fire regimes (Hantson et al., 2020)
and adequately produce vegetation responses to fire at differ-
ent timescales. To evaluate the robustness of model results
and address the uncertainties in the simulated fire effects,
we argue that more simulations should be conducted using
different land surface models, DGVMs, and fire models to
quantify the short-term fire effects on vegetation dynamics
and surface energy budget.

4.2 Conclusions

Fire modifies vegetation dynamics and surface properties.
These biogeophysical effects influence the energy fluxes ex-
changes, hydrology cycle, and regional and global climate.
A property quantification of the short-term fire effects is crit-
ical to understanding the role of fire in Earth’s ecosystems
and climate and to providing proper information for societal
mitigation activity. This study applied the SSiB4/TRIFFID-
Fire to investigate the monthly to annual-scale fire impact
in southern Africa, where fire acts as an essential determi-
nant to the structure and functioning of the local ecosystems.
The model is shown to reproduce the fire regimes, vegetation
productivity, and surface fluxes compared to observation-
derived datasets. A sensitivity test is also conducted to assess
the possible soil-darkening effects on the model simulated
fire impact.
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Fire has caused an annual reduction in grass cover by 4 %—
8 % for most areas in the SAF savanna. The largest reduc-
tion is found at the beginning of the rainy season (Novem-
ber), which quickly diminishes before the next fire season.
The reduction of tree cover is concentrated at the transition
zone between tropical forests and savannas and is irreversible
within one season. The low fire adaptivity of tree PFTs makes
it highly vulnerable to fire and can cause large-scale defor-
estation in extreme years. The canopy removal has caused
an annual reduction in LAI and GPP by 3 %-5 % by 5 %-
7 %, respectively. The largest productivity change is found in
November when both LAI and GPP are reduced by 11 %.

The bare soil exposure after fire has caused an increase
in albedo and thus a decrease of net shortwave radiation
absorbed by the surface. Sensible heat is decreased by
14Wm~2 due to an increase in aerodynamic resistance.
Canopy transpiration has dropped as well, which, however,
is compensated by the increase in soil evaporation, produc-
ing a small annual effect on latent heat (0.1 Wm~2). The
fire impact on vegetation, surface fluxes, and soil moisture
are highly consistent in simulations with/without the descrip-
tions of aerosol deposition. Nevertheless, surface darkening
related to aerosol deposition has enhanced the net shortwave
absorption, elevating surface warming effects due to fire.

Our results provide quantitative assessments of the re-
gional fire effects over southern Africa and highlight their
distinct characteristics on trees and grasses. For grass-
dominant areas where fires consume more than 10 % of veg-
etation cover each year, fire effects on surface energy gen-
erally diminish within the rainy season, reflecting the high
resilience of grasses to fire disturbance. In contrast, while
forest fires have a smaller burned area, their effects are ir-
reversible within one growing season and can cause large-
scale deforestation at forests boundaries if accumulated for
hundreds of years.

Code availability. The source code of fire model is
archived at  https://zenodo.org/record/4670922#.Y G41J2TO0lgs
(https://doi.org/10.5281/zenodo.4670922, hhllbao93, 2021).

Data availability. The fire model output used in this study
is archived at https://zenodo.org/record/5778443#.Ybj YAfHMLUJ
(https://doi.org/10.5281/zenodo.5778443, Huang, 2021).
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