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ABSTR ACT: Fire emissions are a significant mechanism in the carbon cycling from the Earth’s surface to the atmosphere, and fire behavior is consider-
ably interacted with weather and climate. However, due to interannual variation of the emissions and nonlinear smoke plume dynamics, understanding the 
interactions between fire behavior and the atmosphere is challenging. This study aims to establish a climatology of the fire emission in Central Asia and 
has estimated a feedback of fire emissions to meteorological variables on a seasonal basis using the Weather Research and Forecasting model coupled with 
Chemistry. The months of April, May, and September have a relatively large number of pixels, where the plume height is located within the boundary layer, 
and the domain during these months tends to have unstable conditions at the strongest smoke, showing a lower percentage of stable conditions. From the 
seasonal analysis, the high fire intensity occurs in the summer as smoke travels above the boundary layer, changing temperature profile and increasing the 
water vapor mixing ratio.
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Introduction
Wildfires prefer warm and dry conditions, and the fires statisti-
cally occur from spring to fall (April–October) in Central Asia. 
Wildfires represent a significant source of aerosols and green-
house gases, which can significantly affect the regional climate, 
visibility, and even global climate.1,2 The aerosols often react 
with other gases or particles in the air and influence the envi-
ronment by changing the atmospheric dynamics and physics. 
Koren et al3 reported that the cloud coverage was reduced from 
38% in clean conditions to 0% from heavy smoke during the 
biomass burning season over the Amazon, which implies that 
smoke tends to reduce the cloud coverage and precipitation.

Wildfires can release large amounts of particulate mat-
ter and other air pollutants. The increased concentrations of 
trace gases (eg, ozone and carbon monoxide) and aerosol par-
ticles have been observed in connection with vegetation fires 
in various regions of the world.4 Wildland fires contribute to 
an estimated 15% of total particulate matter and 8% of CO 
emissions over the southeastern U.S.5

Fire occurrence and intensity are related to weather and 
climate. Generally, a fire season is extended under warm and 
dry conditions, and hotter and drier conditions can cause inten-
sifying fires.6 Also, fires are favorable to vegetation perishability 
and may influence climate through radiative energy exchange 
with a long-term effect.7 In this aspect, a feedback between 
climate and fires is possible because fires also modify climate.

In addition to the impact on air quality and weather, 
smoke aerosol can influence radiative balance and cloud micro-
physics. Generally, aerosols increase the cloud droplet number 
concentration and reduce the size of the droplets, causing 
less precipitation. The lifetime of clouds tends to increase in 
polluted areas, but this varies due to aerosol concentration 
and properties.8 Also, aerosols, such as soot, tend to absorb 
solar radiation more than other aerosols, which increases air 
temperature and can lead to cloud evaporation. In this aspect, 
the impact of aerosols on clouds and precipitation is important 
and complicated.

Satellite and in situ observations have shown an 
increase in fire occurrence during drought years. Severe 
drought reduces soil moisture, pushing the plant-available 
water below a critical threshold level for a prolonged period 
and resulting in increased fire activity. The normalized dif-
ference vegetation index (NDVI) is often used as a drought-
monitoring indicator. The NDVI provides near-daily global 
observations of the land surface, using the visible red and 
near-infrared bands. Thus, the NDVI is used for the effec-
tive monitoring of droughts. Surface temperature and NDVI 
tend to have a negative correlation because higher tempera-
ture brings less moisture in which vegetation rarely sur-
vives. However, Karnieli et al9 showed that the relationship 
between land surface temperature and NDVI varies due to 
seasonal and spatial changes.
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Even though the impact of fire on the climate is important, 
there are restrictions on our ability to understand this impact. 
First of all, monitoring fire emissions and plume dynamics is 
challenging due to insufficient in situ observations. Currently, 
only satellites provide the fire indicators (eg, burned area and 
active fire location) on a global scale with some uncertainty. 
Monthly fire emission estimates by various remote sensing-
based techniques are varied by an order of magnitude.10 The 
reasons for this variability are associated with the fire esti-
mation of burned areas caused by fuel composition, loading, 
vertical structure, consumption, and characterization of con-
ditions from preceding drought and heat. Additionally, fire 
events vary by season, land use, and land cover types. Studies 
for the fire impact on regional and global climates have had a 
large variability of fire emissions and climatic variability, such 
as temperature increases, precipitation changes, and high con-
centrations of carbon dioxide (CO2).11–13 Therefore, a better 
understanding of the limit of fire emissions and quantifying 
emission data can contribute to predicting climate and air 
quality with higher confidence.

Fire emissions are a significant mechanism in the 
carbon cycling from the Earth’s surface to the atmosphere, 
and fire behavior is considerably interacted with weather and 
climate. However, due to interannual variation of the emis-
sions and nonlinear smoke plume dynamics, understanding 
the interactions between fire behavior and the atmosphere 
is challenging. The objectives of this study are twofold: 
first, a method is developed to establish a climatology of 
fire emissions in Central Asia, correcting burned areas for 
fire emission inputs in modeling by using the combination 
of two fire products from Moderate Resolution Imaging 
Spectroradiometer (MODIS). Second, the feedback of fire 
emissions on the atmospheric stability (and other basic vari-
ables on a seasonal basis) of fire emissions in Central Asia 
is analyzed. To support the goals of this study, the data and 
methodology used are described in the “Data and methods” 
section, the evaluation of the burned area and analysis of fire 
impacts are presented in the “Results” section, and conclu-
sions and future works are presented in the “Discussion and 
conclusion” section.

Data and Methods
MODIS burned area product. The MODIS Collec-

tion 5.1 Direct Broadcast Monthly Burned Area Product 
(MCD64A1) provides the 500 m burned area with thresh-
olds on temporal change in a burn sensitive to the vegeta-
tion index to detect burned areas, along with the approximate 
day of burning.14 The MCD64A1 product incorporates 
cumulative active fire maps to guide the selection of burned 
and unburned training samples for the change detection 
algorithm.14 This product can be downloaded from httpt://
fuoco.geog.umd.edu, giving five variables: the burn date, 
burn date uncertainty, quality assurance, first day of burning, 
and last day of the burning.

Active fires. For this study, MODIS Thermal Anomalies/
Fire products (MOD14A1) has been used. The fire detection 
algorithm is based on the absolute detection of a fire when the 
fire strength is sufficient to detect and on the detection rela-
tive to its background. Numerous tests have been employed 
to reject typical false alarm sources such as a sun glint or an 
unmasked coastline. The active fires are produced every eight 
days at a 1-km resolution, and the data can be downloaded 
from https://firms.modaps.eosdis.nasa.gov/. The active fire 
product is used for adjusting burned areas, which is described 
in the “Adjusting fire emissions” section.

MOD13C2. The MODIS NDVI product contains atmo-
spherically corrected bidirectional surface reflectance masked 
for water, clouds, and cloud shadows. Global MOD13C2 data 
are the cloud-free spatial composites of the gridded 16-day, 
1-km MOD13A2 and are provided monthly as a Level 3 
product projected on a geographic climate modeling grid. 
Vegetation indices for globally monitoring vegetation condi-
tions are used in products displaying land cover and land cover 
changes. These data are used for investigating fire behaviors 
in this study.

The model description and study area. Central Asia is 
bounded by Russia on the north and by Iran on the south and 
consists of vast grassy steppes of Kazakhstan in the north and 
the Aral Sea drainage basin in the south. Because of more 
than 50% of the region covered with desert, Central Asia 
suffers from very dry climatic conditions and insufficient 
precipitation. The region as a whole experiences hot sum-
mers and cool winters, with much sunshine and very little 
precipitation.

To investigate the fire impacts in Central Asia, we run 
the Weather Research and Forecasting model coupled with 
Chemistry (WRF_Chem model; Version 3.6) with the fol-
lowing configurations. The horizontal resolution is 10 km 
over Central Asia (Fig. 1; longitude: 40E–100E, latitude: 
30N–60N). The physics options are the Morrison 2-moment  
scheme for the microphysics scheme, the rapid radiative 
transfer model (RRTM) scheme for the longwave radia-
tion scheme, the Dudhia scheme for the shortwave radia-
tion scheme, and the Grell–Freitas ensemble scheme for the 
cumulus cloud scheme. More information on the configura-
tion is given in Table 1. Our simulation includes fire emis-
sion inputs with calculated burned areas of pixels where 
fires were detected. The running period of the model is 
from April to September in 2008, which is the fire season 
in Central Asia.

Adjusting fire emissions. Randerson et al15 have shown 
that small fire impacts are significant in burned areas. The 
regional climatology analysis for the active fires on burned 
areas has demonstrated that significant active fires may be 
located outside of burned areas. It varies with season, but the 
ratio of FCin to FCout is 1:1 during the growing season (April–
September) over Central Asia, which supports the Randerson’s 
approach. Thus, based on Randerson et al,15 the two satellite 
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fire products (MCD64A1 and MOD14A1) are used in our 
study for estimating burned areas. Randerson et al15 have sug-
gested the following equation:

= + × ×out
total MCD64A1 MCD64A1

in

FC
BA BA BA ,

FC
γ

�
(1)

where BAMCD64A1 is the burned area derived from MCD64A1, 
FCout is the total number of active fires from MOD14A1 out-
side of the burned area in each model grid cell, FCin is the same 
but within the burned area, and γ is the coefficient that modi-
fies the burned areas with the different normalized burned 
ratio. If the MCD64A1 burned area is not available due to 
data limits, BAtotal cannot be estimated from equation (1) by 
unknown value. During the study periods, the number of 

pixels that were detected as burned areas from MODIS was 
reduced compared to a global fire inventory in the process of 
quality controls. To overcome the limits of data availability, if 
a pixel has active fires but not burned areas, the burned areas 
(BAMCD64A1) are set to 22.8 ha as a default value.

Results
Evaluation of burned areas with the fire inventory 

data set. To evaluate the calculated burned areas based on 
Randerson et al,15 the burned areas have been compared to 
the values of Fire Inventory from NCAR (FINN) data. The 
FINN provides fire burning estimates with the daily and 
high resolution (1 km × 1 km) for use in regional and global 
models. To be consistent in the comparison, we regridded the 
FINN data (1 km) to the WRF_Chem domain grids (10 km). 
Table 2 shows the monthly values of (1) the number of pixels 
of burning over the domain, (2) burned area, (3) variation, and 
(4) the minimum and maximum values of burned area in the 
domain. The unit of the burned area is hectare. While burned 
areas (using the Randerson equation for April and May) 
showed still decreasing values compared to the FINN data, 
the statistics in other months is comparable to the FINN data.

Figure 2 shows the monthly spatial NDVI data for 
Central Asia in 2008. The growing season of vegetation starts 
in April. Most burning occurs in shrub and grassland areas 
from the spring to fall in which the NDVI is about 0.2–0.4, 
as seen in Figures 2 and 3. The correlation of the interrela-
tionship between burned areas and NDVI was low. The rela-
tionship between burned areas and NDVI is weak because 
NDVI represents the vegetation growth stage. For example, 
moderate NDVI values (0.2–0.5) represent less dense veg-
etation, such as shrubs and grasslands, and high NDVI val-
ues (0.6–0.9) correspond to more dense vegetation such as 

Figure 1. The WRF domain over Central Asia with 10 km × 10 km horizontal resolution. A box inside the domain is for the analysis of the feedback of 
smoke to basic meteorological variables (in the “Analysis of the feedback of smoke to basic meteorological variables” section).

Table 1. The configuration of the WRF_Chem V3.6.

MODEL WRF-ARW V3.6

Dynamics Non-hydrostatic

Horizontal resolution 10 km

Domain coverage Central Asia

Map projection Lambert-Conformal

Horizontal grid 399 × 324

Initialization NCEP final analysis

Radiation RRTM (LW)/Duhia (SW)

Land surface Noah

Cumulus Grell-Freitas ensemble

PBL parameterization YSU

Microphysics Morrison
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Table 2. Statistics of calculated burned areas (hectare).

[HA] # OF PIXELS MEAN OF BA STDDEV OF BA MIN BA MAX BA

FINN RANDERSON FINN RANDERSON FINN RANDERSON FINN RANDERSON FINN RANDERSON

April 12239 5395 73 40 13 71 0.75 0.83 1.00E + 02 2.22E + 03

May 6553 2501 62 40 17 96 0.75 0.83 1.00E + 02 2.46E + 03

June 1747 1740 76 69 21 122 0.75 0.83 1.00E + 02 2.14E + 03

July 2076 2333 68 71 21 179 0.75 0.83 1.00E + 02 4.34E + 03

August 4382 3616 70 64 14 139 0.75 0.83 1.00E + 02 3.74E + 03

September 2942 2440 64 30 20 101 0.75 0.83 1.00E + 02 2.68E + 03
 

Figure 2. Spatial plots of monthly NDVI from MOD13C2.

forests. Even though the NDVI metrics and thresholds do 
not directly correspond to fire burning events, they provide 
indicators of burning preferences. Thus, from the relationship 
between NDVI and burned areas, we interpret that fire occurs 
frequently over shrubs and grasslands.

In addition, the distribution of the monthly burned 
areas is investigated, as shown in Figure 4. The bin size was 
determined by the mean values of burned areas from Table 2 
and a climatology default value (22.8  ha). The blue colored 
sectors show where the burned areas are decreased compared 
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to the default value, and the red colored sectors show where 
the burned areas are increased. According to the distribution 
of the burned areas, more than 50% of fire pixels show an 
increase in the size of burning area compared to climatological 
default values. The calculated burned areas are validated with 
the FINN data set and show a comparability of the statistics 
of burned areas (Table 2).

Fire occurrence and fire intensity on a seasonal basis are 
analyzed on the statistics of Table 2. The summer season (June 
and July) has a relatively small fire occurrence compared to the 
beginning and end of the simulation according to the number 
of pixels of the BA over the domain. On the other hand, the 
summer is a large fire intensity season by the mean of the BA. 
Therefore, the calculated burned areas have reasonable val-
ues for fire emissions compared to the FINN data, and the 

summer season tends to show the high fire intensity with the 
low fire occurrence.

A feedback of the fire emission. 
Analysis of the feedback of smoke to the atmospheric stability. 

We examine the dependence of smoke plume height on atmo-
spheric conditions. Smoke plume height is determined where 
the amount of smoke is the largest from the vertical distribu-
tion. Most smoke plumes were located above the boundary 
layer over the domain (90% of the domain), which indicates 
that smoke plumes generally travel to high altitudes. Figure 5 
shows the number of pixels where smoke plumes are below the 
boundary layer for each month.

From the relationship between the smoke plume height 
and boundary layer height, the simulation of fire emissions 
in April, May, and September shows more plume heights 

Figure 3. Calculated monthly burned area based on the Randerson’s approach. Each symbol represents the range of burned areas (hectare).
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located below the boundary layer. Also, spring and fall have 
the highest fire occurrence and lowest fire intensity, which 
may increase the horizontal dispersion due to stability. On the 
other hand, the summer tends to have a high fire intensity 
and the most smoke plumes above the boundary layer, which 
shows a great possibility for stronger smoke travels above the 
boundary layer.

In addition, the dependence of smoke plume height on 
atmospheric stability is examined. Atmospheric stability is 
determined as the change in the potential temperature with 
change in the height of each vertical pixel.16 In each pixel, 
where the smoke plume is detected, we analyzed the stability 
using the following equation16:

	
=

θ ,jS
z �

where Sj is the stability, q is the potential temperature, and 
z is the altitude at the model levels. From this equation, a 
stable condition is determined by the positive slope of the 
stability (Sj).

As shown in Figure 6, about 30%–50% of pixels over 
the domain have stable conditions at the smoke plume height. 

The condition of stability is related to plume height. Summer 
tends to have the highest stable condition at the largest smoke 
plume because summer has the highest fire intensity and the 
number of pixels where the plume height is below the bound-
ary layer is small. The months of April, May, and September 
have a lower fraction of the stable condition at the strongest 
smoke plume, which corresponds to a low fire intensity and a 
number of pixels of smoke height below the boundary layer.

Analysis of the feedback of smoke to basic meteorological 
variables. We examined the interrelationship of surface tem-
perature to fire events. For this analysis, we determined the 
border of north Kazakhstan, where fire events occurred in all 
months, as a subset domain (Fig. 1). Compared to the burned 
area map (Fig. 3), surface temperature is decreased in the large 
burning area in April, shown as blue colors in Figure 7. The 
possible reason for this is that the decreased temperature in 
the large burning area is significantly related to low fire inten-
sity and stability in which smoke tends to be trapped within 
the boundary layer. On the other hand, the small burning 
area corresponds to the increasing temperature, especially 
in May and September. The summer, where the fire occur-
rence is low and the fire intensity is high, has no significant 
temperature change due to smoke plumes. In this aspect, 

Figure 4. The distribution of burned area in Central Asia. Blue color sectors represent where the burned area is smaller than default value (22.8 ha), and 
red color sectors represent where the burned area is larger.

Figure 5. The number of pixels of the plume height below the boundary layer on a daily basis.
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Figure 6. A fraction of stable condition at the smoke plume height on a daily basis.

Figure 7. The difference of monthly temperature (K) at 2 m in the subdomain (WRF_Chem with fires–WRF_Chem without fires).
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Figure 8. The difference of monthly water vapor mixing ratio (g/kg) between WRF_Chem with fire emissions and WRF_Chem without fire emissions in the 
subdomain.

surface temperature is related to fire behavior and atmospheric 
stability as well as burning areas.

Dryness of the atmosphere during fire events was inves-
tigated for each month (Fig. 8) to understand how much 
atmosphere conditions are correlated with fire behaviors. The 
fire intensity and fire occurrence can be represented by the 
mean of burned areas from Table 2 and Figure 5. May is a 

month of significantly increasing water vapors with the high 
fire occurrence. Remarkably, months of summer (eg, June and 
July) having the high fire intensity tend to have the increas-
ing water vapor mixing ratio in fire locations. However, April 
and September, the months of the high fire occurrence, pres-
ent an insignificant change of the water vapor mixing ratio. 
August is another month of the high fire intensity, but the 
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amount of increasing water vapor in that month is relatively 
small. From these analyses, water vapor itself cannot explain 
the correlation with fire events, and temperature is an impor-
tant factor in the relationship of dryness of the atmosphere 
and fire occurrence.

As an additional analysis, we have examined the impact 
of fire emissions on cloud fractions. The difference of cloud 
fractions between the WRF_Chem without fire emissions and 

the WRF_Chem with fire emissions explains the change in 
the cloud spatial distribution due to fire emissions (Fig. 9). 
Overall, more clouds are formed in the model simulation 
(WRF_Chem with fires). However, the difference of monthly 
averaged cloud fractions does not correspond to burning areas. 
From the analysis of the basic atmospheric variables, intensive 
fire events (in summer) travel above the boundary layer and 
cause an increase in the atmosphere humidity.

Figure 9. The difference of monthly cloud fractions between the two simulations (WRF_Chem with fires–WRF_Chem without fires).
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Discussion and Conclusion
This paper deals with generating fire emissions using two 
satellite products and develops an approach to establish the 
climatology of fire events over Central Asia. The NDVI met-
rics provide the indicators of burning preferences even though 
it cannot be explained as a regression relationship with fire 
intensity. Calculating burned areas by equation (1), given 
above, still has the issue of missing data. Therefore, we decided 
to use the climatological value of burned area (22.8 ha), where 
only active fires are detected in the domain pixel. According 
to the distribution of burned areas, fire pixels have increased 
by more than 50%. Also, the summer season tends to have a 
high fire intensity with low fire occurrence, while spring and 
fall tend to have a low fire intensity with high fire occurrence.

The analysis of atmospheric stability to smoke explains 
that most smoke plumes are located above the planetary bound-
ary layer. In the case of the plume being above the boundary 
layer, stronger smoke plumes travel to the higher altitude. 
These plumes are located within the boundary layer and may 
increase horizontal dispersion under stable conditions. From 
analyzing stability at the level of strongest smoke, more plume 
height within the boundary layer has a less stable condition.

From the analysis of basic atmospheric variables, we 
have investigated the importance of fire occurrence and fire 
intensity. Intensive fire events in the summer travel above 
the boundary layer and change temperature profile and water 
vapor mixing ratio in the atmosphere, shown as increasing 
instability and water vapor mixing ratio. On the other hand, 
the impact of high fire occurrence is not directly intercorre-
lated to the basic variables. Analyzing the change of horizon-
tal and vertical fluxes can explain why surface temperature 
decreased in April and increased in September in the WRF_
Chem, while fire emissions and change of water vapor mixing 
ratio were small.

Based on the seasonal analysis presented in this study, we 
are planning to develop a climatology of fire emissions over 
Central Asia. From the simulation of the WRF_Chem for a 
couple of decades, we will investigate the change of fire behav-
iors by separating flaming and smoldering combustions and 
the change of surface temperature and moisture profile. We 
are confident that, by developing the fire climatology, there 
will be many advances in our understanding of fire events in 
Central Asia.
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