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Abstract: Effects of forest fires on regional weather conditions were analyzed for Central and Eastern
Siberia after warm and dry weather conditions in summer 2019 using COSMO-Ru (COnsortium for
Small-scale MOdeling; Ru—Russia) and COSMO-RuART (ART—Aerosols and Reactive Trace gases)
model systems. Four series of numerical experiments were conducted (one control experiment
and three forest fire experiments assuming total vegetation destruction within the burned areas)
to evaluate possible effects of forest fires on surface albedo and vegetation properties as well as
their influence on air chemistry and aerosol concentration in the atmosphere. The modeling results
showed significant influence of forest fires on regional weather conditions that occurred over large
areas situated even away from burnt regions. Decreased surface albedo and reduced latent heat
fluxes due to fire-induced destruction of forest cover lead to higher near-surface air temperature
and lower air humidity in both burned and surrounding unburned forest areas. On the other hand,
reduced incoming solar radiation due to smoke from forest fire plumes decreased land surface
temperatures and increased thermal atmospheric stability resulting in reduced regional precipitation.

Keywords: regional weather conditions; forest fires; Central and Eastern Siberia; COSMO-ART;
modeling experiments

1. Introduction

Wildfires have a significant impact on the biosphere [1–5]. They lead to partial or complete
destruction of natural ecosystems, death of plants and animals, loss of biodiversity, and decline in
natural soil fertility [6]. Wildfires can have also significant economic and social consequences for
local communities and can be harmful or even fatal for humans living in the regions close to the
burning areas.

High frequency and severity of forest fires have been observed during recent decades in different
regions of the world and attributed to both increased anthropogenic impacts on the biosphere and
modern climate changes [1,7–12]. Rising global temperature and increased frequency, intensity,
and duration of heat waves and droughts [13] are usually considered to be the main climatic factors
influencing forest fire occurrence [14]. Anthropogenic factors affecting forest fire hazard include
burning dry grass and debris, unattended campfires, careless use of equipment, and infrastructure
development in the wildland–urban interface [15].
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Previous studies examined relationships between wildfire and regional weather and climatic
conditions, often focusing on atmospheric conditions that facilitate the occurrence of forest
fires [12,16–18]. The influence of forest fires on climate and weather conditions are often considered in
the context of direct wildfire impact on surface albedo, net radiation, energy and water fluxes at the
land surface–atmosphere interface [19,20]. However, other studies also consider fire-induced increases
in emissions of greenhouse gases (GHG) [21–23] and aerosols into the atmosphere [24–28]. All of
these factors affect the land surface net radiation, cloud formation, and precipitation. Li et al. [29]
considered the possible influence of forest fires on global temperatures by comparing fire-on and
fire-off simulations with the Community Earth System Model (CESM) and showed that 20th century
wildfires led mean global air temperature to increase ≈0.2 ◦C and mean global net radiation to decrease
≈ 1 W/m2. The results of numerical experiments showed that wildfires result in a significant reduction
in surface evapotranspiration and increase of global runoff, but have almost no impact on annual
precipitation amount [30]. Furthermore, a global analysis of biophysical feedbacks between forest
fires and surface temperature showed that the mean temperature of all burned areas in the northern
hemisphere one year following fires was ≈0.15 ◦C higher than the temperature in undisturbed forest
areas [5]. Reduced evapotranspiration rate in the burned areas occurs at least five years after fires and
can lead to lower cloud cover in the intra-continental areas. Robock [31] analyzed the possible effects
of wildfire smoke on regional weather conditions and showed that the smoke-induced reduction in
atmospheric transparency can decrease daytime temperatures by up to 7 ◦C.

The geographical distribution of forest fires in the world is very heterogeneous mainly due to
aggregated influences of regional climate, vegetation, and soil diversity [32]. Therefore, the influence of
forest fires on spatial patterns of temperature, net radiation, precipitation, and clouds can be expected
to significantly vary among geographical regions [19,33,34]. Boreal forests cover large areas in northern
hemisphere and hold approximately 1/3 of all land surface organic carbon reserves, including the
carbon stored in peatlands [35–39]. The temperate continental climate with frequent and prolonged
spells of dry and hot weather in summer months contributes to high risk of wildfire occurrence in the
boreal forest. Considering the substantial carbon stocks, it is possible that wildfires in boreal forests can
lead to high GHG emissions into the atmosphere compared to other regions and, thereby, can have a
significant impact on the global climate system [7,40]. According to McRae et al. [9], carbon emissions
from burned forests in Siberia can range from 4.8 to 15.4 t C ha−1 depending on the fire severity.

Although at the beginning of the 21st century there was a slight reduction in total annual burned
area in boreal forest zone (2.0% down to 0.33% as compared to the last century) [41–43], the modern
frequency of forest fires in Central and Eastern Siberia remains at a fairly high level [44,45]. Wildfires in
Russia annually affect up to 14 million ha of boreal forests [9]. The highest risks of wildfire occurrences
remain in the mature and old growth forest stands [46].

Given the lack of existing experimental data describing the possible influence of forest fires on
local to regional atmospheric and surface conditions, regional atmospheric models can be an effective
tool to derive the possible influence of wildfires on regional weather conditions. The main goal of our
study was to assess the possible influences of very strong wildfires in the Central and Eastern Siberia
(Russia) during the summer of 2019 on regional meteorological conditions (e.g., air temperature and
humidity, precipitation, solar radiation) and surface energy fluxes. Very high intensity of forest fires in
the Central and Eastern Siberia was mainly due to hot and dry weather conditions prevailing in the
region since the first decade of May 2019. Effects of forest fires on regional weather conditions were
derived using regional modeling system COSMO-Ru for weather forecasting and COSMO-RuART
model configuration for evaluating the aerosol and reactive trace gas influence on the atmosphere.
Application of the various model configurations can help to describe effects of forest fires on atmospheric
properties for both the active burning period and the period following fire.
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2. Materials and Methods

2.1. The Study Area and Weather Conditions during the Study Period

Our modeling study focused on two areas situated in the Central and Eastern Siberian parts of
Northern Eurasia. The first area (Area 1) was in the eastern part of the Krasnoyarsk Krai and the
northern part of the Irkutsk Region, and the second one (Area 2) was in northern Yakutia (Figure 1).
These areas were chosen because in 2019 they were hotspots of fire activity in Siberia. Area 1 has
sporadic discontinuous permafrost and is mainly covered by boreal forest communities (>70%). Area 2
has continuous permafrost and is covered by boreal and tundra vegetation.
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Figure 1. Geographical locations of the COSMO-Ru (COnsortium for Small-scale MOdeling;
Ru—Russia) and COSMO-RuART (ART—Aerosols and Reactive Trace gases) modeling domains
(contoured by black and red lines, respectively), as well as Study Area 1 and Area 2 (contoured by blue
line) selected to analyze the possible effects of forest fires on weather conditions. Red spots are locations
of forest fires within the modeling domains for selected period of 1–14 August 2019. The background
color depicts surface elevation.

According to the Köppen–Geiger climate classification system [47,48], Area 1 has subarctic climate
(Dfc) with long and usually very cold winters with short mild summers. Area 2 is situated in the
north-eastern part of the modeling domain and it is characterized by extremely cold subarctic climates
(Dfd, Dwd) with severe winters and very short cool to mild summers [49,50].

To analyze the possible effects of forest fires on regional weather conditions, a two-week period
from 1 to 14 August 2019 was selected. The summer of 2019 in Central and Eastern Siberia was
characterized by weather conditions with prevailing high air temperatures and large precipitation
deficiency. In May and June, the weather conditions in the study area were mainly influenced by
high-pressure systems that provide sunny and relatively dry weather conditions. Weak precipitation
was mainly associated with regional frontal and cyclonic activity. The prevailing anticyclone weather
caused a significant shortage of precipitation over most of the study region. The frequent southern
advections of very warm subtropical air resulted in significant positive temperature anomalies. In the
northern part of Yakutia, the temperature anomalies in June reached +8.9 ◦C. In July, warm weather
conditions in Central and Eastern Siberia continued. Western active cyclones were blocked by
stationary high-pressure areas and did not reach the study regions. This contributed to the continuing
dry weather conditions in the study areas. In August, under the influence of southern winds and
anticyclone weather, significant temperature anomalies developed in northern Siberia, with some
regions experiencing monthly temperature anomalies that exceeded +6 ◦C. In addition, a lack of
precipitation persisted for most areas included in the study. Precipitation rates near the long-term
climatic mean were only observed in the central regions of Yakutia (to the south from the Area 2).
These weather conditions highly contributed to the extremely large spread of natural fires in the vast
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forests of Central and Eastern Siberia. The total area damaged by forest fires in Siberia in August 2019
reached 13 million hectares.

2.2. Meso-Meteorological Non-Hydrostatic Model System COSMO-RuART

To derive the possible influence of forest fires on regional weather conditions (temperature,
humidity, cloudiness, and precipitation patterns) in the Central and Eastern Siberia in 2019,
we applied the model system COSMO-RuART. COSMO-RuART is a specific model configuration
of the COSMO-ART (COnsortium for Small-scale MOdeling—Aerosols and Reactive Trace gases)
model system that combines mesoscale weather forecast model (COSMO) with Aerosols and Reactive
Trace gases (ART) atmospheric chemistry module [51]. The COSMO is a nonhydrostatic limited-area
atmospheric prediction model that was developed within the framework of the Consortium for
Small-Scale Modeling [52]. It is based on thermo-hydrodynamical equations describing compressible
flow in a moist atmosphere and designed for operational numerical weather predictions. The land
surface parameterization applied in COSMO allows for description of the energy and water exchange
at the soil–vegetation–atmosphere interface while accounting for the biophysical properties of various
vegetation types and changes due to external factors (e.g., wildfires). COSMO configuration for
numerical weather forecasting and modeling experiments in Russia is called COSMO-Ru model
system [53] and it has been used by the Hydrometeorological Center of Russia since 2009 for
operational and research tasks including regional weather forecasting.

The main advantage of the COSMO-ART model system is its ability to simulate chemical
transformations of gaseous substances, photodissociation, coagulation, condensation, nucleation,
deposition, removal, and washing out of aerosols in the atmosphere while also taking into account
the aerosol chemistry, aerosol optical properties, aerosol–radiation interaction, thermal emissions of
sea salt, mineral dust and pollen, and biogenic emissions of hydrocarbons. The important feature
of COSMO-ART is also its ability for joint simulations of meteorological parameters and chemical
transformations at each time step that allows consideration of aerosol feedback on radiation and
meteorological conditions in the atmosphere. The COSMO-RuART configuration is adapted for daily
operational weather predictions using external information about pollution emissions over Russia [54].
It is especially important in regions with high aerosol concentrations in the air and is useful in areas
with strong atmospheric pollution from anthropogenic sources or wildfires [55–57].

2.3. Modeling Experiments

The very warm and dry weather conditions observed in Siberia (Russia) in summer 2019
contributed to extreme spread of natural fires in the region’s vast forested areas. The two-week period
in August 2019 (1–14 August) was selected for our modeling study because of maximum fire activity
in the region at this time. The spatial pattern of regional forest fires during this period was derived
using the MODIS Thermal Anomalies/Fire products [58]. Assessing the volumes of GHG and aerosol
emissions from wildfires into the atmosphere was provided using the methods suggested by Bondur
et al. [59–61]. To predict the possible effect of forest fires on regional weather conditions, two modeling
domains were selected (Figure 1). The modeling domain for COSMO-Ru covered almost the entire
territory of Siberia, the north-eastern part of the Russian Far East, and the northern borders of China
and Mongolia. It consisted of 735 × 600 simulation grid points. The COSMO-RuART modeling
domain was situated within the COSMO-Ru domain and consisted of 420 × 420 simulation grid
points. The initial and boundary conditions for the COSMO-Ru model were provided by the global
nonhydrostatic numerical weather prediction model ICON (ICOsahedral Nonhydrostatic) with grid
spacing of 13.2 km [62], whereas the boundary conditions for COSMO-RuART were determined from
the COSMO-Ru calculations. The ICON forecasts on lead-time from 0 to 21 h were used as driving
fields for regional model runs. A spectral nudging technique was applied to reduce the difference
in description of large-scale circulation processes provided by regional and global models. In our
modeling experiments we used the scale of the assimilated large-scale components of atmospheric
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circulations with a wavelength equal or larger than 1000 km. The wavelength choice was based on the
decomposition of the atmospheric fields of the ICON and COSMO models in a two-dimensional Fourier
series with subsequent separate assimilation of large-scale waves of ICON in the COSMO model.
All modeling experiments in our study were performed using the COSMO-Ru and COSMO-RuART
model configurations of the COSMO 5.0 model with 40 vertical levels up to a height of 22 km and
with horizontal grid spacing of 0.06 degrees (≈6.6 km) on the Cray XC40-LC supercomputing system
located at the Main Computer Center of Roshydromet (Moscow, Russia). This model grid spacing is
currently used by operational short-range numerical weather forecast system COSMO-Ru [53,54] and
balances forecast accuracy with computing demand.

To derive the possible response of forest fires to regional weather conditions, we conducted
four numerical experiments (one control experiment and three forest fire experiments assuming total
destruction of vegetation cover within the burned areas). The control experiment assumed complete
absence of forest fires within and outside the modeling areas and domains. The first forest fire
experiment assumed total destruction by fires of all trees within the model grids with detected forest
fire locations (shown by red spots in Figure 1). Complete disappearance of above ground tree and
plant biomass at the burned areas results in reduction of the forest coverage and Leaf Area Index
(LAI) to zero as well as a decrease of surface albedo to 10% [2,63]. The second forest fire experiment
also assumed complete elimination of trees, plants, and surface litter at the burned areas, as well as
stronger reduction of surface albedo to less than 1% due to dense soot deposition on the ground surface.
Any possible effects of forest fires on atmosphere transparency and the release of aerosols and gaseous
substances into the atmosphere in both these forest fire experiments were ignored (ART module is
deactivated). Thus, the results of these two experiments can be interpreted as the possible impact of
fire-induced land surface changes on the atmosphere during the period following fire until beginning
active plant cover recovery. Considering a high frequency of forest fires and large areas in Siberia
damaged by fire over the last decade, such scenarios can be useful for better understanding the key
mechanisms of the land surface–atmosphere interactions during the post-fire period.

The last modeling experiment used parameter settings similar to the first forest fire scenario but
was conducted with the activated ART module to account for all possible effects of forest fires on
regional weather conditions, including changes of surface albedo, forest coverage, LAI, air chemistry,
and atmospheric aerosol concentrations [54]. Thus, all combinations of direct and feedback links
between forest fires and atmospheric characteristics observed at the time of the forest burning period
were considered in the study. The possible effects of forest fires on surface roughness characteristics
due to reduced forest LAI were ignored in the study. The modeling algorithm describing particulate
matter (PM) emission into the atmosphere during the forest fires [64–66] was evaluated and showed
good agreement with various atmospheric observations [54].

To conduct all our numerical experiments 576 processor cores of the Cray XC40-LC supercomputing
system were used. Numerical experiments without ART module for the modeling domain with 735 ×
600 × 40 grid cells at 40 s time step require ≈450 min computing time for 336 h forecasting. The ART
experiments for the domain with 420 × 420 × 40 grid cells at 20 s time step required ≈1500 min
computing time.

2.4. Convective Instability Indexes

To estimate the effect of forest fires on convective atmospheric conditions, we applied the
Convective Available Potential Energy (CAPE) and Convective Inhibition (CIN) indices. CAPE is a
measure of the amount of energy available for convection and it is directly related to the speed of an
air parcel rising upward through the atmosphere. The CIN index is the opposite index to CAPE and it
quantifies the energy needed to lift an air parcel upward adiabatically and pseudo-adiabatically to free
convection level [67].

In our study, we used two different ways to calculate the CAPE and CIN indices [67,68]. The mixed
level versions (MLCAPE, MLCIN) are used to calculate the indices using the parcel conditions within
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the lowest 50 hPa atmospheric layer lifting to the level of free convection. The most unstable index
versions (MUCAPE, MUCIN) are calculated from the conditions of the most unstable air parcel starting
at the ground surface and ending at 300 hPa above the surface.

3. Results

The results of our modeling experiments showed that the forest fires in Central and Eastern
Siberia in August 2019 significantly influenced local and regional weather conditions. The fires affected
both spatial and temporal variability of key meteorological parameters (air temperature and humidity,
solar radiation, precipitation, cloud amount) and energy fluxes at the land surface–atmosphere
interface. Fire influences were observed in both the burned areas and regions situated far away from
the forest fires.

3.1. Effect of Forest Fires on Time Averaged Meteorological Characteristics

The modeling experiments considering the possible effects of forest fires on regional meteorological
conditions due to fire-induced changes of surface properties without accounting for atmospheric
chemistry and transparency changes (experiments 1 and 2) showed that the mean air temperatures
at 2 m above the ground were about 0.2–0.3 ◦C higher than the mean air temperatures in the control
experiment (Table 1; Table 2). Similar comparisons of the mean air temperatures at burned sites
between forest fire and control experiments showed that the differences of the mean air temperatures
(at 2 m above the ground surface) at burned sites significantly exceeded the differences obtained for
the entire areas and can reach 1.1–1.3 ◦C.

The results of the forest fire experiment 3 with activated ART atmospheric chemistry module
showed opposite temperature trends. The mean near-surface air temperature at burned sites was
≈2.1 ◦C lower than in the control experiment for Area 1 and≈0.9 ◦C lower than in the control experiment
for the Area 2. Similar trends were found for the air temperature differences averaged for each modeling
area (Table 1; Table 2).

Contrasting trends in the modeling experiments were also found in incoming solar and net
radiation (Table 1; Table 2). Whereas in modeling experiments 1–2 the influence of forest fires on
incoming solar radiation was quite insignificant, their effect in the ART experiment was much larger
(Table 1; Table 2). It was shown that in Area 1, the decrease of direct solar radiation in the ART
experiment due to forest fires reached 67%, while the direct solar radiation reduction in the Area 2,
situated further northeast, was only 54%. The maximum changes in diffuse solar radiation in the ART
experiment was found in Area 2 (56%) whereas changes for Area 1 were lower at 43%.

The differences in fire-induced changes of incoming solar radiation and albedo cause changes in
shortwave net radiations for the various modeling experiments. In the first two forest fire experiments
increasing shortwave net radiation was due to reduced albedo, but the decrease of the shortwave
net radiation in the ART experiment was mainly due to reduced incoming solar radiation caused by
wildfire smoke. The shortwave net radiation reduction reached 32% for Area 1 and 16% for Area
2. The changes of net radiation due to forest fires had similar trends, except for the first forest fire
experiment, where a slight decrease of the surface net radiation compared to the control experiment
was found.

One of the key results obtained during the modeling experiments was that fire decreased latent
heat fluxes up to 92% compared with control conditions, which was due to 100% reduction of
transpiration-mediated water loss by plants at burned sites. Strongly decreased latent and increased
sensible heat fluxes also caused a significant increase of the Bowen ratio, with values reaching a
maximum for Area 2 (up to 16 in experiment 2) (Table 1; Table 2).

Reduction of evapotranspiration in burned areas decreased near surface air specific humidity,
dew points, and partial pressure of water vapor (Table 1; Table 2). The specific humidity at 2 m above
ground was up to 0.6 ◦C lower at burned sites for all forest fire experiments compared with the control.
Analysis of the relative humidity changes in the ART experiment indicated that the small increases
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in both model areas were mainly due to significantly reduced near-surface air temperature despite
decreased specific humidity.

Table 1. Mean values of meteorological parameters for the entire Area 1 (A1) and burned sites within
the Area 1 (Figure 1) from 1 to 14 August 2019 derived from forest fire experiments.

Meteorological
Parameters

Control Experiment
Forest Fire

Experiment 1
(without ART)

Forest Fire
Experiment 2

(without ART)

Forest Fire
Experiment 3
(with ART)

A1
Sites Damaged

by Fires in
Experiments 1–3

A1 Burned
Sites A1 Burned

Sites A1 Burned
Sites

Surface albedo, % 12.8 13.1 12.6 10.0 11.7 0.02 12.6 10.0

Air temperature at
2 m height, ◦C 17.1 17.6 17.3 18.7 17.4 18.9 15.1 15.7

Dew point at 2 m
height, ◦C 11.6 11.5 11.3 10.5 11.3 10.4 10.8 10.2

Dew point deficit
at 2 m height, ◦C 5.5 6.1 6 8.2 6.1 8.5 4.3 5.5

Partial pressure of
water vapor, hPa 13.7 13.6 13.4 12.7 13.4 12.6 12.9 12.4

Specific humidity
at 2 m height, g/kg 9.0 8.9 8.8 8.3 8.8 8.3 8.5 8.2

Wind speed at
10 m height, m/s 2.3 2.3 2.3 2.5 2.3 2.6 2.2 2.3

Surface sensible
heat flux, W/m2 26.6 31.0 29.3 77.8 30.0 91.8 14.1 39.1

Surface latent heat
flux, W/m2 74.0 67.9 70.4 14.5 71.1 15.3 49.0 11.2

Bowen ratio 0.4 0.5 0.4 5.4 0.4 6.0 0.3 3.5

Direct shortwave
radiation at

ground surface,
W/m2

135 136 136 136 137 137 45 36

Diffuse shortwave
radiation at

ground surface,
W/m2

73 73 73 72 73 68 105 99

Shortwave net
radiation, W/m2 181 181 183 187 185 205 132 122

Net radiation,
W/m2 110 109 110 105 111 120 70 59

Low-level cloud
cover, % 24 22 22 21 22 20 28 27

Mid-level cloud
cover, % 28 27 28 27 28 27 26 25

High-level cloud
cover, % 46 45 45 45 45 45 35 35

Total cloud cover,
% 57 56 56 56 56 56 53 52

Total precipitation
for the entire
period, mm

30.5 30.8 30.0 31.6 30.2 32.0 23.0 22.3

The models showed that the possible effect of forest fires on wind speed due to total vegetation
destruction at burned sites did not have a significant effect on modeled mean wind speed values
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(Table 1; Table 2). A small increase in wind speed (0.1–0.3 m s−1) was only detected at the completely
burned areas in the forest fire experiments 1 and 2.

Table 2. Mean values of meteorological parameters for the entire Area 2 (A2) and burnt sites within the
Area 2 (Figure 1) from 1 to 14 August 2019 derived from various forest fire experiments.

Meteorological
Parameters

Control Experiment
Forest Fire

Experiment 1
(without ART)

Forest Fire
Experiment 2

(without ART)

Forest Fire
Experiment 3
(with ART)

A2
Sites Damaged

by Fires in
Experiments 1–3

A2 Burned
Sites A2 Burned

Sites A2 Burned
Sites

Surface albedo, % 11.4 12.3 11.2 10.0 9.8 0.02 11.2 10.0

Air temperature at
2 m height, ◦C 13.4 13.9 13.6 14.7 13.7 15.1 12.3 13.2

Dew point at 2 m
height, ◦C 7.4 7.3 7.1 6.3 7.1 6.2 6.8 6.0

Dew point deficit
at 2 m height, ◦C 6 6.6 6.5 8.4 6.6 8.9 5.5 7.2

Partial pressure of
water vapor, hPa 10.3 10.2 10.1 9.5 10.1 9.5 9.9 9.3

Specific humidity
at 2 m height, g/kg 6.8 6.7 6.6 6.3 6.6 6.2 6.5 6.1

Wind speed at
10 m height, m/s 2.3 2.2 2.4 2.3 2.4 2.4 2.1 2.1

Surface sensible
heat flux, W/m2 34.9 39.3 37.4 71.2 40.3 88.3 24.8 48.7

Surface latent heat
flux, W/m2 50.0 46.6 45.4 5.7 45.9 5.6 34.2 3.5

Bowen ratio 0.7 0.8 0.8 12.5 0.9 15.8 0.7 13.9

Direct shortwave
radiation at

ground surface,
W/m2

138 148 138 146 141 146 63 65

Diffuse shortwave
radiation at

ground surface,
W/m2

70 67 69 66 68 62 109 109

Short-wave net
radiation, W/m2 182 185 181 189 186 208 152 156

Net radiation,
W/m2 100 101 99 96 103 114 72 68

Low-level cloud
cover, % 20 17 19 17 18 17 17 14

Mid-level cloud
cover, % 28 25 28 26 27 26 22 19

High-level cloud
cover, % 27 26 27 27 28 27 17 16

Total cloud cover,
% 48 44 47 44 46 45 39 34

Total precipitation
for the entire
period, mm

7.6 5.2 7.4 6.3 7.2 5.5 2.5 1.7

Significant differences were found between various modeling experiments to derive forest fire
influence on cloud cover and precipitation. Forest fire experiments 1 and 2 did not include aerosol
and gaseous component changes in the atmosphere due to forest fires and predict relatively small
decrease of total clouds amount and spatially averaged precipitation rates. On the other hand, the ART
forest fire experiment forecasted a reduction of total precipitation by about 7.5 mm (24%) for modeling
Area 1, and by about 5.1 mm (67%) for modeling Area 2, respectively (Table 1; Table 2). It is important
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to note that the influence of forest fire smoke on cloud amount manifests differently for cloudiness
at different levels in the atmosphere. The ART experiment showed that whereas these forest fires
decreased mid- and high-level cloud cover, the opposite trends were found for low-level cloud cover
in different modeling areas (increases of cloud amount for the Area 1 and decreases for Area 2).

3.2. Temporal Variability of Meteorological Parameters

Analysis of the temporal variability of meteorological conditions for different forest fire modeling
experiments showed high variability depending on time of day and weather conditions (Figure 2).
The 2 m air temperatures averaged over each modeling area in the forest fire experiments 1 and 2 were
always higher than the temperatures in the control experiments, whereas the air temperatures obtained
in the ART experiment were lower than in the control, especially during the periods with high aerosol
concentrations. Maximum air temperature differences between the forest fire and control experiments
were found at burned sites (Figure 1) for daytime periods (up to 7 ◦C) while minimum differences
occurred at nighttime (Figure 2b). Moreover, the temperature differences increased under sunny
conditions and decreased under cloudy weather conditions. The temperature differences between
forest fire and control experiments for the entire Areas 1 and 2 were smaller but sometimes reached
−6 ◦C for the ART experiment (Figure 2a).
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Figure 2. Temporal variability of air temperature and dew point for Area 1 from 1–14 August 2019
under various forest fire experiments: (a) mean air temperature (2 m height) for the entire area, ◦C;
(b) mean air temperature at the burned sites, ◦C; (c) mean dew point (2 m height) for the entire area, ◦C;
(d) mean dew point at burned sites, ◦C.

The temporal variability of dew points at 2 m above ground (Figure 2c,d) was characterized by
similar variation, with maximum differences between forest fire and control experiments during the
daytime and with minimum differences found at night.

Analysis of temporal variability of latent heat fluxes for various modeling experiments showed
that the maximum reduction of latent heat fluxes at burned sites occurred during the day (Figure 3)
when the latent heat fluxes at these sites were close to zero, even at noon. Simulated small increases
of the latent heat fluxes at burned sites in the Area 1 on August 12–14 (Figure 3d) could be due to
several short-term rainfalls observed during the period in parts of the study area (with maximum
precipitation rate on August 12). The sensible heat fluxes at the burned sites for experiments 1 and 2
were always higher than the flux values obtained for the control experiment over the daytime period.
The sensible heat fluxes obtained in the last forest fire experiment that considered aerosol–radiation
interaction (with ART) for burned sites was close to the values of the control experiment (Figure 3b)
and varied significantly depending on weather conditions. The mean daily sensible fluxes averaged
for each modeling area obtained within the ART experiments were always significantly lower than the
fluxes in the control experiment.
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Figure 3. Temporal variability of energy fluxes for Area 1 from 1–14 August 2019 for various forest fire
experiments: (a) sensible heat fluxes averaged over the entire area, W/m2; (b) mean sensible heat fluxes
at burned sites, W/m2; (c) latent heat fluxes averaged over the entire area, W/m2; (d) mean latent heat
fluxes at burned sites, W/m2.

3.3. Spatial Distribution of Meteorological Parameters

The spatial patterns of the meteorological parameter differences in various modeling experiments
were mainly influenced by spatial distribution of forest fires (Figure 1) and prevailing wind direction.
Figure 4 illustrates the modeled spatial distribution of biomass burning aerosol optical depth (AOD)
averaged from August 1–14. The highest values of AOD were concentrated over Area 1. The AOD
values over the Area 2 were lower due to aerosol transfer by prevailing eastern winds.
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Analysis of air temperature differences at 2 m above the ground between the forest fire and control
experiments (Figure 5) showed that whereas the maximum temperature differences in the forest fire
experiments 1 and 2 were situated close to the burning sites (Figure 1), the temperature differences in
the forest fire experiment with the ART module were mainly caused by the spatial distribution of AOD
(Figure 4).

Effect of forest fires on precipitation patterns was mainly influenced by global and regional
circulation processes that resulted in numerous local positive and negative anomalies of precipitation
rates even in areas far from burned areas (Figure 6).

Analysis of the spatial heterogeneity of convective storm indices (illustrating effects of forest
fires on both near-ground surface characteristics and parameters of the entire atmosphere column) for
the first two forest fire experiments ignoring aerosol and smoke influence on atmosphere properties
(ART-off experiment) showed relatively small effects of forest fires on the spatial patterns of CAPE
values. The absolute CAPE values in burned areas were much smaller than the values confined to
the areas of atmospheric fronts with intensive upward air motions. The areas with positive CAPE
values were similarly detected in all modeling experiments, although CAPE can be quite different
among various experiments for some grid points and time intervals. Modeling results also show that
the ART experiment provides substantially lower MLCAPE and MUCAPE values compared with
ART-off experiments. There was a slight decrease in the values of these indices in the ART experiment,
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taking into account the influence of smoke on atmospheric properties, which is consistent with the
trend of reduced precipitation. Similar analysis of the spatial patterns of the CIN values did not reveal
any statistically significant differences among various numerical experiments.
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An increase of low-level cloud cover and relative humidity near the ground (reduced dew point
deficit) in the ART experiments (Table 1; Table 2) showed that the smoke from forest fires resulted in
the formation of thermal inversions in the lower atmosphere. It was confirmed by a slight decrease in
the convective instability of the atmosphere for the ART experiments, which can be seen in regions
situated even away from forest fires (Figure 7).
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4. Discussion

The modeling scenarios illustrating different ways that forest fires can influence regional weather
conditions showed a significant effect of forest fires on temporal and spatial variability of near-surface
air temperature, air humidity, dew point, cloud cover, and precipitation rates. Depending on
the forest fire experiment these influences had either positive or negative impacts on corresponding
meteorological characteristics depending on forest fire locations, their severity, and regional atmosphere
circulation features.

The first two forest fire scenarios considered the influence of forest fires on ground surface
vegetation without allowing for any changes of atmospheric properties and chemistry due to significant
aerosols and gases emission into the atmosphere from wildfires. Fire-induced total forest disturbance,
loss of living aboveground biomass, and decrease of the surface albedo resulted in increased short-wave
surface net radiation, as well as in a reduction of the latent heat flux and increase of sensible heat fluxes
at burned sites. This can lead to stronger heating of the soil surface during the daytime hours, higher
daytime air temperatures, and lower specific humidity of the air. Significant changes in atmospheric
fluxes and the Bowen ratio at burned sites during the modeling experiments is consistent with available
results of the energy balance measurements across the western boreal zone of North America [69]
and shows a strong increase in the daily Bowen ratio values up to 2 and higher at boreal forest sites
immediately after a fire. Similar changes in atmospheric fluxes at burned sites were obtained also by
Moelder and Kramm [70] using the mesoscale model MM5 to describe wildfire effects on regional
weather conditions in Alaska. They reported that increased sensible heat fluxes at burned sites due
to lower albedo and higher net radiation lead to an increase of the air temperature at the sites up
to 3 ◦C. Post-fire regeneration of woody vegetation at burned sites depends on pre-burn vegetation,
fire types and severity [71] and can continue for decades to centuries [72]. Active recovery of grassy
vegetation at completely disturbed forest sites can increase surface albedo and evapotranspiration,
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thereby compensating for the changes in surface energy balance caused by destruction of the forest
woody vegetation [73,74].

The spatial precipitation patterns in the modeling scenarios that did not consider fire emission
into the atmosphere are mainly influenced by global and regional circulation processes and manifested
mainly in local positive or negative precipitation anomalies (Figure 6). There was a small decrease in
precipitation rates that was influenced by multiple factors, including decreased evapotranspiration rate
at burned sites due to forest disturbances. Similar effects were observed in the modeling experiments
imitating total forest disturbances due to clear-felling conducted using the COSMO-Ru model for
European part of Russia [75–77]. The effects of forest fires of spatial precipitation patterns can also
be seen in a study showing a small increase in the precipitation rate in the areas situated on the
leeward sides of the burned areas, as well as some precipitation reduction within the burned areas
themselves [70]. Such effects were not found in our study, possibly due to numerous forest fire locations
chaotically distributed within the modeling areas. Moreover, it can be expected that such different
results can be explained also by various sizes of burned areas, the different durations of forest fires and
their intensity. The spatial precipitation pattern can be also strongly influenced by regional and local
circulation processes.

In the modeling experiments assuming a large aerosol emission into the atmosphere from the
burning forest (ART experiment), we obtained opposite effects of forest fires on air temperature
compared with the forest fire experiments 1 and 2 (without ART). Decreased incoming solar radiation
due to increased atmospheric aerosol concentration and reduced atmospheric transparency resulted
in significant decreased incoming solar radiation and near-surface air temperatures compared with
the control experiment, both at burned and burning areas and at the areas far from the forest fire
regions. Similar reduction of incoming solar radiation due to high smoke aerosol concentrations in
the atmosphere in the areas situated at various distances from wildfire regions were also observed in
numerous experimental studies [55,57,78–80].

Releases of large amounts of cloud condensation nuclei (CCN) into the atmosphere lead to
reduction of total precipitation and total cloud amount within both modeling areas. It can be expected
that the fire-induced surface cooling and the heating of the atmosphere at the height of 1.5–3 km resulted
in the weakening of the convective processes and reduced the total cloudiness and precipitation within
the study area. A predicted 5% increase of low-level cloud cover (below ≈1.5 km) over Area 1 did not
have any noticeable effect on precipitation rate since precipitation is mainly produced by multilevel
and convective clouds. Similar results were obtained by Grell et al. [81] in Alaska using the WRF-Chem
model. That study showed that fire-induced aerosol emissions (PM2.5) lead to significant changes in
the vertical temperature and specific humidity distributions. Higher CCN in the air causes changes
to cloud structure that in turn decrease the area and intensity of precipitation. It was also shown
to increase convective heavy rainfall in the afternoon. Similar effects of forest fires on convective
processes were reported in other studies [82–84]. Zhang et al. [84] used a modified WRF-Chem model
to show that both heat and aerosol effects increase low-level temperatures and mid-level buoyancy
and enhance consequently the convective intensity. Such effects in our study manifested in changes of
the CAPE and CIN indices. Some of the differences found between the spatial patterns of the indices in
various experiments with and without activated ART module could be due to differences in low-level
temperatures and in energy available for free convection. It can be expected that in order to better
assess the impact of forest fires on convective processes at a local scale, the simulations with models
that include higher spatial resolution are very necessary.

The present study assumed that all observed forest fires in the Siberian region in 2019 were crown
forest fires where the fire burns trees up their entire length to the top. More detailed information about
the type of forest fires (e.g., crown, surface, ground fires) and their severity within the study areas was
not available due to the remoteness from any settlements and roads. Forest fires of different types will
result in different forest disturbances and have various impacts on forest albedo, net radiation, surface
energy, and water budgets and this is one of the key sources of possible uncertainties in modeling
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experiments. Other possible sources of uncertainty include model simplifications in the description of
the land surface–atmosphere interactions and a lack of representative input data describing particularly
vegetation and soil properties in the region. One factor that should also be considered is the spatial
permafrost patterns. The permafrost depth and the thickness of active surface layer can influence forest
fire patterns and severity. At the same time, forest fires can be also an important driver of permafrost
thaw in boreal forest zone [85,86].

There are a wide range of possible weather responses to forest fires at different time and spatial
scales, highlighting the need for new integrated experiments using different regional models based
on detailed parameterization of cloud formation processes, aerosol exchange, solar and long-wave
radiation transfer, radiation, and energy budgets of the ground surface. This will help describe in more
detail how fire type (e.g., crown, surface, ground fires) and intensity affect near-surface meteorological
characteristics in different regions of the world. To estimate the effect of accounting for forest fires in
Numerical Weather Prediction (NWP) operational forecasts it will be necessary to conduct in-depth
comparisons of different simulation scenarios with observations.

5. Conclusions

Our numerical experiments based on the COSMO-Ru and COSMO-RuART models revealed that
forest fires affected regional weather in the Central and Eastern Siberia (Russia) for a two-week period in
summer 2019. These models showed a multifaceted effect of forest fires on regional weather conditions.
Forest fires significantly increased surface net radiation due to lower albedo at burned sites, as well as
caused strong reduction in latent heat and increased sensible heat fluxes. Decreased evapotranspiration
results in relatively small decreases in total regional precipitations that were roughly proportional to
the fraction of total forest area that was damaged by fires. The spatial precipitation patterns were very
heterogeneous due to regional circulation processes and characterized by numerous local positive or
negative anomalies.

A large amount of aerosols released into the atmosphere from forest fires significantly decreased
incoming solar and net radiations, and consequently decreased the surface temperature at both burned
sites and areas situated away from the forest fires. Despite the release of large CCN amounts into the
atmosphere, our modeling simulations predicted a reduction in total precipitation and total cloud
amount mainly due to the fire-induced surface cooling and the heating of the atmosphere at the height
of 1.5–3 km that lead to a weakening of the convective processes.

To determine how large forest fires affect regional weather conditions and the atmosphere under
modern and future climate conditions, more accurate assessment is needed. It is important to consider
the projected significant increase in air temperature in boreal and polar regions of Northern Eurasia
and Northern America over the 21st century because they can lead to higher risks of forest fires [87].
Additional experimental and modeling studies describing the effect of forest fires on the atmosphere
under present and projected future climate conditions are necessary.
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