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Key Points:

« Significant changes in circulations and temperature in mid-high latitude are in-
duced by African wildfire aerosols in January.

e These effects are imposed through Rossby wave trains excited by the aerosols-induced
atmospheric heating anomaly.

e The anomalous atmospheric heating is primarily due to the absorption of solar ra-
diation by black carbon.
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Abstract

[This study investigates the impacts of wildfire aerosols (primary organic carbon, black
carbon and sulfate) on the Northern hemispheric boreal winter climate. We found that
wildfire aerosols emitted from equatorial Africa result in two mid-high latitude Rossby
wave trains. One is from subtropical Atlantic propagating northward across Europe to
Siberia, and the other one propagates eastward from Mid-East across Asia to Northwest

Pacific. The maximum positive height anomaly locates in Europe, concurrent with a greater-

than-2K surface warming. These Rossby wave trains are excited by the atmospheric heat-
ing in equatorial Africa and propagate into extratropics with the help of the westerly jet.
Through the heat budget analysis, the source of the Rossby wave is primarily due to the
solar absorption of black carbon in Africa. The present study emphasize that aerosols
especial the absorbing aerosols would have profound thermo-dynamic effects on remote
regions and need more attentions.]

Plain Language Summary

[Besides the radiative effects, aerosols could have significant thermo-dynamics im-
pacts. With global atmospheric model, we found that African wildfire aerosols induce
significant regional circulations and temperature changes in mid-high latitude. The con-
nections between tropics and extratropics were imposed by Rossby waves triggered by
the atmospheric heating in Africa. And the pathways of the propagation of two Rossby
wave trains were identified, which were correlated with the subtropical jet streams. And
for the atmospheric heating, black carbon contributed around 80% to the changes of to-
tal solar heating rate. This study emphasized the aerosols especially with absorbing aerosols
could result in profound thermo-dynamic effects which need more cautions.]

1 Introduction

Aerosol through scattering and absorbing solar radiation could alter energy bal-
ance, and also can be activated as cloud droplet nuclei/or ice nuclei changing the cloud
radiative and microphysical properties and affecting the cloud radiative effects. The aerosol
radiative effects and aerosol-cloud interaction effects have been widely studied and eval-
uated, still being a hot topic in the atmospheric community. Besides the radiative effects
of aerosols, the radiative forcing of aerosols could further induce regional warming or cool-
ing (e.g., Chen et al., 2016; Ramanathan & Carmichael, 2008; Z. Li et al., 2016), and the
persistence of the regional anomalies could further induce large-scale climate response
via dynamical or thermal-dynamical effects.

There are lots of studies on the regulation of aerosol effects on regional climate. For
example, the deposition of dust and black carbon (BC) on Tibetan plateau made the Ti-
betan Plateau as an elevated heat pump, which would advance the onset of South Asian
monsoon, and affect the position of Mei-yu rain belt in East Asia (Lau et al., 2006). BC
emitted over India advance the Indian monsoon onset (Bollasina et al., 2013), increase
the pre-monsoon rainfall, and reduce monsoon precipitation (Ganguly et al., 2012)due
to the absorbing of solar radiation increasing meridional temperature gradient (Meehl
et al., 2008). The impacts of anthropogenic aerosols on East Asian Monsoon has been
also studied widely (Y. Q. Jiang et al., 2013; Y. Liu et al., 2009; Z. Li et al., 2016; Song
et al., 2014; Qian et al., 2001; Giorgi et al., 2003, 2002; Zhang et al., 2012). A more re-
cent atmosphere-ocean coupled modeling study (Lou et al., 2019) showed that BC heat-
ing over mid-latitudes can weaken East Asian monsoon through direct heating and cloud
feedbacks. In addition, polluted snow by light-absorbing aerosols over Tibetan Plateau
could decrease snow albedo, leading to reduced snow cover that in turn changes the East
Asian monsoon circulation (Qian et al., 2011, 2015; Yasunari et al., 2015).
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These previous studies were mainly focus on the climate impacts of aerosols on re-
gional regions which are close to the aerosol source regions. A global scale impacts can
also be generated, such as the weakening of the Hadley Cell (Allen & Sherwood, 2011;
Tosca et al., 2013), and shifts of subtropical Jets (Ming et al., 2011). But only few works
reported that a teleconnection may be induced by aerosols. For example, the variations
of Sahara dust could induce planetary waves (Rodwell & Jung, 2008). Kim et al. (2006)
found that the direct radiative effects of dust and BC could excite a planetary wave span-
ning from North Africa through Eurasia to the North Pacific in boreal spring. In the above
two studies model only simulated the absorbing aerosols, we wonder how the global cir-
culation response when scattering aerosols, and the indirect radiative effects of aerosols
are included, whether we could build the same pathways of the aerosol remote effects.

This work is a follow-up study of the global analysis of the wildfire aerosol radi-
ation effects done by (Y. Jiang et al., 2016) in which the direct and indirect of three types
of aerosols sulfate, BC, and primary organic matter are included and the indirect of fire
aerosols are much larger than the direct effect. This study we focus on the thermo-dynamic
effects of wildfire aerosols, the key questions we aim to answer here are that how the re-
mote response of aerosols are formed, whether it is the direct or indirect effects of aerosols
trigger the remote effects, and whether it is due to the absorbing aerosols or scattering
aerosols. In the present study, sensitivity simulations for the period of 2003-2011 using
the aerosol emissions from the Global Fire Emission Datasets version 3.1 (GFED V3.1)
are employed to investigate the possible impacts of wildfire aerosols on circulation in Jan-
uary. We focus on the climate response in January for two reasons. First, the wildfire
aerosols in January are mainly confined to the northern equatorial Africa. Such a sin-
gle major source region is more desirable to identify the pathway of the remote climate
effects of biomass burning aerosols. Second, the planetary stationary waves are most pro-
nounced in boreal winter. The following parts are organized as below: section 2 give the
overview of model and experiments, section 3 present the general radiative effects and
circalutation changes, and explore the cause of the teleconnections. Section 4 summary
the main results and discussion.

2 Model and Experiment Design
2.1 Model
The Community Atmosphere Model version 5.3 (CAM5.3) (Neale et al., 2010) with

the finite volume dynamics core are used. A two-moment cloud microphysics scheme (Morrison

et al., 2008) is adopted. The Modal Aerosol Model (MAM4) that consists of four log-
normal modes (Aitken, accumulation, coarse, and primary carbon mode) is used to pre-
dict aerosol mass and number mixing ratios (X. Liu et al., 2016). The primary carbon
mode is included to improve the treatment of microphysical ageing of BC and POM (X. Liu
et al., 2016).

2.2 Experiment design

Simulations were carried out from 2003 to 2011 with a horizontal resolution of 0.9°x
1.25° and 30 vertical layers. Sea surface temperatures and sea ice are prescribed. Daily
fire emissions are prescribed using the Global Fire Emissions Database version 3.1 (GFED
3.1) (7, ?) for BC, POM and sulfur dioxide (SO2). Anthropogenic aerosol and precur-
sor gas emissions are from the IPCC AR5 dataset (Lamarque et al., 2010). Two sets of
10 ensembles with/without fire aerosols (named as Fire and noFire) are performed. One
additional simulation (noBC) was conducted with fire BC emissions turned off to dis-
tinguish the effects of absorbing aerosols from the total effects. Other forcings (e.g., SST,
greenhouse gases) of all these experiments are kept the same. These simulations are doc-
umented in Y. Jiang et al. (2016) and detailed analysis of the aerosol radiative forcing
has been provided.
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3 Results
3.1 Fire aerosol-induced radiative fluxes

Fig. 1 shows the impact of fire aerosols on the AOD, radiative fluxes, and surface
temperature. The maximum changes of AOD (dAOD > 0.25) is located in the equato-
rial Africa and the downstream region of the entire equatorial Atlantic (Fig. 1a). The
fire aerosol effects on the net radiative flux at the top of the atmosphere (dFNET _toa)
and at surface (dFNET _sfc) are shown in Fig. 1b,c. The maximum of dFNET _toa (up
to —10W/m?) is correlated with the maximum increase of AOD at the downstream At-
lantic Ocean. The second largest dAFNET _toa (around —2W/m?) is in North Europe, where
the increase of AOD is very weak. At surface, dFNET _sfc can be —20W/m? over the equa-
torial Atlantic. The large difference between dFNET sfc and dFNET _toa over the equa-
torial Atlantic implies that the absorption in the atmosphere is much stronger, when the
fire aerosol effect is considered. There are significant changes in surface air temperature
(Fig. 1d) in mid- and high- latitude regions of Europe, Northern Russian, and Alaska.
However, the changes in AOD and FNET _sfc are not significant in these regions, and the
negative change in FNET _toa will result an overall cooling. This suggests that the lo-
cal changes in radiative fluxes can not explain the surface warming seen in these regions.

We decompose the total aerosol effects at TOA (dFNET _toa) into direct and in-
direct, and surface albedo effects following the method of Ghan (2013) to understand the
direct and indirect effects of aerosols. The total effects (sum of shortwave and longwave
radiative effects) are shown in Fig. 2a-d. The indirect effects of aerosols (Fig. 2a), caused
by aerosol-cloud interactions and their impact on radiation, are most profound at the
downstream Atlantic Ocean with the maximum of up to —10W/m?. The direct effects
of aerosols (Fig. 2b), which are mainly due to the direct absorption and scattering of ra-
diation by aerosols, are mostly confined to the regions where AOD are significantly in-
creased. The contrast between all-sky (positive, Fig. 2b) and clear-sky (negative, Fig. 2¢)
direct effects in tropical Atlantic indicates that clouds enhance the absorption by aerosols
above the cloud top (Lu et al., 2018) and it may be responsible to the large uncertain-
ties in evaluating the total effects of aerosols (Boucher et al., 2013). Different from the
direct and indirect effects that are mostly confined to the large values regions of dAOD
near equator, the surface albedo effects, which are largely contributed by the changes
of the snow albedo induced by aerosols, show profound responses in mid-high latitude,
such as Europe and North America (dominated by the longwave component, Fig. 2d,f).
The significant change in longwave surface albedo effects in Europe (Fig. 2f) is consis-
tent with the surface warming shown in Fig. 1d, i.e., the warming surface emit much more
longwave radiation flux and enhance the radiative cooling effects at the TOA.

The above results indicate there are remote responses in radiation and surface air
temperature over North Europe and the total TOA radiative forcing are mainly from the
surface albedo effects and surface warming. The local radiative effects alone can not ex-
plain the significant remote surface warming. In the next subsection, we will explore how
these remote responses are generated.

3.2 Fire aerosol-induced teleconnection patterns

As discussed in sec. 1, despite of the radiative effects, aerosols could have signif-
icant impacts on circulations due to the non homogeneous spatial distribution radiative
forcing. Thus, the response of circulations to wildfire aerosols are analyzed in this sec-
tion.

The changes of troposphere temperature and geopotential height at 500hPa due
to fire aerosols are presented in Fig. 3a. There are significant responses of the circula-
tion and temperature in the mid-high latitude in Northern Hemisphere with large mag-
nitudes at North Atlantic, North Europe, and Gulf of Alaska and the Pacific Northwest.
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Figure 1. The spatial distribution of aerosol optical depth (dAOD) , the radiative flux at
the top of atmosphere (dAFNET _toa,W/m2), at surface ({AFNET_sfc, W/m2), and 2-meter air
temperature (TREFHT, K) due to fire aerosols (95% significant difference is dotted).
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Figure 2. The spatial distribution of total aerosol-cloud interactive effects (TTIND), total di-
rect radiative effects (TTDIR), total direct radiative effects at clear-sky (TTCDIR), total surface
albedo effects (TTALB), and the shortwave surface albedo effects (SWALB) and the longwave
surface albedo effects (LWALB)(95% significant difference is dotted).
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These changes are in wave-train patterns, in which the pattern from North Atlantic across
North Europe to Siberia is resembled the Eurasia teleconnection (N. Wang & Zhang, 2015;
Y. Liu et al., 2014), and the changes over Alaska, and west coast of North America is

a Pacific-North American (PNA)-like pattern (Wallace & Gutzler, 1981; Leathers et al.,
1991) that ends at the southeast United States and subtropical North Atlantic. In spa-
tial, the changes of temperature resemble the pattern of geopotential height, where warmer
air is concurrent with high pressure anomalies.

At 300hPa, these wave trains can still be found (Fig. 3b). With the zonal wind at
300hPa, we further understand why there are such regional circulation changes. The lo-
cations of geopotential heights with small magnitudes from the Mid-East to East Asia
are correlated with the subtropical westerly jet over Eurasia. At the outlet of the west-
erly jet where there are large zonal gradient of the basic state wind, the magnitude of
the perturbation is amplified, resulting in significant changes in geopotential height over
North Atlantic, North Europe, Alaska, and the west coast of North America.

The vertical structures from Africa, to North Atlantic, Europe, and Siberia are shown
in Fig. 3c. In troposphere, it is barotropic for the changes in temperature and geopo-
tential height in troposphere in mid-high latitude. And in the warming regions, there
are downward motion while ascending in the cooling regions, indicating the changes of
temperature are induced by diabatic heating correlated with the vertical motions. Given
the barotropic structure of the stationary wave-train patterns in the anomalous height
fields, we inferred that the large-scale circulation anomalies over the mid-high latitudes
are linked to stationary Rossby waves that is excited by the fire aerosols in Africa.

The wave activity flux defined in Takaya and Nakamura (2001) are calculated to
identify the wave source and the pathways of the wave propagation. There are strong
wave activity fluxs from the subtropical Atlantic to North Atlantic and North Europe,
and from the gulf of Alaska to the Pacific Northwest and Mexico where large magnitude
anomalies locate (see Fig. 3a). And there are weak wave activity fluxes for the wave trains
from the Mid-East to East Asia, which are inside of the subtropical jet stream (Fig. 3b).
Generally, there are two wave trains, one propagates northeastward to the northeast At-
lantic, further eastward to North Europe and Siberia, and the other is a minor branch
which propagates eastward to Arabian Peninsula across Mid-East and East Asia, then
northward, after reaching its critical latitude (gulf of Alaska), bending equatorward and
propagating along the west coast of North America. For the minor branch, it can be found
that the westerly jet act as the wave guide for the wave propagation from Mid-East to
East Asia. The wave source is the anticyclone in the region of (60-30°W, 20 40°N) lo-
cated to the northwest of the wildfire aerosol source region, acting as a direct descend-
ing Rossby wave response to the low-level African aerosol heating (Gill, 1980).

3.3 Triggers of the teleconnections

From the wave activity flux, we identify the anticyclonic anomaly is the ave source.
Based on the theory of Gill-type response(Gill, 1980), the anticyclonic anomaly should
be caused by the anomalous heating, which is consistent with the anomalous atmospheric
heating in Equatorial Africa (aerosol source region, point A in Fig. 3¢). We would like
to further verify whether it is this heating that trigger the Rossby wave trains in the mid-
high latitude.

A linear anomaly atmosphere general circulation model (AGCM) was employed to
study the mechanism of the teleconnection pattern formation. This model was based on
the spectrum dry AGCM (Held & Suarez, 1994), which has been used in several stud-
ies to reproduce the wave evolution with a specified initial perturbation (Zhu & Li, 2016;
R. C. Y. Li et al., 2013). This is baroclinic model with five evenly distributed sigma lev-
els with an interval of 0.2 from 0.9 to 0.1 and a horizontal resolution of T42. The ba-
sic mean state (January) is taken from the long-term climatology mean of the National
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Figure 3. a: The spatial distribution of changes in temperature (color shading) and geopoten-
tial height (contour) at 500hPa; b: the spatial distribution of the changes of geopotential height
(contour) and zonal mean wind (color shading) from the noFire experiments at 300hPa; c: the
vertical cross section of geopotential heigt (contour) and temperature (color shading) and velocity
(vector: veritical presssure velocity with units of —1072Pa/s and horizontal wind speed with
units of m/s); d: the spatial distributions of changes in the quasi geostrophic stream function

(color shading) and wave activity flux (vector) at 300hPa (95% significant difference is dotted).
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Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)

reanalysis. A damping rate of 1day~! in the lowest model level (o = 0.9) and linearly

decaying to 0.1day~' at the middle level (o = 0.7) are taken as Rayleigh friction to ap-
ply to the momentum equations and to mimic the planetary boundary layer (PBL). New-
tonian cooling with an e-folding time scale of 10 days is applied to the temperature equa-
tion at all model levels. The heating has a cosine-squared profile in an elliptical region

in the horizontal with the maximum rate of 2K /day.

The time evolution of 300hPa geopotential height response to the specified heat-
ing at the Equatorial Africa are shown in Fig. 4. A westward-propagating Gill-type (Gill,
1980) tropical Rossby wave duplet is induced over both sides of the equator to the west
of the heating center. Meanwhile, a Gill-type tropical Kelvin wave is also generated at
the east of the heating center, propagating eastward. When the westward Rossby wave
arrives around 30° N, it perturbs the westerly jet stream (see Fig. 3b). The westerly jet
stream over North Atlantic lead to a northeastward propagation of the stationary Rossby
wave, forming a big circle (Hoskins & Ambrizzi, 1993)from the North Atlantic, through
Europe to Arctic. The westerly jet stream over Euro-Asia work as the waveguide for the
perturbation and transport the perturbation to the East Asia, Pacific, and further to the
west of the North America. The wave structure can be clearly seen after day 20 in Fig. 4.
As expected, the spatial pattern of the height anomaly resembles that shown in Fig. 3.
And this result confirm what we infer above that the atmospheric heating in Africa trig-
ger the Rossby wave trains and large-scale circulation.

For the atmospheric heating over Equatorial Africa, we analysed the adiabatic heat-
ing budget over the aerosol source region. Fig. ba illustrated the profiles of the changes
in solar heating rate, longwave heating rate, moist process heating rate, and the tem-
perature tendency from the diffusion. Clearly, for the low level warming over the aerosol
source region, solar radiative heating is the most important contributor.

Given the radiative properties of wildfire aerosols we included here, BC is a strong
absorbing aerosol which could enhance the absorption of solar radiation. We performed
another experiments excluding the wildfire BC (noBC). We can find the solar heating
rate is increased when cloud and aerosols, especially BC, are included (Fig. 5b). The
magnitude of BC increasing the solar heating rate can be 0.16K/day, which is about 80%
to the total aerosol effects on QRS. Thus, we conclude that the absorption of wildfire
aerosols by BC are responsible for the anomalous atmospheric heating.

4 Conclusion and discussion

Using the global climate model CAMS5, we evaluated the effects of fire aerosols emit-
ted from Equatorial Africa in January. Wildfire aerosols cause significantly negative ra-
diative forcing over the source region and the downwind region over Atlantic, and remote
effects in the mid-high latitude with a greater-than-2K warming in North Europe. The
remote response is imposed through Rossby wave trains with the circulation changes.
Through analyzing the wave active flux and idealized anomalous model simulations, we
found that it is the equatorial African aerosol-induced low-level atmospheric heating that
result in an anticyclonic anomaly over the subtropical North Atlantic which excites two
Rossby wave trains, one along the great circle route via northeast Atlantic and Europe
to Siberia and North Pacific and the other along the subtropical jet stream eastward and
northeastward with a shorter wave length toward the North Pacific, after reaching its
critical latitude (gulf of Alaska), bending equatorward and propagating along the west
coast of North America. Among the adiabatic heating budget overt the aerosol source
region, the absorption of solar radiation by Black Carbon can contribute 80% to the to-
tal changes of solar heating rate that warms the low troposphere and excites the Rossby
wave trains.
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Figure 4.

AGCM ideal mode with a heating added in atmosphere in Africa.

The the temporal evolution of the anomaly in geopotential height at 300hPa using
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Figure 5. Left: The profiles of changes in adiabatic heating over the source regions. QRS is
the solar heating rate, QRL is the longwave heating rate, DTCOND is the temperature tendency
caused by moist processes, and DTV is the temperature tendency from the diffusion. T is the
temperature with units of K. Right: the profiles of changes in solar heating rate over the source
region. The solid line is for all sky, and the dash line is for clear-sky. The BC effects on QRS
and QRSC are derived from the difference between Fire and noBC, the POM and SO2 effects
are derived from noBC and noFire, and QRS and QRSC are due to all fire aerosols (Fire minus

noFire).

Based on the Rossby wave theory, within a tropical easterly flow, Rossby waves hardly
escape from the tropics to the extratropics. Thus, how can the equatorial heat source
generate extratropical wave trains in this study? As shown in Fig. 3b, the high pressure
anomaly responding to the heating in equatorial heating in Africa perturb the westerly
jet, and it rapidly grow due to the barotropic instability in the base state on zonal wind
(Simmons et al., 1983) and propagate northward into extratropics with the help of the
westerly vertical wind shear (B. Wang & Xie, 1996). In addition, the Asian westerly jet
act as wave guide to convey the wave energy from Arabia across Mid East, Asia to Pa-
cific and North America.

Besides, the strong negative radiative forcing over the Equatorial Atlantic may fur-
ther induce low frequency variability. Booth et al. (2012) found the anthropogenic aerosols
may contribute to the multi-decadal variability of the Sea Surface Temperature (SST's)
of the North Atlantic Oceans. Amiri-Farahani et al. (2020) using coupled model found
the Southern Africa fire aerosols result in a La Nina-like SST response. In this study,
as we prescribed SST, the strong cooling effects over the Equatorial Atlantic are sup-
pressed, and thus the Rossby wave trains discussed above is a fast response of the at-
mosphere. When an ocean model are coupled with the atmospheric model, the cooling
effects on the Atlantic SSTs may trigger low frequent variability which would combine
the fast response of the atmosphere. But since the inherent barotropic instability of the
wind basic state as argued in Simmons et al. (1983), the pathways from the African wild-
fire aerosols to the remote regions in the mid-high latitude is robust(Fig. Al). We would
not go any further for the coupled model results in this study, but it may merit further
investigations.

The point we emphasize here is that although the total radiative forcing of wild-
fire aerosols (c.f. Fig. 2 and Y. Jiang et al. (2016))is cooling, what trigger the planetary
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Rossby waves and remote effects is the anomalous atmospheric heating induced by the
absorbing aerosols. Thus, the existence of the absorbing aerosols and the thermo-dymamics
effects of aerosols may need more cautions and attentions. Further, the 2K surface warm-
ing in North Europe in boreal winter could have consequently significant impacts on re-
gional and global climate. The warming surface would enhance snow melting and reduce
the snow cover and duration, which would have dramatic effects on the following sea-

sons and further global climate (Bamzai & Shukla, 1999; Barnett et al., 1988).
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slab ocean with zonal mean removed
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Figure Al.

February from the simulation with the slab ocean model (contour internal of 5 gpm, analyzed the

results of the last 40 years with 20 years spin-up ahead). Left: Fire minus noFire; Right: Fire

minus noFire with the zonal mean removed.
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