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Abstract

Recent studies suggest that the Arctic temperature response to black carbon (BC)
forcing depend on the location of the forcing. We investigate how BC in the mid-latitudes
remotely influence the Arctic climate, and compare this with the response to BC located
in the Arctic it self. In this study, idealized climate simulations are carried out with5

a fully coupled Earth System Model, which includes a comprehensive treatment of
aerosol microphysics. In order to determine how BC transported to the Arctic and BC
sources not reaching the Arctic impact the Arctic climate, forcing from BC aerosols is
artificially increased by a factor of 10 in different latitude bands in the mid-latitudes
(28◦N–60◦N) and in the Arctic (60◦N–90 ◦N), respectively. Estimates of the impact on10

the Arctic energy budget are represented by analyzing radiation fluxes at the top of the
atmosphere, at the surface and at the lateral boundaries. Our calculations show that
increased BC forcing in the Arctic atmosphere reduces the surface air temperature in
the Arctic with a corresponding increase in the sea-ice fraction, despite the increased
planetary absorption of sunlight. The analysis indicates that this effect may be due to15

a combination of a weakening of the northward heat transport caused by a reduction
in the meridional temperature gradient and a reduction in the turbulent mixing of heat
downward to the surface. The latter factor is explained by the fact that most of the
BC is located in the free troposphere and causes a warming at higher altitudes which
increases the static stability in the Arctic. On the other hand we find that BC forcing20

at the mid-latitudes warms the Arctic surface significantly and decreases the sea-ice
fraction. Our model calculations indicate that atmospheric BC forcing outside the Arctic
is more important for the Arctic climate change than the forcing in the Arctic itself.
Although the albedo effect of BC on snow does show a more regional response to
an Arctic forcing, these results suggest that mitigation strategies for the Arctic climate25

should also address BC sources in locations outside the Arctic even if they do not
contribute much to BC in the Arctic.
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1 Introduction

Arctic temperatures have increased at a rate about twice as fast as the global mean
rate during the last decades (AMAP, 2011). Many inter-related factors arising both from
internal climate variability and external climate forcing could have contributed to this
greater-than-global Arctic warming. These factors include local feedbacks (snow/ice-5

albedo, clouds), increased poleward heat transport, and enhanced forcing by absorb-
ing aerosols (black carbon) (IPCC, 2007). Accompanied by the temperature increase,
the Arctic has experienced a longer melt season with an earlier spring melt and a de-
crease in the sea-ice extent (AMAP, 2011). Black carbon (BC) aerosols absorb solar
radiation and heat the surrounding air. This direct effect of BC may be potentially large10

in the Arctic, as the absorbing aerosols are located over highly reflective snow/ice sur-
faces (Pueschel and Kinne, 1995; Hansen and Nazarenko, 2004). In general added
atmospheric heat will increase the downward fluxes of longwave radiation and sensi-
ble heat, and thus warm the underlying surface. However, models and measurements
(Koch et al., 2009) indicate that BC aerosols are located mainly in the free troposphere15

and in may further stabilize the Arctic atmosphere, thereby limiting the downward flux
of sensible heat and the potential surface warming.

BC aerosols in the Arctic originate from emissions mainly at mid-latitudes that are
transported northwards (Barrie, 1986; Law and Stohl, 2007). Sources of BC include
both anthropogenic sources (e.g. energy and industrial production, domestic combus-20

tion and transport) and natural sources (forest and grassfires induced from lightening).
During winter the northward transport is strongest, and the lifetime of BC in the atmo-
sphere is longer, causing a maximum BC concentration in the Arctic in late winter and
spring (Sharma et al., 2006). The elevated BC concentrations also extend into the melt-
ing season, which could make BC particularly important in the Arctic. BC aerosols af-25

fect the atmospheric temperature gradients and can therefore change the atmospheric
heat transport and the distribution of clouds. In addition, BC aerosols can have an indi-
rect effect on clouds by acting as cloud condensation nuclei or ice nuclei and influence
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the cloud cover and cloud lifetime via microphysical interactions. BC can also affect the
distribution of clouds by changing the stability of the atmosphere, often referred to as
the semi-direct effect (Koch and Genio, 2010).

BC affects the climate in numerous ways and there are large uncertainties in esti-
mating the net BC forcing. Because of the short lifetime of BC compared to well-mixed5

greenhouse gases, BC has a potential for short-term climate control strategies (Hansen
et al., 2000; Levy et al., 2008; Jacobson 2010; Shindell et al., 2012). In order to identify
the best options for emission reductions there is a need for improving the understand-
ing of the role of BC aerosols in the Arctic (AMAP, 2011) and how the response of the
Arctic climate depends on the location of BC forcing. Shindell (2007) demonstrated that10

the climate response in the Arctic is highly correlated with mid-latitude forcing during
non-summer seasons, due to the large-scale dynamics influencing the Arctic climate.
In these months the Arctic surface temperature response can show opposite signs to
the local forcing. Results from Menon et al. (2002) also indicate that forcing from BC
can have a climate impact away from the forcing area, by local atmospheric heating and15

dynamical transport. Shindell and Faluvegi (2009) perturbed forcings by enhancing the
concentrations of BC aerosols in different latitude bands and found that for the Arctic
latitude band, the Arctic surface air temperature (SAT) decreased, despite a positive
forcing at the top of the atmosphere. Shindell and Faluvegi attributed this to a reduction
in the pole-ward heat flux following increased absorption of incoming solar radiation by20

BC and strong local heating in the free troposphere. For positive direct forcing by BC
aerosols in the mid-latitude band the Arctic surface temperature response was positive
(warming).

The results from the study of Shindell and Faluvegi (2009) were somewhat unex-
pected, and with the increasing focus on the effect of BC aerosols on the Arctic cli-25

mate, there is a need to verify that the results are robust by reproducing parts of the
experiment with a different climate model; to analyze the Arctic climate response to
BC perturbations in the Arctic (60◦N–90◦N) and northern mid-latitude (28◦N–60◦N) at-
mosphere, respectively. To extend the study a bit further, we want to understand and

18382

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18379/2012/acpd-12-18379-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18379/2012/acpd-12-18379-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 18379–18418, 2012

The Arctic response
to remote and local

forcing of black
carbon

M. Sand et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

quantify the contribution from the different processes that are important for BC forcing
and response in the Arctic, including a comprehensive study of the Arctic heat bud-
get. Idealized climate simulations with artificially increased BC concentrations in the
two separate latitude bands have been performed with a fully coupled earth system
model, the NorESM, to include feedbacks from sea ice cover and sea surface temper-5

atures (SST’s). The atmospheric model includes a comprehensive treatment of aerosol
microphysics, accounting for aerosol nucleation, condensation, coagulation and cloud
processing, and calculates the conversion of BC to a hydrophilic state where it can be
scavenged by precipitation. The wet deposition is calculated in full integration with the
cloud and precipitation schemes. The two experiments are compared with a control10

run to analyze the response in the Arctic temperatures to the two forcings, including
changes in feedbacks from sea-ice, cloud cover and the meridional energy transport
into the Arctic.

2 Data and methods

2.1 NorESM15

The climate model used in this study is the Norwegian Earth System Model, NorESM
(Kirkevåg et al., 2008, 2012; Seland et al., 2008), to a large extent based on the Com-
munity Climate System Model CCSM4.0 (Gent et al., 2011), developed at the Na-
tional Center for Atmospheric Research (NCAR). The model is run fully coupled with
an atmospheric model, an ocean model, a land model, and a sea-ice model. The at-20

mospheric part of NorESM, CAM4-Oslo, has applied aerosol and cloud droplet pa-
rameterization schemes developed for CAM-Oslo based on CAM3, which is a further
elaborated version of a previous aerosol module (Iversen and Seland, 2002, 2003;
Kristjánsson, 2002). The ocean model in NorESM, MICOM, is an updated version of
the Bergen Climate Model, BCM (Furevik et al., 2003; Otterå et al., 2009). The sea-ice25

model (CICE4) and the land model (CLM4) in NorESM are the same as in CCSM4.0,
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except that the deposition of BC and mineral dust aerosols onto snow and sea-ice are
given by CAM4-Oslo instead of using pre-calculated deposition fields which are used
in CCSM4.0.

2.1.1 Aerosols in NorESM

The prognostic aerosols and aerosol precursors in CAM4-Oslo include sea-salt, min-5

eral dust, DMS, SO2, SO4, BC and particulate OM and they interact online with the
cloud microphysics, radiation and dynamics in the model. The present-day (2000) emis-
sions are taken from Lamarque et al. (2010). Aerosol optical properties and size distri-
butions (for calculation of cloud droplet number concentrations, CDNC) are calculated
by use of look-up tables, where the entries in the tables are calculated by a single air10

parcel model for a wide range of atmospheric conditions. Both the direct effect and the
first and second indirect effects are calculated. The direct effect of aerosols is caused
by the scattering and absorption of radiation, mainly in the shortwave spectrum. The
indirect effects of aerosols are due to their interaction with clouds, by acting as cloud
condensation nuclei or ice nuclei. The aerosols can change the number and size of15

cloud droplets (the first indirect effect) and the lifetime of clouds (the second indirect ef-
fect). In the model the only process which causes the second indirect effect is the auto-
conversion of cloud droplets to precipitation in warm clouds (Storelvmo et al., 2008).
Absorbing aerosols embedded in or near a cloud layer may also reduce the cloud cover
by heating the air and promoting cloud evaporation, leading to a positive semi-direct20

effect (Hansen et al., 1997). In the look-up tables, size distributed aerosol number con-
centrations and composition, as well as bulk optical properties, have been calculated
from basic physico-chemical processes. The concentrations are tagged according to
size mode (nucleation, aitken, accumulation, coarse) and production mechanism (nu-
cleation, condensation, coagulation, aqueous chemistry).25

BC is emitted from open biomass burning (42 %), fossil fuel combustion (38 %) and
biofuels (20 %). The total annual emissions of BC are 7.7 Tgyr−1. When emitted from
biomass burning, BC and OM are assumed internally mixed with each other. Primary
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BC particles are emitted as nucleation and accumulation mode BC and internally mixed
aitken mode OM and BC. Externally mixed BC is hydrophobic, and turns gradually
into hydrophilic, internally mixed aerosols by condensation of gaseous sulphate, or by
coagulation with sulphate or SS or OM. BC is removed from the atmosphere by dry
deposition and wet removal, although the latter process dominates the total numbers.5

2.2 Experimental setup

The model is set up with a Finite Volume dynamical core with 26 vertical layers and with
a 1.9×2.5 horizontal grid resolution. For each simulation the model is run 60 yr from
a 140 yr spin-up with the same initial conditions and the same present-day emissions. In
the two perturbed simulations the model is run with the same emissions as the control10

run, but the BC concentrations are multiplied by a factor of 10 in the Arctic (60◦N–
90◦N; “the ARC experiment”) and mid-latitudes (28◦N–60◦N; “the MID experiment”),
respectively. In order to get a significant climate signal in the 60 yr simulations, the
BC concentrations have been multiplied by 10. It is worth noting that the number is
higher than in Shindell and Faluvegi (2009). To keep the relative distribution of the BC15

aerosols as similar as possible within each latitude band, the perturbations of the BC
concentrations have been done in the radiation code. Note that only atmospheric BC
has been perturbed in this study and the radiative forcing from BC deposition on snow
and ice has been studied elsewhere, e.g. Flanner et al. (2007), and lie outside the
scope of this study. A summary of the experimental set-up is shown in Table 1.20

2.3 The Arctic energy budget

To understand the responses in the Arctic climate due to the BC perturbations we ana-
lyze the energy budget of the Arctic atmosphere in detail. The forcing and the temper-
ature response in the Arctic may influence the meridional temperature gradient, which
may dampen or strengthen the atmospheric heat transport into the Arctic. When study-25

ing Arctic climate change and local feedbacks, it is important to include the energy

18385

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18379/2012/acpd-12-18379-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18379/2012/acpd-12-18379-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 18379–18418, 2012

The Arctic response
to remote and local

forcing of black
carbon

M. Sand et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

transport because of the strong coupling between Arctic feedback mechanisms and
the energy transport into the Arctic (Hwang et al., 2011). The northward heat transport
(NHT) is defined as the net atmospheric flux of heat from lower latitudes into the Arctic
region. Following Porter et al. (2005) and Kay et al. (2012) the NHT can be calculated
by looking at the energy budget for an atmospheric column,5

δE
δt

= FTOA +FSURF +NHT (1)

E is the atmospheric energy storage, FTOA is the net energy budget at the top of the
atmosphere and FSURF is the net energy budget at the surface. FTOA is defined as:

FTOA = SWTOA +LWTOA (2)

SWTOA is the net incoming shortwave radiation and LWTOA is the net outgoing long10

wave radiation. FSURF is defined as:

FSURF = SWSURF +LWSURF +LHFLX+SHFLX (3)

SWSURF is the net surface shortwave radiation, LWSURF is the net surface long wave
radiation, LHFLX is the latent heat flux and SHFLX is the sensible heat flux. The model
is run with a fully coupled ocean model allowing for changes in the heat transport in15

the ocean. With the atmospheric perspective adopted here, the impact of this will be
represented by a change in the surface fluxes.

We use the same sign convention as Porter et al. (2005), with all terms defined
positive when the atmosphere gains energy; positive downward for the FTOA and pos-
itive upward for the FSURF. For annual averages, the energy storage term is small and20

negligible compared to FTOA, FSURF and NHT. The net atmospheric NHT can then be
calculated as a residual of the remaining terms, FTOA and FSURF.
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3 Simulated black carbon

3.1 BC concentrations

The simulated annual mean BC column burden, the zonal annual mean BC concen-
trations and the monthly mean BC column burden in the Arctic for the reference run
with year 2000 emissions are shown in Fig. 1. Because of the short lifetime of BC5

on the order of days, the concentrations are largest close to the source regions near
the surface; over densely populated and industrialized areas in China, Europe and the
United States and over areas with biomass burning in Africa and South America. In the
Arctic, on the other hand, the concentrations increase with height and the maximum
concentrations are found in the middle troposphere. The strong static stability in the10

Arctic suppresses turbulent mixing between the surface and the upper troposphere, in
particular during winter and early spring. The global mean BC column burden in the
model is 0.28 mgm−2. This is in good agreement with the multi-model mean value of
0.25 mgm−2 in the AeroCom model intercomparison project (Schulz et al., 2006). Av-
eraged in each latitude band, the BC column burden is 0.19 mgm−2 in the Arctic and15

0.36 mgm−2 in the mid-latitudes. In the model, the BC concentrations have a strong
seasonal pattern in the Arctic, with a build up during winter, due to a combination of
stronger northward transport and longer lifetime of the aerosols (Bauer et al., 2010; Liu
et al., 2011; Lund and Berntsen, 2011). In the model this leads to a maximum in the
BC column burden in the Arctic during May.20

A comparison of the observed and modeled surface BC concentrations of three Arc-
tic stations is included in Fig. 2. The measurements from Barrow are from the NOAA
GMD database (www.esrl.noaa.gov/gmd) and measurements from Zeppelin station are
provided by K. Eleftheriadis and S. Vratolis (Eleftheriadis et al., 2009) from the EBAS
database (http://ebas.nilu.no). The measurements for the Alert station are provided by25

S. Sharma at Environment Canada. The measured concentrations peaks during the
wintertime build-up of Arctic haze and have a summertime minimum. The model is
able to simulate the seasonal cycle for Alert and Zeppelin, but the peak in the modeled
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concentrations is later in the spring and the modeled surface concentrations are too low
during winter. Generally, climate models tend to underestimate of wintertime surface
BC concentrations in the Arctic compared to measurements (Shindell et al., 2008).

3.2 BC forcing in the Arctic and the mid-latitudes

The direct and indirect radiative forcing of BC is calculated as the difference in incom-5

ing and outgoing solar radiation at the TOA between the perturbed runs with 10·BC
concentrations in the mid latitude band (MID) and the Arctic band (ARC) and the con-
trol run with 1·BC concentrations (2000 conditions). The radiative forcing is calculated
in separate offline simulations with identical meteorology in 5 yr simulations for the 3
simulations. The meteorology is driven by NCAR CAM4 aerosols, prescribed CDNC10

and greenhouse gases. In the online 60 yr simulations the aerosol, cloud and radiation
is fully coupled and thus the meteorology is different from the offline simulations. The
annual 28◦N–60◦N mean direct radiative forcing at the TOA for 10·BC perturbed con-
centrations in the mid-latitudes is estimated to 7.3 Wm−2 (1.5 Wm−2 global average)
and the indirect forcing is estimated to 0.20 Wm−2 (0.030 Wm−2). For 10 BC perturbed15

concentrations in the Arctic the estimated annual 60◦N–90◦N mean direct radiative
forcing at the TOA is 6.0 Wm−2 (0.40 Wm−2) and the indirect local forcing at the TOA is
0.10 Wm−2 (0.010 Wm−2). The geographical distribution of the BC annual mean direct
radiative forcing from ARC and MID is shown in Fig. 3. The distribution depends on
the column burden of BC, but also on the albedo of the underlying surface, vertical20

distribution of the aerosols relative to the clouds and the amount of incoming solar ra-
diation. The high surface albedo in the Arctic regions causes the BC radiative forcing
to be large in this area, despite the smaller BC burden (see Fig. 1). The forcing effiency
(RF normalized to burden change) is thus significantly higher in the Arctic (3600 Wg−1)
than at mid-latitudes (and 2300 Wg−1). For comparison a global forcing efficiency for25

all present-day BC (compared to a run with zero BC) was calculated to 3100 Wg−1. In
the fully coupled simulations there can be a small radiative forcing outside the region
where the BC concentrations are scaled up (i.e. the ARC or the MID region), because
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of the changes in surface and cloud albedo and redistribution of BC due to changes in
circulation and scavenging rates. The indirect effect of BC aerosols is largest over the
oceans, and is much smaller than the direct radiative effects of BC.

Figure 4 shows the monthly mean BC direct radiative forcing at TOA for the ARC
experiment (60◦N–90◦N average) and the MID experiment (28◦N–60◦N average). The5

forcing peaks in May in the Arctic (15 Wm−2) for several reasons; the solar insolation
and the BC concentrations are both close to their maxima, and it is early in the melt
season, with still a great amount of snow and ice-covered surface with a high surface
albedo. During the polar night, the Arctic forcing approaches zero. The mid latitude
forcing peaks in the summer, but is still fairly high during the winter months, due to10

a combination of higher solar radiation in the mid-latitudes compared to the Arctic, as
well as higher emissions and surface albedo in the mid-latitudes during winter com-
pared to the summer season.

4 Climate response and feedbacks

The change in the vertical temperature profile for the ARC and the MID experiment is15

shown in Fig. 5. In both experiments the temperature increases above 800 hPa. The
maximum temperature increase is found around 200 hPa, in the latitude band where
the BC profile has been scaled up. The temperature increase is larger over a much
larger volume of the atmosphere for the MID experiment than for the ARC experiment,
in accordance with the larger global forcing for the MID experiment. In both our exper-20

iments the warming in the Arctic is most pronounced in the upper troposphere, but for
very different reasons. In the ARC case warming is caused by the direct absorption
of solar radiation by BC in the free troposphere, and further enhanced by semi-direct
and surface albedo effects. In the MID experiment the heat is generated by absorption
and heating at all altitudes at mid-latitudes, but since the transport to the Arctic mainly25

follows isentropic surfaces the maximum heating in the Arctic is also in this case in the
upper troposphere. While there is a warming throughout the troposphere in the MID ex-
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periment, the ARC forcing causes a cooling at the surface north of 60◦N, in agreement
with the response found by Shindell and Faluvegi (2009).

Figure 6 shows the seasonal cycle for the Arctic temperature response, averaged
north of 60◦N for both the ARC and the MID forcing. The cooling at the surface for
the ARC forcing is prominent all year except in the summer months. In late summer5

and autumn the atmosphere is less stable and turbulence processes mix the heating
in the atmosphere down to the surface. The warming of the Arctic surface in the sum-
mer is due to a combined effect of decreased static stability and increased downward
longwave radiation and heat fluxes. In both experiments the warming increases rapidly
with height, in particular during summer. The period of surface warming is not centered10

round mid summer in June when the incoming solar radiation is at its maximum, but is
slightly skewed towards the autumn. In the autumn the snow/sea-ice cover in the Arctic
is at its minimum, while in the spring and early summer the surface albedo is still high.
For the MID forcing the surface warming is strongest during summer and autumn. The
warming in the upper troposphere is strong during summer and continues until early15

autumn. It is worth noting that even in the MID case where there is no local forcing
in the free troposphere due to enhanced absorption by BC, there is an equally strong
vertical gradient in the warming and thus an increase in the static stability as in the
ARC case.

The geographical distribution of the annual mean surface air temperature (SAT) re-20

sponse from the ARC and the MID forcing is shown in Fig. 7. The Arctic annual mean
SAT response is −0.44 K for the ARC forcing with a cooling over most of the Arctic
Sea and a warming over Greenland. There is a maximum cooling 2 K over the Barents
Sea. For the MID forcing the Arctic annual mean SAT response is 1.07 K with a strong
warming across the entire Arctic Ocean and with a maximum warming of 2 K over the25

Barents Sea. This area along the sea-ice edge is the area with the largest climate vari-
ability and large local feedbacks. Our results in general agree with the response in SAT
from BC forcing in Shindell and Faluvegi (2009). Shindell and Faluvegi estimated an
Arctic SAT response per unit global forcing of −1.2 K (Wm−2)−1 from BC aerosols in the
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Arctic and 0.8 K (Wm−2)−1 Arctic SAT response from BC aerosols in the mid latitudes.
Our estimated Arctic SAT response per unit global forcing is −1.1 K (Wm−2)−1 from BC
aerosols in the Arctic and 0.7 K (Wm−2)−1 from BC aerosols in the mid latitudes, re-
spectively. The global SAT response per unit global forcing is 0.2 K (Wm−2)−1 for BC
aerosols in the Arctic and in the mid latitudes, respectively, in accordance with Shindell5

and Faluvegi.
Shindell and Faluvegi explained the negative surface temperature response mainly

as a result of a reduction in the pole-ward heat flux following local heating by absorb-
ing BC aerosols. However, there are also significant changes in the surface energy
fluxes due to direct and semi-direct effects of the BC aerosols as well as strong local10

feedbacks.
In the Arctic there is a net positive flux of sensible heat from the atmosphere to

the surface. The increase in the static stability reduces the turbulent mixing that can
transport the warm air in the free troposphere down to the surface.

By increasing the static stability, the BC aerosols have a positive semi-direct effect on15

the cloud cover in the Arctic. Both the ARC and the MID experiment show an increase
in the Arctic cloud cover during summer when the cloud fraction is peaking (Fig. 8).
The annual increase is largest in the MID experiment, while the change is about equal
during the summer months. The increase in the cloud cover can also be linked to feed-
backs to the surface temperatures response. The SAT response for both the ARC and20

the MID experiment are positive during the summer and there is a strong coupling be-
tween the surface and the atmosphere with increased upward fluxes of moisture and
heat. When autumn starts, and the SAT response for the ARC experiment turns nega-
tive, the response in low cloud fraction falls to zero, while it stays positive for the MID
experiment the whole year, following the positive SAT response. Kay and Gettelman25

(2009) found, using observations and atmospheric reanalysis, that near-surface static
stability and surface cover can exert significant control on low Arctic cloud presence.
It is worth noting that the Arctic clouds in the model are too optically thick because
they have excessive liquid water paths when compared to observations (de Boer et al.,
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2011; Kay et al., 2012). The geographical distribution of the annual mean cloud fraction
is shown in Fig. 9. The cloud cover change is negative in the Barents Sea in the ARC
experiment, following the increase in sea ice and cooling of the surface in this area.
The cloud cover increases in most parts in the Arctic for the MID experiment, and also
over oceans in the mid latitudes, while there is a decrease in cloud fraction over land in5

the mid-latitudes and along the east coast of Greenland. The BC concentrations over
land areas in the mid-latitudes are highest close to the surface (see Fig. 1). Over the
oceans, however, the BC aerosols are located higher up in the atmosphere and may
enhance the underlying stratocumulus clouds, by stabilizing the atmosphere beneath,
and reduce mixing with dry air above (Johnson et al., 2004).10

The response in the surface temperatures is enhanced by sea-ice albedo feedbacks.
The geographical distribution of the changes in the sea-ice concentrations are shown
in Fig. 10. For the ARC forcing there is an increase in sea-ice concentration. The ge-
ographical pattern closely resembles the geographical patterns of the surface temper-
ature response. For the MID forcing there is a corresponding decrease in the sea-ice15

following warmer surface temperatures. This response clearly depicts the Arctic am-
plification as the increase (decrease) in sea-ice triggers the colder (warmer) surface
temperatures.

The changes in the sea-ice cover resemble the changes in the surface albedo, with
an increase in the albedo for the ARC experiment where there is increased sea-ice20

cover and a decrease in the albedo for the MID experiment (Fig. 11). For both experi-
ments the maximum change in the albedo is in October.

5 Heat budget analysis

Despite the positive BC forcing at TOA, the surface temperature response in the Arctic
is negative for the ARC forcing, and positive for the MID forcing. In order to explain how25

BC aerosols affect the Arctic climate, we have analyzed the energy budget in the Arctic
in detail. A summary of the change in the Arctic annual mean energy budget terms
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for the two experiments is given Fig. 12. Note that all fluxes are defined positive when
the atmosphere gains energy. For the ARC experiment, the primary forcing through
the absorption of solar radiation by the BC aerosols gives a large increase in the net
downward SW flux at the TOA. The associated warming of the air in the free tropo-
sphere leads to an increase in the outgoing LW flux at TOA (thus the negative change5

in Fig. 12). At the surface, there is a significant reduction in the downward SW flux due
to the dimming effect of the absorption by the BC aerosols. Also the semi-direct effect
of the BC aerosols and surface feedbacks lead to increased cloudiness and surface
albedo that contribute to the reduction in the net downward SW flux at the surface in
the ARC case. The reductions in the fluxes of latent and sensible heat are mainly a re-10

sult of sea ice feedback in the Barents Sea. The reduction in the latitudinal temperature
gradient in the free troposphere leads to a substantial reduction in the NHT (cf. discus-
sion below). For the MID experiment the primary forcing is located outside the Arctic
region, thus the change in the net SW flux at the TOA is small. However, the heating of
the free troposphere by increased NHT and the increase in surface temperatures lead15

to an increase in the outgoing LW radiation at TOA which is larger than in the ARC
case. The change in the net SW flux at the surface is much smaller in the MID case
because there is no direct dimming effect and because the changed surface albedo
and cloudiness counteract each other in this case.

Figure 13 shows the seasonal cycle of the Arctic mean energy budget at TOA, and20

at the surface and the residual NHT, for the reference control run (top) and for the
corresponding changes in the ARC and MID experiments (bottom). In the reference
simulation there is a net radiative loss at the TOA all year except in June and July,
reflecting the peak in the incoming SW radiation and the melting of snow and ice that
reduces the albedo. At the surface, the net flux to the atmosphere is positive during the25

winter season, when energy is transferred from the surface to the cold atmosphere,
and negative during summer. The energy fluxes at the TOA and at the surface are
in balance with the NHT, which has a maximum in the winter corresponding to about
120 Wm−2 (4.1 PW at 60◦N) and a minimum during summer at about 30 Wm−2(1.0 PW
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at 60◦N). The NHT is largest during winter when the meridional temperature gradient
is at its maximum. For the ARC experiment the change in the NHT is negative, closely
following the seasonal cycle in the primary forcing at the corresponding temperature
signal. During winter when the BC forcing is small and the net change in the surface
fluxes is negative due to sea-ice feedback, the change in the NHT is positive. The5

decrease in the NHT is likely to be a result of the increase in the temperatures in
the upper Arctic troposphere, decreasing the meridional temperature gradient. The
decrease is largest during the summer season, when the temperature increase in the
upper troposphere is largest (Fig. 6). For the MID forcing, however, the change in the
NHT is positive, consistent with the large positive temperature response in the mid-10

latitudes, increasing the meridional temperature gradient between the mid-latitudes and
the Arctic, and increasing the heat transport into the Arctic.

Figure 14 shows the seasonal cycle of the changes in the Arctic mean SW and LW
radiative fluxes at the TOA for the two perturbed experiments. The seasonal cycle in
the TOA radiative imbalance (SW+LW, green curves) is very different in the two ex-15

periments. In the ARC case it is positive and follows the seasonal cycle in the primary
forcing (SW) with a sharp peak in late spring (June), while in the MID case it is negative
mainly through the changes in the LW fluxes governed by transport of heat and feed-
backs, and with a much broader maximum during later summer and fall. The change
in the Arctic mean SW flux is close to zero for the MID experiment. The outgoing LW20

radiation in the Arctic increases for both perturbed runs, consistent with a warmer free
troposphere. The increase in the outgoing LW radiation is largest during the summer
season for both runs, when the temperatures are peaking. For the MID forcing the in-
crease in outgoing LW radiation is prominent all year. The outgoing LW is largest for
the MID experiment due to the heating of the free troposphere by the increase in the25

NHT.
Figure 15 shows the seasonal cycle of the Arctic mean energy fluxes at the surface

for the control run (top) and for the change in the fluxes between the control run and
the two experiments (bottom). The net SW flux increases for both experiments, with
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the largest increase in the ARC experiment. The increase in the net SW flux means
that less radiation is reaching the surface, consistent with increased SW absorption
by BC higher up in the atmosphere and increased cloudiness, and/or an increase in
the amount of reflected radiation from the surface, due to the higher surface albedo
(see Fig. 11). The decrease in downwelling solar radiation is twice as large for the5

ARC experiment as for the MID experiment (5 Wm−2 vs. 2.6 Wm−2). Even though the
surface albedo increases in the ARC experiment, the total amount of radiation reaching
the surface is smaller, so the net change in the reflected SW flux is negative. The
MID run shows a decrease in the net SW flux in the areas with decreased sea-ice,
consistent with increased absorption of SW by the exposed darker ocean in a warmer10

climate, but also increases over large areas where there is an increase in cloudiness.
Thus, averaged over the Arctic domain the change in SW flux in the MID experiment is
positive.

The net (up–down) longwave flux at the surface decrease for both experiments,
which means that more longwave radiation is transferred to the surface from the atmo-15

sphere. The factors causing this change are changes in the air temperature and cloudi-
ness as well as the surface temperatures which again is mainly driven by changes in
the sea ice cover. For the MID experiment there is increased net longwave flux at the
sea-ice-edge where more long wave radiation is emitted to the atmosphere when the
sea-ice melts.20

In the reference run, the sensible heat flux is negative over the Arctic Ocean, asso-
ciated with the temperature inversion caused by the net radiative energy loss from the
surface. The Arctic mean change in the sensible heat flux is negative for both experi-
ments, so more energy is transported from the atmosphere to the surface. However, the
geographical distribution for the change in sensible heat flux differs for the two experi-25

ments. For the ARC experiment, the sensible heat flux decreases in the areas were the
surface temperatures decreases and the sea-ice extent increases. For the MID experi-
ment, the sensible heat flux increases over the Arctic Ocean, consistent with decreased
sea-ice extent. The latent heat flux is reduced for the ARC experiment, consistent with
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the colder surface temperatures, while the latent heat flux is slightly increased during
autumn for the MID experiment. During the summer months, the longwave radiative
flux and the heat fluxes for the ARC experiment have a minimum (more flux to the
surface), resulting in a surface warming (see Fig. 6).

6 Summary and conclusion5

BC aerosols heat the surrounding air and alter the local static stability and the vertical
motions in the atmosphere. Regional changes in the BC concentration also change
the temperature gradients affecting the meridional heat transport. Using the NorESM
model we find that when BC concentrations are scaled up in the Arctic according to its
current vertical profile, the surface temperature response is negative despite a positive10

radiative forcing at TOA. The Arctic surface temperature responses are similar to the
results found in Shindell and Faluvegi (2009). We find that the BC climate response
has a regional nature and this regionality results from surface albedo feedbacks. The
surface cooling can be explained by a combination of changes in the vertical fluxes
of heat and radiation and a reduction in the meridional heat transport from lower lati-15

tudes. There is an upper troposphere heating by absorption of SW radiation, a surface
dimming effect that reduces the downwelling solar radiation leading to an increase the
static stability in the Arctic that suppress the turbulent mixing of the heat to the surface
and increases the cloud cover. The reduction in the meridional heat transport is caused
by a reduction in the meridional temperature gradient consistent with the maximum en-20

tropy production principle (Kleidon, 2009). The decrease in surface temperatures leads
to a negative snow/ice albedo feedback. Even though BC aerosols are mainly emitted
in the mid- latitudes and only a small fraction enter the Arctic, they may impact the
Arctic climate. We estimate that BC aerosols at mid-latitudes lead to increased trans-
port of heat into the Arctic, causing a warming, both at the surface and in the whole25

atmospheric column. The largest increase in the temperatures is found in the upper tro-
posphere during summer due to transport of heat along isentropic surfaces. In this case
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the temperature response is enhanced through snow/ice albedo feedback. In a recent
study, Allen et al. (2012) argued that BC and tropospheric ozone are the main drivers
of the Northern Hemisphere expansion, by heating primarily in the mid latitudes, caus-
ing a poleward shift in the storms tracks. In our study we find that the increased local
warming in the mid latitudes by the BC aerosols cause a poleward shift of the jet stream5

and a poleward displacement of the maximum meridional temperature gradient.
Our idealized model calculations indicate that atmospheric BC forcing outside the

Arctic is more important for the Arctic climate change compared to the forcing in the
Arctic itself. Although the albedo effect of BC on snow does show a more regional
response to an Arctic forcing, these results suggest that mitigation strategies for the10

Arctic climate should also address BC sources in locations outside the Arctic even if
they don’t contribute much to BC in the Arctic.

The temperature response to the BC forcing is linked to the vertical distribution of
the BC aerosols. In idealized climate simulations Ban-Weiss et al. (2011) showed that
as the altitude of the BC increases, the surface temperature response decreases. In15

this study we have scaled up the background vertical profile of the BC aerosols in the
model, were most of the Arctic BC aerosols are located in the free troposphere. If the
emissions of BC aerosols in the Arctic are increased in the future, e.g. by increased
shipping or oil production, the BC aerosols would be emitted directly into the Arctic
planetary boundary layer (PBL) and a different temperature response might be evident.20

The BC aerosols in the PBL would have a stronger interaction with the surface, both
by deposition of BC on snow and ice and by radiative and sensible heat fluxes down to
the surface. In this kind of model study it would be important to include the effect of the
deposition of BC on snow and sea-ice covered surfaces.
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Otterå, O. H., Bentsen, M., Bethke, I., and Kvamstø, N. G.: Simulated pre-industrial climate

in Bergen Climate Model (version 2): model description and large-scale circulation features,10

Geosci. Model Dev., 2, 197–212, doi:10.5194/gmd-2-197-2009, 2009.
Pueschel, R. F. and Kinne, S. A.: Physical and radiative properties of Arctic atmospheric

aerosols, Sci. Total Environ., 160, 811–824, 1995.
Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher, O.,

Dentener, F., Guibert, S., Isaksen, I. S. A., Iversen, T., Koch, D., Kirkevåg, A., Liu, X., Monta-15
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Table 1. Experimental setup for the CONTROL, ARC and MID experiments. PD = Present day
emissions and levels of aerosols and green house gases. Local RFTOA = the radiative forcing
(both direct and indirect) at TOA averaged 60◦ N–90◦ N for the ARC-CONTROL experiment and
averaged 28◦ N–60◦ N for the MID-CONTROL experiment. Units RF in Wm−2.

Experiment Init. cond. BC level in the atmosphere Local RFTOA Global RFTOA

CONTROL PD PD – –
ARC PD PD, 10·BC levels 60◦ N–90◦ N 6.1 0.41
MID PD PD, 10·BC levels 28◦ N–60◦ N 7.5 1.53
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 646 

 647 

Figure 1. Annual mean BC column burden (in mg m-2) (top); zonal annual mean BC 648 

concentration (in μg m-3) 28N-90N (bottom left) and monthly mean BC column burden (in 649 

mg m-2) in the Arctic (bottom right) for the CONTROL run with 2000 emissions.  650 

 651 

 652 

 653 

 654 

Fig. 1. Annual mean BC column burden (in mgm−2) (top); zonal annual mean BC concentration
(in µg m−3) 28◦ N–90◦ N (bottom left) and monthly mean BC column burden (in mgm−2) in the
Arctic (bottom right) for the CONTROL run with 2000 emissions.
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  655 

Figure 2. Observed and modeled monthly mean BC concentrations from 3 Arctic stations (in 656 

ng m-3). Note the different axes. The observed concentrations are from 2005 and 2006. The 657 

modeled concentrations are from the control run with one standard deviation shown as bars.  658 

659 

 660 

Figure 3. Annual mean direct forcing (left) and indirect forcing (right)) at the TOA (in W m-2) 661 

for the ARC-CONTROL run (top) and the MID-CONTROL run (bottom).  662 

Fig. 2. Observed and modeled monthly mean BC concentrations from 3 Arctic stations (in
ngm−3). Note the different axes. The observed concentrations are from 2005 and 2006. The
modeled concentrations are from the control run with one standard deviation shown as bars.
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Figure 2. Observed and modeled monthly mean BC concentrations from 3 Arctic stations (in 656 

ng m-3). Note the different axes. The observed concentrations are from 2005 and 2006. The 657 

modeled concentrations are from the control run with one standard deviation shown as bars.  658 

659 

 660 

Figure 3. Annual mean direct forcing (left) and indirect forcing (right)) at the TOA (in W m-2) 661 

for the ARC-CONTROL run (top) and the MID-CONTROL run (bottom).  662 

Fig. 3. Annual mean direct forcing (left) and indirect forcing (right) at the TOA (in Wm−2) for the
ARC-CONTROL run (top) and the MID-CONTROL run (bottom).
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Fig. 4. Monthly mean direct forcing (left) and indirect forcing (right) (in Wm−2) at the TOA for
the ARC-CONTROL run 60◦ N–90◦ N average (top) and the MID-CONTROL run 28◦ N–60◦ N
average (bottom).
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663 

 664 

Figure 4. Monthly mean direct forcing (left) and indirect forcing (right) (in W m-2) at the TOA 665 

for the ARC-CONTROL run 60N-90N average (top) and the MID-CONTROL run 28N-60N 666 

average (bottom).  667 

 668 

Figure 5.  Zonal annual mean temperature change (in K) for the ARC-CONTROL run (left) 669 

and the MID-CONTROL run (right). 670 

Fig. 5. Zonal annual mean temperature change (in K) for the ARC-CONTROL run (left) and the
MID-CONTROL run (right).
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 671 

Figure 6. Seasonal Arctic mean (60N-90N) temperature response (in K) for the ARC-672 

CONTROL run (left) and the MID-CONTROL run (right). 673 

 674 

 675 

Figure 7. Annual mean surface air temperature change (in K) for the ARC-CONTROL run 676 

(left) and the MID-CONTROL run (right). White areas are not significant on a 95 % level. 677 

 678 

Fig. 6. Seasonal Arctic mean (60◦ N–90◦ N) temperature response (in K) for the ARC-
CONTROL run (left) and the MID-CONTROL run (right).
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Figure 6. Seasonal Arctic mean (60N-90N) temperature response (in K) for the ARC-672 

CONTROL run (left) and the MID-CONTROL run (right). 673 

 674 

 675 

Figure 7. Annual mean surface air temperature change (in K) for the ARC-CONTROL run 676 

(left) and the MID-CONTROL run (right). White areas are not significant on a 95 % level. 677 

 678 

Fig. 7. Annual mean surface air temperature change (in K) for the ARC-CONTROL run (left)
and the MID-CONTROL run (right). White areas are not significant on a 95 % level.
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 679 

Figure 8. Monthly Arctic mean cloud cover (in fraction) for the CONTROL run (black),                           680 

the ARC experiment (blue) and the MID experiment (red). 681 

 682 

 683 

 684 

Figure 9. ANN mean cloud fraction change (in fraction) for the ARC-CONTROL (left) and 685 

the MID-CONTROL (right). White areas are not significant on a 95 % level. 686 

 687 

 688 

Fig. 8. Monthly Arctic mean cloud cover (in fraction) for the CONTROL run (black), the ARC
experiment (blue) and the MID experiment (red).
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Figure 8. Monthly Arctic mean cloud cover (in fraction) for the CONTROL run (black),                           680 

the ARC experiment (blue) and the MID experiment (red). 681 
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 684 

Figure 9. ANN mean cloud fraction change (in fraction) for the ARC-CONTROL (left) and 685 

the MID-CONTROL (right). White areas are not significant on a 95 % level. 686 

 687 

 688 

Fig. 9. ANN mean cloud cover change (in fraction) for the ARC-CONTROL (left) and the MID-
CONTROL (right). White areas are not significant on a 95 % level.
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 689 

Figure 10. Annual mean sea-ice cover change (in fraction) for the ARC-CONTROL (left) and 690 

the MID-CONTROL forcing (right). White areas are not significant on a 95 % level. 691 

 692 

 693 

 694 

Figure 11. Annual mean surface albedo response (fraction) for ARC-CONTROL (left) and 695 

MID-CONTROL (right). White areas are not significant on a 95 % level.  696 

 697 

Fig. 10. Annual mean sea-ice cover change (in fraction) for the ARC-CONTROL (left) and the
MID-CONTROL forcing (right). White areas are not significant on a 95 % level.
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Figure 10. Annual mean sea-ice cover change (in fraction) for the ARC-CONTROL (left) and 690 

the MID-CONTROL forcing (right). White areas are not significant on a 95 % level. 691 
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Figure 11. Annual mean surface albedo response (fraction) for ARC-CONTROL (left) and 695 

MID-CONTROL (right). White areas are not significant on a 95 % level.  696 

 697 

Fig. 11. Annual mean surface albedo response (in fraction) for ARC-CONTROL (left) and MID-
CONTROL (right). White areas are not significant on a 95 % level.
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 698 

Figure 12. Difference in the ANN Arctic mean energy budget terms for the ARC-CONTROL 699 

(blue) and MID-CONTROL (red). All units in Wm-2. SW_TOA and LW_TOA are the net 700 

SW and LW radiation fluxes at TOA; SW_SURF and LW_SURF are the net SW and LW 701 

radiation fluxes at the surface; LHFLX and SHFLX are the latent and sensible heat fluxes and 702 

NHT is the net atmospheric heat transport. All terms are defined positive when the 703 

atmosphere gains energy. 704 

Fig. 12. Difference in the ANN Arctic mean energy budget terms for the ARC-CONTROL (blue)
and MID-CONTROL (red). All units in Wm−2. SWTOA and LWTOA are the net SW and LW radia-
tion fluxes at TOA; SWSURF and LWSURF are the net SW and LW radiation fluxes at the surface;
LHFLX and SHFLX are the latent and sensible heat fluxes and NHT is the net atmospheric heat
transport. All terms are defined positive when the atmosphere gains energy.
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 705 

 706 

Figure 13. Seasonal cycle of the Arctic energy budget terms for the Control run (top); net 707 

energy budget at TOA (blue), net energy budget at the surface (red) and the net atmospheric 708 

heat transport (green) and the corresponding changes (bottom); ARC-CONTROL (solid) and 709 

MID-CONTROL (dashed). All units in W/m2. All terms are defined positive when the 710 

atmosphere gains energy. 711 

Fig. 13. Seasonal cycle of the Arctic energy budget terms for the Control run (top); net energy
budget at TOA (blue), net energy budget at the surface (red) and the net atmospheric heat
transport (green) and the corresponding changes (bottom); ARC-CONTROL (solid) and MID-
CONTROL (dashed). All units in Wm−2. All terms are defined positive when the atmosphere
gains energy.
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 712 

Figure 14. Changes in the Arctic monthly mean radiative fluxes TOA; incoming SW (blue), 713 

outgoing LW (red) and net (green) for the ARC-CONTROL (solid) and MID-CONTROL 714 

(dashed). All units in W/m2. All terms are defined positive when the atmosphere gains energy. 715 

 716 

 717 

 718 

 719 

 720 

 721 

Fig. 14. Changes in the Arctic monthly mean radiative fluxes TOA; incoming SW (blue), outgo-
ing LW (red) and net (green) for the ARC-CONTROL (solid) and MID-CONTROL (dashed). All
units in Wm−2. All terms are defined positive when the atmosphere gains energy.
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722 

 723 

Figure 15: Seasonal cycle of the Arctic mean energy fluxes at the surface for the CONTROL 724 

run (top); net SW radiation (blue); net LW radiation (red); latent heat flux (green) and 725 

sensible heat flux (pink), and the changes in the radiative fluxes ARC-CONTROL (solid) and 726 

MID-CONTROL (dashed) (bottom). All units in W/m2. All terms are defined positive when 727 

the atmosphere gains energy. 728 

 729 

 730 

Fig. 15. Seasonal cycle of the Arctic mean energy fluxes at the surface for the CONTROL run
(top); net SW radiation (blue); net LW radiation (red); latent heat flux (green) and sensible heat
flux (pink), and the changes in the radiative fluxes ARC-CONTROL (solid) and MID-CONTROL
(dashed) (bottom). All units in Wm−2. All terms are defined positive when the atmosphere gains
energy.
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